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Abstract: DYRK1A (Dual-specificity Tyrosine (Y) Regulated Kinase) is a dosage sensitive gene where 

too much or too little of its “Goldilocks” protein product can result in structural birth defects. 

DYRK1A loss of function variants are associated with DYRK1A syndrome, which is characterized by 

intellectual disability and stereotypical craniofacial anomalies. DYRK1A is located  on chromosome 

21 and increased dosage of this gene as a result of Trisomy 21 is thought to be an important 

contributor to a range of developmental anomalies and comorbidities associated with Down 

syndrome. Animal models have revealed that too little or too much of this protein can have 

significant multiorgan effects on the developing embryo. Moreover, in Down syndrome mouse 

models, normalizing Dyrk1a can improve some aspects of the birth defects associated with this 

disease.  This review emphasizes that a thorough understanding of the effects of the DYRK1A 

imbalance on embryonic development can lead to important insights into Dyrk1a associated 

syndromes and inform the development of prevention and treatment strategies for these birth defects 
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1. Introduction 

Proper concentration of regulatory proteins is vital for embryonic development, as even subtle 

deviations can provoke structural defects and lead to congenital anomalies. One factor that can 
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disrupt protein levels is a change in gene dosage. In diploid organisms like humans, the typical gene 

dosage consists of two copies per gene, with one copy inherited from each parent. Any change in 

gene dosage can affect the amount of protein product, and if this results in a phenotypic change, it is 

termed dosage sensitivity (Rice and McLysaght, 2017a, b). For instance, a reduction in gene copies 

can cause haploinsufficiency, where one functional allele is insufficient for normal function (Johnson 

et al., 2019). Conversely, an additional gene copy may lead to triplosensitivity, where excess gene 

product can negatively impact development (Cooper et al., 2011). Some genes are bidirectionally 

dosage sensitive, meaning that both increases and decreases in gene dosage can cause phenotypic 

effects. One such gene is DYRK1A (Dual-specificity Tyrosine (Y) Regulated Kinase),  where too 

much or too little of this “Goldilocks” (see inset) protein can result in structural birth defects 

(Ananthapadmanabhan et al., 2023; Antonarakis et al., 2020; Atas-Ozcan et al., 2021; Duchon and 

Herault, 2016; Ji et al., 2015; Kaczorowska et al., 2019; Murphy et al., 2024; Widowati et al., 2018). In 

particular, DYRK1A sequence variants that reduce its dosage or function are associated with DYRK1A 

syndrome (aka DYRK1A haploinsufficiency syndrome; Fig. 1)(Atas-Ozcan et al., 2021; Ji et al., 2015; 

Widowati et al., 2018);van Bon BWM, 2015 Dec 17 [Updated 2021 Mar 18])(Courraud et al., 2021; 

Obara et al., 2023). Also, DYRK1A is located on chromosome 21 and increased dosage of this gene as 

a result of Trisomy 21 is thought to be an important contributor to a range of manifestations 

associated with Down syndrome (Figure 1) (Becker et al., 2014; Feki and Hibaoui, 2018; Miyata and 

Nishida, 2023; Park et al., 2009).  

Inset: “Goldilocks” refers to the classic fairy tale Goldilocks and the Three Bears, first modernized by Joseph Cundall 

in 1850. It tells the story of a young blonde girl who stumbles upon a cottage in the forest. Inside, she samples the bears’ 

porridge—one is too hot, one is too cold, and one is just right. She tries their chairs—one is too big, one too small, and 

one is just right. Finally, she tests their beds—one is too hard, one is too soft, and one is just right, where she falls 

asleep. The tale underscores the importance of balance. 

 

Figure 1. The DYRK1A gene is located on chromosome 21 at position q22.13-q22.2. The protein structure of 

DYRK1A was from  PDB #6YF8 (PDB DOI: https://doi.org/10.2210/pdb6YF8/pdb) and adapted in 

BioRender.com A) Increased DYRK1A occurs in Down syndrome (OMIM # 190685, aka Trisomy 21).  B)  

Decreased DYRK1A occurs in DYRK1A syndrome (OMIM # 614104, aka Intellectual developmental disorder, 

autosomal dominant 7; MRD7 and DYRK1A Haploinsufficiency syndrome).  Images are courtesy of FDNA Inc, 

USA (Gurovich et al., 2019). 

The molecular nature of DYRK1A has been outlined in numerous excellent reviews (Abbassi et 

al., 2015; Ananthapadmanabhan et al., 2023; Becker and Sippl, 2011; Fernandez-Martinez et al., 2015; 

Kay et al., 2016; Murphy et al., 2024; Yang et al., 2023; Yoshida and Yoshida, 2023). DYRK1A 

autophosphorylates a tyrosine residue in its activation loop during translation. This 

autophosphorylation primes the enzyme, enabling it to subsequently phosphorylate substrates on 

serine/threonine residues. Once activated, DYRK1A phosphorylates a variety of substrates involved 
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in transcription, cell cycle control, DNA repair, apoptosis and cytoskeletal dynamics. DYRK1A also 

has kinase activity independent functions where it may act as a scaffolding protein. The function and 

targets of this protein appear to be at least in part regulated by its localization.  For example, in the 

cytosol DYRK1A has known roles in regulating cell cycle and the cytoskeleton. But also, DYRK1A 

contains a nuclear localization signal, and this protein functions in DNA repair and transcription that 

occurs in the nucleus. Consistently with such a broad range of functions and targets, mis regulation 

of this protein is associated with numerous human diseases including cancer, skeletal abnormalities 

congenital heart disease and neurodegenerative conditions (Deboever et al., 2022; Fernández-

Martínez et al., 2015; Otte and Roper, 2024; Roper and Reeves, 2006; Wegiel et al., 2011; Yang et al., 

2023). Moreover, it is then no wonder that DYRK1A would also be essential to the developing 

embryo.  

In this review, we focus on the consequences of altering DYRK1A dosage during embryonic 

development.  We have divided the main body of this review into two parts;  section 2) how 

decreased DYRK1A (too little) affects development and section 3) how increased DYRK1A (too 

much) perturbs development. We consider dosage effects separately, recognizing that the effects of 

increased dosage of DYRK1A are not always just the opposite of decreasing this gene.  Moreover,  

in this review we highlight the importance of vertebrate animal models in uncovering the 

mechanisms perturbed by changes in DYRK1A dosage. 

2. Too Little DYRK1A 

2.1. DYRK1A Syndrome and Loss of Function Variants in Humans 
DYRK1A is extremely intolerant of the loss of function copy number and sequence variants that 

reduce its dosage. According to the Genome Aggregation Database (gnomAD) the probability that 

DYRK1A  is haploinsufficient is very high (pLI =1.0)(Kaczorowska et al., 2019). Moreover, 

haploinsufficiency of DYRK1A is associated with DYRK1A syndrome (Atas-Ozcan et al., 2021; Ji et 

al., 2015; van Bon BWM, 2015 Dec 17 [Updated 2021 Mar 18]; Widowati et al., 2018), a developmental 

disorder that is characterized by a number of anomalies in various organs and tissues (summarized 

in Figure 2A and Suppl. File). People with DYRK1A syndrome often have microcephaly, intellectual 

disability and seizures. In addition, these individuals can display characteristic facial differences as 

well as vision, urogenital and heart anomalies. Loss of function sequence variants of DYRK1A have 

also been uncovered in children with autism (Tran et al., 2020; Tripi et al., 2019).    

 

Figure 2. A) Developmental differences in humans with DYRK1A loss of function variants. Created in 

BioRender. Dickinson, A. (2023) BioRender.com/p92x848. B) Prevalence of the phenotypes in individuals with 

DYRK1A sequence variants and loss of function CNVs registered in the DECIPHER database. Malformations in 

people with available phenotypic data were categorized as craniofacial, brain, eye, heart and urogenital. The 

number of individuals with at least one phenotype in a particular category were graphed (n=65). 
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The types and frequencies of specific developmental anomalies in people with  DYRK1A loss 

of function variants could provide valuable insight into the effect of decreasing this gene.  

Additionally, this information could also offer knowledge about the developmental processes 

regulated by this gene. Therefore, we summarized publicly available data on the frequency of 

developmental differences in various organs and structures in the 65 people with loss of function 

variants reported in DECIPHER (DatabasE of genomiC varIation and Phenotype in Humans using 

Ensembl Resources (Firth et al., 2009), (Figure 2B and Suppl. File). Here we assessed the phenotypes 

of individuals with DYRK1A sequence variants where nucleotide changes were predicted to cause a 

frameshift, a new stop sequence or splicing defect.  In addition, we also included in this analysis 

individuals with copy number variants (CNVs), where the gene was absent as part of deletion that, 

in the majority of cases, ranged from 1-100Mb (Suppl. File).  Not surprisingly, many of the 

developmental differences overlapped with those reported in people with DYRK1A Syndrome. The 

most prevalent developmental difference was microcephaly or small head, which is due to a smaller 

brain and skull size. In addition 96.9% of the individuals had conditions that stemmed from 

anomalies in the nervous system including intellectual disability and seizures. Also, prevalent 

(93.8%) were differences in the features of the face such as protruding ears, deeply set eyes, and a 

prominent nose. A fraction of the individuals had anomalies affecting the eye (29.2%, iris coloboma, 

strabismus, microphthalmia), urogenital system (15.4%, hypospadias, micropenis, renal dysplasia) 

and heart (20.0%, aortic valve stenosis, EEG abnormality, atrial septal defect). This information 

suggests that loss of one copy of DYRK1A has profound developmental effects on multiple organs 

but especially the brain and craniofacial region. 

2.2. Too Little Dyrk1a Causes Developmental Anomalies in Vertebrate Animal Models 

Studies in vertebrate animal models are beginning to uncover the many consequences of 

decreasing the dosage of DYRK1A/Dyrk1a/dyrk1a in the embryo. Complete loss of function or 

knockout of this gene is embryonic lethal in mice (Fotaki et al., 2002).  These Dyrk1a-null mutants 

die during early organogenesis when the brain, eyes, face and limbs are taking shape. To overcome 

such lethality and to better understand the effects of DYRK1A haploinsufficiency in humans, studies 

in developmental animal models have focused on decreasing rather than completely depleting this 

gene. Such studies have indeed revealed that diminished DYRK1A/Dyrk1a/dyrk1 affects the 

development of the brain, face, heart, kidney, and specific cellular structures such as cilia 

(summarized in Figure 3). Importantly, these early developmental anomalies could explain some of 

the developmental differences in humans.  
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Figure 3. Schematic showing the effects of decreased Dyrk1a on developing structures in animal models. Created 

in BioRender. Dickinson, A. (2024) BioRender.com/x80r225. 

2.2.1. Too Little Dyrk1a Perturbs Central Nervous System Development 

The majority of people with DYRK1A loss of function variants have intellectual disability and 

microcephaly. This suggests that DYRK1A protein has an important role(s) in neurodevelopment 

(Dierssen and de Lagrán, 2006). Indeed, the transcript and protein of this gene are expressed in the 

neural tube and throughout the early developing brain of mice, chick, zebrafish and Xenopus embryos 

(Cho et al., 2019; Fotaki et al., 2002; Hämmerle et al., 2002; Reymond et al., 2002; Willsey et al., 2020). 

Hammerle and colleagues (Hammerle et al., 2011) demonstrated that DYRK1A was expressed in the 

neuro proliferative zone of the chick spinal cord and that decreasing DYRK1A protein function in 

this zone resulted in increased number of mitotic cells. This was accompanied by decreased p27 (also 

called KIP1 and encoded by CDKN1B) a cyclin-dependent kinase inhibitor, that regulates cell cycle 

exit. The authors (Hammerle et al., 2011) also found that decreasing Dyrk1a in proliferating neurons 

of the mouse telencephalon had the same effect. Thus, it appears that lowered DYRK1A/Dyrk1a 

dosage causes neurons to fail to exit the cell cycle in the developing vertebrate nervous system. In 

addition, it was also shown that the population of DYRK1A deficient neurons that remained 

undifferentiated eventually underwent apoptosis (Hammerle et al., 2011).  In Xenopus embryos, 

Willsey and colleagues (Willsey et al., 2020)  reported that reduced Dyrk1a resulted in smaller 

telencephalons which was accompanied by changes in the expression of cell cycle regulators such as 

cyclins and cyclin dependent kinases. Additionally,  similar to mice and chick, there was also 

increased neural apoptosis that could account for the smaller brain size in the Xenopus embryos. 

Therefore, these studies together provide evidence that decreased Dyrk1a disrupts the cell cycle and 

leads to cell death in the nervous system. 

The central nervous system continues to develop beyond embryonic  stages and there has been 

a wealth of studies that have examined the effects of reduced Dyrk1a dosage on the postnatal brain 

and spinal cord. In many of these studies there are reports of regional specific reductions in the brain 

that in some cases have been correlated with behavioral changes including autistic like impairments 

(Barallobre et al., 2014; Exner and Willsey, 2021; Fotaki et al., 2002; Guedj et al., 2012; Kim et al., 2017; 

Raveau et al., 2018; Santos-Durán and Barreiro-Iglesias, 2022). From these studies, a general theme 

emerges where Dyrk1a is required for an appropriate balance between cell proliferation and the 

growth arrest during cell differentiation and its reduction can result in the death of neurons. These 
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studies also collectively provide evidence that too little Dyrk1a affects the growth of the brain beyond 

embryonic development.  

In addition to neurons in the brain and spinal cord, a recent study by Willsey and colleagues 

(McCluskey et al., 2025) demonstrates that decreased Dyrk1a could also affect the early development 

of the enteric nervous system which regulates the digestive system. Enteric neurons are derived from 

the neural crest, a group of cells in the embryo that originate next to the CNS and then migrate to the 

digestive tract. These neural crest cells then differentiate into the neurons controlling gut motility. 

The authors revealed that Dyrk1a knockdown affects the ability of the progenitor enteric neurons to 

properly populate the developing gastrointestinal tract in Xenopus embryos. Moreover, this 

correlated with a decrease in the ability of the frog larvae to digest food. This study indicates that 

Dyrk1a can also affect neural development outside the central nervous system.  

2.2.2. Too Little Dyrk1a Causes Craniofacial Differences 

The most recognizable developmental differences associated with DYRK1A syndrome are those 

that impact the craniofacial region. Dyrk1a/dyrk1a mRNA and encoded protein are present 

throughout the developing head of mice, zebrafish, and Xenopus including the branchial arches that 

are major contributors to the jaw (Blackburn et al., 2019; Buchberger et al., 2021; Johnson et al., 2024). 

It was demonstrated that diminished Dyrk1a function in Xenopus embryos caused orofacial 

malformations (Johnson et al., 2024). Such malformations included hypotelorism, altered mouth 

shape, slanted eyes, accompanied by reduction of the jaw cartilage and muscle. Remarkably, similar 

anomalies have been reported in people with loss of function DYRK1A variants (Suppl. File). 

Importantly, by employing Dyrk1a antagonists, it was revealed that facial anomalies were caused by 

inhibiting Dyrk1a kinase activity during a critical period of early craniofacial development. 

Decreased Dyrk1a function during this period led to the misexpression of key craniofacial regulators 

including transcription factors and members of the retinoic acid signaling pathway. These changes 

were also accompanied by a minor reduction in cell proliferation and dramatic increase in apoptosis 

in the facial tissues. Thus, as in the nervous system, too little Dyrk1a results in excess cell death which 

in turn contributes to the craniofacial anomalies.  

2.2.3. Too Little Dyrk1a Causes Defects in the Cerebral Vasculature 

In the developing zebrafish brain, dyrk1a mRNA is not only expressed in neurons but also the 

veins and arteries that vascularize the cerebrum.  The Dyrk1a protein is highly conserved in this 

species, however a duplication in the genome has produced two copies of dyrk1a.  Cho and 

colleagues (Cho et al., 2019) demonstrated that mutation of one of the copies, dyrk1aa, or treatment 

with a Dyrk1a inhibitor resulted in zebrafish larvae with decreased complexity of the cerebrovascular 

system accompanied by cerebral hemorrhaging (Cho et al., 2019). This could have been caused by 

enlarged interstitial spaces possibly reducing the seal between the blood vessels. In addition, the 

authors (Cho et al., 2019) revealed that EGTA, a calcium-specific chelator agent, was able to suppress 

the hemorrhagic phenotype in the dyrk1aa mutants. These results suggest that the effects of decreased 

Dyrk1a on brain vessels could be ameliorated by modulating calcium levels. From this work, we also 

might speculate that impairments in blood supply to the brain could contribute to the decreased 

survival of neurons, which could lead to decreased growth of the brain.  

2.2.4. Too Little Dyrk1a Causes Kidney Anomalies 

Congenital defects affecting the kidney are present in a subset of humans with loss of function 

DYRK1A variants and Dyrk1a syndrome. Consistently, Blackburn and colleagues (Blackburn et al., 

2019) revealed that dyrk1a mRNA is expressed in the developing kidney and that knockdown of this 

protein caused kidney anomalies in Xenopus embryos.  Specifically, the kidneys were missing the 

proximal and distal tubules that are integral for kidney function. This study also supports Xenopus as 

a useful translational model to study Dyrk1a-dependent kidney development since its nephron is 
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anatomically and functionally similar to the mammalian nephron. Future work in this and other 

developmental models could be useful in dissecting the mechanism underlying the Dyrk1a function 

in the development of this organ.  

2.2.6. Too Little Dyrk1a Perturbs Ciliogenesis  

There are several tissues and organs, including the brain ventricles and kidney, that contain 

multiciliated cells. Cilia are integral to the development of multiple systems in the embryo, 

influencing signaling pathways such as Sonic Hedgehog as well as tissue morphogenesis and cellular 

communication (Amack, 2022). By sensing and transducing extracellular signals, cilia also help 

coordinate the growth, patterning, and organization of the vertebrate body plan (Amack, 2022; 

Anvarian et al., 2019; Mill et al., 2023). Therefore, it is not surprising that defects in cilia development 

can cause a host of malformations which are together called ciliopathies (Hildebrandt et al., 2011). 

The process of forming multiciliated cells has been extensively studied in the epidermis of Xenopus, 

where the cells are large and easily visualized (Brooks and Wallingford, 2014; Werner and Mitchell, 

2012). In this model, WiIlsey and colleagues (Willsey et al., 2020) identified the presence of Dyrk1a in 

the cilia of epidermal multiciliated cells and demonstrated that knockdown of this protein resulted 

in fewer skin cilia (Willsey et al., 2020). Building upon this work, Lee and colleagues (Lee et al., 2022) 

revealed that Dyrk1a phosphorylates CEP97, which induces the recruitment of Polo-like kinase 1 and 

activation of the separase pathway. This pathway in turn is required for the formation of basal bodies, 

the modified centriole structures that are necessary for cilia formation and function. Thus, reduced 

Dyrk1a could have profound effects during the development of a range of tissues and organs by 

impairing cilia development. 

2.2.7. Too Little Dyrk1a Alters Eye Development 

Humans with loss of function DYRK1A variants often have eye malformations. Consistently, 

Dyrk1a mRNA and protein is expressed in the mouse retina throughout embryonic and postnatal 

development (Fotaki et al., 2002; Hämmerle et al., 2008; Laguna et al., 2008; Laguna et al., 2013). 

Laguna and colleagues (Laguna et al., 2008) demonstrated that DYRK1A has an important role in the 

development of this structure in mice. Specifically, Dyrk1a haploinsufficient (Dyrk1a+/−) postnatal mice 

have reductions in specific layers of the retina that correlates with disruptions in retinal function at 

the adult stage. The reduction in the number of retinal cells was not due to specific ation or 

proliferation of retinal progenitors in the embryo. Rather, the authors uncovered a significant increase 

in apoptotic cells in the affected retinal layers later in the perinatal and postnatal stages. Moreover, 

they also revealed that DYRK1A phosphorylated caspase-9 and thereby inhibited the intrinsic 

apoptotic pathway, promoting cell survival. Thus, these results reveal that too little Dyrk1a affects 

cell survival in the developing eye and can explain eye anomalies in people with DYRK1A loss of 

function variants. 

3. Too Much DYRK1A 

3.1. DYRK1A Gain of Function Copy Number Variants in Humans 

DYRK1A is triplosensitive, meaning it is intolerant to a gain of function or duplication of an 

allele (pTriplo=0.98) (Collins et al., 2022). Possibly for this reason, DYRK1A copy number variant 

(CNV) gains are rare. However, we identified 25 individuals with CNVs affecting DYRK1A and noted 

a wide variety of developmental anomalies in the DECIPHER database (Firth et al., 2009) 

(summarized in Figure 4A,B, Suppl. File). These individuals had duplication events that, in the 

majority of cases, included 10-100Mbs. Of the individuals with DYRK1A gains, 96.0% had differences 

affecting the brain or motor function such as intellectual disability, hypotonia as well as delayed 

speech and language development. A large proportion of people (80.0%) also had anomalies affecting 

the craniofacial region including a skin fold in the upper eyelid (epicanthus), upslanted palpebral 

fissures, and malformed skull shape (brachycephaly). Structural differences affecting the eye 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1118.v1

https://europepmc.org/article/MED/35917817
https://europepmc.org/article/MED/35917817
https://europepmc.org/article/MED/35917817
https://doi.org/10.20944/preprints202504.1118.v1


 8 of 26 

 

(strabismus, blue tint to the sclera, brushfield spots) were also very frequent occurring in 48.0% of 

individuals with CNVs affecting DYRK1A. A smaller proportion (28.0%) of people also had defects 

affecting the heart (including atrial septal defect, EEG abnormality, pulmonic stenosis), as well as  

the urogenital system (36.0% and 3.2% respectively). There were also a proportion of individuals with 

DYRK1A CNV gains that had other anomalies that did not fall into these categories, affecting other 

aspects of the body. For example, many people had short stature, had a short neck with extra skin, 

crooked fingers (clinodactyly) and small hands. This information suggests that increased DYRK1A 

could have profound developmental effects on multiple organs, structures and tissue types. 

 

Figure 4. A) Developmental differences in humans with DYRK1A gain of function variants. Created in 

BioRender. Dickinson, A. (2023) BioRender.com/p92x848.  B) Percentage of phenotypes in individuals 

registered in the DECIPHER with DYRK1A gain of function CNVs registered in the DECIPHER database. 

Malformations in people with available phenotypic data were categorized as craniofacial, brain, eye, heart, 

urogenital and others. The number of individuals with at least one phenotype in a particular category were 

graphed (n=25). 

3.2. Too Much Dyrk1a in Vertebrate Animal Models Causes Developmental Defects 

People with DYRK1A gain of function variants can present with anomalies affecting multiple 

organs and tissues.  Animal models have revealed that such anomalies could be due to specific and 

sometimes the different effects of excess DYRK1A/Dyrk1a on each organ system as well as more 

global effects on early developmental processes (summarized in Figure 5).   
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Figure 5. Schematic showing the effects of increased Dyrk1a on developing structures in animal models. Created 

in BioRender. Dickinson, A. (2024) BioRender.com/w77b99. 

3.2.1. Too Much Dyrk1a Disrupts Gastrulation 

As the embryo begins to arrange its germ layers during gastrulation, a specialized region called 

the organizer forms. This region emits signals that induce surrounding cells to adopt specific fates 

and guide the development of various tissues and organs (Kumar et al., 2021). The organizer also 

plays a crucial role in establishing the anterior-posterior and dorsal-ventral axes of the embryo 

(Bouwmeester, 2001; De Robertis, 2009). Liu and colleagues (Liu et al., 2022) showed that when dyrk1a 

was overexpressed in zebrafish embryos, the genes expressed in the organizer were downregulated. 

Later, these embryos had anomalies such as axis defects and malformations affecting the brain, 

craniofacial structures, eyes and heart. The authors (Liu et al., 2022) also revealed that organizer 

disruption was due to Dyrk1a’s effects on two important signaling pathways, WNT and TGF-beta, 

both of which are critical for germ layer formation and patterning the embryo’s axes (Carron and Shi, 

2016; Hikasa and Sokol, 2013; Kofron et al., 1999). In Xenopus, Hong and colleagues (Hong et al., 2012) 

also revealed that excess Dyrk1a caused gastrulation delays accompanied by the misexpression of 

the organizer genes. Moreover, these authors also demonstrated that too much Dyrk1a could enhance 

axis duplication caused by ectopic beta-catenin expression. This finding suggests that this protein 

could modulate canonical WNT signaling at these early stages. Indeed, the authors uncovered a role 

for Dyrk1a in regulating p120-catenin and Kaiso, which together repress canonical WNT signaling 

(Hong et al., 2012). Moreover, an excess of Kaiso rescued the effect of dyrk1a overexpression on 

gastrulation and target gene expression.  

These studies in aquatic developmental models suggest that too much Dyrk1a can perturb early 

signals, including WNT, that are critical for gastrulation. By altering this developmental process, we 

could predict that excess dyrk1a would cause multi-organ defects. These studies emphasize the 

importance of determining how changes in DYRK1A/Dyrk1a/dyrk1a dosage affect early 

developmental stages and processes. 

3.2.2. Too Much Dyrk1a Disrupts Central Nervous System Development  

Overexpression of DYRK1A/Dyrk1a /dyrk1a has been shown to affect the growth of the brain in 

several model vertebrates. For example, in the same study that examined effects of decreased 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1118.v1

https://doi.org/10.20944/preprints202504.1118.v1


 10 of 26 

 

DYRK1A in the developing chick nervous system, Hammerle and colleagues (Hammerle et al., 2011) 

also investigated the effect of increasing this protein. They determined that ectopic expression of 

DYRK1A has the opposite effect of decreasing this gene and induced a decrease in mitotic cells in a 

neuro proliferative zone. In another study, Yabut and colleagues (Yabut et al., 2010) electroporated 

Dyrk1a into the cerebral cortex of embryonic stages of mice and found that it affects the balance 

between proliferation and differentiation of neurons. Specifically, excess Dyrk1a inhibits neural cell 

proliferation and promotes premature neuronal differentiation in the radial glial cells, the neural stem 

cells of the brain. Moreover, they demonstrated that these effects are dependent on the DYRK1A 

kinase activity and are mediated by the nuclear export and degradation of cyclin D1 (Yabut et al., 

2010). In zebrafish larva, Buchberger and colleagues (Buchberger et al., 2021) tested the effects of 

dyrk1a overexpression in Purkinje cells, a specific population of neurons located in the cerebellum 

that governs motor control. Results demonstrated that overexpression in these cells did not interfere 

with their initial survival (Buchberger et al., 2021). However, later in development the Purkinje cell 

layers occupied a smaller area within the cerebellum but without a reduction in cell numbers, 

suggesting that differentiation and cell morphology could be perturbed. This morphological change 

in the cerebellum significantly correlated with alterations in swimming behavior. Moreover, the 

Purkinje cell layer defects could be prevented by Dyrk1a inhibition.  

Together, these studies in the embryonic stages of animal models suggest that Dyrk1a is 

important in different populations of developing neurons at different times. Mechanistically, it 

appears to be essential in modulating the balance between proliferation and differentiation. 

Interestingly, Hammerle and colleagues (Hammerle et al., 2011), identified NOTCH signaling as 

regulator of such a balance in chick embryos.  Indeed, this pathway is well established as being 

important for regulating the switch between proliferation and differentiation in the developing 

nervous system (Moore and Alexandre, 2020; Roese-Koerner et al., 2017).  

Too much Dyrk1a not only affects the brain during embryonic stages, but also during postnatal 

stages as the central nervous system matures. For example, several studies have shown that 

transgenic mice with an extra copy of the mouse or human Dyrk1/DYRK1A had increased brain 

weight and region-specific morphological changes postnatally (Ahn et al., 2006; Altafaj et al., 2001; 

Branchi et al., 2004; Guedj et al., 2012; Sebrié et al., 2008). Guedj and colleagues (Guedj et al., 2012) 

also showed that too much Dyrk1a dramatically enhanced AKT signaling in the postnatal brain, a 

pathway intimately tied to cell proliferation and growth (Mahajan and Mahajan, 2012; Peng et al., 

2003).  

Together, studies of excess Dyrk1a in the nervous system suggest that it can cause an imbalance 

in proliferation and differentiation in multiple neural cell types and at various times during 

development. This imbalance could explain the morphological differences in the brain as well as 

behaviors deficits in animal models and humans with too much Dyrk1a/DYRK1A. 

3.2.3. Too Much Dyrk1a Disrupts Germ Cell Development 

Individuals with DYRK1A gain of function CNVs have increased risk of urogenital differences 

and infertility. Lui and colleagues (Liu et al., 2017) demonstrated that some of these differences could 

be caused by defective development of the primary germ cells in zebrafish embryos. These germ cells 

are specified very early in development and then migrate to the gonad position after which they 

develop into eggs and sperm (De Felici, 2000; Raz, 2003). Overexpression of either the human or 

zebrafish dyrk1a in embryos resulted in fewer and disordered primordial germ cells. Moreover, 

proteomic analysis revealed that these changes were accompanied by the decrease of two proteins 

(Ca15b and Piwil1) important for primordial germ cell development. Consistently, Dard and 

colleagues (Dard et al., 2021) revealed that postnatal mice overexpressing Dyrk1a have impaired 

fertility and deficiencies in spermatogenesis. In this model, at these later stages, the spermatogonia 

are produced in excess, but accompanied by abnormal spermatogonial differentiation and meiosis 

entry.  
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Together, the studies of gamete development in mice and zebrafish suggest the possibility that 

excess DYRK1A has more than one effect on gamete production, but a common thread emerges that 

similar to the nervous system, too much DYRK1A/Dyrk1a may be dysregulating the balance between 

the proliferating and differentiating gametes. 

3.2.4. Too Much Dyrk1a Causes Eye Malformations 

Structural and functional differences in the eye are present in individuals with gain of function 

CNVs of DYRK1A.  Consistently, Laguna et al (2013) determined that specific layers of the retina are 

thicker in adult mice with an extra copy of Dyrk1a (mBACtgDyrk1a). These morphological changes 

correlated with enhanced retinal activity and altered responses to light. Moreover, the authors 

determined that such changes in the adult retina could be due to a decrease in caspase-9 mediated 

apoptosis during embryonic stages. Cell death is a critical process in vertebrate retinal development, 

refining the numbers of cells and neuronal connections (Biehlmaier et al., 2001; Farah and Easter, 

2005).  Thus, both too little (section 2.2.7) and too much DYRK1A deregulates cell survival in the 

retinal, altering the morphology and the function of the eyes. 

3.3. Down Syndrome 

Gain of function of DYRK1A also occurs in Down syndrome, one of the most universally 

recognized genetic syndromes which has been well described in many reviews (Antonarakis, 2017; 

Antonarakis et al., 2004; Antonarakis et al., 2020; Asim et al., 2015; Bull, 2020; Kaczorowska et al., 

2019; Rafii et al., 2019; Roper and Reeves, 2006; Wiseman et al., 2009). Down syndrome is caused by 

an extra copy of chromosome 21, which contains at least 233 protein-coding genes as well as 423 non-

protein-coding genes and 188 pseudogenes (Antonarakis et al., 2020). Thus, most certainly, the multi-

organ presentation of Down Syndrome is not caused by the overexpression of one individual gene 

such as DYRK1A but by a range of consequential interactions of other genes on chromosome 21 and 

their targets (Sloan et al., 2023). However, as discussed in section 3.4 below correcting Dyrk1a dosage 

in Down syndrome mouse models demonstrates that indeed DYRK1A could be an important 

contributor to the developmental anomalies in this common congenital syndrome.  Therefore, 

understanding the effects of excess DYRK1A could lead to insight into the developmental 

mechanisms that can cause some of the phenotypic differences associated with Down Syndrome. 

Down Syndrome is characterized by intellectual disability, decreased muscle tone, seizures, as 

well a set of stereotypical features (Antonarakis, 2017; Locatelli et al., 2022; Murphy et al., 2024) 

(Suppl. File).  These include craniofacial differences such as a flat or depressed nasal bridge, upward 

slant of the eyes, epicanthus, protruding tongue and brachycephaly. In addition, people with Down 

syndrome can also have eye anomalies, congenital heart defects, and specific differences in the hands. 

Interestingly, many of the structural abnormalities observed in Down syndrome individuals are also 

reported in people with DYRK1A CNV gains (see Suppl. file), in further support of the conclusion 

that this gene could contribute to the birth defects associated with Down syndrome. However, this 

type of comparison needs to be made with caution since each phenotypic difference can be caused 

by perturbing different processes and genes in the embryo. That is, the same phenotypic anomaly 

could be caused by very different mechanisms. Therefore, it is important to understand the specific 

developmental effects of excess DYRK1A to determine if this gene contributes to the phenotypes 

associated with Down syndrome. 

3.4. Normalizing DYRK1A Dosage in Animal Models of Down Syndrome 

To test whether DYRK1A contributes to specific developmental differences in Down syndrome, 

strategies to genetically or pharmacologically normalize Dyrk1a primarily in mouse Down syndrome 

models have been utilized (Atas-Ozcan et al., 2021; Herault et al., 2017; Moore and Roper, 2007). 

Investigators have used these types of experiments to demonstrate that elevated Dyrk1a could 

contribute to the brain, heart, and craniofacial malformations in the Down syndrome animal models. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1118.v1

https://doi.org/10.20944/preprints202504.1118.v1


 12 of 26 

 

3.4.1. Genetically Normalizing Dyrk1a Can Improve Developmental Anomalies in Down Syndrome 

Mouse Models 

One method to assess the influence of too much Dyrk1a in Down syndrome mouse models is to 

genetically normalize the amount of this protein. To accomplish this, investigators have crossed one 

of the mouse models of Down Syndrome (such as Ts65Dn or Dp1Tyb) with Dyrk1a haploinsufficient 

mice (Dyrk1a+/−). This then results in mice with a normalized copy number of Dyrk1a (Ts65Dn or 

Dp1Tyb/Dyrk1a +/+/−) with a Down syndrome-like background. This allows investigators to dissect 

the specific effects of too much Dyrk1a in the context of the trisomy of other genes gained in Down 

syndrome. However, some caution should be considered since Dyrk1a levels are not always 

normalized consistently using this approach (Hawley et al., 2024). Another method to genetically 

normalize Dyrk1a is to use short hairpin RNA, which can be injected into specific tissue in the Down 

syndrome mouse model. This method allows for a more targeted approach to understand the role of 

DYRK1A at a specific time and place in the context of Down syndrome. Collectively, these types of 

studies indicate that normalizing Dyrk1a dosage can improve Down syndrome associated 

malformations in the eye, face, brain and heart (summarized in Figure 6) 

 

Figure 6. Schematic showing effects of genetically normalizing Dyrk1a in Down syndrome mouse models. 

Created in BioRender. Dickinson, A. (2023) BioRender.com/t89v180. 

3.4.1.1. Brain Development 

Since one of the most prevalent and devastating anomalies associated with Down syndrome is 

intellectual disability, there has been a significant effort to assess the effect of normalizing Dyrk1a in 

the brain of mice. A growing body of evidence demonstrates that indeed normalization of Dyrk1a 

during embryonic development in the trisomic mouse models can result in improvements nervous 

system that can be later assessed in postnatal stages (Feki and Hibaoui, 2018; García-Cerro et al., 2014; 

Jiang et al., 2015; Ortiz-Abalia et al., 2008; Stringer et al., 2017b). For example, Garcia-Cerro and 

colleagues (García-Cerro et al., 2014) crossed Dyrk1a haploinsufficient mice (Dyrk1a+/−) with a Down 

syndrome model (Ts65Dn) and showed that proliferation, differentiation and synapse markers were 

returned to normal in the hippocampus. Moreover, these morphological changes correlated with 
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improvements in behavioral tests that assessed memory and fear. Using a different approach, Altafaj 

and coworkers (Altafaj et al., 2013) normalized Dyrk1a by injecting a short hairpin RNA against 

Dyrk1a into the Ts65Dn mouse embryo. In doing so, synaptic plasticity molecular markers and the 

electrophysiological properties of the hippocampus were also returned to normal.  

Together, these studies reveal that DYRK1A overexpression in individuals with Down syndrome 

could be responsible for some of the associated structural and functional brain anomalies. Moreover, 

similar to studies assessing excess Dyrk1a alone, normalizing this gene can improve proliferation and 

differentiation and at least partially rescue the neural function in animal models of Down Syndrome. 

3.4.1.2. Craniofacial Development 

People with Down syndrome have a set of characteristic craniofacial differences, and they are at 

a greater risk for cleft lip/palate (Allareddy et al., 2016; Antonarakis, 2017; Farkas et al., 2001; Macho 

et al., 2014; Rafii et al., 2019; Vicente et al., 2020). Down syndrome mouse models also have numerous 

differences in the shape and morphology of the jaw and skull bones that can be recognized in 

embryonic stages (McElyea et al., 2016; Redhead et al., 2023). To assess the potential effects of too 

much Dyrk1a on these skeletal elements, Redhead and colleagues (Redhead et al., 2023) crossed 

Dyrk1a+/− mice with a mouse Down Syndrome model (Dp1Tyb). Indeed, they determined that when 

Dyrk1a was normalized in these mice, the shape and size of the crania and mandibles were closer to 

normal. One possible explanation for the cranial skeletal defects in Down syndrome could be the 

differences in cranial neural crest development since this population of cells contributes to much of 

the vertebrate cranial skeleton (Knight and Schilling, 2006; Santagati and Rijli, 2003). Indeed, in mouse 

models of Down syndrome there is a decrease in neural crest correlating with a reduction in mitotic 

cells in this population of cells (Redhead et al., 2023; Roper et al., 2009). This neural crest proliferation 

defect was eliminated when Dyrk1a was normalized in the Dp1Tyb mice (Redhead et al., 2023). These 

studies indicate that excess DYRK1A could be a contributor to some of the craniofacial defects 

associated with Down syndrome, particularly those caused by neural crest proliferation deficits. 

3.4.1.3. Heart Development 

Heart anomalies, including septal defects and malformations of the outflow tract, are prevalent 

in newborn Down syndrome individuals and can lead to increased mortality (Vis et al., 2009). 

Similarly, septal and outflow tract defects are also observed in mouse models of Down Syndrome 

(Lana-Elola et al., 2016). Lana-Elola and colleagues (Lana-Elola et al., 2024) revealed that such 

morphological anomalies in both humans and mice are accompanied by altered expression of genes 

involved in oxidative phosphorylation and cellular proliferation. Consistently, in the mouse Down 

syndrome model there was impaired mitochondrial function and cell proliferation in the embryonic 

hearts. The authors then crossed the Dyrk1a+/- heterozygous mice with a Down Syndrome model 

(Dp1Tyb) to test whether the increased Dyrk1a contributed to heart anomalies and changes in 

cardiomyocyte transcriptional profiles in this mouse. Remarkably, the embryonic hearts of the Dyrk1a 

normalized embryos did not have the characteristic septal defects seen in the Dp1Tyb mice and 

appeared more like the wild type controls. In addition, the transcriptional profiles, proliferation rates 

and mitochondrial function in embryonic cardiomyocytes were more similar to controls when Dyrk1a 

was normalized. These results indicate that elevated Dyrk1a in Down syndrome indeed contributes 

to specific changes in early heart development.  

3.4.1.4. Eye Development 

Down Syndrome individuals and mouse models often have visual impairments, including 

retinal defects. Such defects include bigger eyes with thinker retinal cell layers and these 

morphological abnormalities correlate with abnormal visual function (Laguna et al., 2008; Laguna et 

al., 2013).  Laguna and colleagues (Laguna et al., 2008; Laguna et al., 2013) determined that 

normalizing Dyrk1a in two different Down syndrome mouse models (tgYAC152f7-B and Ts65Dn) 
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ameliorated such retinal defects. The tgYAC152f7-B model has extra copies of four genes (Pigp, Ttc3, 

Dscr3 and Dyrk1a) that are on chromosome 21 of humans. When haploinsufficient Dyrk1a+/−mice were 

crossed with these tgYAC152f7-B mice, it was found that the offspring had retina morphologies that 

were indistinguishable from those of wild-type control Dyrk1a (Dyrk1a+/+) mice (Laguna et al., 2008). 

In a separate study, Laguna and colleagues (2013) also revealed the same effect of normalizing Dyrk1a 

in the Ts65Dn mice which have triplication of many more genes. Importantly, in this latter study the 

authors also demonstrated that the levels caspase-9 positive cells were reduced in the Dyrk1a+/+/- mice.  

Such results are consistent with increased caspase-9 in the retinas of mice haploinsufficient for 

Dyrk1a (see section 2.2.7 above), together indicating that DYRK1A is responsible for regulating cell 

survival.  In summary, these imbalances in Dyrk1a, causes changes in cell survival which in turn 

results in retinal malformations in the Down syndrome model mice (Laguna et al., 2008).   

3.4.2. Normalizing Dyrk1a Pharmacologically Can Improve Developmental Anomalies in Down 

Syndrome Mouse Models 

Another method to normalize Dyrk1a in Down syndrome animal models is to treat them with 

chemicals that can inhibit the protein (Stringer et al., 2017b). There has been a number of compounds 

that have been shown to inhibit Dyrk1a/DYRK1A kinase activity including Harmine, 

Epigallocatechin gallate (EGCG), INDY, ALGERNON and Leucettines (Adayev et al., 2011; Bain et 

al., 2003; Becker and Sippl, 2011; Naert et al., 2015; Nguyen et al., 2018; Ogawa et al., 2010; Yang et 

al., 2023). In particular, EGCG is an antioxidant compound found in green tea that has been the most 

widely tested chemical for its therapeutic potential in correcting the deficits associated with Down 

syndrome. Moreover, EGCG is currently being clinically tested in Down syndrome (identifier #s; 

NCT01394796, NCT01699711, NCT03624556, accessed 10/25/24, clinicaltrials.gov). The other benefit 

of treating mouse models with small molecule Dyrk1a/DYRK1A inhibitors is that they can be applied 

over specific windows of time, when Dyrk1a may be differentially expressed. However, the caveat is 

that there are off-target and side effects associated with some of these chemicals (see (Jamal et al., 

2022; Stringer et al., 2017b)). Furthermore, the role of Dyrk1a/DYRK1A in all tissues at every time of 

development is not fully understood (Ananthapadmanabhan et al., 2023).  In most studies, the proof 

of mechanism that the chemical’s rescue effect was indeed due to normalizing Dyrk1a activity, was 

not tested. Despite these caveats, pharmacological approaches to normalizing Dyrk1a through its 

protein function, have shown promise in ameliorating at least some neural, craniofacial and heart 

malformations in Down Syndrome mouse models (summarized in Figure 7). 
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Figure 7. Schematic showing effects of pharmacologically normalizing Dyrk1a in Down syndrome mouse 

models. Created in BioRender. Dickinson, A. (2024) BioRender.com/c81p492. 

3.4.2.1. Brain Development 

DYRK1A inhibitors have shown promise in correcting the neural and behavioral anomalies 

present in mouse models of Down syndrome and have been the subject of several excellent reviews 

(Atas-Ozcan et al., 2021; Becker et al., 2014; de la Torre and Dierssen, 2012; Duchon and Herault, 2016; 

Feki and Hibaoui, 2018). Here we will highlight two studies focused on neural development after 

treatments over embryonic periods.   

Souchet and colleagues (Souchet et al., 2019) determined that prenatal treatment of a mouse 

model (Dp(16)1Yey) with green tea extract (containing EGCG and other compounds) corrected 

neural anomalies affecting the hippocampus. The hippocampus is a key brain area involved in object 

recognition memory. Encoding new memories depends on the balance between the inhibitory 

GABAergic interneurons and the excitatory glutaminergic neurons in the hippocampus. The 

Dp(16)1Yey mice have an abnormal balance in these excitatory and inhibitory neurons that later 

correlates with a decreased ability to recognize objects (Souchet et al., 2019).  Green tea extract 

administered to pregnant mice during the gestation was able to restore the inhibitory/excitatory 

balance as well as memory recognition in the Down syndrome model (Souchet et al., 2019). In a 

similar study, Nakano-Kobayashi and coworkers (Nakano-Kobayashi et al., 2017) demonstrated that 

in utero treatment with a DYRK1A ATP competitive inhibitor, ALGERNON, could also rescue brain 

anomalies in a Down Syndrome mouse model (Ts1Cje). In this model, ALGERNON administered to 

pregnant Ts1Cje mice improved the number of proliferating and differentiating neurons in the 

hippocampus of the offspring. In addition, they also determined that this treatment improved the 

anomalies in cortical regions of the cerebrum that contain migrating and differentiating neurons. 

Finally, ALGERNON-treated embryos later showed improved performance in behavioral tests that 

assessed exploration, memory and learning. 

Together these studies demonstrate that in different mouse models of Down syndrome, in 

different regions of the brain and using different inhibitors, DYRK1A normalization can improve 
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neurodevelopment. Furthermore, restoration of early brain development later correlates with 

improved brain function. Therefore, these studies suggest that targeting DYRK1A could be a 

promising method to ameliorate the cognitive deficiencies associated with Down syndrome. 

3.4.2.2. Craniofacial Development 

Down syndrome mouse models have been shown to have altered facial skeletal dimensions 

(McElyea et al., 2016; Redhead et al., 2023; Starbuck et al., 2021). Starbuck and coworkers (Starbuck 

et al., 2021) revealed that green tea extract containing EGCG normalized some aspects of craniofacial 

development in a Down syndrome mouse model (Ts65Dn). The treatment occurred over early 

embryonic (prior to the differentiation of the facial skeleton) to postnatal stages followed by an 

assessment of craniofacial skeletal morphology. 60% of the Ts65Dn mice treated with green tea extract 

had skeletal dimensions that were more similar to the untreated control mice. These results indicated 

that the treatment could rescue facial dysmorphology in a subset of animals. Interestingly, a higher 

dose of green tea extract did not improve skeletal shape and may in fact have worsened the facial 

anomalies in the Ts65Dn mice (also see (Stringer et al., 2017a)). The authors extended their analysis 

to a small study in humans where children with Down Syndrome were given green tea extract from 

0-3 years of age. Remarkably, six of the seven children with Down Syndrome that were given green 

tea extract had less severe facial phenotypes compared to untreated children.  In particular, green 

tea supplementation was associated with changes in various dimensions of the nose, philtrum, and 

midface. These same craniofacial improvements were not noted in children that were given green tea 

extract at older ages. These results in mice and humans show the possibility that DYRK1A inhibition 

could be an effective method to ameliorate some craniofacial anomalies associated with Down 

syndrome, especially when provided during early stages of development.   

In another pre-clinical mouse study,  McElyea and collegues (McElyea et al., 2016) targeted 

EGCG treatments to a smaller window of craniofacial development. In this study, the authors focused 

on early pharyngeal arch development when Dyrk1a is highly expressed in a Down syndrome mouse 

model (Ts65Dn). In the Ts65Dn mice, the first pharyngeal arch was smaller in size and had fewer 

neural crest cells during early craniofacial development (Roper et al., 2009).  EGCG, given to Ts65Dn 

pregnant mothers over embryonic days 7 and 8, improved the size of the first pharyngeal arch, 

increased the number of neural crest cells and enhanced neural crest migration and proliferation in 

the offspring. Furthermore, this treatment also normalized the expression of several genes important 

for craniofacial development including two sonic hedgehog signaling members, a pathway important 

for pharyngeal arch and craniofacial development (Abramyan, 2019; Haworth et al., 2007; Xu et al., 

2023). Moreover, this pathway has specifically been shown to be misregulated in the pharyngeal 

arches in a Down syndrome mouse model (Roper et al., 2009). Importantly, this study indicates that 

there is potential in targeting such treatments to important early developmental windows when 

Dyrk1a regulates specific tissues and/or is mis-expressed in Down syndrome (McElyea et al., 2016). 

Moreover, these studies also help to probe the specific effects and signaling pathways disrupted by 

excess Dyrk1a in Down syndrome.  

Together, these studies in both mice and humans demonstrate that DYRK1A inhibition during 

embryonic development can ameliorate craniofacial anomalies associated with Down syndrome. 

Moreover, they highlight the importance of further research using tractable animal models to 

establish the developmental window for safe and efficient application of the DYRK1A inhibitors for 

ameliorating the Down syndrome associated craniofacial anomalies.  

3.4.2.3. Heart Development 

Heart defects are common in Down syndrome and genetic normalization of Dyrk1a in mouse 

models of this disease improved heart development (see section 3.4.1.3 (Lana-Elola et al., 2024)). 

Therefore, to extend their analysis, Lana-Elola and colleagues (Lana-Elola et al., 2024) also tested 

whether a DYRK1A antagonist, Leucettinib-21, could also improve heart development in the mouse 

Down Syndrome model (Dp1Tyb). When the pregnant mice were provided with Leucettinib-21 over 
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a time when the offspring’s heart was developing, there was a partial rescue. That is, this chemical 

reversed the changes in the differentially expressed genes involved in proliferation and oxidative 

stress in the Dp1Tyb embryonic hearts. On the other hand, this treatment did not significantly 

improve the structural malformations of the heart. These results indicate that Leucettinib-21 

treatment was not as effective as genetically normalizing DYRK1A function with respect to heart 

development. However, there may have been a partial effect that could be optimized by altering 

treatment duration, mode of administration or type of DYRK1A inhibitor.   

4. Conclusions and Future Directions 

Altered dosage of DYRK1A has profound effects during development.  It is no wonder that 

there is considerable effort being made to understand the function of this protein and develop 

methods to correct its levels in DYRK1A haploinsufficiency and Down Syndrome. Certainly, 

correcting Dyrk1a dosage specifically in Down syndrome animal models shows promise in alleviating 

craniofacial, eye, heart and neural anomalies associated with this disease. However, while there is 

promise that DYRK1A inhibitors could offer therapeutic options for people, these compounds have 

had little or no success in some preclinical mouse experiments and in other cases have even caused 

harm (Goodlett et al., 2020; Hawley et al., 2024; Jamal et al., 2022; Stringer et al., 2017a). These variable 

results emphasize that dosage and timing of Dyrk1a inhibition are important to consider.  Also, it 

has to be considered that DYRK1A is a potential tumor suppressor and has a role in the adult brain 

physiology (Abbassi et al., 2015; Fernandez-Martinez et al., 2015; Wegiel et al., 2011). Therefore, 

modulating this protein could have unwanted effects with respect to other diseases. Finally, it may 

also be important to consider that altering Dyrk1a dosage could have variable effects in different 

tissues and in different sexes (Hawley et al., 2024). 

As an alternative to a broad unfettered inhibition of DYRK1A, we could instead modulate this 

protein by blocking interacting or regulatory proteins. Like other kinases, DYRK1A/Dyrk1a forms 

complexes with scaffolding and adaptor proteins (Ananthapadmanabhan et al., 2023). Emerging 

evidence also indicates that such complexes can modulate DYRK1A catalytic activity or localization 

and thereby its function (Miyata and Nishida, 2023). A better understanding of DYRK1A-interacting 

proteins and substrates could offer strategies for more precise modulation of the DYRK1A function 

to avoid unwanted systemic side effects (Ananthapadmanabhan et al., 2023).  However, more work 

is needed.  Further questions that can be answered using efficient animal models include 1) when 

and where DYRK1A regulators are expressed, 2) the mechanisms by which these interactors 

contribute to DYRK1A function, and 3) whether these interactors have other DYRK1A-unrelated 

roles in the embryo.  

Another method to modify the effects of abnormal DYRK1A dosage could be to modulate 

downstream cellular processes. Some basic themes have emerged with respect to the processes 

regulated by Dyrk1a/DYRK1A during embryonic development. That is, this protein appears to have 

a critical role in balancing cell proliferation, differentiation and survival. Modulating these processes 

rather than DYRK1A itself could be an alternative way to treat DYRK1A and Down syndromes. This 

idea has also shown some promise. For example, blocking cell death reduced the effects of Dyrk1a 

haploinsufficiency during eye development in mice (Laguna et al., 2008). However, these are essential 

processes and therefore it will be important to utilize methods to provide precise control both 

temporally and spatially. 

Abnormal levels of DYRK1A could also be offset by modulating downstream transcriptional 

targets or signaling pathways. In embryos, Dyrk1a has been shown to modulate pathways such as 

sonic hedgehog, Notch, WNT, Hippo and calcium signaling. This avenue also shows promise since 

altering some of these pathways (sonic hedgehog, beta-catenin, and calcium) has each been shown to 

correct some of the developmental defects caused by incorrect dosage of Dyrk1a or anomalies in 

Down syndrome (Cho et al., 2019; Hong et al., 2012; Roper et al., 2009). However, such pathways are 

utilized in many developmental processes and therefore careful targeting will need to be developed 

before these types of experiments can move past the pre-clinical phase.  To aid this avenue, future 
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work could focus on the specific cells and timing of the downstream targets that are activated by 

DYRK1A during normal development and under disease conditions. This emphasizes the need for 

more studies using single-cell and spatial transcriptomics as well as high resolution co-localization 

of DYRK1A/Dyrk1a protein and various signaling intermediates in the embryo. Along these lines,  

single cell sequencing has revealed important insights into the transcriptional changes in specific cell 

types in Down syndrome mouse models (Chen et al., 2023). For example, Chen et al. revealed that in 

the early  embryo there was a down regulation in genes that are critical for the cell identity of 

neurons, mesenchymal cells, hepatocytes and immune cells.  Moreover, the authors propose that 

this defect in differentiation and cell identity could be connected to the activation of senescence which 

has also been observed in neural progenitors of the Down syndrome brain (Meharena et al., 2022). It 

would be interesting to know whether such effects were mediated in part by DYRK1A, especially 

since this protein can promote quiescent/senescent cell states (Litovchick et al., 2011). 

We are still at the early research stages of understanding the full complement of developmental 

processes and tissues affected by altering DYRK1A/Dyrk1a/dyrk1a dosage.  For example, in addition 

to neural, craniofacial, heart and urogenital differences we  know that people with DYRK1A or 

Down syndrome also have bone anomalies which may lead to differences in height and bone strength 

(Otte and Roper, 2024; Zhang et al., 2022).  Certainly, increased DYRK1A expression can impair the 

proliferation and differentiation of osteoblasts in culture and in postnatal mice (Lee et al., 2009).  In 

Down syndrome mouse models Dyrk1a dosage plays a role in the appendicular skeletal abnormalities 

and this role is sex specific (LaCombe et al., 2024; Sloan et al., 2023).  However, in a study where 

Dyrk1a was normalized in a Down syndrome mouse model there was no improvement to skeletal 

abnormalities during embryogenesis.  Additional studies in the embryo, especially in the context of 

decreased Dyrk1a,  are necessary to better define how levels of this protein affect the development 

of bone as well as other tissues. 

In conclusion, animal models have been critical in revealing that alterations in Dyrk1a dosage 

during embryonic development affect the formation of multiple tissues and organs. Emerging from 

these studies is the knowledge that disruption in the dosage of DYRK1A can lead to anomalies in 

growth, differentiation and cell survival.  A more thorough understanding of these effects can lead 

to important insights into DYRK1A syndrome and Down syndrome as well as developing 

preventions and treatment for these birth defects. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Excel file showing phenotypes in individuals with Dyrk1a Syndrome, Down 

Syndrome, and with sequence and copy number variants of Dyrk1A in sheet one. Note that this is not an 

exhaustive list but presents commonly reported phenotypes. In addition, on sheet two are screen shots 

displaying the genetic overview of DYRK1A variants from DECIPHER (Firth et al., 2009). 
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