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Cancer is a complex disease enhanced by alterations in signaling pathways. In 

fact, DNA damage response (DDR) pathways play a key role in cancer development 

when they are deregulated. DDR pathways induce a cellular response that includes 

principally DNA repair pathways activation, cell cycle arrest, and cell death. Although 

there is a great knowledge of the signaling pathways that take place in DDR, further 

research is required to assess new molecular mechanisms for fully comprehend this 

complex scheme. In this sense, kinases like DYRK2, with an important role in DDR, are 

key to better understand and control DNA genomic damage situations. Thus, 

identification of new substrates for this kinase, as well as to elucidate novel pathways 

implicated in DDR would open a road to the development of new therapeutic strategies 

against cancer. 

In the present work we show NOTCH1 as a novel substrate for DYRK2. We 

describe for the first time a new regulation mechanism of the NOTCH1 signaling pathway 

mediated by this kinase. We demonstrate that DYRK2 phosphorylates Notch1-IC in 

response to DNA damage and facilitates its proteasomal degradation by FBXW7 ubiquitin 

ligase through a Thr2512 phosphorylation-dependent mechanism. We show that DNA 

damage-dependently triggered DYRK2 has a relevant effect on the viability, motility and 

invasion capacity of cancer cells expressing NOTCH1. In summary, we reveal a novel 

DRYK2-dependent mechanism of regulation for NOTCH1 which might help us to better 

understand its role in cancer biology. Besides, we attempted to overview of cellular 

circuits that are involved in ionizing radiation triggered DNA damage response in human 

dermal fibroblasts. To allow this, we employed three different approaches: RNA-seq and 

proteomic and phosphoproteomic analysis based on SILAC labelling. This is, to our 

knowledge, the first work that compare these 3 different functional approaches to this 

aim.  

The description of NOTCH1 as a new DYRK2 substrate, as well as the 

acquisition of solid data compilation that would permit a deeper understanding of the 

pathways that take place in response to ionizing radiation. This will provide new 

therapeutic opportunities for radiodermatitis prevention and treatment. Taken together, 

these data contribute to better understand the network of signaling pathways activation-

deactivation under DNA damage conditions, opening a road to the development of new 

therapeutic strategies against cancer. 



 Abstract 

 

 
10 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Resumen 

 



 Resumen 

 
12 

 
 
 
  



Resumen 

 13 

El cáncer es una enfermedad compleja que se ve impulsada por alteraciones en 

rutas de señalización. De hecho, las rutas de respuesta al daño al ADN juegan un papel 

esencial en el desarrollo de cáncer cuando se encuentran desreguladas. Estas rutas 

inducen una respuesta celular que incluye principalmente la reparación del ADN, el 

arresto del ciclo celular y la muerte celular. A pesar de que existe un amplio conocimiento 

de las rutas de señalización de respuesta al daño al ADN, una mayor investigación es 

necesaria para detectar nuevos mecanismos moleculares que nos permitan comprender 

este complejo entramado de señales. En este sentido, proteínas como DYRK2 son 

esenciales para entender y controlar situaciones de daño al ADN. Por tanto, la 

identificación de nuevos sustratos para esta quinasa, así como de nuevas rutas de 

señalización implicadas en la respuesta al daño al ADN podrían ser herramientas muy 

útiles en el desarrollo de estrategias contra esta enfermedad. 

En este trabajo mostramos cómo NOTCH1 es un nuevo sustrato de DYRK2. 

Describimos por primera vez un nuevo mecanismo regulatorio de la ruta de señalización 

de Notch por medio de esta quinasa. Demostramos que DYRK2 fosforila a NOTCH1-IC 

en la Thr2512 en respuesta a daño al ADN y promueve su degradación proteosomal 

gracias a la ubiquitinación por parte de la ubiquitín-ligasa FBXW7. Además, mostramos 

que el efecto de DYRK2 en respuesta a estrés genotóxico tiene un efecto relevante en 

la viabilidad, motilidad y capacidad de invasión de células tumorales que expresan 

NOTCH1. En resumen, mostramos un nuevo mecanismo de regulación de NOTCH1 por 

parte de DYRK2 que podría ayudarnos a comprender mejor su papel en la biología del 

cáncer. Además, hemos tratado de obtener una visión general de los circuitos celulares 

implicados en la respuesta al daño al ADN generado por radiación ionizante en 

fibroblastos. Para ello hemos analizado 3 niveles ómicos distintos: transcriptómico (por 

RNA-seq), proteómico y fosfoproteómico (empleando SILAC). Este sería hasta ahora el 

primer trabajo que emplea estas 3 aproximaciones diferentes para este fin. 

En resumen, en este trabajo se describe NOTCH1 como un nuevo sustrato de 

DYRK2, así como la adquisición de datos sólidos que permiten una comprensión más 

profunda de las rutas que se activan en respuesta al daño al ADN. En conjunto, estos 

data contribuyen a una mejor comprensión de las redes de señalización que se activan 

y desactivan en respuesta al daño al ADN, abriendo una puerta al desarrollo de nuevas 

estrategias terapéuticas frente al cáncer. 
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4.1. DYRK2 

4.1.1. DYRK family 

 Dual-specificity tyrosine regulated kinases (DYRKs) constitute a highly 

evolutionarily conserved family which belongs to the CMGC group of kinases.  This 

CMGC group also includes other families of kinases like CDK-like kinases (CLKs), cyclin-

dependent kinases (CDKs), mitogen-activated protein kinases (MAPKs) and glycogen 

synthase kinases (GSKs) (1). DYRK family proteins are distributed on three different 

subfamilies concerning their homology within their kinase domain: pre-mRNA processing 

protein 4 kinases (PRP4s), homeodomain-interacting protein kinases (HIPKs) and DYRK 

kinases (1-3). DYRK members are present in all eukaryote organisms and share common 

properties like structure or function (3). In mammals, DYRK members can be at the same 

time classified in 2 classes: DYRK1A and DYRK1B belong to the class I and DYRK2, 

DYRK3 and DYRK4 are allocated in class II (1). Regarding their domains, all of them 

present a common kinase region and a homology box (DYRK-homology or DH box) in 

the N-terminal part. Despite this, there exist differences between the two classes 

concerning substrate specificity, tissue distribution or subcellular localization. Class I 

DYRKs are mainly localized in the nucleus while class II DYRKs are generally 

cytoplasmatic (1).  

DYRK1A is the most deeply studied member of all 5 DYRK subfamily members. 

It is encoded in the DSCR (Down Syndrome Critical Region) of chromosome 21, and its 

overexpression is responsible for most cognitive deficits in DS patients (4). Besides, 

DYRK1A is also implicated in Alzheimer's Disease by phosphorylating Tau (5), diabetes 

(6, 7) and is a risk factor for Parkinson's Disease (8). Some works have reported a link 

between DYRK1A and pancreatic, brain or Acute Lymphoblastic Leukemia (ALL) cancers 

among others (4). In addition to its clear neurodevelopment implications, DYRK1A is 

involved in Ca2+ signaling by phosphorylating NFAT (9), as well as diverse signaling 

pathways due to the phosphorylation of eIF2B, Tau (10) and STAT3 (11) among other 

substrates. On the other hand, DYRK1B has been described to mediate cell survival and 

differentiation, and its levels are increased in muscle tissues (12-14). Additionally, it has 

been also reported that DYRK1B mutations are related to metabolic syndrome conditions 

(15). With respect to class II DYRKs, DYRK3 is specially elevated in testis and 

hematopoietic cells, where contributes to a decrease in apoptosis in response to cytokine 
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starvation (16). Besides, Guo and collaborators registered that DYRK3 phosphorylates 

SIRT1 (17). Finally, DYRK4 is the less studied DYRK family member. DYRK4 expression 

is limited to testis, where collaborates to the spermiogenesis process (18). 

 

4.1.2. Expression and structure of DYRK2 

DYRK2 is probably the most relevant member in class II DYRK subfamily (2, 3, 

19, 20). The gene encoding this protein (Dyrk2) is located in chromosome 12q15, with a 

length of 17069 bp (21). To date, 6 different splice variants of DYRK2 have been 

described, from which only 2 have been isolated. One of them correspond to a 528 

aminoacids (aa) protein, encoded by DYRK2-203 transcript (22). This isoform is widely 

known as isoform 1 and is considered the most prevalent DYRK2 isoform. On the other 

hand, isoform 2 would derive from DYRK2-202 transcript. This second isoform is a 601 

aa sequence, with a 73 aa longer N terminus. It is important to remark that despite isoform 

1 is the most prevalent, most databases and some works employ DYRK2 isoform. In fact, 

this thesis is centered in the use of this longer isoform of DYRK2 (Figure 1). 

Figure 1. DYRK2 processing, from gene to protein. Schematic illustration of DYRK2 human 
expression processing. Rectangles represent exons and lines represent introns. Purple and green 
rectangles depict translated exons of isoforms 1 or 2, respectively (23). 

According to data collected from The Human Protein Atlas by Correa and 

colleagues, expression of DYRK2 varies depending on tissue and the measured 

biological level. For example, small intestine or heart muscle present high mRNA and 

protein levels of DYRK2. Despite this, elevated levels of DYRK2 mRNA are detected, 

negatively correlating to protein levels of the kinase (23). Additionally, DYRK2 expression 

is modulated in certain diseases, especially in tumors. In fact, most works suggest a 
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down-regulation of DYRK2 expression in cancer. It has been reported a repression of 

DYRK2 by KLF4 in leukemic stem/progenitor cells (24), as well as in colorectal cancer 

cells by DNMT1-dependent methylation (25). Besides, DYRK2 expression is also 

downregulated by miRNAs 662, 208a, 338-3p, 499 and 187-3p in colorectal, intestinal, 

and liver cancer cells, among others (26-29). 

Regarding its structure, DYRK2 comprises various functional domains (Figure 2). 

There are two regions shared with the rest of the family: a) DYRK-homology box (DH 

box, aa 200-210), and b) the kinase domain (aa 222-535) (1). Another common sequence 

among all DYRKs (except for DYRK3) is the NLS (Nuclear Localization Signal, aa 189-

191) motif, in charge of protein translocation to the nucleus (30, 31). The “activation loop” 

sequence (aa 380-382) is key, since autophosphorylation in Tyr382 during protein 

translation is essential for DYRK2 activity. Besides, there are two NAPA (N-terminal 

autophosphorylation accessory region) domains, NAPA1 and NAPA2 (aa 167-185 and 

162-220, respectively), that provide chaperone functions permitting self-phosphorylation 

of the kinase during the activation loop. These NAPA regions are also present in the rest 

of class II DYRKs. Finally, at the most C-terminal region, DYRK2 presents its kinase 

domain, including the active site (residues 344-356) and the ATP binding site (Lys251), 

located in the ATP binding pocket (aa 228-251) (1, 3, 19, 20, 31, 32). 

 

4.1.3. Regulation of DYRK2 

Not much information has been reported about DYRK2 regulation at a 

transcriptional level. Nevertheless, it was described that DYRK2 gene expression is 

repressed by KLF4 in stem and progenitor cells (24), and by DNMT1 in human colorectal 

cancer cells (25). Likewise, several miRNAs have been reported to modulate DYRK2 

gene expression in different human cell lines: miR-187-3p, miR-208a, miR338-3p, 

miR449 and miR-662 (26-29, 33). 

As reported by Lochhead and collaborators, autophosphorylation of an essential 

Tyr residue in the activation loop of DYRKs is required for a proper kinase functionality 

(20). This self-phosphorylation is common to all DYRKs, being Tyr382 the affected 

aminoacid for DYRK2 (34). This phosphorylation event occurs during protein translation 

by a transitional intermediate version of the kinase. After this initial Tyr phosphorylation, 
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DYRK2 kinase activity is restricted to Ser and Thr residues (3, 20, 35). In fact, no 

phosphorylated Tyr residues have been found in any DYRK2 substrate nowadays. 

Previous works have demonstrated that autophosphorylation events play important roles 

in DYRK1A, DYRK1B and DYRK3 proteins, like modulating their stability, intracellular 

location or activity (19, 36-39). In the case of DYRK2, up to 10 new autophosphorylation 

residues within the activation loop (Thr32, Thr33, Thr82, Ser483, Thr484, Thr488, Ser489 

and Ser498/499/501) have been detected (40). Regarding other post-translational 

modifications (PTMs), there have been reported different proteins that modulate DYRK2 

protein levels and activity. On the one hand, it has been described that MDM2 normally 

ubiquitinates nuclear DYRK2. After DNA damage, ATM phosphorylates DYRK2 

promoting DYRK2 avoidance of MDM2-dependent ubiquitination and then enabling its 

nuclear stabilization (31). Additionally, our group previously described that ubiquitin 

ligase SIAH2 interacts and ubiquitinates DYRK2 under hypoxic conditions (41). Besides, 

MAP3K10 has been described to double phosphorylate DYRK2 by a high throughput 

screening altering Hedgehog signaling pathway by modulating GLI regulation by DYRK2 

(42). Cep78 (Centrosomal protein 78) modulates DYRK2 scaffolding function by inhibiting 

the EDD-DYRK2-DDB1VprBP complex, affecting CP110 ubiquitination and then centriole 

length and cilia assembly (22). Also, LPS has been reported to induce DYRK2 

translocation to the nucleus altering its levels (43). 

Figure 2. Schematic overview of DYRK2 isoform 2 with PTMs. NAPA I and NAPA II domains, 
nuclear localization signal (NLS), DYRK-homology box (DH), the ATP binding pocket, the kinase 
domain, and the active site are represented, as well as their residues. DYRK2 is regulated by 
phosphorylation and ubiquitination events. These modifications alter DYRK2 stability, function, and 
subcellular localization among others. Residues affected by these phosphorylations and 
ubiquitinations are represented (23). 
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4.1.4. DYRK2 mechanism of action  

DYRK2 activity is based principally on the phosphorylation of Ser/Thr residues of 

its substrates. Despite at first DYRK2 was reported as a Pro-directed kinase, later works 

demonstrated that there exists a wide diversity of motifs phosphorylated by DYRK2 (19). 

The existence of an Arg residue at -2 position and Pro at +1 is essential (44), although it 

has been described a certain degree of variability. In example, on occasion the Arg 

residue is located at -1 position (45). Taking all data together result in a consensus 

sequence which would represent a potential target for DYRK2 phosphorylation: 

‘Rx(x)S/TP’ (19). Anyway, it is important to remark that not all DYRK2 phosphorylation 

sites present this pattern.  In addition, DYRK2 has been described as a priming kinase 

for GSK3β (Glycogen synthase kinase 3 β) (10, 46-50). GSK3β is a Ser/Thr kinase with 

a vast number of functions and substrates (51, 52) and sometimes requires the previous 

phosphorylation of those substrates to correctly carry out  its activity (53, 54).  Regarding 

this, some DYRK2 substrates like c-Myc, c-Jun, SNAIL, eIF2Bε or CRMP4 are 

subsequently recognized by GSK3β (10, 46, 47). These consecutive phosphorylations 

result in substrates proteasomal degradation in a ubiquitination dependent way. 

It has also been shown that DYRK2 presents a role as scaffold protein. It has 

been reported that DYRK2 acts as an intermediate support protein for EDD and DDB1 

components of the EDVP (EDD-DDB1-VprBP) E3 ligase complex. This happens in the 

G2/M phase of the cell cycle. In the same study it was demonstrated that DYRK2 

phosphorylates katanin p60 leading to its proteasomal degradation after ubiquitination 

(55). A similar function has been described for telomerase reverse transcriptase (TERT). 

TERT is also an EDVP substrate and presents a key function in genomic stability by 

maintaining telomeres (56). CP110 (Centrosomal Protein of 110 kDa) is also regulated 

by the axis DYRK2-EDVP E3 ligase through phosphorylation and proteasomal 

degradation (22). 

 

4.1.5. DYRK2 biological function and cancer 

DYRK2 is implicated in several essential events related to diverse biological 

functions like cell proliferation, cell differentiation, apoptosis, or cell survival, among 

others (Figure 3). Nevertheless and in spite of its apparent key role in those pathways, 
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barely more than 20 substrates of DYRK2 have been reported: H3F3A (57), eIF2Bε, Tau 

(10), STAT3 (11), eIF4EBP1 (58), Glycogen synthase 1 (59), CARHSP1 (60), NFAT (9), 

p53 (61), Gli2 (42), Katanin p60 (55), CRMP4 (50), DCX (62), c-Jun, c-Myc (47), SIAH2 

(41), Snail (46), TERT (56), TBK1 (63), Rpt3 (64), NDEL1 (65), HSF1 (66) and CDC25A 

(40). 

Some of the biological functions of DYRK2 are related to cell proliferation, 

apoptosis, cell growth or cell migration, among others. This variety of functions are 

essential for the proper function of the organism, but also turn DYRK2 into a key protein 

in tumorigenesis. Regarding apoptosis, several works reported that this kinase modulates 

apoptosis in response to DNA damage by phosphorylating p53 (47, 61). In addition, 

DYRK2 protein levels increase after DNA damage when ATM phosphorylates residues 

Thr33 and Ser369. This supports the concept of the proapoptotic role of DYRK2 (31, 61). 

In the same vein, apoptosis is reduced in leukemic stem and progenitor cells when 

DYRK2 is inhibited by KLF4 (24). On the other hand, some other works reported that 

DYRK2 is an antiapoptotic protein. It has been described that DYRK2 interacts with RNF8 

for DNA repair after double strand break (DSB) (67), and modulates proteotoxic response 

via HSF1, showing higher apoptotic rates for DYRK2 knock out breast cancer cell lines 

comparing to the wild type ones (66). Antiapoptotic role for DYRK2 has been also 

described in human intestinal cancer cells (HICs), in which miR3883-3p targets DYRK2 

after ionizing radiation (33). Regarding patient survival rates to DYRK2, there has been 

shown a positive correlation of patient survival and DYRK2 expression in NSCLC, lung 

adenocarcinoma, hepatocellular, non-Hodgkin's lymphoma and bladder and colorectal 

cancers (68-74). On the opposite, DYRK2 levels are negatively correlated to patient 

survival in neuroblastoma (75). Controversial results have been reported for breast 

cancer (46, 64, 76). 

In addition to these apoptosis-related roles, DYRK2 can also modulate cell cycle. 

EDPV-DYRK2 complex phosphorylates and degrades katanin-p60 and TERT at G2/M 

transition (55, 56). Also, DYRK2 regulates G1/S transition in different manners: by 

phosphorylating c-Jun and c-Myc, thus reducing breast cancer invasiveness (47), and by 

phosphorylating Rpt3 26S proteasome subunit (64). Nonetheless, in the second case, 

loss of DYRK2 reduced cell growth rather than promoting it. It has been also reported 

that DYRK2 inhibition reduces cell proliferation and induces apoptosis, and so 
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jeopardizing triple negative breast cancer and multiple myeloma progression (30, 77). 

Recently, Lara-Chica and collaborators have described a novel role of DYRK2 in cell 

cycle progression via CDC25A modulation through the ubiquitin-proteasome pathway 

(40). 

Finally, and concerning metastasis and epithelial to mesenchymal transition 

(EMT), it must be mention SNAIL phosphorylation by DYRK2, which induces its 

degradation thus reducing EMT and metastatic potential in breast and ovarian cancer 

(46, 78, 79). Besides, DYRK2 results important for glioma EMT and metastatic 

processes, since EMT is suppressed by vimentin, SNAIL and E-cadherin levels 

modulation in a DYRK2-dependent manner and DYRK2 levels negatively correlate to 

glioma invasiveness (80, 81). Metastatic potential of cancer cells is modulated by DYRK2 

in breast cancer via CDK14 modulation (82) or colorectal cancer, where DYRK2 is 

targeted by miR-622 (27). Taken together, these data support an antitumoral role for 

DYRK2, but there exist some works in which DYRK2 is reported as a protumoral protein 

since its inhibition reduces aggressiveness of TNBC cells (30, 77). 

Figure 3. DYRK2 in cancer. Schematic summary of the main functions of DYRK2 in cancer 
development and the substrates responsible of them. 
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4.1.6. Pharmacological modulation of DYRK2 

In addition to the previously described endogenous regulations of DYRK2 levels 

and activity, several drugs have been reported to modulate this kinase (83). Among them, 

it is worth to mention 3 main molecules that have been employed during the experimental 

phase of this thesis: harmine, curcumin and LDN19296 (LDN).  

The most widely used DYRK2 inhibitor to date is harmine, a derivative of β-

carboline isolated from Peganum harmala L. This drug is a high-affinity inhibitor of MAO-

A (Monoamine oxidase A) and is commonly employed to study all DYRK family. Harmine 

is an ATP-competitive inhibitor with a strong activity against DYRK1A. Its IC50 for DYRK2 

is 0.8 mM (84, 85). Harmine treatments induce a reduction of cell proliferation, as well as 

invasion and migration when tested in different human cancer cell lines (75, 86). 

Curcumin is a well-known drug obtained from Curcuma longa with multiple biological 

activities (87) that inhibits in vitro and in vivo DYRK2 activity in a dose-dependent manner 

(77). DYRK2 inhibition occurs when curcumin occupies the ATP-binding pocket of the 

kinase. This action happens in vitro with an IC50 of 5 nM, and in HEK293T cells inhibits 

DYRK2-dependent RPT3 phosphorylation of Thr25 with a maximum effect at 10 µM. 

Besides, curcumin inhibits other DYRK family members and some works have reported 

its ability to sensitise multiple myeloma TNBC and triple-negative breast cancer cells by 

reducing their proteasome activity (77). Finally, the most recently described inhibitor of 

DYRK2, as well as the most efficient to date, is LDN (30). This compound was firstly 

developed as a Haspin inhibitor (88, 89) and inhibits DYRK2 in vitro activity with an IC50 

of 13 nM, occupying the ATP-binding pocket through stablishing multiple hydrogen 

bonds. Besides, Banerjee and collaborators have described LDN-dependent inhibition of 

pThr25 RPT3 in a dose-dependent manner, with maximum effects at 1-10 µM. Like 

curcumin, it has been reported that LDN modulates cancerous progression in different 

cell lines by affecting DYRK2-dependent phosphorylation of the proteasome (30).  
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4.2. NOTCH1 

4.2.1. NOTCH proteins 

Notch gene was first found more than 100 years ago when Morgan and 

collaborators were studying Drosophila melanogaster development. They reported a 

partial loss of function in notches at the win margin (90). Few decades after, Notch was 

described as a neurogenic gene, since loss of function approaches induced change of 

fate of epidermal cells to neural cells (91). In mammals, there have been described up to 

4 different Notch proteins (NOTCH1-4). NOTCH receptors are normally transduced as 

single-chain precursors and transported to the endoplasmic reticulum. There, the 

extracellular region (NECD) is glycosylated, which will modulate their affinity for ligands. 

These NOTCH precursors are then transferred to the Golgi and cleaved by furin-like 

proteases, resulting in NOTCH extracellular-transmembrane subunits heterodimers that 

will finally reach the plasma membrane (92, 93). 

NOTCH ligands comprehend 2 jagged (Jag1/2) and 3 delta-like (DLL1, DLL3, 

and DLL4) transmembrane proteins (94). NOTCH receptors share a modular structure 

that can be summarized into different functional regions (Figure 4): an extracellular 

domain (at the N-terminal domain), an intracellular tail (NOTCH-IC, at the C-terminal 

domain), and a connector between the two. NOTCH extracellular domain exhibits two 

main different regions: on the one hand a cluster of EGF (epidermal growth factor) 

repeats (36 repeats in NOTCH1/2 and 34 in NOTCH3/4) and on the other hand, various 

Lin-12/Notch repeats (LNR) (3 in the case of NOTCH1/2 and 29 when talking about 

Notch3/4) (95). Moving to the C-terminal of the NECD the heterodimerization domain 

(HD) can be found, linking NECD and NOTCH intracellular domain (NOTCH-IC). 

NOTCH-IC presents, from N-terminal to C-terminal, a RBPJ-associated molecule (RAM) 

region, 7 ankyrin-like repeats (ANK) (96, 97), and the nuclear localization sequences 

(NLS, within the transactivation domain (TAD). Finally, it is important to mention the PEST 

(proline, glutamic acid, serine, threonine) sequence, which is a region enriched in these 

residues. This PEST sequence is found in other proteins in which it acts as a signal 

peptide for protein degradation (98). 



 Introduction 

 

 
32 

Figure 4. NOTCH1 protein structure. Schematic representation of mature NOTCH1 protein 
structure showing its domains. EGF repeats: 36 x epidermal growth factor repeats. LNR: 3 x 
Lin12/Notch units. HD: heterodimerization domain. TM: transmembrane domain. RAM: RBPJ-
associated molecule region. ANK: 7 x ankyrin-like repeats. NLS: Nuclear localization sequences. 
PEST: Proline, glutamic acid, serine, and threonine enriched domain. 

 

4.2.2. Notch signaling pathway 

Regarding canonical Notch signaling, the first step of the pathway is the 

interaction of the NECD with a canonical NOTCH transmembrane ligand (DLL1/3/4 or 

Jagged1/2) from an adjacent cell. This interplay promotes a cascade of 3 main cleavages 

of the receptor (S1, S2 and S3) and concludes in the intracellular region of NOTCH 

(NOTCH-IC) being cleaved by -secretase (99-101) (Figure 5).  

• S1 cleavage has been described as the first proteolytic process Notch is subjected 

to. It takes places during maturation of the receptor in the Golgi. At first Notch is 

expressed as a 300 kDa protein, but after S1 cleavage by furin protease it is 

separated into 120 and 200 kDa peptides. These two pieces associate in a non-

covalent way before being exposed on the cell surface (102).  

• S2 cleavage is the second NOTCH proteolysis, and it is irreversible and ligand 

dependent. When NECD interacts with the ligand, an ADAM protein (ADAM10 in 

mammals) (103) induce S2 cleavage in the negative regulatory region of Notch, right 

C-terminal to the S1 cleavage. This leads to a separate extracellular domain of Notch 

that stay linked to the ligand and is endocytosed into that adjacent cell. Anchored to 

the membrane remains an intermediate called NOTCH external truncation (NEXT), 

in which we can found NOTCH-IC. (104-106).  
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• Finally, S3 cleavage takes place. NEXT transient molecule quickly undergoes this 

proteolysis in the transmembrane domain, because of the activity of the -secretase 

complex. This final step may happen either at the cell membrane or in the endosomes 

(107) but either way Notch intracellular domain (NOTCH-IC) is released, as well as 

a residual transmembrane domain (TMD). NOTCH-IC translocates to the nucleus 

and interacts with CSL/RBP-JK, a DNA-binding protein (108), to exert its function as 

transcriptional factor. TMD fate and function remain unclear, but a recent study has 

described its role regulating F-actin organization in response to shear stress in the 

vascular endothelial barrier (109).  

Figure 5. NOTCH signaling pathway. Schematic overview of NOTCH signaling pathway, from 
the first cleavage at the Golgi to the activation of the transcriptional machinery in the nucleus. 

CLS has been reported to be habitually repressing transcription together with a 

co-repressor complex what includes SMRT, histone deacetylases and SHARP/MINT, 

among other proteins (110). NOTCH-IC union to CSL induces the recruitment of a co-

activator complex along with MAML1-3, SKIP and/or CREB-binding protein/p300 proteins 

(111-113). Then, NOTCH pathway leads to the transcriptional activation of CSL-

dependent elements. Traditionally, it has been considered that CSL is bound to a co-

repressor (CoR) complex but in presence of NOTCH-IC that CoR complex is substituted 

by a co-activator (CoA) one. Nevertheless, this paradigm has been questioned since 
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works in Drosophila suggest that CSL-containing repressor complexes may bind 

chromatin in a highly dynamic, transient way (114). According to this, NOTCH-IC would 

be promoting chromatin opening and enhancing CSL complexes recruitment. Whichever 

the sequence of molecular events is, the synergic activity of NOTCH-CSL leads to the 

expression of numerous NOTCH response genes essential for cellular survival, fate, and 

proper function, including HES1, HES2 and HES5, MYC, CCND1, and VEGF (115). 

Among NOTCH targeted genes, is important to mention Hairy enhancer of split genes 1-

7 (Hes 1-7), Hey (Hey1, 2 and L) and Nrarp. These target genes likewise modulate 

expression of secondary targets such as c-Myc, Cyclin D1, CDKN1A or Deltex.  

 

4.2.3. NOTCH1 regulation 

NOTCH receptors are extensively regulated by post-translational modifications 

(PTMs) along the multiple steps of the signaling pathway. Among these PTMs, 

phosphorylation and ubiquitination are the most remarkable ones when talking about 

activated NOTCH1 regulation. NOTCH is modified at different moments since its 

translation, besides the previously explained cleavages S1, S2 and S3. These PTMs are 

modifiers of signaling that transform an activated signal to a specific output. There can 

be recognized different types of PTMs: glycosylation, hydroxylation, acetylation, 

methylation, sumoylation, phosphorylation and ubiquitination. 

Glycosylation: It is the first PTMs that occur regarding NOTCH signaling, since 

NECD domain is affected during its synthesis and processing in the ER (116, 117). This 

modification consists in the link of glycans on the oxygen of a hydroxy group of Ser or 

Thr, altering NOTCH structure and specificity for its ligands. All of them occurs in the EGF 

region of NOTCH. Three different O-glycosylations of NOTCH can be distinguished: O-

glucosylation, O-fucosylation and O-GlcNAcylation (118). This O-fucosylation is carried 

out by Manic, Lunatic and Radical Fringe proteins (MFNG, LNFG, RFNG), that tune 

NOTCH receptor-ligand interactions (119). Besides, O-GalNAc glycan alteration has 

been described to modify NOTCH outside the EGF-repeats, near the S2 cleavage site 

(120). There exist studies that report N-glycosylations of NOTCH in mammals, but they 

do not seem indispensable for NOTCH signaling (121, 122).  
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Hydroxylation: It has been described that FIH (the asparaginyl hydroxylase 

Factor Inhibiting HIF) promotes NOTCH-IC hydroxylation of Asn residues within the ANK 

domain of NOTCH1, inducing NOTCH signaling downregulation (123-125). Additionally, 

NOTCH-IC has been shown to act as a HIF-1α competitor for FIH, since it has higher 

affinity for NOTCH-IC (125, 126). 

Acetylation: Several acetyltransferases have been studied as regulators of 

NOTCH-IC: p300, PCAF and GCN5 (127, 128). These acetylations block NOTCH-IC 

ubiquitination and posterior proteasomal degradation, thus promoting NOTCH-IC 

stabilization. In the other hand, some deacetylases like SIRT1 or HDAC1 have been 

showed to reverse that effect in a variety of models and systems like neural stem and 

progenitor cells, neonatal rat cardiomyocytes, macrophages and T-reg cells (33, 129-

131). 

Methylation: This process consists in the transference of a methyl group to Lys 

or Arg residues and normally collaborate to the establishment of epigenetic control by 

affecting histones, as well as modulate other proteins expression and stability. To date, 

little is known about NOTCH-IC methylation. Nevertheless, CARM1 has been described 

to methylate NOTCH-IC on 5 different conserved Arg residues within NOTCH-IC TAD 

region (132). This methylation stimulates NOTCH transcriptional activity, but also induces 

proteasomal degradation of NOTCH-IC through ubiquitination. 

Phosphorylation: Numerous protein kinases have been reported to affect 

NOTCH proteins at different domains thus producing different effects. To date, both 

NEXT and NOTCH-IC have been demonstrated to be phosphorylated (133, 134).  Cyclin 

C enhances CDK1-3, CDK8 or CDK19 inducing NOTCH1 phosphorylation at several 

residues of the PEST domain. These phosphorylations generally induce NOTCH-IC 

proteasomal degradation in a FBXW7/Sel10 dependent manner (135-138). Other 

kinases like CDK2, ILK, SRCs or NLK modulate NOTCH-IC transcriptional activity. In the 

case of CDK2, it phosphorylates NOTCH-IC at two different residues (Ser1900 and 

Thr1897), reducing NOTCH-IC interaction with Mastermind-CSL complex thus 

compromising transcriptional activity (139). In the other hand, ILK regulates NOTCH-IC 

by phosphorylating it. This event inhibits NOTCH-IC transcriptional activity and conduces 

it to proteasomal degradation via FBXW7 (140). SRC kinases also have a role in 

regulating NOTCH-IC transcriptional activity. They act downstream of integrins and 
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phosphorylates ANK domain of NOTCH-IC, promoting a decreased MAML recruitment 

and NOTCH-IC half-life (141). NLK (Nemo-like kinase) also phosphorylates NOTCH1 

protein, at both membrane-tethered and intracellular domain forms. This phosphorylation 

does not modulate NOTCH-IC stability, but interferes with the interaction of Mastermind, 

thus reducing the association of the transcription complex and reducing the 

transcriptional effects of the pathway (142). In addition to the previous kinases described, 

PIM-kinases have been described to phosphorylate NOTCH-IC at the second NLS 

sequence, promoting nuclear localization thus transcriptional activity (143). Conversely, 

AKT has the opposite effect, since NOTCH-IC phosphorylation by AKT inhibits proper 

nuclear localization and transcriptional activity. This occurs with NOTCH1 and 4 and it is 

mediated by 14-3-3 proteins interference (144, 145). Phosphorylation also impacts 

receptor recycling, as it was reported because of PKCz activity on NOTCH1 at both NEXT 

and full-length receptor. This phosphorylation has been described for Ser1719 in mouse 

(Ser1801 in human) and modulate NOTCH endocytosis either enhancing NOTCH-IC 

formation or NOTCH receptor recycling (146). The case of NOTCH-IC phosphorylation 

by GSK3β is conflictive regarding its effects. The complex GSK3β/Shaggy 

phosphorylates NOTCH1 preventing NOTCH-IC proteolysis by Itch at the same time as 

reinforces HES1 expression in different biological models (137, 147, 148). By contrast, it 

has been reported that GSK3β is a negative regulator of NOTCH1 by phosphorylating 

various Thr residues (147). DYRK1A, a member of DYRK family of kinases, can modulate 

NOTCH1 transactivation by phosphorylating it at up to 18 residues in the AKN domain, 

although this process does not affect NOTCH-IC protein stability (149). Nevertheless, is 

not the only member of DYRK family that can phosphorylate NOTCH1. In the later years, 

Homeodomain-interacting protein kinase 2 (HIPK2), also member of the same family, 

has been identified as a regulator of NOTCH-IC by phosphorylating it at Thr2512 and 

then promoting its proteasomal degradation via FBXW7 E3-ubiquitin ligase (150). 

Ubiquitination: On the one hand, NOTCH ligands ubiquitination is necessary to 

activate NOTCH1 signaling pathway. This ubiquitination induces the ligand endocytosis, 

promoting the S2 cleavage of NOTCH1 and the subsequent activation of the pathway 

(151, 152). On the other hand, ubiquitination of NOTCH1 is crucial downregulating the 

resultant signal transduction. Even though NOTCH poly-ubiquitination not always 

induces reduced NOTCH levels, proteasomal degradation of NOTCH is critical to 

modulate NOTCH-IC lifespan. This process is so important that flaw in NOTCH 
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degradation normally leads to numerous diseases (153).  A wide range of ubiquitin E3 

ligases have been described to affect NOTCH-IC. The number of NOTCH receptors that 

are exposed at the cell membrane is constitutively regulated by endocytosis via NEDD4 

ubiquitin ligase. From these endosomes, the receptor can be stored for later use, 

recycled, or degraded in the lysosomes (107). Numb protein is a negative regulator of 

NOTCH and prevents its recycling to the plasma membrane, promoting NOTCH 

ubiquitination by Itch and the subsequent targeting for lysosomal degradation (154, 155). 

This process is negatively regulated by Shootin1, which stabilizes NOTCH by interfering 

with Itch complex or ubiquitinating NUMB (156). USP12 has also been reported to be a 

NOTCH downregulator by targeting NOTCH thus promoting its lysosomal degradation 

(157). Nevertheless, it is remarkable give a special mention to PEST domain role in 

NOTCH-IC proteasomal degradation via ubiquitination. A being phosphorylated, this 

sequence is recognized by FBXW7 E3 ligase, which ubiquitinates NOTCH-IC leading to 

its proteasomal degradation (135, 136, 150, 158-160). Failure in this interaction is 

generally related to leukemia and many other cancers (161-163). It has also been 

described that RNF8 affects NOTCH-IC inducing its degradation, as well as a correlation 

of low levels of RNF8 with bad prognosis for breast cancer patients (164). Despite these 

data, ubiquitination not always reduces NOTCH-IC levels. NOTCH-IC ubiquitination by 

RNF4 or MDM2 support and reinforce NOTCH-IC transcriptional activity (165, 166). In 

addition, ubiquitination processes are compensated by deubiquitinases (DUBs), which 

remove ubiquitin molecules from ubiquitinated proteins. For example, loss of Usp5 

promotes NOTCH upregulation during Drosophila eye development (167, 168). 

 

4.2.4. NOTCH signaling and cancer 

A wide range of biological functions are controlled by NOTCH signaling pathway 

(Figure 6). Among them, angiogenesis, vasculature development during embryogenesis, 

wound healing, tissue repair, stem cell maintenance, cell proliferation, differentiation, or 

cell death are remarkable (169-171). Although under physiological conditions these 

functions are crucial for the organism, NOTCH signaling roles in cancer are not surprising 

(172). Inhibition of apoptosis, induction of EMT, drug resistance, enhancement of a stem-

lie phenotype and metastasis are some of NOTCH signaling oncogenic effects (173, 

174). In spite of this, there are also some reports that point NOTCH out like a tumor 
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suppressor such as in case of cell cycle arrest and differentiation of epidermal 

keratinocytes (175, 176). This would suggest that these mechanisms may be context 

dependent.  

Both hyper- or hypoactivation of NOTCH pathway can result in a cancerous 

situation depending on the genetic alterations, the specific tissue and the ligand-receptor 

interaction. In example, there has been identified NOTCH1 mutations related to 

hypoactivation of the pathway in squamous cell carcinoma of skin, head and neck, and 

esophagus (177). On the other hand, NOTCH1 hyperactivating mutations are normally 

linked to breast cancer, T-ALL, CLL, mantle cell lymphoma and adenoid cystic carcinoma 

(172, 178-180). For instance, T-ALL, breast cancer and adenoid cystic carcinoma have 

been described to be promoted by mutations, chromosomal rearrangement, or deletions 

in the NOTCH1 gene, which derives in higher levels of NOTCH-IC thus supporting tumor 

development (178, 180-182). Other types of mutations that induce NOTCH activation 

would consist in mutation on the regulatory portions of the receptor (either PEST or TAD). 

This would stabilize the protein and its activity, promoting an anomalous activation of the 

pathway in NSCLC (183). Besides, chromosomal aberrations related to NOTCH are 

generally related to the initiation of tumoral situations. The first time that NOTCH pathway 

was related to human cancer was by studying chromosome translocation in T-ALL. This 

translocation generates a permanently active form of NOTCH1 (184). Posterior research 

reported that >50% of patients with T-ALL present activating NOTCH1 mutations (172, 

178, 185). Nevertheless, NOTCH pathway drive tumorigenesis in other ways. For 

instance, hyperactivation of the signal may be promoted by either increased expression 

or stabilization of NOTCH-IC, not to mention ligand-independent activation of the 

signaling pathway (178, 186, 187). 

Expression levels of receptor and ligands may justify different results of tissue-

specific carcinogenesis. In prostate, liver, and pancreatic cancer, as well as in brain 

tumors, NOTCH pathway changes are linked to altered protein expression. In example, 

in some astrocytomas DLL1 is upregulated, leading to higher activation of Hes6 (188), 

while Jag1 upregulation is linked to an advanced metastatic stage of prostate cancer 

(189, 190). In addition, the specific ligand that interacts with NOTCH receptor is 

determined not only by its abundance and/or distribution, but also by their affinity. As 

previously mentioned, Fringe proteins (LNFG, MNFG and RNFG) play a main part at this 
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point of NOTCH regulation. On the one hand, LNFG and MNFG promote NOTCH1 

sensitivity to DLL and decrease it to JAG in breast and pancreatic cancer (191, 192) and 

intestinal cancer (193), respectively. RNFG enhances both interactions equally (191, 

194). Regarding cis or trans ligand-receptor interactions, different outcomes may be 

observed. In the case of trans interaction, a lateral-inhibition or induction is triggered, 

which is clearly essential during embryonic development (195). Nevertheless, lateral 

inhibition has been described to happen in pancreatic carcinoma and glioblastoma 

models under hypoxic conditions, implying that these processes might have a role in 

development of tumor microenvironment (196). 

Concerning NOTCH pathway implications in tumor microenvironment 

maintenance, it is important to mention is role in vascularization. This process is key for 

carrying nutrients to any tissue, specially a persistently overgrowing one like a tumor. In 

this sense, NOTCH pathway plays an important role since it controls angiogenesis and 

endothelial sprouting. Because of Wnt, MAPK and VEGF activation, DLL4 is highly 

expressed in endothelial tip cells, which is particularly important in the branching process. 

This promotes NOTCH higher activity, thus downregulating VEGFR2 expression in stalk 

in a negative regulation route (197-200). At the same time, JAG1 inhibit NOTCH in tip 

cells, facilitating the raise of DLL4 and VEGFR2, supporting the tip phenotype. This whole 

and delicate process might be a hallmark in cancer when is aberrantly regulated since 

NOTCH modulate V-cadherin in endothelial, thus regulating endothelial rearrangement 

and cellular motility, which could result in aberrant angiogenesis (201). In other ways, 

reduced vascularization compromises oxygen levels, which promotes a proper 

environment for the development of several tumors (202, 203). This diminished oxygen 

levels induce HIF1, promoting angiogenesis in physiological conditions, but also 

promotes a favored microenvironment for tumor growing. This hypoxic situation 

increases the release of oxygen radicals and cell migration due to the downregulation of 

anchoring molecules (204, 205). NOTCH pathway is modulated by hypoxic conditions, 

leading epithelial to mesenchymal transition (EMT) downregulating E-cadherin by 

stimulating their inhibitors expression, SNAIL and SLUG. This process permits epithelial 

cells to detach, which translates in increased cell migration and metastatic potential (181, 

206, 207). Another element for tumor growth control is interaction with the surrounding 

stroma. It has been described that CSL ablation in mesenchyme downregulates p53 and 
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activates matrix-remodeling enzymes, leading to uncontrolled proliferation of 

keratinocytes (208, 209). 

Finally, immune system is also related to tumor development via NOTCH 

pathway. NOTCH pathway is a main modulator of immune differentiation, specifically of 

lymphocytes and myelomonocytic by inhibiting Hes1 transcription (210). Besides, tumor-

associated macrophages (TAMs) have been found in a wide range of tumors, like breast, 

ovarian or blather, among others (211). It has been demonstrated that levels of TAMs in 

head and neck cancer correlates with high expression of NOTCH1, as well as a 

correlation between NOTCH1 and TAM-anti-inflammatory phenotype, via JAG1 (212, 

213). This anti-inflammatory phenotype for TAM activation is CSL-dependent since 

depletion of this protein in TAMs blocks the anti-inflammatory fate and induces a cytotoxic 

microenvironment (211, 214). 

 

Figure 6. NOTCH1 and cancer. Summary of the main pro-tumoral functions of NOTCH1. 

 

4.3. DNA damage: types, response and use in therapy 

DNA is considered the basic unit of inheritance and is a highly reactive molecule 

susceptible to chemical modifications by either endogenous or exogenous agents. To 

respond to DNA damage, the DNA damage response (DDR) is activated. Several 

pathways comprise the DDR diminishing the deleterious consequences of the damage, 

including DNA repair pathways, damage tolerance, cell death pathways and cell cycle 
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checkpoints. Depending on the source, DNA damage can be endogenous or exogenous 

(215). 

 

4.3.1. Endogenous DNA damage 

Endogenous DNA damage is generated when DNA molecules are involved in 

hydrolytic and oxidative reactions with water and ROS (reactive oxygen species), both 

typically present in cells. This predisposition of DNA to react with other molecules 

promotes the emergence of a wide range of diseases like cancer or hereditary 

malignancies (216, 217). 

High fidelity synthesis of DNA during replication or repair occurs thanks to 

structural and biochemical features of replicative DNA polymerases, guaranteeing the 

addition of proper complementary bases to the template ones. When an incorrect dNTP 

is inserted, a 3'-5' deoxynucleotide exonuclease removes it improving replication fidelity, 

which is the base of mismatch repair (MMR) pathway (218-220). Despite this, a frequency 

of up to 10-8 per cell per generation is observed single base insertions or deletions and 

base substitutions errors are accumulated (219). Replicative polymerases oftentimes 

incorporate the wrong base. For instance, they end up with a compromised fidelity or add 

U instead of T or C due to the alterations of the concentrations of NTPs in the cell (221, 

222), constituting a main source of mutagenesis. Topoisomerase (TOP) enzymes activity 

during replication and transcription is centered in removing superhelical tension on DNA, 

but they can be an origin of endogenous DNA damage too (223). 

Base deamination is another important cause of spontaneous mutagenesis in 

human cells. These errors happen more frequently in single- versus double-stranded 

DNA and are expectedly increased by in replication or transcription, when single 

strandedness situations emerge (224). Although this process is logically responsible of 

numerous hereditary diseases in humans (225), it has also an important role in the proper 

function of the immune system, since cytosine deamination is essential for somatic 

hypermutagenesis during antibody development (226-228). It has been also described 

that base deamination may be a relevant event for genetic diversity, from an evolutionary 

point of view (229). Furthermore, abasic sites are constantly created when the N-glycosyl 

bond hydrolyzes, either spontaneously or by cleavage, sometimes induced by extreme 
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pH or temperature conditions. In the human cell, around 104 abasic sites are generated 

every day. AP endonucleases remove most abasic sites in BER (base-excision repair) 

pathway, but sometimes these abasic sites are avoided by TLS polymerases 

(translesions DNA polymerases) and become SSBs due to their instability (230). 

Another important endogenous source of DNA damage is radical oxygen species 

(ROS). At low levels they carry out essential roles in physiological conditions but when in 

excess, ROS can cause almost 100 different oxidative base lesions (231). ROS harmful 

effects are normally regulated by restricting respiration, protecting DNA with histones and 

antioxidant enzymes. Despite this, excess of ROS is associated with different diseases 

like diabetes, Parkinson's disease, Alzheimer's disease, or cancer (232-235). Besides, 

ROS compromise DNA backbone in mammalian cells leading to approximately 2300 

SSBs (single strand breaks) per cell per hour (236). Different DNA damage repair 

pathways take place when correcting oxidation-derived errors: BER, SSBR (single-strand 

break repair) and DSBR (double-strand break repair). It is worth to mention that hydroxyl 

radicals, the most reactive and harmful, also affect DNA stability in an indirect manner 

through lipid peroxidation. This generates aldehyde products that react with A, G, and C 

forming mutagenic adducts, thus leading to the apparition of different diseases like 

hemochromatosis or Wilson's disease (237, 238). 

 

4.3.2. Exogenous DNA damage 

Furthermore, DNA damage is classified as exogenous when the source is 

located outside from the organism. This means, when physical chemical or environmental 

agents damage DNA. Some examples of exogenous DNA damage would be alkylating 

agents, aromatic amines, PAH (polycyclic aromatic hydrocarbons) or UV and ionizing 

radiation, being the last one described in a specific paragraph. 

UV (ultraviolet) radiation comes naturally from the sunlight and is catalogued into 

three different types depending on the wavelength: UV-C (190-290 nm), UV-B (290-320 

nm) or UV-A (320-400 nm). DNA can absorb maximal UV radiation at 260 nm, for what 

UV-C rays represent the most hazardous ones. Despite this, UV radiation can affect DNA 

through an indirect pathway: nearby molecules called photosensitizers absorb energy 

from UV and affect DNA. UV-C induce DNA damage by enhancing pyrimidine dimers 
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formation depending on wavelength and dose of light (239, 240) and resulting in 

cytotoxicity when unrepaired. UV-B also causes pyrimidine dimers but with less efficiently 

than UV-C (241). Finally, UV-A damages DNA in and indirect way by photo-oxidating 

either endogenous or exogenous photosensitizers and resulting in DNA adduct formation 

(242). Additionally, UV radiation has been reported to induce protein crosslinks and DNA 

strand breaks in mammalian cells (243). UV lesions are repaired by NER nucleotide 

excision repair) or HR (homologous recombination) among other repairing pathways 

(244, 245). 

Alkylating agents add an alkyl group to nucleophilic base ring nitrogens and are 

usually present in tobacco smoke, industrial processing, chemotherapeutic agents or 

even dietary components (246). The most common alkylating agents normally used in 

laboratories include MMS, EMS (methyl and ethyl methanesulfonate, respectively), and 

MNU (methylnitrosourea), among others. These molecules interact with DNA generating 

carcinogenic lesions (247, 248). Other examples of these agents are sulfur and nitrogen 

mustards, regrettably used in multiple conflicts, from Word War I to Syria nowadays. 

Mustards react with DNA in different ways, leading to intra and inter-strand crosslinking 

and blocking DNA metabolic activity (249). Despite their use in wars, deleterious 

characteristics of mustards are useful as chemotherapeutic agents (250, 251). Alkylated 

base damage are normally countered by BER and ICL (interstrand crosslink) repair (247). 

In addition, aromatic amines represent an important source of exogenous DNA damage. 

They are mainly generated by pesticides, cigarette smoke, fuel, industrial dyes and high 

temperature cooking (252). Aromatic amines are metabolized by P450 monooxygenase 

system, resulting in carcinogenic alkylating agents (253) that results in frameshift 

mutations and base substitutions (254). The most studied aromatic amines are 

aminofluorenes, originally used as insecticides until their carcinogenic effects were 

reported (255). The main repairing pathway activated in response to aromatic amines 

adducts is NER (256).  

Polycyclic aromatic hydrocarbons (also known as PAHs) are carbon compounds 

that present various aromatic rings. PAHs are inert, nonpolar and widely distributed along 

the environment. These compounds mainly come from tobacco smoke and organic 

matter and fossil fuel incomplete combustion (257) and, like aromatic amines, are 

metabolized by P450 system resulting in molecules that react with DNA (258). Some 
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known examples of PAHs are naphthalene, pyrene or benzopyrene, which upon P450-

dependen activation promotes BPDE (Benzo(a)pyrene diolepoxide) intermediates that 

intercalate into DNA forming adducts (259). NER and BER normally repair PAH-related 

DNA lesions (260).  Besides the mentioned PAHs and aromatic amines, other 

electrophiles act as DNA damage agents. Among them, N-nitrosamines can be found. N-

nitrosamines are strong carcinogens mainly present in tobacco smoke and are involved 

in the development of different respiratory and digestive tract tumors (261, 262). Finally, 

it is worth mentioning some environmental sources of genotoxic stress like extreme 

temperatures, hypoxia and oxidative stress, that have been described to promote DNA 

damage in human cells (263-265). They have been reported to be implicated in diverse 

neurodegenerative disorders due to their action in mutagenesis at trinucleotide repeats 

(266). Other daily use products have been related to DNA damage in sperm cells. An 

example of this could be butyl paraben or bisphenol A, found in cosmetics, food-products 

and beverage processing (267). This, together with the carcinogenic effects of some food 

additives of plant protection products, enhance the relevance of regulatory requirements 

on the use of potentially hazardous everyday compounds. 

 

4.3.3. Mechanisms of DNA repair 

DNA Damage Response (DDR) is one of the most affected signaling pathways 

in cancer. DDR is normally activated when DNA is altered after exposition to genotoxic 

agents, but also because of DNA instability itself (268). When this occurs, a complex 

cellular mechanism is activated in an attempt of reduce general damage. To allow this, 

cellular processes such as DNA repair pathways, cell cycle arrest or cell death are 

activated (269). Nevertheless, sometimes these mechanisms are not enough to restrain 

and cell behavior is altered, either providing a selective advantage or leading to cancer 

development. In addition, DDR effectiveness may determine the response to therapy in 

tumors (270). As previously explained, DNA-damage agents promote several types of 

DNA lesions that include crosslinks, base modification, single strand breaks (SSBs) and 

double strand breaks (DSBs). Different types of DNA damage are detected and 

processed by specific proteins related to DNA damage response pathways.  Under 

physiological conditions, there have been described 6 main mechanisms for damaged 

DNA repairing: mismatch repair (MMR), nucleotide excision repair (NER), base excision 
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repair (BER), homologous recombination (HR), non-homologous end-joining (NHEJ) and 

translesion DNA synthesis (TLS). 

In this sense, replication errors lead to base mismatches, are normally repaired 

through the MMR pathway (271), in which MSH2 and MLH1 proteins are crucial. Other 

lesions like pyrimidine dimers induced by UV radiation are processed by the NER 

pathway (272). NER requires the activity of excision repair cross-complementing protein 

1 (ERCC1) to be carried out. On the other hand, most of the DNA subtle changes, such 

as oxidative lesions, alkylation products and SSBs are repaired by BER proteins. Some 

examples of BER proteins are XRCC1, APE1, PARP1 or Illa (273). Unlike SSBs, DSBs 

are mainly restored either by NHEJ or HR. HR normally requires the MRN (MRE11–

RAD50–NBS1) complex, RPA, BRCA1-2, PALB2 and RAD51 (274, 275). For its part, 

NHEJ is based on the activity of, DNA-PKCs, XRCC4, XLF and the Ku70/Ku80 complex, 

among other proteins (276). Finally, translesion synthesis (TLS) allow DNA to continue 

to replicate despite the presence of DNA lesions. Even though mechanisms in charge 

telomeric DNA maintenance are not usually considered part of the DDR, they perform an 

essential role in genome instability (277). These DDR pathways interact with cell-cycle 

checkpoint proteins to facilitate DNA repair before mitosis, thus guaranteeing the proper 

genetic material is replicated and split up to daughter cells (278). 

Among all DNA lesions, it is worth to mention DSBs, the main result of ionizing 

radiation, which promote cell death or genome instability that may lead to cancer when 

either unrepaired or repaired incorrectly. Regarding the HR response, the MRN complex 

is recruited to the damaged DNA sites. Once there, MRN phosphorylates H2A histone 

generating the H2AX variant. (279, 280). The appearance of H2AX enhances the 

signal, thus recruiting new molecules to the DSB lesion, where ATM kinase is activated 

by phosphorylation. Nevertheless, it has been reported that ATM can be straightly 

phosphorylated by the MRN complex itself (281, 282). Once phosphorylated, ATM trigger 

the activation of many downstream effectors (283). For instance, BRCA1 phosphorylation 

by ATM, as well as CtIP phosphorylation result in S phase arrest of the cell cycle, as well 

as DSB repair (284, 285). ATM also phosphorylates Ser15 of p53, leading to its activation 

and either apoptosis or cell cycle arrest in G1 phase. 
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Figure 7. DNA damage, responsible agents and repair pathways. Schematic summary of the 
main damaging agents known, the type of DNA lesions that they promote and the most common 
DNA repair pathways that are activated in response to them. 

 

4.3.4. Ionizing radiation: effects and applications 

Ionizing radiation (IR) comprise alpha, beta and gamma, neutrons and X-rays. 

This type of radiation is abundant in the environment, coming from soil to medical 

devices. Every kind of radiation is classified depending on its direct or indirect effect and 

ionization density (LET, linear energy transfer). Regarding the energy transferred to 

matter, radiations are sorted as low LET (beta and gamma rays) or high LET (alpha rays). 

When IR is accumulated, it damages DNA in different ways, like affecting surrounding 

water by radiolysis thus generating highly reactive hydroxyl radicals (286). This indirect 

DNA damage by hydroxyl radicals excuses up to 65% of the radiation-derived DNA 

damage (287). Thus, ionizing radiation induces a range of base lesions like those 

generated by ROS, including 8-oxoguanine and formamidopyrimidines, among others. 

IR also leads to a very specific type of SSBs in which DNA breaks have 3' phosphate or 

phosphoglycolate ends instead of 3'-OH ends. Besides, loss of terminal base residues 

and fragmented sugar derivatives end up into clustered damage or single stranded gaps 

(288, 289). Different enzymes can process modified ends permitting those IR-induced 

SSBs repair. Among them, there can be found AP endonucleases, PNKP or TDP1 (290-
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292). Nevertheless, an especially relevant IR-related lesion is the DSB, caused by 

multiple closely positioned damaged sites on both DNA strands (293), but they are 

generally successfully repaired by the HR pathway (294). 

Regarding ionizing radiation applications, it is important to mention that IR 

represents an essential tool in clinical diagnosis and treatment, being especially useful in 

cancer treatment. In fact, around 50-60% of cancer patients are subjected to radiotherapy 

(295). As previously described, IR induces clustered DNA damage through oxidative 

stress, also affecting other cellular macromolecules (296). This kind of radiation also 

prevent DNA replication by activating cell-cycle checkpoints to avoid formation of toxic 

DNA replication lesions (297). Cell cycle checkpoints are normally regulated by effector 

kinases among which ATM and ATR can be found (298-300). These kinases normally 

modulate checkpoint proteins like CHK1 and CHK2. Flaws in DNA damage checkpoint 

pathways lead to increased sensitivity to a variety of anticancer treatments. For instance, 

ATM loss translates into sensitivity to IR (300). Another key kinase in DSB repair following 

ionizing radiation is PRKDC, a member of PIKK family, which joins DNA in a non-

homologous way. Cells that lack this kinase are highly sensitive to IR (301), denoting that 

PRKDC inhibition induce a sensibilization to radiotherapy in tumors. In fact, the PIKK 

inhibitor wortmannin has shown antiproliferative effects in preclinical models involving IR.  

 

4.3.5. Radiodermatitis 

As previously mentioned, ionizing radiation is employed for treating around 60% 

of cancers (295). Despite this, radiotherapy (RT) induces a variety of side effects, among 

which radiodermatitis is a common one. In fact, around 95% of patients undergoing RT 

present skin affections because of the treatment (302). This is called radiodermatitis, 

radiation dermatitis, radiation injury or radiation-induced skin reactions. Symptoms of 

radiodermatitis include itchiness, pain, redness and lesions such as dry desquamation, 

erythema, and moist desquamation. This result in a decrease in patients' quality of life 

and survival (303). RT toxicity is complex and depends on different factors like total 

radiation dose, dose fractionation schedule, concurrent chemotherapy, comorbidity and 

volume of treated organ or tissue. Ionizing radiation from RT induces DNA damage within 

tumoral cells leading to cell death, but also affects skin, especially when the tumor is 

close to the skin, like breast, vulva, anal or head and neck cancers (304). 
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At lower doses, RT promotes an acute reaction that modify skin pigmentation, 

disrupt hair growth and damage the deeper dermis. This last effect interferes with skin 

cell turnover, and leads to erythema (305). When a higher dose of radiation is employed, 

more intense damage happens and mitotic rate of the basal keratinocyte layer increases, 

which leads to dry desquamation (306). At even higher doses of radiotherapy, the basal 

layer cannot recover and moist desquamation occurs (307). These events along with 

activation of proinflammatory response, result in vascular damage, promoting hypoxic 

condition and upregulating TGF-β (308). TGF-β-derived fibrosis and hypoxia generate 

ROS (308, 309) that attack DNA and cell membranes. Each subsequent fraction 

enhances this effect, resulting in inflammatory cell recruitment (307, 310, 311). In fact, it 

has been reported that chronic radiation dermatitis is caused by imbalance of 

proinflammatory and profibrotic cytokines, including TNF-α, TGF-β, IL1, IL6 or PDGF, 

among others (312-316). In addition to these mechanisms, miRNAs alteration, telomere 

erosion, stem cell damage and epigenetic dysregulation are also related to 

radiodermatitis development (317-319). Taking these data together, result important to 

reach a better understanding of molecular mechanisms undergoing radiodermatitis thus 

developing effective treatments to mitigate radiodermatitis effect in patients. 
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Cancer is a complex disease enhanced by alterations in signaling pathways. In 

fact, DNA damage response pathways play a key role in cancer development when they 

are deregulated. Although there is a great knowledge of the signaling pathways that take 

place in the DNA damage response, further research is required to assess new molecular 

mechanisms for fully comprehend this complex scheme. In this sense, it is essential to 

study how kinases like DYRK2, with a role in DDR pathway, function by identifying new 

substrates and characterizing their interaction. In addition, it is important to understand 

the network of signaling pathways activation-deactivation under DNA damage conditions, 

which would open a road to the development of new therapeutic strategies against 

cancer. 

The aims of this project have been the following: 

1. Identify and analyze new DYRK2 substrates. 

2. Characterization of NOTCH1-DYRK2 interaction, specially focusing on DNA 

damage conditions.  

3. Assess the implications DYRK2-dependent NOTCH1 regulation in 

carcinogenesis. 

4. Analyze signaling pathways modulations in response to ionizing radiation in 

fibroblasts. 
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6.1. Cell culture, transfection, and reagents 

HEK-293T (wt/DYRK2-/-/HIPK2-/-), MDA-MB-231 (wt/DYRK2-/-), MDA-MB-468 

(wt/DYRK2-/-), HeLa (wt/DYRK2-/-/DYRK1A-/-), A549, MOR, CHO and MCF7 cells were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

FBS (Fetal Bovine Serum) and 1% (v/v) penicillin/streptomycin (Sigma-Aldrich, St Louis, 

MO, USA) at 37 ºC in a humidified atmosphere containing 5% CO2. H727 cells were 

maintained in Roswell Park Memorial Institute (RPMI) medium at the same conditions. 

Cell lines were obtained from ATCC (LGC Standards, Teddington, Middlesex, UK) and 

were routinely tested to be free of mycoplasma and cross contamination. Cell lines 

validation was performed by a multiplex PCR with Geneprint10 System (Promega, 

Madison, WI, USA). MG-132 was from Enzo Life Science (Lausen, Switzerland). Roti-

Fect (Carl Roth, Karlsruhe, Germany) was employed for transient transfection, followed 

by 36 to 48 h harvesting after transfection. DNA amounts in each transfection were kept 

constant after the addition of empty expression vector. DYRK2 plasmids were previously 

described or generated in this lab by standard cloning technique (41). Point mutants were 

produced by conventional point mutagenesis. HeLa control and DYRK1A-/- cells were a 

gift from Dr. Susana de la Luna (Centre for Genomic Regulation, Barcelona, Spain). 

DYRK2-analog sensitive expression plasmid (GFP-DYRK2-AS) was previously 

described (66). Myc tagged NOTCH1-IC and 4xCSL vectors were provided by Dr. Hee-

Sae Park (Korea Basic Science Institute, Gwang Ju, South Korea). pLentiCRISPr-V2 was 

a gift from Dr. Feng Zhang (Addgene plasmid # 52961). Flag tagged NOTCH2-IC and 

NOTCH4-IC vectors were a gift from Dr. Raphael Kopan (Addgene plasmids # 20184 

and # 20186). HA tagged NOTCH3-IC plasmid was a gift from Dr. Urban Lendahl 

(Addgene plasmid # 47618). HA tagged NOTCH1-IC WT and mutant plasmids were 

kindly provided by Dr. Aifantis (NYU Langone Medical Center, New York, USA). Flag-

FBXW7-WT and Fbox were kindly provided by Dr. Rocío Sancho (Centre for Stem Cells 

& Regenerative Medicine King's College London, UK). Adriamycin (ADR), harmine, 

etoposide (ETP) and the rest of the reagents were from Sigma-Aldrich. PP1 analog II 

1NM-PP1 (SC-203214) was obtained from Santa Cruz Biotechnology (Santa Cruz, 

California, USA). Scramble control oligonucleotide siRNA non-targeting pool (D-001810) 

and ON-TARGET plus SMARTpool against DYRK2 (L-004730-00) were purchased from 

Dharmacon (Waltham, MA, USA). DYRK2 human recombinant protein was purchased 

from Abcam (Cambridge, UK). 
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6.2. Generation of CRISPR/Cas9-cell lines 

The endogenous DYRK2 gene was knocked-out by transfecting cells with 

pLentiCRISPR-v2 (which codes for Cas9 and a puromycin cassette) containing gRNAs 

against the first exon of the short DYRK2 isoform or a combination of gRNAs against the 

first and the last exon. For HeLa and MDA-MB-468 DYRK2-/- cells the gRNA sequence 

used was GCTTGCCAGTGGTGCCAGAG and for MDA-MB-231 and HEK-293T DYRK2-

/- cells the gRNAs used were N-term sequence GCTTGCCAGTGGTGCCAGAG and C-

term sequence GAAGCTGAGCTAGAAGGTGG. Control cells were transfected with the 

empty pLentiCRISPRV2 vector. After transfection, cells were exposed to puromycin (2 

μg/ml) for two days. Surviving cells were clonally selected (in the case of control cells 

were used as pool population) by serial dilution, and positive clones were identified by 

genomic analysis and western blot. 

 

6.3. Western blotting and antibodies 

Protein fractions were obtained after lysis of cells in NP-40 buffer [20 mM Tris–

HCl (pH 7.5), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 0.5 mM 

sodium orthovanadate, aprotinin (10 µg/ml), pepstatin (10 µg/ml), leupeptine (10 µg/ml), 

1% (v/v) NP-40, and 10% (v/v) glycerol]. Proteins were diluted and boiled at 95 ºC in SDS 

buffer, resolved on sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE), transferred 

to PVDF membranes, blocked with non-fat milk in TTBS buffer and incubated with 

primary antibodies. Membranes were incubated with the appropriate secondary antibody 

coupled to horseradish peroxidase, which were detected by chemiluminescence using 

Clarity™ Western ECL Substrate (Bio-rad, Hercules, California, USA). Antibodies against 

β-actin (A5316) and FLAG epitope (clone M2, A2220) were purchased from Sigma 

Aldrich; anti-ubiquitin (P4D1, 3936S) from Cell Signaling Technology (Danvers, 

Massachusetts, USA). Anti-NOTCH1 [EP1238Y] (ab52627), anti-Hes1 (ab71559) and 

anti-Hes5 (ab25374) were obtained from Abcam. Anti-HA (clone 3F10), anti-myc (clone 

9E10), anti-GFP (11814460001) (Roche Molecular Biochemical) and anti-phosphoserine 

(AB1603) (Millipore, Burlington, Massachusetts, USA) were from the indicated suppliers. 

Anti-DYRK2 (H80; sc-66867) and anti-DYRK1A (RR7; sc-100376) antibodies were 

obtained from Santa Cruz Biotechnology. Antibody anti-FBXW7 (A301-720A-T) was 
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provided by Bethyl Laboratories (Montgomery, TX). Secondary horseradish peroxidase-

coupled antibodies were purchased from Jackson ImmunoResearch Laboratories 

(Cambridgeshire, UK). Texas Red goat anti-rabbit IgG antibody (T-6391) was from 

Thermo Fisher Scientific (Waltham, Massachusetts, USA). 

 

6.4. Immunoprecipitation 

Cells were washed in PBS and lysed in IP buffer [50 mM Hepes (pH 7.5), 50 mM 

NaCl, 1% (v/v) Triton X-100, 2 mM EDTA, 10 mM sodium fluoride, 0.5 mM sodium 

orthovanadate, 10 µg/ml aprotinin, 10 µg/ml leupeptin, and 1 mM PMSF]. Cell lysates 

were pre-cleared with protein A/G Sepharose (Santa Cruz) and immunoprecipitation was 

performed on a rotating wheel upon the addition of 1 µg of the indicated antibodies and 

25 µl of protein A/G sepharose beads. Immunoprecipitated proteins were then washed 

for five times in IP buffer and eluted in 2× SDS sample buffer, followed by western 

blotting.  

 

6.5. Luciferase reporter assays 

Cells were collected in PBS and lysed in luciferase assay buffer (25 mM Tris-

phosphate pH 7.8, 8 mM MgCl2, 1 mM DTT, 1 % Triton X-100 and 7 % glycerol) during 

15 min at room temperature in a horizontal shaker. Luciferase assay was performed 

using Luciferase Assay Reagent (Promega) according to the manufacturer’s instructions. 

Luciferase activity was measured using an Autolumat LB 953 (Berthold Technologies 

GmbH, Bad Wildbad, Germany) and normalized with protein concentration. 

 

6.6. Immunofluorescence 

Cells were seeded on glass coverslips and 48 hours after transfection fixed with 

3.7% of pre-warmed paraformaldehyde/PBS for 10 min, permeabilized with 0.1% Triton 

X-100/PBS for 15 min, blocked with 3% BSA/PBS and incubated overnight with primary 

antibodies. After being washed with PBS and incubated for 45 min with the secondary 

antibody, cells were mounted on glass slides with mounting medium containing DAPI 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/magnesium-chloride
https://www.sciencedirect.com/topics/chemistry/triton-x-100
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(Vectashield Burlingame, CA, USA). Fluorescence images were captured using an LSM 

5 EXCITER (Carl Zeiss MicroImaging GmbH, Oberkochen, Germany) confocal laser 

scanning microscope using a 40×/1.30 oil objective (EC Plan-Neofluar) and ZEN 2008 

software (Carl Zeiss MicroImaging GmbH). To determine fluorescent signal colocalization 

between different channels the Coloc_2 module was used. The degree of channel 

colocalization was analyzed by considering the following indexes: thresholded Manders’ 

coefficients A and B and Pearson’s coefficient. To evaluate the spatial relations between 

channel intensity we used the ImageJ tool RGB Profiler to create a profile of fluorescence 

intensity values across a line drawn on the image. 

 

6.7. mRNA extraction and qPCR 

Total RNA was extracted using the High Pure RNA Isolation kit (Roche 

Diagnostics, Switzerland), reverse transcription performed with the iScript cDNA 

Synthesis kit (Bio-Rad) and real-time PCR carried out in an iCYCLER detection system 

(Bio-Rad) with iQTM SYBR Green Supermix (Bio-Rad). Amplification efficiencies were 

validated and normalized against HPRT, and fold change in gene expression was 

calculated using the 2−ΔΔCt method. Primer sequences are available upon request. 

 

6.8. In vitro phosphorylation 

Immunoprecipitated Myc-tagged NOTCH1-IC endogenous protein was 

incubated with 50 ng of commercial recombinant DYRK2 protein (Millipore, 14-669) in 

kinase buffer (20 mM Hepes pH 7.5, 10 mM MgCl2, 1 mM DTT) with or without ATP (0.1 

µM). After 60 min of incubation at 37 °C, reactions were stopped by using 1M glycine pH 

2.5 in agitation for 20 min at room temperature and A/G beads (Santa Cruz Biotecnology) 

were removed by centrifugation. Finally, readjustment of pH levels of the supernatant 

was performed employing 1 M Tris-HCl pH 7.5.  
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6.9. Cell viability and flow cytometry analyses 

For apoptosis studies, cells were harvested and washed in cold PBS and then 

resuspended in binding buffer consisting of 10 mM Hepes, 140 mM NaCl and 2.5 mM 

CaCl2 pH 7.4. Cells were stained with Annexin V, Alexa Fluor 488 conjugate (Molecular 

Probes by Life Technologies, Carlsbad, CA, USA) and propidium iodide. Cell cycle 

distribution and apoptosis were determined by BD FACSCanto™ flow cytometer (BD 

Biosciences, San Jose, CA, USA) using BD FACSDiva™ software. For cytotoxicity 

assay, cells were seeded in a 96-well plate and after 12 hours YOYO-1 (Life 

Technologies) was added to a final concentration of 0.1 µM. Object counting analysis 

was performed using the cell imaging system IncuCyte HD (Essen BioScience). 

 

6.10. Cell motility assay 

Cells were seeded in a 96-well Essen ImageLock plate (Essen BioScience, Ann 

Arbor, Michigan, USA) 24 hours after transfection and grown to confluence. After 12 

hours, the scratches were made using the 96-pin WoundMaker (Essen BioScience), 

followed by incubation with 10 ng/ml of mitomycin C. Wound images were taken every 

60 min for 24 h and the data analysed by the integrated metric Relative Wound Density 

part of the live content cell imaging system IncuCyte HD (Essen BioScience). 

 

6.11. Cell invasion assay 

Invasion assays were performed in Boyden chamber using a 48-well Neuro 

Probe, Inc. insert system (Gaithersburg, MD, USA). Polyethylene membrane inserts (8.0 

µm pore size) were precoated with 200 µg/µl of Matrigel® Matrix (Corning®, Corning, 

NY, USA) (in coating buffer 0.01 M Tris and 0.7 % NaCl). Cells were subcultured in an 

mw6 plate, and 24 hours prior the assay, FBS was removed from the media and ADR 

was added in the specific conditions. Then, cells were seeded with 2.5x104 cells per insert 

(cells suspended in 50 µl in DMEM, in addition to 25 µl FBS free DMEM in the bottom 

side of the chamber) and incubated at 37 ºC, 5% CO2 for 12 h. Then, the membrane was 

washed at least three times for 10 min with PBS. The membranes were then cut out of 

the inserts by a scalpel, dyed in methyl violet for 30 minutes and mounted between two 
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thin cover slips. The total number of migrated cells was counted for each group (n=4) 

with an inverted microscope. Only cells which had completely migrated through the 

membrane were counted. 

 

6.12. Enrichment of His-tagged proteins 

Cells were collected in PBS and pellets resuspended in lysis buffer (6 M 

guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl [pH 8], 5 mM imidazol and 

0.01 M β-mercaptoethanol). Samples were sonicated and cell debris was removed by 

centrifugation. Supernatants were mixed with 75 l of equilibrated Ni-NTA resin 

(Quiagen, Hilden, Germany), followed by incubation for 4 h at room temperature on a 

rotating wheel. Precipitates were washed once with lysis buffers, once in wash buffer (8 

M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl [pH 6.8], 5 mM imidazol, and 0.01 M 

β-mercaptoethanol), and twice in wash buffer plus 0.1% Triton X-100. Proteins were 

eluted in 75 l of 0.2 M imidazol, 0.15 M Tris-HCl (pH 6.8), 30% glycerol, 0.72 M β-

mercaptoethanol and 5% SDS for 20 min at room temperature with gentle agitation and 

further analysed by immunoblotting. 

 

6.13. Data analysis 

Protein abundance in tumor tissue was obtained from The Human Protein Atlas 

database as antibody staining level (not detected, low, medium, and high) per patient 

(320). Data were accessed via the R hpar package. Gene alteration frequencies were 

calculated using the TCGA PanCancer dataset that includes 10967 samples across 33 

different tumor types (321). To calculate the alteration frequencies, the number of 

samples containing a missense/non-sense mutation or a deep deletion for a given gene 

was divided by the total number of samples in each cancer type. Data were accessed via 

the cBioPortal web service using the R cgdsr package (322). Images were evaluated and 

quantified using the Image J (http://rsbweb. nih.gov/ij/). Data are expressed as mean ± 

SD. Differences were analysed by Student's t test. P  0.05 was considered significant. 

Statistical analysis was performed using GraphPad Prism® version 6.01 (GraphPad, San 

Diego, CA, USA).  
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6.14. Immunoprecipitation coupled to mass 

spectrometry 

6.14.1. Immunoprecipitation 

HEK-293T cells were washed in PBS and lysed in IP buffer [50 mM Hepes (pH 

7.5), 50 mM NaCl, 1% (v/v) Triton X-100, 2 mM EDTA, 10 mM sodium fluoride, 0.5 mM 

sodium orthovanadate, 10 µg/ml aprotinin, 10 g/ml leupeptin, and 1 mM PMSF]. Cell 

lysates were pre-cleared with protein A/G sepharose beads (Santa Cruz) and 

immunoprecipitation was performed on a rotating wheel upon the addition of 1 µg of anti-

DYRK2 or IgG control. Immunoprecipitated proteins were then washed ten times in IP 

buffer and eluted in elution buffer (0.2 M glycine, pH 2.3/ 0.5% Igepal CA-630). 

Experiments were performed and analysed in triplicate. 

 

6.14.2. Sample preparation for LC-MS analysis 

Lysed cells were cleaned to remove contaminants by protein precipitation with 

TCA/acetone and solubilized in 50 μl of 0.2% RapiGest (Waters, Milford, MA, USA) in 50 

mM ammonium bicarbonate. Total protein was quantified using Qubit Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA) and 50 μg proteins from each sample 

were digested with trypsin. Briefly, protein samples were incubated with 5 mM DTT at 60 

°C for 30 min, and then with 10 mM iodoacetamide at room temperature for 30 min in 

darkness. Sequencing Grade Modified Trypsin (Promega, Madison, WI, USA) was added 

(ratio 1:40 trypsin:protein) and samples were incubated at 37 °C for 2 h. Afterwards, 

trypsin was added again (ratio 1:40) and samples were incubated at 37 °C for 15 h. 

RapiGest was suppressed by precipitation with 0.5% TFA at 37 °C for 1 h and 

centrifugation. The final volume was adjusted with milliQ water and ACN to a final 

concentration of 0.5 μg peptide/μL (2.25% ACN and 0.2% TFA), and 1× of the iRT 

peptides (Biognosis AG, Schlieren/Zurich, Switzerland) were spiked in each sample. 

 

6.14.3. LC-MS analysis 

Peptide solutions were analysed in triplicate by a shotgun approach by nanoLC-

MS/MS. Samples (3 µl) were analysed with a nano-LC system Ekspert nLC415 (Eksigent, 
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Dublin, CA, USA) using an Acclaim PepMap RSLC C18 column (75 μm × 25 cm, 3 μm, 

100 Å) (Thermo Fisher Scientific) at a flow rate of 300 nl/min. Water and ACN, both 

containing 0.1% formic acid, were used as solvents A and B, respectively. The gradient 

run consisted of 5% to 30% B for 120 min. Peptides eluted were directly injected into a 

hybrid quadrupole-TOF mass spectrometer Triple TOF 5600+ (Sciex, Redwood City, CA, 

USA) operated with a top 65 data-dependent acquisition system (DDA) using positive ion 

mode. A NanoSpray III ESI source (Sciex) was used for the interface between nano-LC 

and MS, applying 2600 V. The acquisition mode consisted of a 250 ms survey MS scan 

from 350 to 1250 m/z, followed by an MS/MS scan from 230 to 1700 m/z (60 ms 

acquisition time, 350 mDA mass tolerance, rolling collision energy) of the top 65 precursor 

ions from the survey scan. The fragmented precursors were then added to a dynamic 

exclusion list for 15 s, excluding any singly charged ions from the MS/MS analysis. 

Peptide and protein identifications were performed using Protein Pilot software v5.0 

(Sciex) with a human UniProtKB concatenated target-reverse decoy database, specifying 

cysteines as modification and trypsin as enzyme used for digestion. The false discovery 

rate (FDR) was set to 1% for peptides and proteins. Those peptide proteins identified in 

the IgG control samples were subtracted from the later analysis. Protein were scores 

analysing Total ProtScore, Unused ProtScore, confident peptides and % Cov (95).  

 

6.15. Fibroblast culture, SILAC labelling and sample 

management 

6.15.1. Cell culture for SILAC labelling 

A culture of human adult dermal fibroblasts from 4 different donors was employed 

for the SILAC and RNAseq essays. Cells were obtained from Tebu-Bio® (Le-Perray-en-

Yvelines, France) and cultured as a pool under two different conditions: light and heavy. 

All the reagents were provided by Thermo Fisher Scientific® (Waltham, MA). We 

employed DMEM for SILAC (#88364), supplemented with 10% dialyzed FBS 

(#26400044) and 1% (v/v) penicillin/streptomycin. Cell culture was carried out at 37 ºC in 

a humidified atmosphere containing 5% CO2. These conditions were maintained until 

during the whole experiment and labeling was validated by mass spectrometry (MS). For 

labeling, 0.01% (p/v) of the pertinent aminoacids were added: 

• Light fibroblasts (control group):  

o L-Lysine-2HCl, 13C6, 15N2 for SILAC (#88209). 
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o L-Arginine-HCl, 13C6, 15N4 for SILAC (#89990). 

• Heavy fibroblasts (irradiated group):  

o L-Lysine-2HCl for SILAC (#89987). 

o L-Arginine-HCl for SILAC (#89989). 

 

Donor Age Gender Race BMI Smoker Diabetic Depot Reference 

#1 26 F C 27,6 No No Abdomen DFM0218116B 

#2 62 F C 23,3 No No Eye DFM110210B 

#3 48 F H 26,2 No No Abdomen DFM102014A 

#4 35 F H 33,9 No No Abdomen DFM102715B 

 

Table 1. Fibroblasts’ donor characteristics. Four different donors were selected to carry out the 
experiments using primary fibroblasts. BMI: Body mass index. F: Female. C: Caucasian. H: 
Hispanic. 

 

6.15.2. Stimuli and cell lysis 

Cells were treated by using two different stimuli simulating either acute or 

accumulative radiation. To allow this, a X ray irradiator 43855F-CP160 (Faxitron X-Ray 

LLC, Lincolnshire, IL) was employed. For the acute dose, cells were irradiated with 2 Gy 

and lysed 30 minutes after the treatment. In the other hand, cells for the accumulative 

stimulus were exposed at 5 Gy four times, once every 12 hours, and lysed 2 hours after 

the last stimulus. For proteomic and phosphoproteomic analysis, after treatments cells 

were washed using PBS and grinded at 4 ºC. Protein fraction was obtained using urea 

lysis buffer (6 M urea, 50 mM Tris-HCl (pH=8),1 mM phenylmethylsulfonyl fluoride, 10 

mM NaF, 0.5 mM sodium orthovanadate, leupeptine (10 µg/ml), pepstatin (10 µg/ml), 

aprotinin (10 µg/ml). In the case of the samples for RNAseq, cells were exposed to 

radiation as previously described and total RNA was purified using GenElute™ 

Mammalian Total RNA Miniprep Kit (RTN70-1KT, Sigma Aldrich). 

 

6.16. Proteomic and phosphoproteomic analysis of 

fibroblast samples 

6.16.1. Protein sample preparation 

Samples (700 µg) were dissolved in 6 M urea with mM ammonium bicarbonate, 

reduced with dithiothreitol (2100 nmol, 37 ºC, 60 min) and alkylated in the dark with 
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iodoacetamide (4200 nmol, 25 ºC, 30 min). The resulting protein extract was first diluted 

to 2M urea with 200 mM ammonium bicarbonate for digestion with endoproteinase LysC 

(1:100 w:w, 37ºC, o/n, Wako, cat # 129-02541), and then diluted 2-fold with 200 mM 

ammonium bicarbonate for trypsin digestion (1:100 w:w, 37ºC, 8h, Promega cat #V5113). 

After digestion, peptide mix was acidified with formic acid and desalted with a Hypersep 

C18 column (The Nest Group, Inc) prior to LCMS/MS analysis.  In the one hand, 90 µg 

of each sample was fractionated by strong cation exchange chromatography (3M, cat # 

66889-U), procedure adapted from Rappsilber et al1. The peptides were eluted into six 

different concentration of ammonium acetate (40, 80, 120, 160, 200 and 500mM). Each 

fraction was cleaned up with a MicroSpin C18 column (The Nest Group, Inc) prior to LC-

MS/MS analysis. In the other hand, 455 µg of each sample was enriched in 

phosphopeptides with the High-Select™ TiO2 Phosphopeptide Enrichment Kit (Thermo 

Scientific, cat # A32993).  

 

6.16.2. Chromatographic and mass spectrometry analysis 

Samples were analyzed using an LTQ-Orbitrap Fusion Lumos mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an EASY-nLC 

1000 (Thermo Fisher Scientific (Proxeon), Odense, Denmark). Peptides were loaded 

directly onto the analytical column and were separated by reversed-phase 

chromatography using a 50-cm column with an inner diameter of 75 μm, packed with 2 

μm C18 particles spectrometer (Thermo Scientific, San Jose, CA, USA). 

Chromatographic gradients started at 95% buffer A and 5% buffer B with a flow rate of 

300 nl/min for 5 minutes and gradually increased to 25% buffer B and 78% A in 158 min 

and then to 40% buffer B and 65% A in 22 min. After each analysis, the column was 

washed for 10 min with 10% buffer A and 90% buffer B. Buffer A: 0.1% formic acid in 

water. Buffer B: 0.1% formic acid in acetonitrile. 

The mass spectrometer was operated in positive ionization mode with nanospray 

voltage set at 2.4 kV and source temperature at 275°C. Ultramark 1621 for the was used 

for external calibration of the FT mass analyzer prior the analyses, and an internal 

calibration was performed using the background polysiloxane ion signal at m/z 445.1200. 

The acquisition was performed in data-dependent acquisition (DDA) mode and full MS 

scans with 1 micro scans at resolution of 120,000 were used over a mass range of m/z 
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350-1500 with detection in the Orbitrap mass analyzer. Auto gain control (AGC) was set 

to 1E5 and charge state filtering disqualifying singly charged peptides was activated. In 

each cycle of data-dependent acquisition analysis, following each survey scan, the most 

intense ions above a threshold ion count of 10000 were selected for fragmentation. The 

number of selected precursor ions for fragmentation was determined by the “Top Speed” 

acquisition algorithm and a dynamic exclusion of 60 seconds. Fragment ion spectra were 

produced via high-energy collision dissociation (HCD) at normalized collision energy of 

28% and they were acquired in the ion trap mass analyzer. AGC was set to 1E4, and an 

isolation window of 1.6 m/z and a maximum injection time of 50 ms were used. All data 

were acquired with Xcalibur software v3.0.63. Digested bovine serum albumin (New 

England biolabs cat # P8108S) was analyzed between each sample to avoid sample 

carryover and to assure stability of the instrument and QCloud2 has been used to control 

instrument longitudinal performance during the project. 

 

6.16.3. Data analysis 

Acquired spectra were analyzed using the MaxQuant3 software suite (v1.6.0.16) 

and the Andromeda4 search engine. The data were searched against a Swiss-Prot 

human database (as in April 2018, 20341 entries) plus a list of common contaminants 

and all the corresponding decoy entries. For peptide identification a precursor ion mass 

tolerance of 7 ppm was used for MS1 level, trypsin was chosen as enzyme, and up to 

three missed cleavages were allowed. The fragment ion mass tolerance was set to 0.5 

Da for MS2 spectra. Arg10;Lys8 were used as a label,  oxidation of methionine and N-

terminal protein acetylation were used as variable modifications whereas 

carbamidomethylation on cysteines was set as a fixed modification. In phosphorylated 

samples phosphorylation (STY) also was used as variable modifications.  False discovery 

rate (FDR) in peptide identification was set to a maximum of 5%. Protein and 

phosphopeptide quantification data were retrieved from the ratio light versus heavy and 

fold-changes, p-value and adjusted p-values was calculated with Perseus5 1.6.2.1. 
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6.16.4. TruSeq Stranded Total RNA library preparation and 

sequencing 

Libraries were prepared using the TruSeq Stranded Total RNA Library Prep Kit 

with Ribo-Zero Human/Mouse/Rat Kit (RS-122-2201/2202, Illumina) according to the 

manufacturer's protocol. Briefly, 300 ng of total RNA were used for ribosomal RNA 

depletion. Then, ribosomal depleted RNA was fragmented for 4.5 min at 94 ºC. The 

remaining steps of the library preparation were followed according to the manufacturer’s 

instructions. Final libraries were analyzed on an Agilent Technologies 2100 Bioanalyzer 

system using the Agilent DNA 1000 chip to estimate the quantity and validate the size 

distribution and were then quantified by qPCR using the KAPA Library Quantification Kit 

KK4835 (REF. 07960204001, Roche) prior to the amplification with Illumina’s cBot. 

Finally, libraries were sequenced on the Illumina HiSeq 2500 sequencing system using 

single reads, 50 base long reads (1x50, v4). 
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7.1. Phosphorylation-dependent regulation of NOTCH1-IC 

by DYRK2 

7.1.1. DYRK2 modulates NOTCH1-IC protein levels 

We analyzed DYRK2 interactome by mass spectrometry following an 

immunoprecipitation (IP) assay with the aim of identify novel potential DYRK2 interactors 

(Figure 15). Various members of NOTCH family of receptors were present in these 

results. We focused our research on NOTCH1 and its potential relationship with DYRK2. 

 

Figure 8. NOTCH1 as a potential DYRK2 interactor. Endogenous DYRK2 was 
immunoprecipitated from HEK-293T cells using anti-DYRK2 antibody and rabbit IgG for controls. 
Eluted DYRK2 was detected by immunoblot, as well as its presence in the original lysate (INPUT). 
Triplicates for this experiment were performed (upper panel). Results from IP for DYRK2 and 
NOTCH family members are summarized in the table. These data include the number of peptides 
identified after IP for each assay. Finally, an example of DYRK2. NOTCH1, NOTCH2 and NOTCH3 
peptides spectrums are shown. 

 



 Results 

 
74 

To study this interaction in detail, we first co-expressed HA-NOTCH1-IC plasmid, 

either alone or together with growing concentrations of Flag tagged DYRK2, in HEK-293T 

cells. This resulted in a decrease of NOTCH1-IC protein levels in a DYRK2 dose-

dependent manner. In addition, this decrease went with a delay in migration of the bans 

(Figure 9A). As shown in Figure 9B, where the potential effect of all DYRK subfamily 

members on NOTCH1 was checked, only DYRK1A and DYRK1B presented similar 

results to those observed with DYRK2. Similarly, the whole NOTCH family of receptors 

(NOTCH1-4) was analyzed in presence or absence of DYRK2 overexpression, resulting 

in a reduction of protein levels for all of them (Figure 9C).  

 

Figure 9. DYRK2 modulates NOTCH1 protein levels. (A) The indicated constructs were 
transfected into HEK-293T cells and protein expression was checked by western blot 36 h after 
transfection. (B) Co-transfection of HEK-293T cells was carried out using the indicated plasmids. 
Cells were lysed 36 h later and protein expression was evaluated by immunoblotting. (C) HEK-
293T cells were co-transfected using the denoted plasmids. Protein expression was evaluated by 
western blot 36 h after transfection using the indicated antibodies. Representative blots of three 
independent replicates are shown for each figure. 

 

Next, we studied the effect of DYRK2 expression on endogenous NOTCH1-IC 

endogenous levels. We observed (Figure 10A) that increased concentrations of 
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transfected DYRK2 resulted in a progressive decrease of NOTCH1-IC protein levels with 

no effect on NOTCH mRNA levels. As shown in Figure 10B, where endogenous protein 

levels of NOTCH1-IC were tested while over-expressing all members of DYRK subfamily, 

DYRK1B also leads to NOTCH1-IC decrease. Since DYRK1A has been previously 

described to phosphorylate NOTCH1 (149), we checked the specificity of DYRK2 

antibodies and plasmids (Figure 11A). Besides, an experiment comparing knockout and 

wild type cells for DYRK1A transfected with increasing levels of DYRK2, demonstrated 

that the effect of DYRK2 on NOTCH1 is DYRK1A independent (Figure 11B). To further 

study the specificity of DYRK2 on NOTCH1-IC levels, we analyzed the effect of knocking 

down DYRK2 by using a specific siRNA (Figure 12). According with the obtained before, 

DYRK2 depletion resulted in increased NOTCH1-IC levels (Figure 12A), as well as in 

augmented NOTCH1-IC half-life (Figure 12B), supporting that DYRK2 regulates 

NOTCH1-IC endogenous levels. 

 

Figure 10. DYRK2 modulates NOTCH1 at a post-transcriptional level. (A) The showed 
amounts of DYRK2 were transfected into HEK-293T cells. After cell lysis al protein extraction, one 
fraction was analyzed for endogenous NOTCH1-IC protein levels, while another aliquot was 
destinated to study NOTCH1-IC mRNA levels by qPCR. (B) All members of DYRK family were 
transfected in HEK-293T cells. Protein levels were analyzed by western blot and NOTCH1 mRNA 
levels were studied by qPCR. Data are mean ± SD of n = 3. We show a representative blot of three 
independent experiments. 
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Figure 11. NOTCH1 regulation is DYRK1A independent. (A) HEK-293T cells were transfected 
using the indicated plasmids and protein expression was evaluated by western blot with the 
indicated antibodies. (B) HeLa WT and DYRK1A-/- cells were transfected with increasing levels of 
DYRK2. Protein levels were studied by immunoblot with the indicated antibodies. We show 
representative blots of three independent experiments. 

 

Figure 12. Silencing of DYRK2 promotes NOTCH1-IC protein stabilization. (A) DYRK2 or 
scrambled (control) siRNAs were transfected into HEK-293T cells. After 4 days of culture, 
NOTCH1-IC or DYRK2 protein levels were checked by immunoblot. (B) HEK-293T cells were 
transfected with DYRK2 or scrambled (control) siRNAs. 3 days after transfection, cells were treated 
with the protein synthesis inhibitor cycloheximide (CHX) (50 μg/ml) for the indicated hours, and 
lysed.  NOTCH1-IC levels examined by immunoblot, using actin expression as the loading control. 
The graph represents the mean ± SD of band density from 3 different experiments. We show 
representative blots of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 
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Taken together, our data suggest that DYRK2 might negatively modulate 

NOTCH-IC protein levels. Then, we questioned if endogenous levels of DYRK2 and 

NOTCH1 might also show a correlation. To assess this idea, we studied these two 

proteins in 8 different cell lines (Figure 13A), observing a negative correlation between 

NOTCH1-IC and DYRK2. To further analyze NOTCH1-IC regulation by DYRK2, 4 

different KO cell lines for the kinase were generated by CRISPR/Cas9 gene-editing 

techniques and NOTCH1-IC protein levels were evaluated. We observed that stable 

DYRK2 knockout presented increased levels of NOTCH1-IC in three of the four cell lines 

tested (Figure 13B). NOTCH1-IC bands presented higher electrophoretic mobility in 

HeLa DYRK2-/- comparing to the WT cells, which might be due to unphosphorylated 

NOTCH1-IC. These results demonstrate a negative regulation of NOTCH1-IC in a 

DYRK2-dependent way.  

 

Figure 13. Inverse correlation of DYRK2 and NOTCH1 protein levels. (A) Endogenous 
expression of NOTCH1-IC and DYRK2 was studied by western blot in the indicated cell lines (left 
panel). Band signal from three independent experiments were quantified and normalized to actin, 
and correlation was analyzed (right panel). (B) DYRK2 and NOTCH1-IC endogenous levels were 
analyzed in MDA-MB-231, MDA-MB-468, HeLa and HEK-293T cell lines both WT and DYRK2-/- by 
western blot. We show representative blots of three independent experiments. 

 

7.1.2. NOTCH1-IC is phosphorylated by DYRK2 in vivo and in vitro 

As observed in Figure 2A, DYRK2 affects to NOTCH1-IC bands mobility. This 

could be due to the appearance of phosphorylated forms of NOTCH1-IC, so we analyzed 
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if DYRK2 kinase activity was necessary for this modification. To study this, we co-

expressed NOTCH1-IC with increasing amounts of either wild type DYRK2 (DYRK2 WT) 

or a mutant with no kinase activity (DYRK2 KM). DYRK2 overexpression resulted in 

NOTCH1-IC protein levels decrease, as well as the appearance of upshifted bands. By 

contrast, this effect on NOTCH1-IC was not observed when transfecting DYRK2 KM. This 

experiment was carried out checking NOTCH1-IC both overexpressed (Figure 14A) and 

endogenous (Figure 14B) levels. To assess if that NOTCH1-IC protein levels reduction 

was due to proteasomal degradation, we co-expressed NOTCH1-IC and DYRK2 (either 

WT or KM) in the presence or absence of the proteasome inhibitor MG-132. As shown in 

Figure 14C, MG132 considerably reduced DYRK2-dependent NOTCH1-IC decrease 

with no effect on band mobility.  

 

Figure 14. NOTCH1-IC regulation by DYRK2 depends on its kinase activity. (A) Myc-NOTCH1-
IC and increasing amounts of Flag-DYRK2 wild type (WT) or kinase mutant (KM) were co-
transfected in HEK-293T cells. Levels of proteins of interest were analyzed by western blot using 
the indicated antibodies. (B) HEK-293T cells were transfected with DYRK2 WT or KM plasmids, 
as indicated. Cell lysates were studied by immunoblot with the indicated antibodies. (C) HEK-239T 
cells were co-transfected with the indicated plasmids24 h after transfection, cells were treated with 
MG-132 (10 μM) for 12 hours and protein levels were analyzed by immunoblotting with the 
indicated antibodies. We show representative blots of three independent experiments.  

 

Since reduced electrophoretic mobility of NOTCH1-IC bands in presence of 

DYRK2 could be due to the existence of phosphorylated forms, we exposed cell lysates 

to λ-phosphatase. As shown in Figure 15A, λ-phosphatase treatment reverted the upshift 
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promoted by DYRK2 similarly to the effect observed in response to DYRK2 KM 

expression. In addition, to evaluate if DYRK2 directly phosphorylates NOTCH1-IC, we 

carried out an in vitro kinase assay (Figure 15B). The presence of DYRK2 recombinant 

protein led to retarded migration of NOTCH1-IC bands, only when adding ATP to the 

reaction. Besides, we tested different chemical inhibitors of DYRK2 to assess the 

importance of DYRK2 kinase activity on NOTCH1-IC. Treatment with harmine in 

presence of DYRK2 WT (Figure 16A) resulted in a stabilization of NOTCH1-IC levels, 

similarly to the effect of DYRK2 KM. In addition, treatment with rising concentrations of 

harmine increased electrophoretic motility of NOTCH1-IC bands (Figure 16B). As shown 

in Figure 16C, similar results were obtained with curcumin, another DYRK2 inhibitor (77). 

Taken together, these results demonstrate that NOTCH1-IC is directly phosphorylated 

by DYRK2. 

 

Figure 15. DYRK2 phosphorylates NOTCH1. (A) The indicated plasmids were co-expressed in 
HEK-293T cells. Cells were treated with MG-132 for 12 h prior to lysis and protein extracts were 
incubated wither in presence or absence of λ-phosphatase. Proteins of interest were analyzed by 
western blot. (B) NOTCH1-IC endogenous protein was immunoprecipitated from HEK-293T cells 
and then incubated with DYRK2 recombinant protein, in presence or absence of ATP (0.1 μM). 
Electrophoretic mobility was determined by western blot. We show representative blots of three 
independent experiments. 
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Figure 16. Pharmacological inhibition of DYRK2 reverts its effect on NOTCH1. (A) HEK-293T 
cells were co-transfected with the indicated plasmids and then incubated with harmine (5 μM) 
following the scheme for 12 h before lysis. Protein fractions were studied by immunoblotting using 
the indicated antibodies. (B) The indicated plasmids were co-expressed in HEK-239T cells. 36 
hours after transfection, cells were treated with MG-132 in presence or absence of harmine for 12 
h before lysis. Protein expression was studied by western blot (C) HEK-293T cells were co-
transfected using the indicated constructs and exposed to harmine (5 μM, 12 h) or curcumin (5 μM, 
6 h) before lysis. Cell lysates were analyzed by western blot. We show representative blots of three 
independent experiments. Figure authorship (C): Alejandro Correa Sáez. 

 

Once proven the direct phosphorylation of NOTCH1-IC by DYRK2, next step 

would be identifying the residue(s) implicated in this process. To determine the NOTCH1-

IC sites phosphorylated by DYRK2, we studied different residues already published to be 

phosphorylated and involved in NOTCH1-IC regulation. Then, mutants of these residues 

to alanine (323) were co-transfected with DYRK2 and its electrophoretic mobility was 

analyzed by western blot. As shown in Figure 17A, mutation of Thr2512 reduced DYRK2-

mediated NOTCH1-IC degradation. Similar results were obtained comparing NOTCH1-

IC Thr2512 to the WT co-expressed together with DYRK2 (Figure 17B). These data point 

out that phosphorylation of Thr2512 is necessary for DYRK2 effect on NOTCH1-IC 

stability. Next, we analyzed if DYRK2 phosphorylates Thr2512 of NOTCH1-IC in cells by 

co-expressing NOTCH1-IC, both WT and T2512A, and DYRK2, both WT and KM, 

following the scheme in Figure 17C. Phosphorylation pattern of NOTCH1-IC (WT and 
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T2512A) was analyzed using a phospho-serine/threonine antibody since there was no 

specific antibody against phospho-T2512 NOTCH1 available. As shown in the figure, 

phosphorylation was clearly reduced for T2512A mutant compared to the WT form (lanes 

2 and 4). Nevertheless, as observed in lane 4, DYRK2 still promotes NOTCH1-IC T2512A 

phosphorylation, suggesting that DYRK2 might be phosphorylating NOTCH1-IC in 

several residues besides Thr2512. Taken together, these data demonstrate that 

NOTCH1-IC phosphorylation by DYRK2 at Thr2512 is key for its degradation. 

 

Figure 17. DYRK2 phosphorylates NOTCH1-IC at Thr2512. (A) NOTCH1-IC constructs, either 
WT or the indicated mutants, were overexpressed in HEK-293T cells in presence or absence of 
DYRK2. Cell lysates were obtained 36 h after transfection and protein expression pattern was 
studied by western blot. with the indicated antibodies. We show a representative blot of three 
independent experiments. (B) HEK-293T cells were transfected using the indicated plasmids and 
incubated 36 h before lysis. Protein levels were analyzed by immunoblot using the indicated 
antibodies. (C) Myc-NOTCH1-IC (WT or T2512) and Flag-DYRK2 (WT or KM) plasmids were co-
transfected in HEK-293T cells following the indicated scheme. 24 h after transfection, cells were 
treated with MG132 for 8 h and then lysed. A part of the lysate was employed for 
immunoprecipitation (IP) using anti-Myc antibody, and phosphorylation status of eluted samples 
were analyzed by immunoblot using anti-phospho-Ser/Thr antibody (upper panel). At the same 
time, exogenous NOTCH1-IC levels were studied also by western blot but using anti-Myc antibody 
(second panel). The rest of the lysate extract was tested for the occurrence of the proteins of 
interest (lower panels). For each figure we show representative blots of three independent 
experiments. Figure authorship (C): Alejandro Correa Sáez. 
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7.1.3. NOTCH1-IC proteasomal degradation is regulated by 

DYRK2 

As previously observed in Figure 14C, treatment with the proteasome inhibitor 

MG-132 reverted NOTCH1-IC decrease by DYRK2 (lanes 2 and 4). This indicates that 

DYRK2 reduces NOTCH1-IC stability in a proteasome-dependent manner. NOTCH1-IC 

proteasomal degradation after phosphorylation of Thr2512 has been previously reported 

to be dependent on FBXW7 ubiquitin ligase activity (163). Thus, we evaluated the 

potential implications of this ubiquitin-ligase in NOTCH1-IC degradation process 

triggered by DYRK2. First, we co-transfected constructs of NOTCH1-IC, DYRK2 and 

FBXW7ΔFbox (a dominant-negative mutant of FBXW7 which lacks the F-box, essential 

for its activity). As observed in Figure 18A, NOTCH1-IC protein levels were not decreased 

in presence of FBXW7ΔFbox even when co-expressing DYRK2. Similar data were 

obtained at endogenous levels (Figure 18B). These data confirm the relevance of FBXW7 

in NOTCH1-IC degradation mediated by DYRK2. 

Next, we analyzed if NOTCH1-IC ubiquitination status is modulated by DYRK2. 

In Figure 18C, we can observe that NOTCH1-IC polyubiquitination is augmented under 

increasing concentrations of DYRK2 WT but is not affected by the KM version of this 

kinase. Moreover, we studied the effect of DYRK2 absence on endogenous NOTCH1-IC 

polyubiquitination by comparing basal ubiquitination levels of NOTCH1-IC in both WT 

and DYRK2 knocked-out cells (Figure 18D). Data show that NOTCH1-IC ubiquitination 

levels were importantly decreased in DYRK2-/- cells. Taken together, these results imply 

that, following phosphorylation by DYRK2, NOTCH1-IC is ubiquitinated by FBXW7 and 

later degraded in a proteasomal dependent way. 
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Figure 18. DYRK2 modulates NOTCH1-IC proteasomal degradation triggered by FBXW7. (A) 
NOTCH1-IC and DYRK2 plasmids were overexpressed in HEK-293T cells in presence or absence 
of FBXW7-ΔFbox (FBXW7 mutant that lacks the Fbox domain) and harvested for 36 h. Protein 
levels were analyzed by western blot after cell lysis. (B) HEK-293T cells were transfected with the 
indicated plasmids to evaluate NOTCH1-IC endogenous protein levels. 36 h after transfection 
protein analysis was carried out by immunoblotting. (C) HEK-293T were transfected following the 
showed scheme and incubated for 24 h before being treated with MG-132 (10 μM) proteasome 
inhibitor for another 12 h. After lysis, His-Ubiquitin was purified using Ni-NTA agarose beads and 
proteins of interest were checked by western blot. A small fraction of total protein lysate was 
employed to assess the presence of the indicated proteins (INPUT). (D) DYRK2 knocked-out 
(DYRK2-/-) and WT cells were treated with MG-132 (10 μM) for 12 h following the indicated scheme 
and lysed. Endogenous NOTCH-IC was immunoprecipitated and the eluted fraction was analyzed 
by immunoblotting with the indicated antibodies. A small fraction of the total protein extract was 
used to test the presence of NOTCH-IC (INPUT). We show representative blots of three 
independent experiments for each figure. Figure (C) authorship: Alejandro Correa Sáez. 
 
 

 

7.1.4. NOTCH1-IC and DYRK2 interact and colocalize 

Next, we wondered about the potential DYRK2-NOTCH1-IC interaction, so we 

analyzed it by coimmunoprecipitation (coIP) assays after overexpressing both proteins. 
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As shown in Figure 19A, NOTCH-IC successfully coimmunoprecipitated with DYRK2. We 

also studied the subcellular location of both proteins by confocal microscopy and the 

effect of DNA damage on it. As it can be observed in Figures 12B and 12C, under DNA 

damage conditions induced by etoposide (ETP) treatment GFP-DYRK2 and endogenous 

NOTCH1-IC colocalize in the nucleus (Pearson’s coefficient = 0.65 and Manders’ 

coefficients of A=0.789; B=0.773). 

 

Figure 19. DYRK2 and NOTCH-IC interaction and colocalization. (A) The indicated plasmids 
were transfected in HEK-293T cells, which were harvested by 24 h before being treated with MG-
132 (10 µM) for 12 h. Immunoprecipitation (IP) of DYRK2 was performed using anti-Flag antibody. 
Eluted samples were analyzed by western blot using the indicated antibodies. A small fraction of 
the total protein extract was used to assess the proteins of interest expression (INPUT). (B) CHO 
cells were transfected with GFP-DYRK2 construct and treated or not with ETP 10 µM for 6 h. 
Protein subcellular location was analyzed by confocal microscopy. Nuclear DNA was stained with 
DAPI. Overlapping of GFP-DYRK2 and NOTCH-IC signals in merged pictures is shown in yellow. 
(C) GFP-DYRK2 and NOTCH-IC fluorescence intensity profiles at both control and ETP treatment 
conditions along the white line are shown. Thresholded Manders’ coefficients A and B (A=0.789; 
B=0.773) and Pearson’s coefficient (0.65) were calculated for both conditions. Representative blots 
and images three independent experiments for each figure. Figure (A) authorship: Alejandro Correa 
Sáez. 
 

To determine the interaction sites of NOTCH1-IC and DYRK2, we first carried 

out an in vitro interaction peptide array (Figure 20A and 20B). A library of overlapping 
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peptides of complete NOTCH1-IC and DYRK2 was exposed to GST-tagged DYRK2 or 

NOTCH1-IC recombinant proteins, respectively. Binding was detected using specific 

antibodies, which resulted in 6 potential interacting regions of NOTCH1-IC with DYRK2. 

On the other hand, DYRK2 array showed 3 candidate regions for NOTCH1-IC interaction, 

all of them at the C-terminal domain of the kinase. 
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Figure 20. Binding regions involved in NOTCH1-IC-DYRK2 interaction.  (A) Schemes of 
NOTCH1-IC and DYRK2 proteins with regions responsible of interaction indicated. A peptide-array 
library membrane covering NOTCH1-IC or DYRK2 whole sequences were treated with either GST-
tagged DYRK2 or NOTCH1-IC recombinant proteins, respectively. GST recombinant protein was 
employed as control. Recombinant protein-membrane binding spots were detected by western blot. 
Representative blots of two independent experiments are shown. (B) Sequences of NOTCH1-IC 
and DYRK2 peptides recognized in peptide array assay. Figure authorship (A and B): Alejandro 
Correa Sáez. 

 

To validate the functional relevance of different NOTCH1-IC regions, we 

generated NOTCH1-IC mutants (Figure 21A) and tested their interaction with DYRK2 

(Figure 21B). As exposed in figure 14B, mutations in the RAM and ANK (ankyrin) 

domains caused a reduction in the capacity to coimmunoprecipitated with DYRK2. In 

addition, DYRK2-dependent decrease of protein levels was also affected for these 

specific mutations (Figure 22A and 22B). Taken together, these data prove the direct 

interaction between both proteins and suggest the implication of more than one region. 

Nevertheless, RAM domain seems to be particularly important in this binding process. 

 

Figure 21. DYRK2 interaction with NOTCH1-IC mutants. (A) Aminoacids located on the center 
of each interaction region identified in the previous peptide array were mutated to alanine (A).  For 
HA-NOTCH1-RAM3, alanine and valine (V) aminoacids were mutated to lysine (K) and glutamic 
acid (E), respectively. (B) HA-NOTCH1-IC constructs, both WT and mutants were co-transfected 
in HEK-293T cells together with Flag-DYRK2 and harvested for 36 h. Cells were treated with MG-
132 (10 μM) for the last 12 h of incubation. After cell lysis, overexpressed DYRK2 was 
immunoprecipitated using anti-Flag antibody and coIP of NOTCH1-IC (WT and mutants) was 
assessed by western blot (upper panel). Proper expression of transfected plasmids was analyzed 
by immunoblot in a small fraction of the initial protein extract (INPUT, lower panel). Here we show 
representative blots of three independent experiments. 
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Figure 22. DYRK2 effect on NOTCH1-IC mutants. (A) HA-NOTCH1-IC (WT and mutants) and 
Flag-DYRK2 plasmids were co-expressed in HEK-293T cells as shown. Cells were lysed 36 h after 
transfection and protein levels were studied by immunoblotting using the indicated antibodies. (B) 
Inhibition of NOTCH1-IC WT and mutants protein levels (%) in response to co-expression of 
DYRK2. NOTCH1-IC signals were quantified and normalized to actin signal using ImageJ. *P < 
0.05, **P < 0.01. Three independent experiments were carried out to generate this figure, a 
representative blot was selected for 22A.  
  

 

7.1.5. NOTCH1-IC modulation by DYRK2 in response to genotoxic 

stress 

Next, we studied the DYRK2 effect on NOTCH1-IC under physiological 

conditions. As previously exposed, there exist several stimuli that regulate DYRK2 

activity. Among them, DNA damage stands out (31, 41, 61). According to this, we 

assessed NOTCH1-IC modulation by DYRK2 in response to genotoxic stress by 

stimulating cells with increasing concentrations of the cytotoxic drug adriamycin (ADR). 

As shown in Figure 16A, DYRK2 accumulation triggered by ADR treatment in HEK-293T 

cells results in lower levels of NOTCH1-IC. Similar results were obtained using MDA-MB-

231 cells (Figure 23B), DYRK1A-/- cells (Figure 23C) or with other DNA-damaging agents 

like etoposide (ETP) or cis-platin (CPT) (Figures 23D and 23E, respectively). 

Additionally, we studied the potential effect of DNA damage on NOTCH1-IC 

transcriptional activity. According to previous results, treatment with increasing 

concentrations of ADR resulted in a NOTCH1-IC protein lost as well as a reduction of its 

transcriptional activity (Figure 24A). Since similar results were previously described under 

HIPK2 influence, were carried out the same experiment using HIPK2 knocked out cells 

(Figure 24B) obtaining similar results, proving that is a HIPK2-independent process. Next, 

we analyzed if DYRK2 levels would directly affect NOTCH1-IC transcriptional activity. As 

observed in Figures 25A and 25B, DYRK2 not only affects NOTCH1-IC activity on 4xCSL 

reporter construct, but also on its physiological target genes Hes1 and Hes5. In summary, 

these data support NOTCH1-IC modulation by DYRK2 in response to DNA damage. 
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Figure 23. DNA damage modulates NOTCH1-IC in a DYRK2-dependent way. Increasing 
concentrations of ADR were employed to stimulate (A) HEK-293-T, (B) MDA-MB-231 and (C) HeLa 
DYRK1A-/- cells. After 12 h of treatment, cells were lysed and endogenous levels of proteins of 
interest were assessed by western blot. (D) H727 cells were stimulated with increasing 
concentrations of etoposide (ETP) for 12 h. After treatment and cell lysis, endogenous protein 
levels of NOTCH1.IC and DYRK2 were analyzed by immunoblotting. (E) MDA-MB-231 cells were 
treated with the indicated concentrations of cis-platin (CPT) for 12 h. Next, they were lysed, and 
protein levels were studied using specific antibodies. We show representative blots of three 
independent experiments for each figure. 

 

 

Figure 24. Genotoxic stress-triggered DYRK2 modulates NOTCH1-IC transcriptional activity. 
(A) 24 h after being transfected with the indicated plasmids, cells were treated with ADR for 12 h 
and then lysed. A fraction was employed for analyze protein levels by western blotting, while the 
other one was used in a luciferase reporter assay (top panel). (B) HEK-293T HIPK2-/- cells were 
transfected following the indicated scheme and later treated with ADR for 12 h. After cell lysis, 
NOTCH1-IC transcriptional activity was assessed by luciferase reporter assay. We show 
representative blots of three independent experiments. Data are mean ± SD of n = 3 experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001 
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To further consolidate the role of DYRK2 kinase activity on NOTCH1-IC 

modulation, we employed an analogue-sensitive DYRK2 mutant (DYRK2-AS). According 

to Bishop et. al technique description (324), DRYK2-AS construct presents a mutation in 

the gatekeeper residue that turns DYRK2-AS into a selectively sensitive kinase to PP1 

inhibitors. As observed in Figure 26A, DYRK2-AS kinase activity inhibition by PP1 analog 

reverts the effect of the kinase on NOTCH1-IC protein levels and its transcriptomic 

activity, as Hes5 mRNA and protein levels demonstrate. In addition, we evaluated over-

expressed NOTCH1-IC protein levels and activity in DYRK2 knocked out cells (Figure 

26B). As shown, overexpression of NOTCH1-IC is significantly higher in DYRK2-/- cells 

comparing to the control ones.  

 

Figure 25. NOTCH1-IC activity is modulated by DYRK2 expression. (A) HEK-293T cells were 
transfected according to the indicated scheme and harvested for 36 h. After cell lysis, one aliquot 
of the protein extract was employed to analyze NOTCH1-IC activity on luciferase reporter assay 
(top panel) and the other one was analyzed by western blot to study levels of proteins of interest. 
(B) the indicated plasmids were transfected on HEK-293T cells. 36 h after transfection, cell lysis 
was performed and a fraction of the extract was used for luciferase reporter assay and western 
blotting (upper panels), while the rest of the sample was destined to qPCR analyses to assess 
Hes1 and Hes5 mRNA levels (lower panel). We show representative blots of three independent 
experiments. Data are mean ± SD of n = 3 experiments. **P < 0.01, ***P < 0.001 
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Figure 26. NOTCH1-IC modulation depends on DYRK2 kinase activity. (A) GFP-DYRK2-AS 
(analog sensitive) mutant was transfected into HEK-293T cells following the scheme. Cells were 
harvested for 36 h and the indicated points were treated using PP1 analog 1-NM-PP1 (3 µM) during 
the 3 last ones. Cells were then split in two different aliquots. One of them was employed for 
checking protein levels by western blot (first panel) and the other one was subjected to qPCR 
analysis to check Hes5 mRNA levels (second panel). (B) MDA-MB-231 cells, both WT and DYRK2 
knocked out, were transfected using Myc-NOTCH1-IC and 4xCSL luciferase reporter constructs 
and incubated for 36 h. Once lysed, an aliquot was used for analyzing NOTCH1-IC transcriptional 
activity using a luciferase reporter assay (upper panel), while the other aliquot was employed to 
analyze the indicated protein levels by immunoblotting (lower panel). For each figure we show 
representative blots of three independent experiments. Data are mean ± SD of n = 3 experiments. 
**P < 0.01 ***P < 0.001 
 

At this point, we analyzed the effect of silencing DYRK2 using siRNA to 

consolidate the importance on NOTCH1-IC regulation after DNA damage. As observed 

in Figure 27, decrease of NOTCH1-IC in response to ADR (adriamycin) treatment was 

reversed silencing DYRK2 (lanes 2 and 5). Similarly, expression of NOTCH1-IC target 

genes Hes1 and 5 (both mRNA and protein levels) was restored by harmine treatment or 

DYRK2 knock down (lanes 2m 3 and 5) in MDA-MB-231 and HEK293T cells (Figures 

27A and 27B, respectively). Taken together, these results indicate that NOTCH1-IC 

protein levels and activity are modulated in response to DNA damage in a DYRK2-

dependent manner. 
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Figure 27. DYRK2 is involved in NOTCH1-IC modulation by DNA damage. (A) MDA-MB-231 
or (B) HEK-293T cells were transfected using specific DYRK2 siRNA or scrambled (control) and 
incubated for 3 days. Treatments with ADR (2 µg/ml) and harmine (5 µM) for 12 h were performed 
following the scheme. An aliquot of the cells was used to analyze the levels of the proteins of 
interest by immunoblot with specific antibodies (upper panel), while another one was employed to 
analyze Hes5 and Hes1 mRNA levels by qPCR (lower panel). We show representative blots of 
three independent experiments for each figure. Data are mean ± SD of n = 3 experiments. *P < 
0.05, ***P < 0.001.  
 
 
 

 
7.1.6. NOTCH1-IC physiological functions are affected by DYRK2 

Finally, and to try to elucidate the clinical relevance of our findings, we first 

analyzed DYRK2 and NOTCH1 data from the public database “The Human Protein 

Atlas”. According to previous results, a significantly high number of patients present high 

levels of NOTCH1 and low levels of DYRK2 in different tissues, from which several 

tumoral tissues as cervical, ovarian, colorectal, or pancreatic cancer stand out (Figure 

28A). In the same way, we analyzed the frequency of loss-of-function mutations of 

DYRK2 and NOTCH1 in tumors, observing that mutations of both genes rarely happen 

together, pointing out that both proteins might act in the same pathway (Figure 28B). 
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Figure 28.  DYRK2 and NOTCH1 mutations and protein levels in different cancer databases. 
(A) Representative scheme of DYRK2 and NOTCH1 protein expression in different tumor tissues. 
Data obtained from The Human Protein Atlas database. Columns and colors represent the antibody 
stain levels. Circle size shows the ratio of patients expressing that level of protein comparing to the 
total number of patients. Tumor tissues are shown based on the score of differences between 
DYRK2 and NOTCH1 expression patterns. This score was calculated by assigning a number (1-4) 
to every staining level (Not detected, Low, Medium, and High, respectively), and multiplying it by 
the total number of patients for each tissue and protein. Absolute mean differences were finally 
calculated for every tumor tissue. (B) Mutation frequency (missense, non-sense, or deep deletions) 
of DYRK2 and NOTCH1 either independently or together for every tumor type included in the TCGA 
PanCancer database. 

 

We also studied apoptosis and cell viability modulation under genotoxic stress 

by ADR mediated by DYRK2. In these experiments, we observed that MDA-MB-231 

DYRK2-/- cells showed increased viability in response to ADR than the WT ones (Figure 

29A), but the opposite result was obtained overexpressing DYRK2. Similarly, DYRK2 

overexpression induced a raise on the percentage of apoptotic cells when treating them 

with ADR, while the use of harmine significantly reduced this percentage, in both MDA-

MB-231 (Figure 29B) and MDA-MB-468 (Figure 29C) cells. Additionally, as shown in 

Figure 29D, DYRK2 affected the expression of relevant genes for cell viability like BLC2.  
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Figure 29. Cell viability and survival of breast cancer cells are affected by DYRK2 
modulation. (A) MDA-MB-231 cells were transfected following the scheme and the indicated 
points were stimulated using ADR (2 µg/ml) for 12 h. YOYO-1 fluorescence technique was carried 
out to analyze cell viability. MDA-MB-231 (B) and MDA-MB-468 (C) cells were transfected or not 
with Flag-DYRK2 construct and the indicated points were subjected to ADR (2 µg/ml) and/or 
harmine (5 µM) for 12 h. Next, apoptotic rate was assessed by Annexin V/PI staining coupled to 
flow cytometry. (D) MDA-MB-231 cells were transfected with Flag-DYRK2 and treated with ADR (2 
µg/ml) following the scheme. 12 h after treatment, mRNA was extracted and BCL2 expression 
levels were measured by qPCR. For all the 4 figures: data are mean ± SD of n = 3 experiments. 
**P < 0.01, ***P < 0.001. 

 

In addition, as shown in Figure 30A, DYRK2 is necessary for adriamycin-induced 

suppression of cell invasion (Figure 23A). In the same sense, cell motility assays showed 

how NOTCH1-IC overexpression significantly increased cell migration of DYRK2-/- cells 

comparing to the same conditions on DYRK2 WT cells (Figures 30B and 30C, 

respectively). In this sence, expression of some key genes involved in cell mobility and 

invasion (FGF, TFG-β, TNFα and OCT-4) were analyzed (Figure 31), supporting the 

mentioned effect of DYRK2-NOTCH1 expression combination. Taken together, these 
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data imply a novel role of DYRK2 modulating cancer cell migration and invasion by 

affecting NOTCH1-IC expression levels. 

 

Figure 30. Breast cancer cells invasiveness and motility is modulated by the axis DYRK2-
NOTCH1-IC. (A) Both WT and DYRK2 knocked-out MDA-MB-231 cells were treated or not with 
ADR (2 µg/ml) for 12 h and invasion potential was assessed by matrigel motility analysis. MDA-
MB-231 (B) and MDA-MB-231 (C) cells both WT or DYRK2-/- were transfected or not using Flag-
NOTCH1-IC construct. 36 h after transfection, cells were subjected to wound healing motility 
assays. For all the 3 figures, data are mean ± SD of n = 3 experiments. ***P < 0.001. Figure (A) 
authorship: Alejandro Correa Sáez.  
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Figure 31. Expression of invasiveness and motility-related genes is affected by DYRK2 and 
NOTCH1-IC. MDA-MB-231 both WT and DYRK2-/- cells were transfected or not with Flag-
NOTCH1-IC. 36 h after transfection, mRNA levels of the indicated genes were studied by qPCR. 
Data are mean ± SD of n = 3 experiments. **P < 0.01, ***P < 0.001. 
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7.2. Modulation of signaling pathways in response to X ray 

in human dermal fibroblasts 

7.2.1. Different patterns of ionizing radiation induce DNA damage 

in human dermal fibroblasts 

As previously commented, further research about DDR pathways is required to 

assess new molecular mechanisms for fully comprehend this complex scheme. To allow 

this, we analyzed the signaling changes that occur in dermal fibroblast of patients who 

are treated with radiation. These patients can be normally subjected to two different 

patterns of radiation: acute or accumulative (302, 325). To analyze the molecular 

mechanisms that participate in response to this treatment, we followed the scheme 

shown in Figure 25. First, primary fibroblasts from 4 different donors (Table 1) were 

cultured as a unique pool and labelled or not using SILAC techniques. Finally, cells were 

subjected to different radiation patterns (either acute or accumulative) and proteomic, 

phosphoproteomic and transcriptomic data were analyzed. To choose the best X ray 

dose and pattern for the experiments, we irradiated primary human dermal fibroblasts 

using different schemes. In the one hand, we used a unique dose that would represent 

the acute dose; in the other hand, 4 stimuli, one each 12 h, as equivalent for accumulative 

doses. To report the consequent DNA damage after radiation, levels of H2AX and 

phosphorylation in Thr68 of CHK2 were checked by western blot. As shown in Figure 

26A, the most appropriate dose for acute radiation was 2 Gy (Figure 33A), while in the 

case of accumulative radiation the most effective procedure was to irradiate the cells with 

5 Gy (Figure 33B). 

Figure 32. Schematic representation of the experimental design. 
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Figure 33. Acute and accumulative doses of radiation were adjusted for the subsequent 
experiments. (A) Adult human dermal fibroblasts from 4 different donors were irradiated using one 
only dose of each indicated intensity of radiation and lysed 2 h after stimulation. Protein expression 
was evaluated by immunoblotting. (B) Adult human dermal fibroblasts were stimulated every 12 h 
using the indicated doses (4 times per dose in total). Cells were lysed 30 min after the last stimulus 
and protein levels were analyzed by immunoblotting with the indicated antibodies. We show a 
representative blot of three independent experiments. 

 

Next, cells were expanded to maximize the amount of sample while labelling 

them using SILAC (Stable Isotope Labelling with Amino acids in Cell culture). In this 

sense, two different subcultures were prepared: one labelled using SILAC and another 

one unlabeled, following the conditions specified in Materials and Methods. Before 

carrying out the experiment, labelling of the cells was properly verified, as it can be 

confirmed in Figure 34. Unlabeled cells were treated with the acute or accumulative dose 

as required, while labelled cells were kept as a control of the experiment. After stimulation 

with X rays, cells were lysed to obtain protein and total RNA samples for the proteomic, 

phosphoproteomic and transcriptomic analysis. In the case of proteomic and 

phosphoproteomic studies, samples were treated as shown in Figure 34, mixing each 

irradiated sample with it correspondent untreated sample in a 1:1 ratio. At the same time, 

while purifying proteomic samples we also isolated total RNA of those treated and 

untreated fibroblasts. This would permit us to carry out RNA-seq analysis, which 

improved the quality and strength of the data obtained when crossed with proteomic and 

phosphoproteomic results. 
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Figure 34. SILAC labelling example. Spectrum of one of the peptides from the SILAC-labelled 
samples, in which intense signal of heavily labeled peptide is shown where barely no signal of the 
light one is present. Peptide: ILLAELEQLk(13C(6)15N(2)). 

 

 

7.2.2. Analysis of changes in proteome, phosphoproteome and 

transcriptome in response to ionizing radiation 

Once we had the protein and RNA samples, we proceeded to analyze them. 

First, we studied proteome and phosphoproteome of those fibroblasts. In a first try, we 

obtained 1496 proteins and 3785 phosphopeptides, which means a proteome and 

phosphoproteome coverage of 7%. Besides, between 27-28% of phosphoproteins were 

also found in the proteomic results, indicating two main things: 1) coverage of the 

proteome of reference was not very high and 2) approximately 1/3 of the detected 

proteins in the phosphoproteomic analysis were also identified in the proteomic one. After 

an intense data analysis, we concluded that the low coverage was not due to the 

extraction method, but to the specific features of the sample and the limitations of the 

spectrometry analysis. That made us carry out a fractionation of the samples of up to 6 

times, resulting in a significant improvement of the data. After fractioning, we obtained 

more than 6000 proteins and phosphopeptides, which implies around 25% of coverage 
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of the whole proteome. Proteomic data were analyzed to differentiate phosphopeptides 

with one, two o more than two phosphorylations. From this analysis 4639 different 

phosphosites were identified, either in mono- or poly-phosphorylated peptides 

corresponding to 1687 phosphoproteins. Only 3 proteins showed up at both proteomic 

and phosphoproteomic studies. In addition, transcriptomic analysis by RNA-seq were 

performed and resulting data were integrated with proteomics and phosphoproteomic 

ones. As shown in Figure 35 (A and B), 15749 transcripts were detected. From them, 

3947 transduce for proteins obtained in proteomic analysis, 293 represent proteins that 

appear phosphorylated and 1353 proteins, phosphoproteins and ARN sequences 

emerge in all the three techniques employed.  

  

Figure 35. SkinXCare dataset overview. (A) Bar plot representing the number of quantified 
features per omic level. (B) Venn diagram showing the overlap between quantified genes, proteins, 
and phosphoproteins. Color indicates the number of features in each intersection. Figure 
authorship: Martín Garrido-Rodriguez Córdoba. 

 

 

7.2.3.  Analysis of proteins and signaling pathways altered in 

response to ionizing radiation 

RNA-seq, proteomic and phosphoproteomic data were then analyzed to evaluate 

the main up- and down-regulated signaling pathways in response to the different patterns 

of radiation employed. To this, gene set variation analysis (GSVA) was carried out and 

results compared to mutil-omic data. The 5 most upregulated and downregulated 

pathways after either acute or accumulative radiation stimuli are presented in Figure 36. 

As observed, NOTCH signaling pathway is the most upregulated pathway for both 
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radiation patterns (Figure 36A and C), especially represented at transcriptomic analysis 

(Figure 36B and D). Similarly, apoptosis pathway is one of the most upregulated ones 

under both stimuli (Figure 36A and C), being transcriptomic results the most important 

dataset to assess this affirmation for acute radiation and proteomic one in the case of 

accumulative radiation. On the other hand, AMPK signaling pathway, as well as Hippo 

pathway, are downregulated under both acute and accumulative radiation treatments 

(Figure 36A and C). Among the pathways that specifically show up under acute radiation 

we can find cell cycle, sphingolipid signaling pathway and TNF signaling pathway as the 

most upregulated ones. On the other hand, the most representative pathways among the 

downregulated ones we can observe Ras, Phospholipase D, mTOR and hippo signaling 

pathways (Figure 36A). All downregulated pathways are supported by proteomic and 

phosphoproteomic data (Figure 36B), except hippo pathway which is also represented 

by transcriptomic data. Regarding accumulative radiation, the most representative 

upregulated pathways are the same as for acute treatment except for cell cycle pathway, 

which is not that relevant in response to accumulative radiation and Jak-STAT signaling 

pathway appears instead (Figure 36C). Despite this, only 2 signaling pathways (Hippo 

and AMPK) are downregulated at both stimuli, being TGF-beta, cGMP-PKG and Rap1 

signaling pathways specifically downregulated after accumulative radiation (Figure 36C). 

Anyhow, transcriptomic data are the main supporters of these up and downregulations, 

except for Cell cycle, TNF, or apoptosis pathways modulation, which is especially 

represented at proteomic levels (Figure 36B and D). 
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Figure 36. GSVA mean rank multi-omic combination result. Left side plots represent the 
relative mean rank across the three molecular levels for the top 5 up and down regulated pathways. 
Right side plots represent the individual limma moderated T values on each molecular level as a 
heatmap. T: Transcriptomics; P: Proteomics; PP: Phosphoproteins. Subfigures (A) and (B) depicts 
the results for the acute radiation vs control comparison and subfigures (C) and (D) for the 
accumulative radiation vs control comparison. Figure authorship: Martín Garrido-Rodriguez 
Córdoba.  

 

Finally, some of altered proteins from the multi-omic analysis were checked by 

western blot to validate the robustness of the methodology (Figure 37A). A normalization 

of the increase of decrease of protein compared to control conditions was calculated and 

expressed from -1 to 1. As shown in Figure 37B, most of the tested proteins agree with 

the up or down regulated data from proteomic, phosphoproteomic and transcriptomic 

analysis. In example, under acute and accumulative radiation stimuli,  H2AX is increased 

in our data, but also in the validation western blot. Same situation occurs with PRKDC. 

On the other hand, we find down-regulated proteins that decrease in the western blot, 

like RAP1A or CCN2. 

Further analysis should be performed to validate the bioinformatic results and 

elucidate a map of signaling pathways and axes that are altered in response to ionizing 

radiation. 
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Figure 37. Validation of multi-omic results. Adult human fibroblasts were exposed to either acute 
or accumulative radiation stimuli emulating the multi-omic experimental conditions. (A) 
Endogenous levels of proteins and phosphoproteins of interest were evaluated by western blot. (B) 
Up and down-regulated proteins compared to control conditions at different omic levels (left panel) 
were compared to their levels detected by western blot (right panel). 
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8.1. NOTCH1-IC protein is regulated by DYRK2 in a 

phosphorylation-dependent way 

NOTCH1, the most widely studied member of NOTCH receptors family, regulates 

the expression of key genes in processes such as proliferation, angiogenesis, cell 

survival and migration (115, 326). In fact, functional studies implicate NOTCH1 in most 

of the hallmarks of cancer, being associated with its abnormal expression, high mutation 

rate and poor survival in several cancers such as lung, breast, gastric or lymphoid cancer 

(139, 172, 176, 311, 327). These data have triggered an interest of the scientific 

community in finding pharmacologic strategies to inhibit NOTCH1 signaling in tumors 

(328). Numerous works have described different ways to modulate NOTCH1 signaling 

activity by regulating its stability or activity by post-translational modifications 

(ubiquitination and phosphorylation, mainly) (150, 329). From among them, NOTCH1 

ubiquitination by FBXW7 E3 ubiquitin ligase is the most relevant (330), requiring a 

previous phosphorylation of NOTCH1 Thr2512. In this work, we show how DYRK2 can 

modify NOTCH1 signaling by phosphorylating its Thr2512 residue, thus inducing 

FBXW7-dependent proteasomal degradation of NOTCH1-IC. 

As previously reported in this thesis, NOTCH1 present a PEST domain in its C-

terminal region. It has been reported that NOTCH1-IC phosphorylation, and specifically 

those phosphorylations affecting to the PEST region, are crucial in NOTCH signaling 

pathway regulation (134). PEST phosphorylation leads to NOTCH1-IC proteasomal 

degradation, which compromises not only NOTCH1-IC protein levels but also its 

transcriptional activity. It has been previously described that NOTCH1-IC phosphorylated 

PEST domain is recognized by FBXW7 E3 ubiquitin ligase, which triggers NOTCH1-IC 

proteasomal degradation (135, 136, 150, 158-160). Previous research works have 

reported that some kinases that promote this process like Cyclin C and some CDKs 

(CDK1, 3, 8 and 19) require previous phosphorylation of residue Thr2512 (135-138). To 

date, only HIPK2 and MEKK1 (150) have been described to phosphorylate NOTCH1 at 

Thr-2512, promoting its subsequent proteasomal degradation. In this sense, this thesis 

shows how DYRK2 also regulates NOTCH1-IC by phosphorylating T2512 residue that 

leads to NOTCH1-IC proteasomal degradation. In this regard, it is particularly relevant to 

highlight the evolutionary closeness between DYRK2 and HIPK2, since they belong to 

the same kinase family (DYRK family, in CMGC group) (3). Besides, the two of them are 
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regulated by MDM2 (31, 331) and SIAH2 (41, 332) ubiquitin ligases. Also, both are 

triggered by the same stimuli, including DNA damage that promotes p53 Ser46 

phosphorylation by both DYRK2 and HIPK2, leading to apoptosis (61, 333). 

Our data suggest that NOTCH1-IC modulation is also common for both DYRK2 

and HIPK2 kinase (150), although the DYRK2 effect described in this work is HIPK2 

independent. Anyhow, NOTCH1-IC regulation by DYRK2 and HIPK2 in response to DNA 

damage may represent ¡a contingence mechanism to ensure ¡a proper decrease of 

NOTCH1-IC levels in this situation. Further studies should be accomplished to clear out 

the relationship between these two signaling pathways. In the same way, it would be 

interesting to study NOTCH1-IC affection after other DYRK2 triggering stimuli such as 

hypoxia (41), β-adrenergic stimulation (334); serum starvation (69) or heat shock (66), 

among others. Besides, here we also show NOTCH1-IC and DYRK2 colocalization in the 

nucleus after DNA damage, as well as their interaction. Data suggest that NOTCH1-IC 

RAM region plays an essential role for NOTCH1-IC-DYRK2 interaction. Is has been 

previously demonstrated that this RAM domain is critical for NOTCH1-IC interaction with 

CSL, allowing the transcription activity of the complex over target genes like MAML1 

(335, 336). Further works should be accomplished to elucidate the potential role of this 

interaction downstream NOTCH1-IC signaling.  

Some previous works have demonstrated that a disturbed NOTCH1 signaling is 

related to several lung diseases pathogenesis, like lung cancer (337) and lung lesions 

(64). Additionally, NOTCH signaling role in breast and prostate cancer has been 

demonstrated (328, 338, 339), as well as NOTCH1-IC overexpression in leukemia (178). 

Despite this, DYRK2 role in carcinogenesis is not that clear and there exists controversy 

about its potential protumoral or antitumoral functions, although several works have 

demonstrated that DYRK2 downregulation is related to breast, prostate, colon, or lung 

tumors, as well as poor prognosis (68-70, 76, 82, 340, 341). Data showing a correlation 

in both DYRK2 and NOTCH1 protein levels in tumor tissues (Figure 21A) concur to our 

data supporting our idea that NOTCH1-IC degradation by DYRK2 could be relevant in 

cancer patients. Besides, our results demonstrate that NOTCH1-IC Thr2512 

phosphorylation by DYRK2 is key for NOTCH1-IC regulation. Therefore, our results might 

clear up previous studies focused on the importance of Thr2512 mutation in cancers such 

as human T cell acute lymphoblastic leukemia (T-ALL) (342). 
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Regarding one of the major problems in cancer treatment, chemotherapy 

resistance, it is critical to understand the molecular mechanisms that take place in the 

DNA damage response (DDR). In fact, several works have reported that resistance to 

cisplatin of lung and liver tumorous cells is related to NOTCH1-IC overexpression (303, 

343). In example, cisplatin-induced NOTCH1-IC expression occurs in a dose-dependent 

way in cervical cancer cells (30). Besides, Adamowicz and collaborators demonstrated 

in 2016 that, after ionizing radiation treatment, NOTCH1 has a negative regulatory role 

in DNA damage response (344). Despite this evidence, some types of tumors like skin 

cancer, hepatocellular carcinoma, or small cell lung cancer (SCLC), there exist 

contradictory data suggesting that NOTCH1 might play an anti-proliferative role rather 

than a pro-tumoral one (345). Here in this work, we procure new insights into the 

NOTCH1 signaling pathway response to DNA damage exposure, considering that the 

employment of different chemotherapeutic agents seems to promote DYRK2 driven 

NOTCH1-IC inhibition in different cell lines. 

In summary, there results demonstrate that DYRK2 phosphorylate NOTCH1-IC 

regulating its stability and therefore affecting its transcriptional activity. Besides, DYRK2 

increase under DNA damage conditions empathize NOTCH1-IC phosphorylation and 

promotes its proteasomal degradation by FBXW7 dependent ubiquitination (Figure 38). 

Therefore, we propose that this new molecular mechanism induced by DNA damage 

might have an influence on cancer cells behavior. Nevertheless, further studies must be 

accomplished to completely understand the implications of this process in tumors 

overexpressing NOTCH1-IC.  
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Figure 38. Schematic model for the modulation of NOTCH1-IC by DYRK2 action. Under 
genotoxic stress situations, DYRK2 phosphorylates NOTCH1-IC Thr2512, inducing NOTCH1-IC 
recognition by FBXW7 and thus promoting its ubiquitination-dependent proteasome degradation. 

 

8.2. Modulation of signaling pathways in response to 

X ray in human dermal fibroblasts 

This work attempts to obtain an overview of cellular circuits that are involved in 

ionizing radiation triggered DNA damage response. These data pretend to represent a 

realistic view of fibroblasts’ molecular response to two different radiation patterns. To 

allow this, we employed RNA-seq techniques for assess transcriptional changes and 

proteomic analysis such as SILAC labelling coupled to LC-MS/MS to detect alterations 

at proteomic and phosphoproteomic levels. The main aim of this project is that profiling 

these molecular levels (transcriptomic, proteomic and phosphoproteomic) would permit 

to get the whole picture of most of the signaling events that happens in fibroblasts in 

response to ionizing radiation. There exist some factors that interfere in a perfect 

congruence among gene expression, protein levels, and post-translational modifications 

that encompass cellular signaling. Despite them, we have tried to infer altered signaling 

circuits in response to radiation by employing a variety of techniques and the available 
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omic profiles. These methods sum up RNAs levels, proteins and phosphosites at both a 

basal (non-radiated cells) or two different perturbed conditions (differently radiated cells). 

To our knowledge, this is the first work that compare these 3 different functional 

approaches to this aim, that clearly differ both in the way prior knowledge and omic data 

are used. 

Regarding the results we obtained, we can evaluate if the most importantly 

altered pathways for each model are consistent with previous works. In this sense, we 

would expect to observe mainly pathways that are traditionally related to DNA damage 

response after ionizing radiation (346). On the one hand, we found that NOTCH signaling 

pathway was the top up-regulated pathway in response to both acute and accumulative 

radiation treatments. According to this, Oh and collaborators demonstrated using animal 

models that NOTCH signaling is up-regulated under radiation conditions (both acute and 

accumulative patterns) in tumor-associated macrophages {Oh, 2016}. Besides, Giuranno 

et al. described that NOTCH signaling also induces cell survival in response to X-ray, 

analyzing basal airway stem cells (347). Another signaling pathway that appeared 

upregulated in response to both acute and accumulative radiation treatments is 

“Apoptosis signaling pathway”, represented, among others by Fodrin protein. Regarding 

this, it is worth to mention that Fodrin proteolysis has been described as a critical step in 

apoptosis following ionizing radiation (348). 

On the other hand, the most down-regulated pathway under both radiation 

schemes was the Hippo signaling pathway. CTGF (connective tissue growth factor), a 

key effector of Hippo pathway, has been reported to be down-regulated in response to 

ionizing radiation by miRNA-26 action (349). Besides, it has been described in two 

different publications that one of the key proteins in this pathway, YAP1, is crucial in the 

activation of proapoptotic genes in response to DNA damage (350, 351). Therefore, 

Hippo pathway down-regulation could be a clue of the lack of proapoptotic mechanisms 

activation in fibroblasts. Another down-regulated signaling pathway under both acute and 

accumulative doses of radiation is the AMPK signaling pathway, being PPAR-GC1A (a 

PPARG cofactor) the top up-regulated circuit in response to the acute dose of radiation. 

In fact, it has been reported a protective role of PPAR-GC1A against DNA damage and 

telomere malfunction in different studies (352, 353). 
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We also discovered different up- and down-regulated circuits specifically 

upregulated in response to either the acute or accumulative radiation stimulus, 

demonstrating a higher “stimulus-specificity” of the method. Among them the Jak-stat 

signaling pathway is up-regulated after accumulative treatment, being CDKN1A (p21) its 

top up-regulated component. CDKN1A has been described as a modulator of cell cycle, 

apoptosis, and gene transcription in response to DNA damage (354). This upregulation 

suggests a more prominent cell cycle arrest in response to the accumulation to the 

radiation doses. Additionally, Jak-stat signaling pathway has been related to breast 

cancer radioresistance, which would agree with its up-regulation after recurrent doses of 

irradiation (37).  

Further validations of the results should be carried out to achieve a solid data 

compilation that permits a deeper understanding of the pathways that take place in 

response to ionizing radiation. This will provide new therapeutic opportunities for 

radiodermatitis prevention and treatment.  
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1. It exists a direct physical interaction between DYRK2 and NOTCH1 being 

several domains responsible for binding in both proteins. This interaction, as 

well as their co-localization, is enhanced by DNA damage. 

2. DYRK2 negatively regulates NOTCH1 expression through 

ubiquitin/proteasome and DYRK2 kinase activity dependent process, 

affecting its half-life.  

3. DYRK2 directly phosphorylates NOTCH1 at least at residue Thr2512, 

triggering its recognition by FBXW7 and subsequent ubiquitination. 

4. DYRK2-dependent phosphorylation reduces NOTCH1 transcriptional activity. 

5. DYRK2 is the most effective in degrading NOTCH1 among the members of 

its subfamily, and its activity is HIPK2 independent. 

6. DYRK2 directly phosphorylates NOTCH1-IC in vitro. Data suggest that RAM 

region of NOTCH1-IC plays an essential role for NOTCH1-IC-DYRK2 

interaction. 

7. Different DNA damage stimuli result in an inverse correlation of DYRK2 and 

NOTCH1 expression, which is also reported at endogenous levels in human 

lung cancer cell lines and human lung cancer tissues. 

8. There is an apparent poor agreement between the changes happening at 

transcriptomic, proteomic and phosphoproteomic levels for irradiated 

fibroblasts. 
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Abstract
NOTCH proteins constitute a receptor family with a widely conserved role in cell cycle, growing and development regulation. 
NOTCH1, the best characterised member of this family, regulates the expression of key genes in cell growth and angiogenesis, 
playing an essential role in cancer development. These observations provide a relevant rationale to propose the inhibition 
of the intracellular domain of NOTCH1 (Notch1-IC) as a strategy for treating various types of cancer. Notch1-IC stability 
is mainly controlled by post-translational modifications. FBXW7 ubiquitin E3 ligase-mediated degradation is considered 
one of the most relevant, being the previous phosphorylation at Thr-2512 residue required. In the present study, we describe 
for the first time a new regulation mechanism of the NOTCH1 signalling pathway mediated by DYRK2. We demonstrate 
that DYRK2 phosphorylates Notch1-IC in response to chemotherapeutic agents and facilitates its proteasomal degradation 
by FBXW7 ubiquitin ligase through a Thr-2512 phosphorylation-dependent mechanism. We show that DYRK2 regulation 
by chemotherapeutic agents has a relevant effect on the viability, motility and invasion capacity of cancer cells expressing 
NOTCH1. In summary, we reveal a novel mechanism of regulation for NOTCH1 which might help us to better understand 
its role in cancer biology.

Keywords DYRK2 · NOTCH1 · Degradation · Kinase · Phosphorylation · Cancer

Introduction

NOTCH proteins (NOTCH1-4) constitute a receptor family 
with a widely conserved role in cell cycle, growing, develop-
ment regulation and cell fate determination [1]. Most of the 
canonical Notch ligands are transmembrane proteins with an 
extracellular domain primarily comprised of multiple EGF 
(Epidermal Growth Factor) repeated similar structures [2]. 
The best characterised member of this family is NOTCH1, 
which regulates the expression of key genes in cell growth 
and angiogenesis, playing an essential role in cancer devel-
opment. After ligand coupling, NOTCH1 is activated and 
the receptor is cleaved by a gamma-secretase, leading to 
the formation of a peptide sequence that corresponds to 
the intracellular domain of NOTCH1 (Notch1-IC) [3, 4]. 
In human cells, once Notch1-IC enters the nucleus, and 
together with the DNA-binding protein CSL (CBF1—Sup-
pressor of Hairless—LAG1) and the co-activator MAML1 
(Mastermind-like transcriptional co-activator 1), it stimu-
lates the transcription of target genes related to processes 
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such as proliferation, angiogenesis, cell survival and migra-
tion [5, 6].

Functional studies implicate Notch signalling in essen-
tially all of the hallmarks of cancer, being associated with 
abnormal expression, high mutation rate and poor survival in 
several cancers such as lung, breast, gastric or lymphoid can-
cer [7–11]. This oncogenic function of NOTCH in human 
cancers is related with its capacity to increase cell growth, 
centered on the ability to induce the expression of Myc [12, 
13] and to enhance PI3K-Akt signalling [14]. Additionally, 
NOTCH has also been described as a mediator of chemore-
sistance in various human cancers [15, 16]. These observa-
tions have provided a rationale for pharmacologic inhibi-
tion of Notch1-IC as a potential strategy for treating various 
cancers [17].

Another potential way to regulate the NOTCH pathway 
is modulating the activity or stability of Notch1-IC, which 
is controlled by protein–protein interactions, endocytosis or 
post-translational modifications (ubiquitination and phos-
phorylation) [18, 19]. From among them, NOTCH1 degra-
dation by the ubiquitin E3 ligase FBXW7 is considered to 
be one of the most relevant [20]. FBXW7 binds directly to 
Notch1-IC promoting its polyubiquitination and proteasomal 
degradation, which requires phosphorylation at Thr-2512 
residue [21–23]. To date, only homeodomain-interacting 
protein kinase 2 (HIPK2) and MEKK1 have been described 
to phosphorylate NOTCH1 at Thr-2512, promoting its sub-
sequent proteasomal degradation [24, 25].

Dual-specificity tyrosine-phosphorylation-regulated 
kinase 2 (DYRK2) is a Ser/Thr kinase that plays key roles 
in the regulation of proliferation, cell differentiation and sur-
vival [26]. DYRK2 contributes to the regulation of various 
signalling pathways via the phosphorylation of relevant pro-
teins such as NFAT, p53, c-Jun, c-Myc, eIF2Bε, tau, hPXR, 
glycogen synthase, CRMP4, 4E-BP1, Snail, katanin and 
SIAH2 [26–30]. Several studies highlighted the importance 
of DYRK2 impairing the development and progression of 
human cancers, such as non-small cell lung cancer, esoph-
ageal adenocarcinomas, breast cancer and ovarian serous 
adenocarcinoma [31–34]. In agreement, DYRK2 knockdown 
increases cancer cell growth and invasion [29]. Similarly, 
DYRK2 reduces epithelial–mesenchymal transition (EMT) 
by degrading SNAIL in ovarian cancer [33]. In response to 
genotoxic stress, ataxia-telangiectasia mutated (ATM) phos-
phorylates and stabilises DYRK2, which in turn phosphoryl-
ates p53 at Ser46 promoting apoptosis [35, 36].

This study describes for the first time DYRK2 as a new 
upstream negative regulator of the NOTCH1 signalling 
pathway. We prove that DYRK2 directly interacts with and 
phosphorylates Notch1-IC at Thr-2512 facilitating its pro-
teasomal degradation by FBXW7. Moreover, we found that 
DYRK2 modulation by chemotherapeutic agents has a rel-
evant effect on the viability, motility and invasion capacity 

of cancer cells expressing NOTCH1. In summary, we reveal 
DYRK2 as a novel negative regulator of NOTCH1 levels 
and activity, which represents a new control mechanism of 
the expression and function of this transcription factor with 
potential implications in cancer.

Materials and methods

Cell culture, transfection and reagents

HEK-293T (wt/DYRK2−/−/HIPK2−/−), HeLa (wt/
DYRK2−/−/DYRK1A−/−), MDA-MB-468 (wt/DYRK2−/−), 
MDA-MB-231 (wt/DYRK2−/−), MOR, MCF7, CHO 
and A549 cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% FBS 
(Fetal Bovine Serum) and 1% (v/v) penicillin/streptomycin 
(Sigma-Aldrich, St Louis, MO, USA) at 37 °C in a humidi-
fied atmosphere containing 5%  CO2. H727 cells were main-
tained in Roswell Park Memorial Institute (RPMI) medium 
at the same conditions. Cell lines were obtained from ATCC 
(LGC Standards, Teddington, Middlesex, UK) and were rou-
tinely tested to be free of mycoplasma and cross contamina-
tion. Cell lines validation was performed by a multiplex PCR 
with Geneprint10 System (Promega, Madison, WI, USA). 
MG-132 was from Enzo Life Science (Lausen, Switzerland). 
Transient transfections were carried out with Roti-Fect (Carl 
Roth, Karlsruhe, Germany) and harvested between 36 and 
48 h after transfection. DNA amounts in each transfection 
were kept constant after the addition of empty expression 
vector. DYRK2 and Notch1-IC plasmids were previously 
described or generated in this lab by standard cloning tech-
niques [30]. Point mutants were produced by conventional 
point mutagenesis. HeLa control and  DYRK1A−/− cells 
were a gift from Dr. Susana de la Luna (Centre for Genomic 
Regulation, Barcelona, Spain). DYRK2-analogue-sensitive 
expression plasmid (GFP-DYRK2-AS) was previously 
described [37]. Myc-tagged Notch1-IC and 4xCSL vectors 
were provided by Dr. Hee-Sae Park (Korea Basic Science 
Institute, Gwang Ju, South Korea). pLentiCRISPr-V2 was 
a gift from Dr. Feng Zhang (Addgene plasmid # 52961). 
Flag-tagged Notch2-IC and Notch4-IC vectors were a gift 
from Dr. Raphael Kopan (Addgene plasmids # 20184 and 
# 20186). HA-tagged Notch1-IC plasmid was a gift from 
Dr. Urban Lendahl (Addgene plasmid # 47618). HA-tagged 
Notch1-IC WT and mutant plasmids were kindly provided 
by Dr. Aifantis (NYU Langone Medical Center, New 
York, USA). Flag-FBXW7-ΔFbox was kindly provided 
by Dr. Rocio Sancho (Centre for Stem Cells & Regenera-
tive Medicine King’s College London, UK). Adriamycin 
(ADR), harmine, etoposide (ETP) and the rest of the rea-
gents were from Sigma-Aldrich. PP1 analogue II 1NM-PP1 
(SC-203214) was obtained from Santa Cruz Biotechnology 
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(Santa Cruz, California, USA). Scramble control oligonu-
cleotide siRNA non-targeting pool (D-001810) and ON-
TARGET plus SMARTpool against DYRK2 (L-004730-00) 
were purchased from Dharmacon (Waltham, MA, USA). 
DYRK2 human recombinant protein was purchased from 
Abcam (Cambridge, UK).

Generation of CRISPR/Cas9‑cell lines

The endogenous DYRK2 gene was knocked out by trans-
fecting cells with pLentiCRISPR-v2 (which codes for Cas9 
and a puromycin cassette) containing gRNAs against the 
first exon of the short DYRK2 isoform or a combination 
of gRNAs against the first and the last exon. For HeLa and 
MDA-MB-468 DYRK2-KO cells, the gRNA sequence 
used was GCT TGC CAG TGG TGC CAG AG and for MDA-
MB-231 and HEK-293T DYRK2-KO cells, the gRNAs used 
were N-term sequence GCT TGC CAG TGG TGC CAG AG 
and C-term sequence GAA GCT GAG CTA GAA GGT GG. 
Control cells were transfected with the empty pLentiCRIS-
PRV2 vector. After transfection, cells were exposed to 2 μg/
ml of puromycin for 2 days followed by a medium exchange. 
Surviving cells were clonally selected (in the case of con-
trol cells were used as pool population) by serial dilution, 
and positive clones were identified by genomic analysis and 
western blot.

Western blotting and antibodies

Soluble fractions were obtained after lysis of cells in NP-40 
buffer [20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM 
phenylmethylsulfonyl fluoride, 10 mM NaF, 0.5 mM sodium 
orthovanadate, leupeptine (10 μg/ml), aprotinin (10 μg/
ml), 1% (v/v) NP-40, and 10% (v/v) glycerol]. Proteins 
were diluted and boiled at 95 °C in SDS buffer, resolved on 
sodium dodecyl sulphate polyacrylamide gels (SDS-PAGE), 
transferred to PVDF membranes, blocked with non-fat milk 
in TTBS buffer and incubated with primary antibodies. The 
washed membranes were incubated with appropriate sec-
ondary antibodies coupled to horseradish peroxidase, which 
were detected by chemiluminescence using Clarity™ West-
ern ECL Substrate (Bio-rad Hercules, California, USA). 
Antibodies against the FLAG epitope (clone M2, A2220) 
and anti-β-actin (A5316) were purchased from Sigma 
Aldrich; anti-ubiquitin (P4D1, 3936S) from Cell Signaling 
Technology (Danvers, Massachusetts, USA). Anti-Notch1 
(ab25374), anti-Hes1 (ab71559) and anti-Hes5 (ab25374) 
were obtained from Abcam. Anti-HA (clone 3F10), anti-myc 
(clone 9E10), anti-GFP (11814460001) (Roche Molecular 
Biochemical) and anti-phosphoserine (AB1603) (Millipore, 
Burlington, Massachusetts, USA) were from the indicated 
suppliers. Anti-DYRK2 (H80; sc-66867) and anti-DYRK1A 
(RR7; sc-100376) antibodies were obtained from Santa Cruz 

Biotechnology. Secondary horseradish peroxidase-coupled 
antibodies were purchased from Jackson ImmunoResearch 
Laboratories (Cambridgeshire, UK). Texas Red goat anti-
rabbit IgG antibody (T-6391) was from Thermo Fisher Sci-
entific (Waltham, Massachusetts, USA).

Immunoprecipitation

Cells were washed in PBS and lysed in IP buffer [50 mM 
Hepes (pH 7.5), 50 mM NaCl, 1% (v/v) Triton X-100, 2 mM 
EDTA, 10 mM sodium fluoride, 0.5 mM sodium orthova-
nadate, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 1 mM 
PMSF]. Cell lysates were pre-cleared with protein A/G 
Sepharose (Santa Cruz) and immunoprecipitation was per-
formed on a rotating wheel upon the addition of 1 μg of the 
indicated antibodies and 25 μl of protein A/G Sepharose 
beads. Immunoprecipitated proteins were then washed for 
five times in IP buffer and eluted in 2 × SDS sample buffer, 
followed by western blotting.

Luciferase reporter assays

Cells were collected in PBS and lysed in luciferase assay 
buffer (25 mM Tris–phosphate pH 7.8, 8 mM MgCl2, 1 mM 
DTT, 1% Triton X-100 and 7% glycerol) during 15 min at 
room temperature in a horizontal shaker. Luciferase assay 
was performed using Luciferase Assay Reagent (Promega) 
according to the manufacturer’s instructions. Luciferase 
activity was measured using an Autolumat LB 953 (Berthold 
Technologies GmbH, Bad Wildbad, Germany) and normal-
ised with protein concentration.

Immunofluorescence

Cells were seeded on glass coverslips and 48 h after trans-
fection fixed with 3.7% of pre-warmed paraformaldehyde/
PBS for 10 min, permeabilized with 0.1% Triton X-100/
PBS for 15 min, blocked with 3% BSA/PBS and incubated 
overnight with primary antibodies. After being washed with 
PBS and incubated for 45 min with the secondary antibody, 
cells were mounted on glass slides with mounting medium-
containing DAPI (Vectashield Burlingame, CA, USA). Fluo-
rescence images were captured using an LSM 5 EXCITER 
(Carl Zeiss MicroImaging GmbH, Oberkochen, Germany) 
confocal laser scanning microscope using a 40 ×/1.30 oil 
objective (EC Plan-Neofluar) and ZEN 2008 software (Carl 
Zeiss MicroImaging GmbH). To determine fluorescent sig-
nal, colocalization between different channels the Coloc_2 
module was used. The degree of channel colocalization was 
analysed by considering the following indexes: thresholded 
Manders’ coefficients A and B and Pearson’s coefficient. 
To evaluate the spatial relations between channel intensity, 
we used the ImageJ tool RGB Profiler to create a profile 
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of fluorescence intensity values across a line drawn on the 
image.

mRNA extraction and qPCR

Total RNA was extracted using the High Pure RNA Isolation 
kit (Roche Diagnostics, Switzerland), reverse transcription 
performed with the iScript cDNA Synthesis kit (Bio-Rad) 
and real-time PCR carried out in an iCYCLER detection 
system (Bio-Rad) with iQTM SYBR Green Supermix (Bio-
Rad). Amplification efficiencies were validated and normal-
ised against HPRT, and fold change in gene expression was 
calculated using the 2−ΔΔCt method. Primer sequences are 
available upon request.

In vitro phosphorylation

Immunoprecipitated myc-tagged Notch1-IC endogenous 
protein was incubated with 50 ng of commercial recombi-
nant DYRK2 protein (Millipore, 14-669) in kinase buffer 
(20 mM Hepes pH 7.5, 10 mM  MgCl2, 1 mM DTT) with or 
without ATP (0.1 μM). After 60 min of incubation at 37 °C, 
reactions were stopped using 1 M glycine pH 2.5 in agitation 
for 20 min at room temperature and A/G beads (Santa Cruz 
Biotecnology) were removed by centrifugation. Finally, 
readjustment of pH levels of the supernatant was performed 
employing 1 M Tris–HCl pH 7.5.

Cell viability and flow cytometry analyses

For apoptosis studies, cells were harvested and washed in 
cold PBS and then resuspended in binding buffer consist-
ing of 10 mM Hepes, 140 mM NaCl and 2.5 mM  CaCl2 pH 
7.4. Cells were stained with Annexin V, Alexa Fluor 488 
conjugate (Molecular Probes by Life Technologies, Carls-
bad, CA, USA) and propidium iodide. Cell cycle distribution 
and apoptosis were determined by BD FACSCanto™ flow 
cytometer (BD Biosciences, San Jose, CA, USA) using BD 
FACSDiva™ software. For cytotoxicity assay, cells were 
seeded in a 96-well plate and after 12 h YOYO-1 (Life 
Technologies) was added to a final concentration of 0.1 μM. 
Object counting analysis was performed using the cell imag-
ing system IncuCyte HD (Essen BioScience).

Cell motility assay

Cells were seeded in a 96-well Essen ImageLock plate 
(Essen BioScience, Ann Arbor, Michigan, USA) 24  h 
after transfection and grown to confluence. After 12 h, the 
scratches were made using the 96-pin WoundMaker (Essen 
BioScience), followed by incubation with 10 ng/ml of mito-
mycin C. Wound images were taken every 60 min for 24 h 
and the data analysed by the integrated metric Relative 

Wound Density part of the live content cell imaging system 
IncuCyte HD (Essen BioScience).

Cell invasion assay

Invasion assays were performed in Boyden chamber using 
a 48-well Neuro Probe, Inc. insert system (Gaithersburg, 
MD, USA). Polyethylene membrane inserts (8.0 μm pore 
size) were precoated with 200 μg/μl of  Matrigel® Matrix 
 (Corning®, Corning, NY, USA) (in coating buffer 0.01 M 
Tris and 0.7% NaCl). Cells were subcultured in an mw6 
plate, and 24 h prior the assay, FBS was removed from the 
media and ADR was added in the specific conditions. Then, 
cells were seeded with 2.5 × 104 cells per insert (cells sus-
pended in 50 μl in DMEM, in addition to 25 μl FBS free 
DMEM in the bottom side of the chamber) and incubated at 
37 °C, 5%  CO2 for 12 h. Then, the membrane was washed at 
least three times for 10 min with PBS. The membranes were 
then cut out of the inserts by a scalpel, dyed in methyl violet 
for 30 min and mounted between two thin cover slips. The 
total number of migrated cells was counted for each group 
(n = 4) with an inverted microscope. Only cells which had 
completely migrated through the membrane were counted.

Enrichment of His‑tagged proteins

Cells were collected in PBS and pellets resuspended in lysis 
buffer (6 M guanidinium-HCl, 0.1 M  Na2HPO4/NaH2PO4, 
0.01 M Tris–HCl [pH 8], 5 mM imidazole and 0.01 M 
β-mercaptoethanol). Samples were sonicated and cell debris 
was removed by centrifugation. Supernatants were mixed 
with 75 μl of equilibrated Ni–NTA resin (Quiagen, Hilden, 
Germany), followed by incubation for 4 h at room temper-
ature on a rotating wheel. Precipitates were washed once 
with lysis buffers, once in wash buffer (8 M urea, 0.1 M 
 Na2HPO4/NaH2PO4, 0.01 M Tris–HCl [pH 6.8], 5 mM imi-
dazole, and 0.01 M β-mercaptoethanol), and twice in wash 
buffer plus 0.1% Triton X-100. Proteins were eluted in 75 μl 
of 0.2 M imidazole, 0.15 M Tris–HCl (pH 6.8), 30% glyc-
erol, 0.72 M β-mercaptoethanol and 5% SDS for 20 min at 
room temperature with gentle agitation and further analysed 
by immunoblotting.

Data analysis

Protein abundance in tumor tissue was obtained from The 
Human Protein Atlas database as antibody staining level (not 
detected, low, medium and high) per patient [38]. Data were 
accessed via the R hpar package. Gene alteration frequen-
cies were calculated using the TCGA PanCancer dataset that 
includes 10967 samples across 33 different tumor types [39]. 
To calculate the alteration frequencies, the number of sam-
ples containing a missense/non-sense mutation or a deep 
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Fig. 1  NOTCH1 protein levels are modulated by DYRK2. a HEK-
293T cells were transfected (2 × 105 cells in a 35-mm dish, increas-
ing amounts of DYRK2) with the indicated plasmids and lysed 48 h 
after transfection. Protein expression was evaluated by immunoblot-
ting. We show a representative blot of three independent experiments. 
b HEK-293T cells (2 × 105 cells in a 35 mm dish) were transfected 
with the indicated amounts of DYRK2, harvested and lysed. One 
fraction was used to analyse endogenous Notch1-IC protein levels, 
while another aliquot was used to analyse Notch1-IC mRNA levels 
by quantitative PCR. Data are mean ± SD of n = 3. We show a rep-
resentative blot of three independent experiments. c HEK-293T cells 
were transfected with DYRK2 or scrambled (control) siRNAs, lysed 

after 4 days of culture and Notch1-IC or DYRK2 analysed by western 
blot. We show a representative blot of three independent experiments. 
d Notch1-IC and DYRK2 endogenous protein levels were analysed 
in the indicated cell lines by immunoblotting. We show a representa-
tive blot of three independent experiments (left panel). Notch1-IC and 
DYRK2 signals from three independent experiments were quantified, 
normalised to actin protein levels and correlation was analysed (right 
panel). e Endogenous protein levels of DYRK2 and Notch1-IC were 
evaluated in MDA-MB-231, MDA-MB-468, HeLa and HEK-293T 
both WT and  DYRK2−/− by immunoblot. We show a representative 
blot of three independent experiments
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deletion for a given gene was divided by the total number 
of samples in a given cancer type. Data were accessed via 
the cBioPortal web service using the R cgdsr package [40]. 
Images were evaluated and quantified using the Image J 
(http://rsbwe b.nih.gov/ij/). Data are expressed as mean ± SD. 
Differences were analysed by Student’s t test. P < 0.05 was 
considered significant. Statistical analysis was performed 
using GraphPad  Prism® version 6.01 (GraphPad, San Diego, 
CA, USA).

Results

Notch1‑IC protein levels are modulated by DYRK2

To identify new potential DYRK2 interaction partners, we 
performed an immunoprecipitation assay followed by mass 

spectrometry (Fig. S1a and Supplementary Materials and 
methods). As NOTCH1 and other members of the family 
showed positive results, we decided to focus on this protein 
in detail. We first co-expressed Notch1-IC alone or with 
increasing amounts of DYRK2 in HEK-293T cells. Expres-
sion of DYRK2 resulted in a dose-dependent decrease in 
Notch1-IC protein levels, which was accompanied by the 
appearance of slower migrating bands (Fig. 1a). The activ-
ity of the rest of the members of human DYRK subfamily 
protein kinases (DYRK1A, DYRK1B, DYRK2, DYRK3, 
and DYRK4) was also analysed. As shown in Supplemen-
tary Figure S1b, DYRK1A and DYRK1B overexpression 
showed a similar effect as compared to DYRK2, which was 
not observed with DYRK3 and 4. Similarly, DYRK2 overex-
pression resulted in a decrease of the rest of NOTCH human 
family members (NOTCH2, NOTCH3 and NOTCH4) (Fig. 
S1c).

Next, we decided to analyse the impact of DYRK2 expres-
sion on the levels of endogenous Notch1-IC. Transfection 
of increasing amounts of DYRK2 led to a dose-dependent 
decrease of endogenous Notch1-IC protein levels without 
affecting its mRNA expression (Fig. 1b). Similar results 
were obtained with DYRK1B (Fig. S1d). It has been pre-
viously described that DYRK1A phosphorylates NOTCH1 
[41]. In this sense, the specificity of the antibodies and plas-
mids used for DYRK2 detection was analysed (Fig. S1e). In 
addition, DYRK2 effect on endogenous Notch1-IC protein 
levels was reanalysed in DYRK1A knockout cells obtaining 
similar results (Fig. S1f). Then we analysed the effect of 
knocking down DYRK2 using a specific siRNA. In agree-
ment with our previous results, DYRK2 depletion increased 
Notch1-IC levels (Fig. 1c) as well as its half-life (Fig. S1g), 
further proving that Notch1-IC basal levels were regulated 
by DYRK2.

Our results suggested that DYRK2 might negatively 
regulate NOTCH1 protein levels, and thus we hypothesised 
that the endogenous levels of DYRK2 and NOTCH1 might 
show a correlation. To test our hypothesis, we analysed the 
levels of these two proteins in eight different cell lines, and 
as shown in Fig. 1d, a negative correlation was observed. 
Next, to further confirm the ability of this kinase to regu-
late Notch1-IC, DYRK2 knockout cell lines were generated 
by CRISPR/Cas9 gene-editing tools and Notch1-IC protein 
levels were evaluated. As shown in Fig. 1e, specific stable 
DYRK2 knockout resulted in increased levels of Notch1-IC 
in three of the four cell lines tested. In the case of HeLa, 
DYRK2 knockout led to the appearance of faster migrat-
ing bands, which might reflect unphosphorylated NOTCH1. 
Collectively, these results demonstrate that DYRK2 nega-
tively regulates Notch1-IC levels.

Fig. 2  DYRK2 phosphorylates Notch1-IC. a HEK-293T cells were 
transfected to express Myc-Notch1-IC and increasing amounts of 
Flag-DYRK2 wild type (WT) or kinase mutant (KM). Cell lysates 
were analysed by immunoblotting with the indicated antibodies. We 
show a representative blot of four independent experiments. b HEK-
293T cells were transfected to express DYRK2 WT or KM. Twenty-
four hours post-transfection, cells were lysed and protein expres-
sion was analysed by immunoblot with the indicated antibodies. 
We show a representative blot of three independent experiments. c 
HEK-239T cells were co-transfected with the indicated plasmids and 
then treated or not for 12  h with the proteasome inhibitor MG-132 
(10  μM). Cell lysates were analysed by immunoblotting with anti-
Myc and Flag antibodies. We show a representative blot of three 
independent experiments. d HEK-293T cells were transfected with 
the indicated plasmids and treated with MG-132 for 12  h and were 
lysed in phosphatase inhibitor-free buffer in the absence or presence 
of λ-phosphatase. Electrophoretic mobility was determined by immu-
noblotting. We show a representative blot of four independent experi-
ments. e Immunoprecipitated Notch1-IC endogenous protein from 
HEK-293T cells was incubated with DYRK2 recombinant protein in 
the presence or absence of ATP (0.1  μM). Electrophoretic mobility 
was determined by immunoblotting with the indicated antibodies. We 
show a representative blot of four independent experiments. f HEK-
239T cells were co-transfected with the indicated plasmids and after 
36 h treated with MG-132 in the presence or not of harmine for 12 h 
before lysis. Protein expression was analysed by immunoblot with 
the indicated antibodies. We show a representative blot of three inde-
pendent experiments. g Cells were transfected to express HA-Notch1-
IC WT or HA-Notch1-IC T2512A (threonine 2512 mutated to ala-
nine) in the presence or not of Flag-DYRK2 WT. Cells were further 
cultivated and lysed and protein expression was analysed by immuno-
blot with the indicated antibodies. We show a representative blot of 
three independent experiments. h HEK-293T cells were transfected to 
express Myc-Notch1-IC WT or Myc-Notch1-IC T2512A in the pres-
ence or not of Flag-DYRK2-WT or KM and, after 36 h, treated with 
MG-132 for 8 h and lysed. A fraction was subjected to immunopre-
cipitation (IP) using anti-Myc antibody. After elution phosphorylation 
was revealed with an anti-phospho-serine/threonine antibody, while 
exogenous Notch1-IC protein levels were visualised with an anti-Myc 
antibody by western blotting (top panel). The remaining extract frac-
tion was tested for the occurrence of the indicated proteins (lower 
panel). We show a representative blot of three independent experi-
ments

◂
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DYRK2 phosphorylates Notch1‑IC in vivo and in vitro

Based on the capacity of DYRK2 to induce the appearance 
of slower migrating bands compatible with phospho-forms 
of Notch1-IC, next we analysed whether DYRK2 kinase 
activity was necessary for its effect on Notch1-IC levels. 
We co-expressed Notch1-IC with either increasing amounts 
of DYRK2 or a kinase point mutant version (DYRK2 KM). 
As shown in Fig. 2a, DYRK2 overexpression led to a reduc-
tion of Notch1-IC levels concomitant with the appearance 

of upshifted bands. By contrast, Notch1-IC levels were not 
altered in the presence of the DYRK2 KM. Similar results 
were obtained at the endogenous level (Fig. 2b). To test 
whether that reduction in protein levels was mediated by 
protein degradation, we decided to examine this effect in the 
presence or absence of the proteasome inhibitor MG-132. 
As shown in Fig. 2c, the addition of MG-132 consider-
ably prevented DYRK2-mediated Notch1-IC degradation 
and stabilised band mobility. To confirm that the upshifted 
Notch1-IC bands were phosphorylated forms, we incubated 

A B

C D

Fig. 3  DYRK2 regulates Notch1-IC protein levels via Fbxw7-medi-
ated proteasomal degradation. a HEK-293T cells were co-transfected 
to express Notch1-IC together with DYRK2, and the levels were eval-
uated in response to FBXW7 dominant negative (FBXW7-∆Fbox) 
lacking the F-box domain that recruits ubiquitination machinery. 
We show a representative blot of three independent experiments. b 
HEK-293T cells were transfected with Flag-DYRK2 in the presence 
or absence of a dominant-negative form of FBXW7. Endogenous 
Notch1-IC protein levels were evaluated by western blotting. We 
show a representative blot of three independent experiments. c HEK-
293T cells were transfected with expression plasmids encoding Flag-
tagged DYRK2, Myc-tagged Notch1-IC and His-tagged ubiquitin. 

After 36 h, cells were incubated in the presence of MG-132 (10 μM) 
during 12 h and lysed under denaturing conditions. His-tagged ubiq-
uitin was purified with Ni–NTA agarose columns and ubiquitinated 
Notch1-IC was analysed by western blotting. A fraction was tested 
for the occurrence of the indicated proteins (INPUT). We show a rep-
resentative blot of three independent experiments. d Wild-type and 
 DYRK2−/−MDA-MB-231 cells were stimulated or not with MG-132 
during 9  h, lysed and subjected to immunoprecipitation using anti-
Notch1-IC antibody. A small fraction of the lysate was tested for the 
occurrence of Notch1-IC (INPUT). The precipitates were subjected to 
western blot analysis with anti-Notch1-IC or anti-Ubi antibodies. We 
show a representative blot of three independent experiments
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cell extracts with λ-phosphatase in the presence of MG-132. 
As shown in Fig. 2d, λ-phosphatase treatment transformed a 
slower electrophoretic band mobility into a faster migrating 
movement, similar to those obtained in response to DYRK2 
KM expression. To evaluate the ability of DYRK2 to directly 
phosphorylate Notch1-IC, we performed an in vitro kinase 
assay (Fig.  2e). The presence of recombinant DYRK2 
showed the occurrence of upper Notch1-IC bands, which 
appeared only in the presence of ATP. Moreover, the rel-
evance of the DYRK2 kinase activity for Notch1-IC was 
highlighted by experiments with chemical inhibitors. As 
shown in Figure S2a, treatment with the pan-specific DYRK 
inhibitor harmine inhibited the negative effect of DYRK2 
on Notch1-IC levels, and also caused a clear increase in the 
motility of the Notch1-IC bands in the presence of MG-132 
(Fig. 2f). Similar results were obtained with curcumin, 
another DYRK2 inhibitor [42] (Fig. S2b). Altogether, these 
experiments demonstrate that DYRK2 directly phosphoryl-
ates Notch1-IC.

To identify the Notch1-IC sites phosphorylated by 
DYRK2, we analysed different relevant residues mutated 
to alanine involved in Notch1-IC regulation previously 
described [22]. Co-expression of the mutants with DYRK2 
and subsequent analysis of their electrophoretic behaviour 
showed that mutation of Thr-2512 significantly reduced 
DYRK2-mediated Notch1-IC degradation (Fig. S2c). Simi-
lar results were obtained when we compared the co-expres-
sion of DYRK2 with Notch1-IC WT vs T2512A (Fig. 2g), 
indicating that phosphorylation of Thr-2512 is necessary for 
the effect of DYRK2 on Notch1-IC stability. To further prove 
that DYRK2 phosphorylates Notch1-IC in cells, NOTCH1 
WT and T2512A phospho-deficient mutant constructs were 
transfected together with DYRK2 WT or DYRK2 KM, 
immunoprecipitated, and their phosphorylation status was 
analysed with a phospho-serine/threonine antibody (as there 
is no specific phospho-T2512 NOTCH1 antibody available) 
(Fig. 2h). Mutation of Thr-2512 to alanine clearly reduced 
the phosphorylation of Notch1-IC mediated by DYRK2 (by 
comparing lanes 2 and 4). However, DYRK2 was still able 
to induce some phosphorylation in the T2512A Notch1-IC 
mutant, indicating that it might not be the only site phos-
phorylated by DYRK2 in cells. Collectively, these results 
clearly demonstrate that DYRK2-mediated phosphorylation 
of Notch1-IC at threonine 2512 is crucial for its degradation.

DYRK2 regulates proteasomal degradation 
of Notch1‑IC

As shown in Fig. 2c, treatment with the proteasome inhibi-
tor MG-132 restored the level of Notch1-IC upon DYRK2 
expression (lanes 2 and 4). These results indicated that 
DYRK2 decreased the stability of Notch1-IC through a 
ubiquitin/proteasome-dependent process. Based on the 

previous reports showing that Thr-2512 phosphorylation 
facilitated Notch1-IC proteasomal degradation through 
FBXW7 [21], we decided to evaluate if this ubiquitin ligase 
was implicated in the degradation of Notch1-IC mediated 
by DYRK2. To analyse the role of FBXW7 in this process, 
we first co-expressed DYRK2 and Notch1-IC in the pres-
ence or absence of a dominant-negative form of FBXW7 
lacking the F-box (FBXW7ΔFbox). As shown in Fig. 3a, 
FBXW7ΔFbox expression recovered the level of Notch1-IC 
decreased by DYRK2, preserving the reduction of the band 
mobility. Similar results were obtained at the endogenous 
level (Fig. 3b). These results showed that FBXW7 is impor-
tant for the degradation of NOTCH1 mediated by DYRK2.

We next examined the effect of DYRK2 on Notch1-
IC ubiquitination. We co-expressed Myc-Notch1-IC and 
His-Ubiquitin with or without different concentrations 
of DYRK2 and DYRK2 KM in the presence of MG-132 
and analysed the ubiquitination status of Notch1-IC. As 
shown in Fig. 3c, Notch1-IC polyubiquitination became 
more evident in the presence of increasing concentra-
tions of DYRK2. Furthermore, we examined the effect of 
DYRK2 depletion on the basal level of Notch1-IC poly-
ubiquitination, comparing control and  DYRK2−/− cells in 
the presence or absence of MG-132. As shown in Fig. 3d, 
ubiquitination levels of Notch1-IC were significantly lower 
in cells lacking DYRK2. Collectively, these data show that 
DYRK2 promotes basal Notch1-IC polyubiquitination and 
proteasomal degradation via FBXW7.

DYRK2 interacts and colocalizes with Notch1‑IC

Next, we analysed the ability of DYRK2 to interact with 
Notch1-IC. We first co-expressed Myc-Notch1-IC alone or 
in the presence of Flag-DYRK2 and performed coimmuno-
precipitation assays. As shown in Fig. 4a, DYRK2 coim-
munoprecipitated efficiently with Notch1-IC. Then, we 
analysed the subcellular localization of both proteins and 
the effect of DNA damage. Confocal microscopy showed 
that GFP-DYRK2 and endogenous Notch1-IC mainly colo-
calize in the nucleus, with a high degree of nuclear locali-
zation of DYRK2 in cells stimulated with ETP (Pearson’s 
coefficient = 0.65 and Manders’ coefficients of A = 0.789; 
B = 0.773) (Fig. 4b and c).

To map the interaction sites of Notch1-IC with DYRK2, 
first we performed an in vitro interaction peptide array 
experiment. A peptide library consisting of overlapping 
fragments representing the entire Notch1-IC or DYRK2 
proteins was incubated with GST-DYRK2 or GST-Notch1-
IC, respectively, using GST as a control. Detection of 
bound material by antibodies showed six potential bind-
ing regions of Notch1-IC with DYRK2. Likewise, DYRK2 
showed two potential binding regions with Notch1-IC, 
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which correspond to the C-terminal region of the pro-
tein (Fig. S4a and S4b). Next, to validate the functional 
relevance of the regions present in Notch1-IC, all were 
mutated and tested for their interaction with DYRK2 
(Notch1-IC mutant constructs. Fig. S4c). As shown in 
Fig. 4d, the individual mutation of the regions in the RAM 
domain and one adjacent in the ANK (ankyrin) domain 
caused a marked reduction in the ability to coimmunopre-
cipitated efficiently with DYRK2. Furthermore, the ability 
of DYRK2 to negatively regulate Notch1-IC protein levels 
was strongly reduced (Fig. 4e and S4d). All these results 
clearly prove the direct interaction between Notch1-IC 
and DYRK2, and suggest the existence of more than one 
region responsible for binding in both proteins, highlight-
ing the possible relevant role of the RAM domain present 
in Notch1-IC.

Genotoxic stress induces Notch1‑IC degradation 
mediated by DYRK2

Next, we decided to evaluate the physiological relevance of 
the observed effect of DYRK2 on Notch1-IC levels. Among 
the stimuli able to regulate the activity of this kinase, the 

response to DNA damage upon exposure to genotoxic stress 
[30, 35, 36] stands out. Therefore, we tested the ability of 
DNA damage to regulate NOTCH1 signalling via DYRK2. 
HEK-293T cells were stimulated with increasing concen-
trations of DNA-damaging agent adriamycin (ADR) and 
protein levels of both Notch1-IC and DYRK2 were evalu-
ated by western blot. As depicted in Fig. 5a, upregulation of 
DYRK2 in response to ADR was inversely correlated with 
Notch1-IC protein levels. Similar results were obtained in 
MDA-MB-231 cells (Fig. S5a), DYRK1A knockout cells 
(Fig. S5b) and with other genotoxic agents such as etopo-
side and cisplatin in different cell lines (Fig. S5c and S5d). 
Next, we evaluated the consequences of genotoxic stress on 
Notch1-IC transcriptional activity. In agreement with our 
previous results, ADR treatment impaired Notch1-IC tran-
scriptional activity (Fig. 5b). Similar results were obtained 
with HIPK2 knockout cells (Fig. S5e) and after DYRK2 
overexpression (Fig. S5f). We then investigated whether 
modulation of DYRK2 levels affected the transcriptional 
activity of Notch1-IC. As shown in Fig. 5c, ectopic expres-
sion of DYRK2 reduced Notch1-IC transcriptional activity. 
Moreover, Hes5 and Hes1 induction by Notch1-IC at both 
mRNA and protein levels was reduced by DYRK2 over-
expression. Similarly, to demonstrate the role of DYRK2 
kinase activity on the control of Notch1-IC transcriptional 
activity, we used an analogue-sensitive DYRK2 form 
(DYRK2-AS), which presents a mutation in the gatekeeper 
residue and is selectively sensitive to PP1 inhibitors [43]. 
As shown in Figure S5g, the specific inhibition of DYRK2 
activity by PP1 analogue II stimulation reduced drastically 
the effect of DYRK2 on Notch1-IC protein levels with clear 
effects on Hes5 at both mRNA and protein levels. Taken 
together, these results further suggest that DYRK2 modu-
lates Notch1-IC regulation in response to genotoxic stress.

To demonstrate the role of DYRK2 on the regulation of 
Notch1-IC in response to DNA damage, we assessed the 
effect of DYRK2 knockdown with siRNA. As shown in 
Fig. 5d, DYRK2 depletion avoided adriamycin-mediated 
reduction of Notch1-IC (lanes 2 and 5). In the same sense, 
Hes5 and Hes1 expression (RNA and protein) reduced by 
ADR treatment was restored by harmine and DYRK2 knock-
down (lanes 2, 3 and 5) in MDA-MB-231 cells. Similar 
results were obtained in HEK-293T cells (Fig. S5h). Finally, 
we compared the effect of Notch1-IC ectopic expression in 
knockout cells lacking DYRK2. As shown in Figure S5i, 
Notch1-IC-induced expression of luciferase reporter gene 
was higher in DYRK2 knockout cells than in control cells. 
Altogether these data suggest that DYRK2 has a relevant 
role on Notch1-IC protein levels and activity in response to 
DNA damage.

Fig. 4  Notch1-IC interacts and colocalizes with DYRK2. a HEK-
293T cells were transfected with expression plasmids Myc-tagged 
Notch1-IC and Flag-DYRK2 as indicated and after 36 h the protea-
some inhibitor MG-132 was added for another 12 h to avoid Notch1 
degradation. Cells were lysed and subjected to immunoprecipitation 
(IP) using anti-Flag antibody. After elution, Myc-Notch1-IC protein 
was detected by western blotting. A small fraction (5%) of the lysate 
was tested for the occurrence of the indicated proteins by immuno-
blot (INPUT). The positions and molecular weights (in kDa) are 
indicated. We show a representative blot of three independent experi-
ments. b CHO cells were transfected with GFP-DYRK2 and analysed 
for the subcellular localization of DYRK2 and endogenous Notch1-
IC proteins by confocal microscopy stimulated or not during 6  h 
with ETP (10 μM). Nuclear DNA was stained with DAPI. We show 
a representative picture where overlapping localization in merged 
pictures is shown in yellow. c Fluorescence intensity profiles through 
the white line shown indicate GFP-DYRK2 and Notch1-IC cellular 
localization in both control and DNA damage conditions. Pearson’s 
coefficient (0.65) and thresholded Manders’ coefficients A and B 
(A = 0.789; B = 0.773) were calculated for both situations. d HEK-
293T cells were transfected with Flag-DYRK2 and HA-Notch1-IC 
plasmids (WT and mutant versions) as indicated, and after 36 h the 
proteasome inhibitor MG-132 (10 μM) was added for another 12 h. 
Cells were lysed, subjected to immunoprecipitation (IP) using anti-
Flag antibody and the different proteins detected by western blotting 
(left panel). A small fraction (5%) of the lysate was tested by immu-
noblot for the occurrence of the indicated proteins (INPUT, right 
panel). We show a representative blot of three independent experi-
ments. e HEK-293T cells were co-transfected with HA-Notch1-IC 
or the indicated mutants either alone or along with DYRK2. After 
36 h, cells were lysed and the stability of Notch1-IC was revealed by 
immunoblotting. We show a representative blot of three independent 
experiments
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DYRK2 modulation modifies Notch1‑IC physiological 
effects

Finally, in order to investigate the clinical significance of our 
findings, we first analysed data from the public database The 
Human Protein Atlas to determine the protein abundance of 

DYRK2 and NOTCH1 in tumour tissues. As we previously 
observed in different cell lines, a considerable number of 
tissues present in a high number of patients showed low 
levels of DYRK2 expression and a high NOTCH1 abun-
dance, from which the differences observed in ovarian, cer-
vical, colorectal or pancreatic cancer stand out (Fig. 6a). 
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Similarly, the analysis of the frequency of loss-of-function 
mutations on DYRK2 and/or NOTCH1 in tumours showed 
that mutations on DYRK2 and NOTCH1 occur very rarely 
together, suggesting that both proteins might be in the same 
pathway (Fig. 6b). Next, we examined the effect of DYRK2 
modulation on cell viability and apoptosis in response to 
ADR. We observed that knocking down DYRK2 in MDA-
MB-231 cells increased cell viability in response to ADR 
(Fig. 6c). However, the opposite effect was observed with 
cells overexpressing DYRK2, showing a strong reduction 
on cell survival in response to ADR. In the same context, 
the percentage of apoptotic cells upon exposure to ADR 
was increased by DYRK2 overexpression, and a signifi-
cant reduction was observed in the presence of harmine in 
MDA-MB-231 (Fig. 6d) and MDA-MB-468 cells (Fig. S6a). 
Similarly, DYRK2 overexpression affected the expression 
of genes involved in cell viability such as BCL2 (Fig. S6b). 
Additionally, DYRK2 is necessary for adriamycin-induced 
suppression of cell invasion (Fig. 6e). Finally, cell motility 
experiments in MDA-MB-231 (Fig. 6f) and MDA-MB-468 
cells (Fig. S6c) showed that, although in the presence of 
DYRK2 the protein levels of Notch1-IC affected cancer cell 
migration significantly, Notch1-IC overexpression consid-
erably increased cell migration of DYRK2-KO cells, sug-
gesting that DYRK2 restrains Notch1-mediated cancer cell 
migration. Associated with these results, changes in the 
expression of genes related with mobility and invasion, such 
as FGF, TFG-β, TNF or OCT-4, were observed (Fig. S6d). 

Altogether, these results indicate a new role of DYRK2 in 
cancer cell migration/invasion through the regulation of 
Notch1-IC levels.

Discussion

In the present work, we describe DYRK2 as a new kinase 
that regulates NOTCH1 pathway via phosphorylation, con-
trolling its protein levels and activity in response to DNA 
damage. Different reports have shown how some kinases 
have the ability to regulate Notch1-IC by phosphorylation, 
thus facilitating its subsequent ubiquitination. Phosphoryla-
tion of the PEST domain is a substrate for recognition by 
FBXW7, which binds directly to Notch1-IC promoting its 
polyubiquitination and proteasomal degradation recruiting 
the components of an SCF ubiquitin ligase complex degra-
dation [18, 20, 21]. Although different kinases such as cyclin 
C and various CDKs (CDK3, CDK8 and CDK19) [44] have 
been described able to regulate Notch1-IC by phosphoryla-
tion of the PEST domain, requirement of previous Thr-2512 
phosphorylation for FBXW7 interaction has been described 
in bibliography [22, 23]. To date, to our knowledge, only 
MEKK1 and HIPK2 have been described to be able to phos-
phorylate Thr-2512 and promote proteasomal degradation of 
Notch1-IC by this pathway [18, 25]. Our findings show that 
DYRK2 is also able to directly phosphorylate Notch1-IC at 
Thr-2512 in the PEST domain and facilitate its proteasomal 
degradation.

Our results related to the interaction between Notch1-IC 
and DYRK2 suggest the possible relevant role of the RAM 
domain present in Notch1-IC. Previous studies suggested 
that the primary function of the RAM region is to recruit 
Notch1-IC to CSL [45, 46], which, together with MAML1, 
stimulate the transcription of target genes. In this sense, fur-
ther studies should be done to clarify whether the interaction 
with DYRK2 in response to some stimuli could presumably 
inhibit Notch1-IC downstream signalling through interaction 
with this domain.

It is also important to mention the evolutive proximity 
between DYRK2 and HIPK2. Both kinases belong to the 
CMGC group and are evolutionarily very close [26]. They 
are both ubiquitinated by MDM2 [36, 47] and SIAH2 ubiq-
uitin ligases, and present both common and specific sub-
strates for each of them [30, 48]. Similarly, although both 
respond to certain common stimuli, they may also be present 
in some pathways exclusively. In the specific case of cel-
lular response to DNA damage stimulus, both kinases are 
able to phosphorylate p53 at Ser46 to irreversibly induce 
p53-dependent apoptosis [35, 49]. Our findings indicate that 
Notch1-IC regulation seems to be also common for both 

Fig. 5  Genotoxic stress affects Notch1-IC signalling via DYRK2. 
a HEK-293T cells were stimulated with increasing concentra-
tions of ADR for 12  h, lysed and endogenous levels of Notch1-IC 
and DYRK2 measured by immunoblotting. We show a representa-
tive blot of four independent experiments. b HEK-293T cells were 
transfected with the indicated plasmids and the 4xCSL-luciferase 
reporter and 24 h later stimulated with the indicated doses of ADR 
for another 12 h. Cells were lysed and one aliquot was used for the 
luciferase reporter assay (upper panel), while another fraction was 
used to analyse the levels of the indicated protein by immunoblot. We 
show a representative blot of three independent experiments. Data are 
mean ± SD of n = 3 experiments. *P < 0.05, **P < 0.01, ***P < 0.001. 
c HEK-293T cells were transfected with the indicated plasmids. One 
aliquot was used for the luciferase reporter assay and immunob-
lot (upper panel), while another was used to analyse Hes5 and Hes1 
mRNA levels by qPCR (lower panel). We show a representative 
blot of three independent experiments. Data are mean ± SD of n = 3 
experiments. ***P < 0.001. d MDA-MB-231 cells were transfected 
with DYRK2 or scrambled (control) siRNAs and, after 3 days of cul-
ture, stimulated or not with ADR (2 μg/ml) for 12 h in the presence 
or absence of harmine (5 μM). One fraction was used to analyse the 
levels of the indicated protein by immunoblot (upper panel), while 
another was used to analyse Hes5 and Hes1 mRNA levels by qPCR 
(lower panel). We show a representative blot of three independent 
experiments. Data are mean ± SD of n = 3 experiments. *P < 0.05, 
***P < 0.001
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kinases, being the action mechanism of DYRK2 described 
in this study HIPK2 independent (Figure S5e and data not 
shown). The concerted regulation in response to DNA dam-
age of Notch1-IC executed by DYRK2 and also HIPK2 may 
represent a fail-safe mechanism to ensure a corrected reduc-
tion of Notch1-IC levels in this context. However, further 
studies should be done to elucidate the connection between 
these two pathways. Similarly, analysing the response of 
Notch1-IC to other stimuli able to regulate the activity or 
expression of DYRK2, such as hypoxia [30], serum starva-
tion [50], β-adrenergic stimulation [51], LPS [52] or heat 
shock [37], would be of interest.

In the context of chemotherapy resistance, one of the 
most important problems in cancer treatment, understanding 
the molecular mechanisms implicated in the DNA damage 
response (DDR) pathway is crucial. In this sense, it has been 
reported that overexpression of Notch1-IC in lung and liver 
cancer cells increases resistance to cisplatin [53, 54]. Simi-
larly, NOTCH1 plays a direct negative regulatory role on 
DDR following ionising radiation treatment by interacting 

with ATM and disrupting its activation [55]. On the other 
hand, Li et al. [56], recently described that cisplatin induces 
expression of Notch1-IC in a dose-dependent manner in cer-
vical cancer cells. In fact, in some specific types of tumours 
such as skin cancer, small cell lung cancer or hepatocellular 
carcinoma, contradictory data indicate that NOTCH1 signal-
ling could be playing anti-proliferative rather than oncogenic 
roles [57]. In this study, we provide new insights into the 
consequences of exposure to DNA damage on the NOTCH1 
signalling pathway, since different chemotherapeutic agents 
(adriamycin, etoposide or cisplatin) promote Notch1-IC inhi-
bition mediated by DYRK2 in different cell lines.

Previous studies have broadly shown that perturbation 
of the NOTCH1 signalling pathway is linked to the patho-
genesis of important lung diseases, in particular, lung can-
cer and lung lesions [58, 59]. However, it has also been 
proved to play a key role in breast cancer [60, 61] and 
prostate cancer [62]. Additionally, Notch1-IC aberrant 
overexpression correlates with leukaemia [63] and breast 
cancer [9, 64]. Although DYRK2 distinct role in cancer 
development has been broadly proved, there is controversy 
concerning its pro- or anti-tumour potentials. However, 
various studies have shown that DYRK2 is down-regulated 
in various cancer tissues such as lung, breast, prostate and 
colon, associated with poor patient prognosis [32, 50, 
65–69]. The data showing the correlation in the levels of 
both proteins in tumour tissue (Fig. 6a) agree with our 
in vitro data and suggest that the degradation of Notch1-IC 
by DYRK2 might also be relevant in cancer patients. Addi-
tionally, our results prove that DYRK2 Thr-2512 direct 
phosphorylation is an important milestone in Notch1-IC 
regulation. These results might clarify previous analyses 
focused on the relevance of Thr-2515 mutation in some 
cancers such as human T cell acute lymphoblastic leu-
kaemia [70].

In summary, our results show the ability of DYRK2 to 
regulate Notch1-IC stability affecting its transcriptional 
activity. In response to DNA damage, DYRK2 phosphoryl-
ated Notch1-IC and facilitated its proteasomal degradation 
by FBXW7 (Fig. 7). We propose that this new regulatory 
mechanism induced by chemotherapeutic agents has an 
influence on cancer cells behaviour. Further studies are 
needed to understand the potential implications for those 
tumours with over-expressed Notch1-IC.

Fig. 6  DYRK2 inhibition increases Notch1-IC tumorigenesis effect in 
breast cancer. a DYRK2 and NOTCH1 protein abundance in tumour 
tissues obtained from The Human Protein Atlas. Column and circle 
colour show the antibody stain level observed in tumour tissues. The 
point size indicates the number of patients showing particular expres-
sion to the total patients. The tumour tissues were sorted based on 
the abundance score differences between proteins. To calculate this, 
every staining level was assigned to a number (Not detected: 1, Low: 
2, Medium: 3 and High: 4) and multiplied by the number of patients 
for each tissue and protein. Then, the absolute mean differences were 
calculated for every tumour tissue. b DYRK2 and NOTCH1 mutation 
frequency separately or together (missense, non-sense or deep dele-
tions) for every tumour type included in the TCGA PanCancer data-
set. c MDA-MB-231 cells were transfected with DYRK2 or scram-
bled (control) siRNAs or Flag-DYRK2 as indicated, and after 48  h 
of culture stimulated or not with ADR (2 μg/ml). Cell viability was 
determined using YOYO-1 fluorescence. Data are mean ± SD of n = 3 
experiments. **P < 0.01, ***P < 0.001. d MDA-MB-231 cells were 
transfected or not with Flag-DYRK2 and after 36 h of culture stimu-
lated or not with ADR (2 μg/ml) for 12 h in the presence or absence 
of harmine (5  μM) and used for apoptosis analysis by Annexin V/
PI staining. Cell viability was measured by flow cytometry. Data are 
mean ± SD of n = 3 experiments. **P < 0.01, ***P < 0.001. e MDA-
MB-231 WT and DYRK2 −/− cells were stimulated or not with ADR 
(2  μg/ml) for 12  h and used for matrigel motility assays. Data are 
mean ± SD of n = 3 experiments. ***P < 0.001. f MDA-MB-231 WT 
and DYRK2 −/− cells were transfected or not with Flag-Notch1-IC 
and after 36  h used for cell motility assays. Data are mean ± SD of 
n = 3 experiments. *P < 0.05, ***P < 0.001
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