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Abstract— A rising global prevalence of psychoneurological and neurodegenerative disorders emphasizes the 

critical need for effective therapeutics and methods for early and highly sensitive diagnostics in order to 

ensure efficient and timely treatment of these disorders. Expanding the range of available biomarkers for 

better characterization of disease features and progression is a promising direction in modern diagnostics. 

The discovery of novel biomarkers depends on elucidating molecular mechanisms underlying disease devel-

opment and pathogenesis. Numerous psychoneurological and neurodegenerative disorders are associated with 

the dysregulation of protein translation. The review summarizes information on the action mechanisms of 

translation factors DENR and eIF2D and evaluates their potential as diagnostic biomarkers for psychoneuro-

logical and neurodegenerative diseases. 
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INTRODUCTION

An increasing prevalence of psychoneurological 

and neurodegenerative disorders necessitates the 

development of effective treatment strategies and 

diagnostic systems for the early detection of these 

pathologies. For a long time, the primary diagnostic 

methods have been psychological tests and physical 

examinations, e.g., electroencephalography (EEG). 

However, these approaches lack accuracy and do not 

allow early disease diagnostics. Currently, the studies 

on the identification of biomarkers for psychoneuro-

logical and neurodegenerative diseases are coming to 

the fore. The search for biomarkers of neurological 

disorders requires elucidation of associated genetic 

mechanisms. Such studies pave the way for the de-

velopment of early diagnostics methods, prediction 

of disease risk, monitoring of disease progression, 

and assessment of treatment efficacy in patients. 

Mutations, single-nucleotide polymorphisms (SNPs), 

and alterations in the transcriptome play a key role in 

the pathogenesis of nervous system disorders. Recent 

advancements in DNA and RNA sequencing technol-

ogies, such as the next-generation sequencing (NGS) 

and Nanopore technology, have made it  possible to 

identify both rare and common genetic variations as-

sociated with neurological diseases [1]. Transcriptome 

analysis enables tracking of changes in gene expres-

sion in various neurological disorders. Furthermore, 

non-coding RNAs have been shown as critical factors 

in neurodegenerative processes. Other epigenetic 

mechanisms, such as DNA methylation and histone 

acetylation, also play an important role in the devel-

opment of neurological diseases [1].

Currently, researchers actively search for bio-

markers that can be used in the diagnostics of psy-

choneurological and neurodegenerative diseases. The 

heterogeneity of these disorders makes identification 

of universal biomarkers particularly challenging [2]. 

In addition to the diagnostic efficacy, the promis-

ing biomarkers should possess the following key 

properties: they should be suitable for early disease 
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diagnostics, serve as predictors of disease progres-

sion and treatment efficacy, and be cost-efficient to 

allow their clinical use. Hence, scientists continue 

their efforts in discovering candidate genes, metabo-

lites, and proteins that can be used as biomarkers for 

various psychoneurological and neurodegenerative 

pathologies.

Dysregulation of translation processes plays an 

important role in the pathogenesis of neurological 

disorders [3]. In particular, mutations in genes en-

coding components of the translational apparatus and 

changes in the expression of these genes have been 

observed in the Charcot–Marie–Tooth disease, cere-

bellar ataxia, Parkinson’s disease, and Huntington’s 

disease [4-7]. For example, the translation initiation 

factor eIF4G1 is associated with the pathogenesis of 

the Parkinson’s disease and a specific type of demen-

tia, whereas dysregulation of the translational factor 

eIF2α was found in patients with amyotrophic lateral 

sclerosis (ALS) [8, 9].

This review discusses two translation factors, eIF2D 

and DENR, presumed to be involved in the non-canon-

ical initiation of translation [10, 11]. According to the 

published studies, eIF2D and DENR play an important 

role in the functioning of the nervous system. Mu-

tations in the corresponding genes or dysregulation 

of their expression lead to severe psychoneurological 

and neurodegenerative diseases. The data on the re-

lationship between eIF2D and DENR and pathologies 

of the nervous system are summarized in Table  1. 

Despite the information indicating the association of 

these factors with a number of neurological diseases, 

their role in the pathogenesis of these disorders re-

mains poorly understood.

This review examines neurological diseases asso-

ciated with the DENR and eIF2D translation factors 

and proposes underlying molecular mechanisms. 

It  systematizes and summarizes current informa-

tion on the role of eIF2D and DENR in the patho-

genesis of psychoneurological and neurodegenerative 

disorders, which may help to address the existing 

gap in knowledge in this research field. Also, a po-

tential use of DENR and eIF2D in the diagnostics of 

psychoneurological and neurodegenerative diseases 

is discussed.

THE STRUCTURE AND FUNCTIONS 
OF EIF2D AND DENR TRANSLATION FACTORS

eIF2D and DENR are components of the transla-

tional machinery. While eIF2D acts alone, DENR forms 

a heterodimer with MCTS1 (malignant T-cell amplified 

sequence  1) protein. This interaction is mediated by 

the N-terminal Zn-binding domain of DENR, which 

binds to the C-terminal domain of MCTS1 [25]. A  re-

markable feature of these proteins is a near-identical 

domain organization of eIF2D and the MCTS1-DENR 

dimer (Fig.  1). The N-terminal region of eIF2D con-

tains the DUF1947 and PUA domains (which are also 

present in MCTS1) factor, while the C-terminal region 

harbors the SUI1 domain, which is homologous to the 

SUI1 domain of DENR [27]. The PUA domain acts as 

the RNA-binding domain and has been found in var-

ious protein families [28,  29]. It is frequently located 

after the DUF1947 domain (as in MCTS1 and eIF2D). 

According to the studies of the eIF2D and MCTS1–DENR 

complexes with the 40S ribosomal subunit, these do-

mains are responsible for the protein association with 

the ribosome and participate in stabilization of the 

tRNA acceptor stem [25,  30]. The SUI1 domain has 

been identified only in three families of eukaryotic 

proteins: eIF2D, DENR, and translation initiation fac-

tor eIF1. The SUI1 domains of all three factors occupy 

the same site on the ribosome [26, 30, 31], but the 

proteins are otherwise structurally different. In eIF2D, 

the SUI1 domain is preceded by the SWIB/MDM2 

domain connected to it through a  linker  [26,  32], 

Fig. 1. Domain organization of eIF2D, MCTS1, and DENR [25, 26]. Structural domains are shown as rectangles. Homologous 
domains are indicated with the same colors.
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Table 1. Involvement of DENR and eIF2D in the nervous system functioning and associated disorders

TRANSLATION 

FACTOR
PSYCHONEUROLOGICAL DISEASES

DENR

Disease/Dysfunction Mechanism References

schizophrenia mutation [12]

autism spectrum disorder (ASD) mutation [13, 14]

clinical depression dysregulation of gene expression [15]

NEURODEGENERATIVE DISEASES

Disease/Dysfunction Mechanism References

Parkinson’s disease dysregulation of gene expression [16]

OTHER CHANGES INDIRECTLY AFFECTING NERVOUS SYSTEM FUNCTIONING

Disease/Dysfunction Mechanism References

regulation of circadian rhythms
1. dysregulation of gene expression

2. regulation of CLOCK gene expression
[17-19]

impairment of terminal arborization 

of  cortical neurons
mutation [20]

impaired migration of cortical neurons mutation [20]

regulation of RAN translation dysregulation of gene expression* [21, 22]

eIF2D

PSYCHONEUROLOGICAL DISEASES

Disease/Dysfunction Mechanism References

schizophrenia dysregulation of gene expression [23]

OTHER CHANGES INDIRECTLY AFFECTING NERVOUS SYSTEM FUNCTIONING

Disease/Dysfunction Mechanism References

regulation of RAN translation dysregulation of gene expression* [22, 24]

Note. * Caused by gene knockdown.

the  two domains and the linker forming a single, rig-

id structure. In the analogous position, DENR contains 

the zinc-binding domain that mediates its interaction 

with  MCTS1 [25, 33].

The functions of eIF2D and DENR remain obscure. 

Based on the accumulated body of evidence, these 

proteins are involved in the non-canonical translation 

initiation, with the functional activity of DENR being 

different from that of eIF2D. DENR in the content of 

the dimer is capable of initiating translation of open 

reading frames (ORFs) preceded by short upstream 

ORFs (uORFs) located in the 5′-untranslated regions 

(5′-UTRs) [10, 11]. Yeast orthologs of eIF2D and DENR 

are involved in the ribosome recycling and mediate 

dissociation of the complex formed by the 40S ribo-

somal subunit, deacylated tRNA, and mRNA [34, 35]. 

Hence, it is possible that eIF2D and DENR participate 

in the ribosome recycling in humans as well.

Although the functions of eIF2D and DENR-MCTS1 

dimer are poorly understood, the early studies of 

these factors have unequivocally demonstrated their 

involvement in the tRNA positioning in the ribosomal 

P-site [27, 36]. The precise role of these proteins re-

mains ambiguous: it is unclear whether they stabilize 

tRNA in the P-site to promote translation initiation 

or trigger tRNA dissociation to enable ribosome recy-

cling. Furthermore, the question of how these func-

tions are divided between eIF2D and MCTS1–DENR 

heterodimer remains unresolved, given their similar 

domain architecture.
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The dysregulation of the eIF2D and DENR expres-

sion is frequently associated with pathologies. Thus, 

DENR expression is increased in various types of can-

cer [37]. Upregulated DENR expression is associated 

with late-stage malignancies, including lung, breast, 

renal, and colorectal carcinomas. It was reported 

that elevated DENR expression may be a risk factor 

in the glioma development in dogs [38]. In contrast, 

eIF2D expression is downregulated in certain cancer 

types [39]. Furthermore, according to the obtained 

data, DENR might be involved in the regulation of 

cell cycle, as well as in DNA repair and splicing [38]. 

Mutations in the DENR and eIF2D genes and their 

altered expression are associated with neurological 

diseases, including, for example, schizophrenia and 

autism spectrum disorders (ASDs) [12, 13, 23].

EIF2D AND DENR 
AS POTENTIAL BIOMARKERS 

OF PSYCHONEUROLOGICAL DISORDERS

Translational control in neurons is essential for 

cognitive brain functions. The critical importance of 

protein synthesis regulation for normal brain func-

tioning is indicated by the existence of a broad 

spectrum of disorders linked to altered translation 

rates, such as autism and neurodegenerative diseas-

es. It is currently believed that the translation initi-

ation factor eIF2α, mTORC1 complex, and translation 

elongation factor eEF2 are the principal regulators 

of neuronal translation [40]. The fundamental sig-

nificance of translational control in neurons strong-

ly suggests that the inventory of regulatory factors 

essential for normal neuronal function is destined 

to grow.

The eIF2D and DENR genes have been identified 

as biomarkers for diagnosing psychoneurological dis-

orders. It was demonstrated that the eIF2D expression 

is typically elevated in patients suffering from schizo-

phrenia for more than ten years. The expression of 

eIF2D can be assessed in blood samples, which elim-

inates the need for brain biopsy, a procedure gener-

ally unacceptable in clinical practice [23]. However, it 

is important to mention that during the early stages 

of schizophrenia, the eIF2D expression is typically 

downregulated [23].

Recently, it was found that DENR is a risk gene in 

schizophrenia, and that the C37Y missense mutation 

in its Zn-binding domain is associated with ASD [12, 

13]. According to the study by a research group from 

Finland [14], this mutation was associated with ASD 

in two out of three patients with NFID (Northern Fin-

land intellectual disability). Therefore, available data 

indicate a link between DENR and both schizophrenia 

and ASD.

The association of DENR with schizophrenia and 

autism suggests that this protein may play a role in 

the pathogenesis of these disorders. Molecular ge-

netics studies have identified a substantial genetic 

overlap between schizophrenia and ASD. For exam-

ple, it was shown that individuals with deletions or 

duplications in the 22q11.2 locus have a significant-

ly increased risk of developing both these disorders, 

while disruptions in the locus containing the C4 (com-

plement component  4) gene were found in patients 

with schizophrenia, as well as in those with ASD [41]. 

Further studies in this direction will confirm whether 

DENR represents another example of genetic overlap 

between schizophrenia and autism and can serve as 

a composite biomarker for the diagnostics and risk 

prediction for both disorders.

The functional impairments of DENR have a no-

ticeable impact on the nervous system activity. Beside 

the known ASD-linked C37Y mutation in the zinc-bind-

ing domain, it was demonstrated that the de  novo mis-

sense mutations C37Y and P121L disrupt the terminal 

arborization of cortical neurons [20]. DENR was found 

to affect migration of cortical neurons in mice in  vivo 

[20]. Furthermore, DENR expression was found to be 

upregulated in depression, resulting in a higher DENR 

concentration in blood samples [15].

Therefore, the functional significance of DENR in 

neuronal processes points out two promising research 

directions: investigation of links between mutations 

in the DENR gene, alterations in its expression, and 

psychoneurological disorders and, if these links are 

confirmed, assessment of the diagnostic potential of 

DENR as a composite biomarker for these disorders. 

Currently, the lack of experimental data on eIF2D pre-

vents it from being considered as a reliable biomark-

er of psychoneurological diseases.

DENR, SLEEP DISORDERS, 
AND PATHOGENESIS 

OF NEURODEGENERATIVE DISEASES

Sleep dysfunction negatively affects brain and be-

havioral functions. In particular, it disrupts circadian 

rhythms, which impairs the clearance of misfolded 

neurotoxic proteins involved in the development of 

neurodegenerative disorders, such as Alzheimer’s and 

Parkinson’s diseases [42]. As shown in young mice, 

the levels of DENR in the cortical neurons increase 

during sleep [17]. Sleep disruption downregulates ex-

pression of translation-related genes, including DENR 

[18]. DENR participates in the regulation of circadian 

rhythms through the control of CLOCK biosynthesis, 

although the exact mechanism remains unclear [19]. 

The dysfunction of CLOCK is associated with common 

psychoneurological disorders, such as schizophrenia, 
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Fig. 2. The role of DENR in neurodegenerative (upper panel) and psychoneurological (bottom panel) pathologies associated 
with sleep disorders: gray and green, diseases presumably linked, directly or indirectly, respectively, with sleep disorders; 
red, disorders with reported changes in the DENR expression or mutations in DENR (references provided).

ASD, attention deficit hyperactivity disorder (ADHD), 

major depressive disorder, bipolar disorder, etc. [43]. 

As a member of circadian clock gene family expressed 

in the hypothalamic suprachiasmatic nucleus, the 

CLOCK gene, along with other genes, plays a pivotal 

role in the transcription–translation feedback loop. 

These genes are necessary for sustaining the sleep-

wake cycle  [44]. The knockdown of DENR reduces 

translation of the CLOCK mRNA, which might lead to 

the circadian clock dysfunction [19].

In addition to impairments in the CLOCK gene 

function, alterations in the DENR expression and mu-

tations in this gene have been found in a number of 

psychoneurological and neurodegenerative disorders. 

Thus, it was shown that the DENR expression is sup-

pressed in patients with the Parkinson’s disease. Based 

on the experimental data and results of bioinformatic 

analysis, DENR was proposed as a potential biomark-

er for the Parkinson’s disease [16]. In contrast, DENR 

expression in patients with depression is upregulated 

[15]. DENR has also been considered in the context 

of pathogenesis of psychoneurological diseases. For 

example, DENR has recently been identified as a risk 

gene in schizophrenia, and a missense mutation in its 

zinc-binding domain is associated with ASD [12, 13].

Taken together, these data suggest that DENR 

could be an important contributor to the molecular 

mechanisms underlying various psychoneurological 

and neurodegenerative disorders. As illustrated in 

Fig.  2, numerous pathologies associated with sleep 

disorders are characterized by mutations in the DENR 

gene or changes in its expression. Current evidence 

suggests that DENR can serve as a multifunctional 

biomarker for assessing the risk of a broad range of 

psychoneurological and neurodegenerative disorders.

EIF2D, DENR, AND DYSREGULATION 
OF NON-CANONICAL TRANSLATION 

INITIATION IN PATHOGENESIS 
OF NEURODEGENERATIVE DISORDERS

It has been suggested that abnormal expansion 

of specific nucleotide repeats in a genome might be 

the underlying cause of neurodegenerative disorders, 

including ALS and spinocerebellar ataxia [45,  46]. 

Nucleotide repeat expansion results in the transla-

tion of repetitive RNA sequences, thus generating pep-

tides with repeated amino acid motifs. These aberrant 

translation products exhibit a propensity for aggrega-

tion and neurotoxicity. The translation initiation for 

such repeats occurs via a mechanism independent 

of the canonical AUG start codon and is known as 

the  repeat-associated non-AUG (RAN) translation.
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Dysregulation of the RAN translational machinery 

has been detected in the myotonic dystrophy type  2 

and Huntington’s disease [47-50]. It has been shown 

that in Huntington’s disease, RAN translation takes 

place in the protein-coding genomic regions [51]. The 

studies of familial ALS have revealed mutations in the 

non-protein-coding C9orf72 locus, which also under-

goes RAN translation [52, 53].

Multiple studies have identified non-canonical 

translation initiation factors as participants in the 

RAN translation. Specifically, the knockdown of eIF2D 

in Caenorhabditis elegans enhanced RAN translation 

of the C9orf72 locus by more than 50% [21], whereas 

the knockdown of DENR in HEK293 cells reduced it 

by 50%  [22]. The same effect was observed for the 

knockdown of the MCTS1 gene encoding the heterod-

imerization partner of DENR, but not for the eIF2D 

knockdown  [22].

In Drosophila, the knockdown of DENR suppressed 

translation of expanded repeats in the C9orf72 locus, 

while decreased DENR expression promoted the via-

bility of flies expressing these repeats [22]. DENR may 

represent a promising therapeutic target in the treat-

ment of diseases driven by the expansion of C9orf72 

repeats, such as ALS and spinocerebellar ataxia. 

Future research may include investigating the  role 

of DENR as a regulatory factor of RAN translation in 

other disorders associated with repeat expansion in 

various genomic regions.

The participation of eIF2D in the RAN translation 

in the C9orf72 locus has been questioned [24]; there-

fore, the role of this protein in the RAN translation 

requires further investigation.

Collectively, the data obtained indicate that DENR 

could be a potential biomarker for diagnosing RAN 

translation-associated disorders, such as the Hunting-

ton’s disease and myotonic dystrophy type  2. Howev-

er, its validation will require additional studies of the 

RAN translation mechanisms to elucidate the regula-

tory function of DENR and to define its role in the 

pathogenesis of neurodegenerative disorders linked to 

the RAN translation. The evidence on the eIF2D in-

volvement in the RAN translation remains conflicting, 

which emphasizes the need for additional studies in 

order to define its exact function in this process and 

related neurodegenerative pathogenesis. New exper-

imental evidence could help evaluate the prospects 

of  using eIF2D as a potential biomarker for neurode-

generative disorders.

CONCLUSION

A growing prevalence of psychoneurological 

and neurodegenerative disorders necessitates time-

ly therapeutic interventions, which in turn requires 

the availability of effective early diagnostic systems. 

Current evidence indicates that the efficacy of con-

ventional diagnostic approaches based on psycholog-

ical testing and physical examinations is inadequate, 

while available biochemical and molecular genetic 

diagnostic systems have yet to achieve a satisfactory 

performance. In this regard, the development of new 

diagnostic approaches should continue, including of 

those aimed at the biomarker identification.

Understanding molecular mechanisms of diseas-

es facilitates identification of candidates for biological 

markers. Here, we analyzed the role of translation 

factors DENR and eIF2D in the development and 

pathogenesis of psychoneurological and neurodegen-

erative diseases. Both DENR and eIF2D genes have 

been identified as promising biomarkers for the Par-

kinson’s disease and schizophrenia [34,  21]. Given 

potential action mechanisms analyzed in this work, 

DENR could soon be considered a biomarker for a 

broad range of psychoneurological and neurodegener-

ative diseases to improve the accuracy of diagnostics 

and enable earlier therapeutic interventions. While 

eIF2D has been identified as a biomarker for schizo-

phrenia, its utility for diagnosing other diseases re-

mains uncertain. Therefore, further investigation into 

the role of eIF2D in the pathogenesis of psychoneuro-

logical and neurodegenerative disorders is required. 

It is important to emphasize that DENR has already 

been suggested as a biomarker for a broad spectrum 

of disorders, whereas eIF2D represents a more specif-

ic yet promising candidate biomarker.

Abbreviations

ALS amyotrophic lateral sclerosis

ASD autism spectrum disorder

RAN translation repeat-associated non-AUG 

translation

Funding

This work was supported by the State Assign-

ment for the Lomonosov Moscow State University 

(no. 123063000013-3).

Ethics approval and consent to participate

This work does not contain any studies involving hu-

man subjects or animals.

Conflict of interest

The author of this work declares that she has no con-

flicts of interest.

Open access

This article is licensed under a Creative Commons 

Attribution  4.0 International License, which permits 

use, sharing, adaptation, distribution, and reproduc-

tion in any medium or format, as long as you give 



ZAMYATNINA1770

BIOCHEMISTRY (Moscow) Vol. 90 No. 11 2025

appropriate credit to the original author(s) and the 

source, provide a link to the Creative Commons li-

cense, and indicate if changes were made. The images 

or other third party material in this article are includ-

ed in the article’s Creative Commons license, unless 

indicated otherwise in a credit line to the material. 

If  material is not included in the article’s Creative 

Commons license and your intended use is not permit-

ted by statutory regulation or exceeds the permitted 

use, you will need to obtain permission directly from 

the copyright holder. To view a copy of this license, 

visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

 1. Myrou,  A., Barmpagiannos,  K., Ioakimidou,  A., and 

Savopoulos,  C. (2025) Molecular biomarkers in neu-

rological diseases: advances in diagnosis and progno-

sis, Int. J. Mol. Sci., 26, 2231, https://doi.org/10.3390/

ijms26052231.

 2. Frye, R. E. (2022) A personalized multidisciplinary ap-

proach to evaluating and treating autism spectrum 

disorder, J. Pers. Med., 12, 464, https://doi.org/10.3390/

jpm12030464.

 3. Jia,  X., He,  X., Huang,  C., Li,  J., Dong,  Z., and Liu,  K. 

(2024) Protein translation: biological processes and 

therapeutic strategies for human diseases, Sig. Trans-

duct. Target. Ther., 9, 44, https://doi.org/10.1038/

s41392-024-01749-9.

 4. Scheper, G. C., van der Knaap, M. S., and Proud, C. G. 

(2007) Translation matters: protein synthesis defects 

in inherited disease, Nat. Rev. Genet., 8, 711-723, 

https://doi.org/10.1038/nrg2142.

 5. Li, W., Wang, X., van der Knaap, M. S., and Proud, C. G. 

(2004) Mutations linked to leukoencephalopathy with 

vanishing white matter impair the function of the eu-

karyotic initiation factor 2B complex in diverse ways, 

Mol. Cell. Biol., 24, 3295-3306, https://doi.org/10.1128/

MCB.24.8.3295-3306.2004.

 6. Satterfield, T.  F., and Pallanck, L.  J. (2006) Ataxin-2 

and its Drosophila homolog, ATX2, physically assem-

ble with polyribosomes, Hum. Mol. Genet., 15, 2523-

2532, https://doi.org/10.1093/hmg/ddl173.

 7. Eshraghi,  M., Karunadharma, P.  P., Blin,  J., Shah-

ani,  N., Ricci, E.  P., Michel,  A., Urban, N.  T., Galli,  N., 

Sharma,  M., Ramírez-Jarquín, U.  N., Florescu,  K., 

Hernandez,  J., and Subramaniam,  S. (2021) Mutant 

Huntingtin stalls ribosomes and represses protein 

synthesis in a cellular model of Huntington dis-

ease, Nat. Commun., 12, 1461, https://doi.org/10.1038/

s41467-021-21637-y.

 8. Fujioka,  S., Sundal,  C., Strongosky, A.  J., Castanedes, 

M.  C., Rademakers,  R., Ross, O.  A., Vilariño-Güell,  C., 

Farrer, M.  J., Wszolek, Z.  K., and Dickson, D.  W. 

(2013) Sequence variants in eukaryotic transla-

tion initiation factor 4-gamma (eIF4G1) are as-

sociated with Lewy body dementia, Acta Neuro-

pathol., 125, 425-438, https://doi.org/10.1007/s00401-

012-1059-4.

 9. Zheng,  W., Wang,  K., Wu,  Y., Yan,  G., Zhang,  C., 

Li,  Z., Wang,  L., and Chen,  S. (2022) C9orf72 reg-

ulates the unfolded protein response and stress 

granule formation by interacting with eIF2α, Ther-

anostics, 12, 7289-7306, https://doi.org/10.7150/

thno.76138.

 10. Schleich,  S., Strassburger,  K., Janiesch, P.  C., Kole-

dachkina,  T., Miller, K.  K., Haneke,  K., Cheng, Y.-S., 

Küchler,  K., Stoecklin,  G., Duncan, K.  E., and Tele-

man, A.  A. (2014) DENR-MCT-1 promotes translation 

re-initiation downstream of uORFs to control tissue 

growth, Nature, 512, 208-212, https://doi.org/10.1038/

nature13401.

 11. Schleich, S., Acevedo, J. M., Clemm von Hohenberg, K., 

and Teleman, A. A. (2017) Identification of transcripts 

with short stuORFs as targets for DENR•MCTS1- 

dependent translation in human cells, Sci. Rep., 7, 

3722, https://doi.org/10.1038/s41598-017-03949-6.

 12. Chen, Y., Liu, S., Ren, Z., Wang, F., Liang, Q., Jiang, Y., 

Dai,  R., Duan,  F., Han,  C., Ning,  Z., Xia,  Y., Li,  M., 

Yuan, K., Qiu, W., Yan, X. X., Dai, J., Kopp, R. F., Huang, J., 

Xu,  S., Tang,  B., Wu,  L., Gamazon, E.  R., Bigdeli,  T., 

Gershon,  E., Huang,  H., Ma,  C., Liu,  C., and Chen,  C. 

(2024) Cross-ancestry analysis of brain QTLs enhanc-

es interpretation of schizophrenia genome-wide as-

sociation studies, Am. J. Hum. Genet., 111, 2444-2457, 

https://doi.org/10.1016/j.ajhg.2024.09.001.

 13. Neale, B.  M., Kou,  Y., Liu,  L., Ma’ayan,  A., Samocha, 

K.  E., Sabo,  A., Lin, C.-F., Stevens,  C., Wang, L.-S., 

Makarov,  V., Polak,  P., Yoon,  S., Maguire,  J., 

Crawford, E.  L., Campbell, N.  G., Geller, E.  T., 

Valladares,  O., Schafer,  C., Liu,  H., Zhao,  T., Cai,  G., 

Lihm,  J., Dannenfelser,  R., Jabado,  O., Peralta,  Z., 

Nagaswamy,  U., Muzny,  D., Reid, J.  G., Newsham,  I., 

Wu,  Y., Lewis,  L., Han,  Y., Voight, B.  F., Lim,  E., 

Rossin, E., Kirby, A., Flannick, J., Fromer, M., Shakir, K., 

Fennell,  T., Garimella,  K., Banks,  E., Poplin,  R., 

Gabriel,  S., DePristo,  M., Wimbish, J.  R., Boone, B.  E., 

Levy, S.  E., Betancur,  C., Sunyaev,  S., Boerwinkle,  E., 

Buxbaum, J. D., Cook, E. H., Jr., Devlin, B., Gibbs, R. A., 

Roeder,  K., Schellenberg, G.  D., Sutcliffe, J.  S., and 

Daly, M. J. (2012) Patterns and rates of exonic de novo 

mutations in autism spectrum disorders, Nature, 

485, 242-245, https://doi.org/10.1038/nature11011.

 14. Kurki, M.  I., Saarentaus,  E., Pietiläinen,  O., Gorm-

ley,  P., Lal,  D., Kerminen,  S., Torniainen-Holm,  M., 

Hämäläinen,  E., Rahikkala,  E., Keski-Filppula,  R., 

Rauhala,  M., Korpi-Heikkilä,  S., Komulainen- 

Ebrahim,  J., Helander,  H., Vieira,  P., Männikkö,  M., 

Peltonen, M., Havulinna, A. S., Salomaa, V., Pirinen, M., 

Suvisaari,  J., Moilanen, J.  S., Körkkö,  J., Kuismin,  O., 

Daly, M.  J., and Palotie,  A. (2019) Contribution of 



DENR AND EIF2D AS POTENTIAL DIAGNOSTIC BIOMARKERS 1771

BIOCHEMISTRY (Moscow) Vol. 90 No. 11 2025

rare and common variants to intellectual disability 

in  a  sub-isolate of Northern Finland, Nat. Commun., 

10, 410, https://doi.org/10.1038/s41467-018-08262-y.

 15. Christodoulou, C.  C., Onisiforou,  A., Zanos,  P., and 

Papanicolaou, E.  Z. (2023) Unraveling the transcrip-

tomic signatures of Parkinson’s disease and major 

depression using single-cell and bulk data, Front. 

Aging Neurosci., 15, 1273855, https://doi.org/10.3389/

fnagi.2023.1273855.

 16. Wu,  J., Wu,  W., Jiang,  P., Xu,  Y., and Yu,  M. (2024) 

Identification of  SV2C  and  DENR  as key biomark-

ers for Parkinson’s disease based on bioinformatics, 

machine learning, and experimental verification, J. 

Mol. Neurosci., 74, 6, https://doi.org/10.1007/s12031-

023-02182-3.

 17. Mackiewicz, M., Shockley, K. R., Romer, M. A., Galante, 

R.  J., Zimmerman, J.  E., Naidoo,  N., Baldwin, D.  A., 

Jensen, S.  T., Churchill, G.  A., and Pack, A.  I. (2007) 

Macromolecule biosynthesis: a key function of sleep, 

Physiol. Genomics, 31, 441-457, https://doi.org/10.1152/

physiolgenomics.00275.2006.

 18. Vecsey, C.  G., Peixoto,  L., Choi, J.  H., Wimmer,  M., 

Jaganath,  D., Hernandez, P.  J., Blackwell,  J., Meda,  K., 

Park, A.  J., Hannenhalli,  S., and Abel,  T. (2012) Ge-

nomic analysis of sleep deprivation reveals trans-

lational regulation in the hippocampus, Physi-

ol. Genomics, 44, 981-991, https://doi.org/10.1152/

physiolgenomics.00084.2012.

 19. Castelo-Szekely,  V., De Matos,  M., Tusup,  M., 

Pascolo,  S., Ule,  J., and Gatfield,  D. (2019) Charting 

DENR- dependent translation reinitiation uncovers 

predictive uORF features and links to circadian time-

keeping via Clock, Nucleic Acids Res., 47, 5193-5209, 

https://doi.org/10.1093/nar/gkz261.

 20. Haas, M.  A., Ngo,  L., Li, S.  S., Schleich,  S., Qu,  Z., 

Vanyai, H.  K., Cullen, H.  D., Cardona-Alberich,  A., 

Gladwyn-Ng, I.  E., Pagnamenta, A.  T., Taylor, J.  C., 

Stewart,  H., Kini,  U., Duncan, K.  E., Teleman, A.  A., 

Keays, D. A., and Heng, J. I. (2016) De novo mutations 

in DENR disrupt neuronal development and link 

congenital neurological disorders to faulty mRNA 

translation re-initiation, Cell Rep., 15, 2251-2265, 

https://doi.org/10.1016/j.celrep.2016.04.090.

 21. Sonobe,  Y., Aburas,  J., Krishnan,  G., Fleming, A.  C., 

Ghadge,  G., Islam,  P., Warren, E.  C., Gu,  Y., Kankel, 

M.  W., Brown, A.  E.  X., Kiskinis,  E., Gendron, T.  F., 

Gao, F. B., Roos, R. P., and Kratsios, P. (2021) A C. ele-

gans model of C9orf72-associated ALS/FTD uncovers 

a conserved role for eIF2D in RAN translation, Nat. 

Commun., 12, 6025, https://doi.org/10.1038/s41467-

021-26303-x.

 22. Green, K.  M., Miller, S.  L., Malik,  I., and Todd, P.  K. 

(2022) Non-canonical initiation factors modulate 

repeat-associated non-AUG translation, Hum. Mol. 

Genet., 31, 2521-2534, https://doi.org/10.1093/hmg/

ddac021.

 23. Gilabert-Juan, J., López-Campos, G., Sebastiá- Ortega, N., 

Guara-Ciurana,  S., Ruso-Julve,  F., Prieto,  C., Cres-

po-Facorro,  B., Sanjuán,  J., and Moltó, M.  D. (2019) 

Time dependent expression of the blood biomark-

ers EIF2D and TOX in patients with schizophrenia, 

Brain Behav. Immun., 80, 909-915, https://doi.org/

10.1016/j.bbi.2019.05.015.

 24. Ito, H., Machida, K., Hasumi, M., Ueyama, M., Nagai, Y., 

Imataka, H., and Taguchi, H. (2023) Reconstitution of 

C9orf72 GGGGCC repeat-associated non-AUG trans-

lation with purified human translation factors, 

Sci. Rep., 13, 22826, https://doi.org/10.1038/s41598-

023-50188-z.

 25. Lomakin, I. B., Dmitriev, S. E., and Steitz, T. A. (2019) 

Crystal structure of the DENR-MCT-1 complex re-

vealed zinc-binding site essential for heterodimer 

formation, Proc. Natl. Acad. Sci. USA, 116, 528-533, 

https://doi.org/10.1073/pnas.1809688116.

 26. Weisser, M., Schäfer, T., Leibundgut, M., Böhringer, D., 

Aylett, C.  H.  S., and Ban,  N. (2017) Structural and 

functional insights into human re-initiation com-

plexes, Mol. Cell, 67, 447-456.e7, https://doi.org/

10.1016/j.molcel.2017.06.032.

 27. Skabkin, M. A., Skabkina, O. V., Dhote, V., Komar, A. A., 

Hellen, C.  U.  T., and Pestova, T.  V. (2010) Activities of 

Ligatin and MCT-1/DENR in eukaryotic translation 

initiation and ribosomal recycling, Genes Dev., 24, 

1787-1801, https://doi.org/10.1101/gad.1957510.

 28. Pérez-Arellano,  I., Gallego,  J., and Cervera,  J. (2007) 

The PUA domain – a structural and functional over-

view, FEBS J., 274, 4972-4984, https://doi.org/10.1111/

j.1742-4658.2007.06031.x.

 29. Cerrudo, C.  S., Ghiringhelli, P.  D., and Gomez, D.  E. 

(2014) Protein universe containing a PUA RNA-bind-

ing domain, FEBS J., 281, 74-87, https://doi.org/10.1111/

febs.12602.

 30. Lomakin, I.  B., Stolboushkina, E.  A., Vaidya, A.  T., 

Zhao,  C., Garber, M.  B., Dmitriev, S.  E., and Steitz, 

T. A. (2017) Crystal structure of the human ribosome 

in complex with DENR-MCT-1, Cell Rep., 20, 521-528, 

https://doi.org/10.1016/j.celrep.2017.06.025.

 31. Rabl,  J., Leibundgut,  M., Ataide, S.  F., Haag,  A., and 

Ban, N. (2011) Crystal structure of the eukaryotic 40S 

ribosomal subunit in complex with initiation fac-

tor 1, Science, 331, 730-736, https://doi.org/10.1126/

science.1198308.

 32. Vaidya, A.  T., Lomakin, I.  B., Joseph, N.  N., Dmitriev, 

S.  E., and Steitz, T.  A. (2017) Crystal structure of 

the C-terminal domain of human eIF2D and its im-

plications on eukaryotic translation initiation, J. 

Mol. Biol., 429, 2765-2771, https://doi.org/10.1016/

j.jmb.2017.07.015.

 33. Ahmed, Y.  L., Schleich,  S., Bohlen,  J., Mandel,  N., 

Simon,  B., Sinning,  I., and Teleman, A.  A. (2018) 

DENR-MCTS1 heterodimerization and tRNA re-

cruitment are required for translation reinitiation, 



ZAMYATNINA1772

BIOCHEMISTRY (Moscow) Vol. 90 No. 11 2025

PLoS Biol., 16, e2005160, https://doi.org/10.1371/

journal.pbio.2005160.

 34. Young, D.  J., Makeeva, D.  S., Zhang,  F., Anisimova, 

A.  S., Stolboushkina, E.  A., Ghobakhlou,  F., Shatsky, 

I. N., Dmitriev, S. E., Hinnebusch, A. G., and Guydosh, 

N. R. (2018) Tma64/eIF2D, Tma20/MCT-1, and Tma22/

DENR recycle post-termination 40S subunits in vivo, 

Mol. Cell, 71, 761-774.e5, https://doi.org/10.1016/

j.molcel.2018.07.028.

 35. Young, D. J., Meydan, S., and Guydosh, N. R. (2021) 40S 

ribosome profiling reveals distinct roles for Tma20/

Tma22 (MCT-1/DENR) and Tma64 (eIF2D) in 40S 

subunit recycling, Nat. Commun., 12, 2976, https://

doi.org/10.1038/s41467-021-23223-8.

 36. Dmitriev, S.  E., Terenin, I.  M., Andreev, D.  E., Ivanov, 

P.  A., Dunaevsky, J.  E., Merrick, W.  C., and Shatsky, 

I.  N. (2010) GTP-independent tRNA delivery to the 

ribosomal P-site by a novel eukaryotic transla-

tion factor, J. Biol. Chem., 285, 26779-26787, https://

doi.org/10.1074/jbc.M110.119693.

 37. Wang,  D., Wang,  L., Ren,  C., Zhang,  P., Wang,  M., 

and Zhang,  S. (2019) High expression of densi-

ty-regulated re-initiation and release factor drives 

tumourigenesis and affects clinical outcome, On-

col. Lett., 17, 141-148, https://doi.org/10.3892/

ol.2018.9620.

 38. Shyrokova, E.  Y., Prassolov, V.  S., and Spirin, P.  V. 

(2021) The role of the MCTS1 and DENR proteins in 

regulating the mechanisms associated with malig-

nant cell transformation, Acta Naturae., 13, 98-105, 

https://doi.org/10.32607/actanaturae.11181.

 39. Dang,  C., Gottschling,  M., Manning,  K., O’Currain,  E., 

Schneider,  S., Sterry,  W., and Nindl,  I. (2006) Identi-

fication of dysregulated genes in cutaneous squa-

mous cell carcinoma, Oncol. Rep., 16, 513-519, https://

doi.org/10.3892/or.16.3.513.

 40. Sossin, W.  S., and Costa-Mattioli,  M. (2019) Trans-

lational control in the brain in health and disease, 

Cold Spring Harb. Perspect. Biol., 11, a032912, 

https://doi.org/10.1101/cshperspect.a032912.

 41. Liu,  X., Li,  Z., Fan,  C., Zhang,  D., and Chen,  J. (2017) 

Genetics implicate common mechanisms in autism 

and schizophrenia: synaptic activity and immunity, 

J. Med. Genet., 54, 511-520, https://doi.org/10.1136/

jmedgenet-2016-104487.

 42. Bishir,  M., Bhat,  A., Essa, M.  M., Ekpo,  O., Ihunwo, 

A.  O., Veeraraghavan, V.  P., Mohan, S.  K., Mahal-

akshmi, A.  M., Ray,  B., Tuladhar,  S., Chang,  S., Chid-

ambaram, S.  B., Sakharkar, M.  K., Guillemin, G.  J., 

Qoronfleh, M.  W., and Ojcius, D.  M. (2020) Sleep 

deprivation and neurological disorders, Biomed. 

Res. Int., 2020, 5764017, https://doi.org/10.1155/2020/

5764017.

 43. Schuch, J.  B., Genro, J.  P., Bastos, C.  R., Ghisleni,  G., 

and Tovo-Rodrigues,  L. (2018) The role of CLOCK 

gene in psychiatric disorders: Evidence from human 

and animal research, Am. J. Med. Genet. B Neuropsy-

chiatr. Genet., 177, 181-198, https://doi.org/10.1002/

ajmg.b.32599.

 44. Chowdhury,  D., Wang,  C., Lu, A.-P., and Zhu, H.-L. 

(2019) Understanding quantitative circadian regula-

tions are crucial towards advancing chronotherapy, 

Cells, 8, 883, https://doi.org/10.3390/cells8080883.

 45. Hannan, A. J. (2018) Tandem repeats mediating genet-

ic plasticity in health and disease, Nat. Rev. Genet., 

19, 286-298, https://doi.org/10.1038/nrg.2017.115.

 46. Malik,  I., Kelley, C.  P., Wang, E.  T., and Todd, P.  K. 

(2021) Molecular mechanisms underlying nucleo-

tide repeat expansion disorders, Nat. Rev. Mol. Cell 

Biol., 22, 589-607, https://doi.org/10.1038/s41580-021-

00382-6.

 47. Miller, J. W., Urbinati, C. R., Teng-Umnuay, P., Stenberg, 

M.  G., Byrne, B.  J., Thornton, C.  A., and Swanson, 

M.  S. (2000) Recruitment of human muscleblind pro-

teins to (CUG)n expansions associated with myoton-

ic dystrophy, EMBO J., 19, 4439-4448, https://doi.org/

10.1093/emboj/19.17.4439.

 48. Liquori, C. L., Ricker, K., Moseley, M. L., Jacobsen, J. F., 

Kress,  W., Naylor, S.  L., Day, J.  W., and Ranum, L.  P. 

(2001) Myotonic dystrophy type 2 caused by a CCTG 

expansion in intron 1 of ZNF9, Science, 293, 864-867, 

https://doi.org/10.1126/science.1062125.

 49. Banez-Coronel,  M., and Ranum, L.  P.  W. (2019) Re-

peat-associated non-AUG (RAN) translation: insights 

from pathology, Lab. Invest., 99, 929-942, https://

doi.org/10.1038/s41374-019-0241-x.

 50. Nguyen,  L., Cleary, J.  D., and Ranum, L.  P.  W. (2019) 

Repeat-associated non-ATG translation: molecu-

lar mechanisms and contribution to neurological 

disease, Annu. Rev. Neurosci., 42, 227-247, https://

doi.org/10.1146/annurev-neuro-070918-050405.

 51. Bañez-Coronel, M., Ayhan, F., Tarabochia, A. D., Zu, T., 

Perez, B. A., Tusi, S. K., Pletnikova, O., Borchelt, D. R., 

Ross, C.  A., Margolis, R.  L., Yachnis, A.  T., Tronco-

so, J.  C., and Ranum, L.  P. (2015) RAN translation 

in Huntington disease, Neuron, 88, 667-677, https://

doi.org/10.1016/j.neuron.2015.10.038.

 52. DeJesus-Hernandez, M., Mackenzie, I. R., Boeve, B. F., 

Boxer, A.  L., Baker,  M., Rutherford, N.  J., Nicholson, 

A.  M., Finch, N.  A., Flynn,  H., Adamson,  J., Kouri,  N., 

Wojtas,  A., Sengdy,  P., Hsiung, G.  Y., Karydas,  A., 

Seeley, W. W., Josephs, K. A., Coppola, G., Geschwind, 

D.  H., Wszolek, Z.  K., Feldman,  H., Knopman, D.  S., 

Petersen, R.  C., Miller, B.  L., Dickson, D.  W., Boylan, 

K.  B., Graff-Radford, N.  R., and Rademakers,  R. 

(2011) Expanded GGGGCC hexanucleotide repeat in 

noncoding region of C9ORF72 causes chromosome 

9p-linked FTD and ALS, Neuron, 72, 245-256, https://

doi.org/10.1016/j.neuron.2011.09.011.

 53. Renton, A.  E., Majounie,  E., Waite,  A., Simón- 

Sánchez,  J., Rollinson,  S., Gibbs, J.  R., Schymick, J.  C., 

Laaksovirta,  H., van Swieten, J.  C., Myllykangas,  L., 



DENR AND EIF2D AS POTENTIAL DIAGNOSTIC BIOMARKERS 1773

BIOCHEMISTRY (Moscow) Vol. 90 No. 11 2025

Kalimo,  H., Paetau,  A., Abramzon,  Y., Remes, A.  M., 

Kaganovich,  A., Scholz, S.  W., Duckworth,  J., 

Ding,  J., Harmer, D.  W., Hernandez, D.  G., Johnson, 

J.  O., Mok,  K., Ryten,  M., Trabzuni,  D., Guerreiro, 

R.  J., Orrell, R.  W., Neal,  J., Murray,  A., Pearson,  J., 

Jansen, I.  E., Sondervan,  D., Seelaar,  H., Blake,  D., 

Young,  K., Halliwell,  N., Callister, J.  B., Toulson,  G., 

Richardson,  A., Gerhard,  A., Snowden,  J., Mann,  D., 

Neary,  D., Nalls, M.  A., Peuralinna,  T., Jansson,  L., 

Isoviita, V.-M., Kaivorinne, A.-L., Hölttä-Vuori,  M., 

Ikonen,  E., Sulkava,  R., Benatar,  M., Wuu,  J., Chiò,  A., 

Restagno,  G., Borghero,  G., Sabatelli,  M., ITALSGEN 

Consortium, Heckerman,  D., Rogaeva,  E., Zinman,  L., 

Rothstein, J. D., Sendtner, M., Drepper, C., Eichler, E. E., 

Alkan, C., Abdullaev, Z., Pack, S. D., Dutra, A., Pak, E., 

Hardy,  J., Singleton,  A., Williams, N.  M., Heutink,  P., 

Pickering-Brown,  S., Morris, H.  R., Tienari, P.  J., and 

Traynor, B.  J. (2011) A hexanucleotide repeat ex-

pansion in C9ORF72 is the cause of chromosome 

9p21-linked ALS-FTD, Neuron, 72, 257-268, https://

doi.org/10.1016/j.neuron.2011.09.010.

Publisher’s Note. Pleiades Publishing remains 

neutral with regard to jurisdictional claims in published 

maps and institutional affiliations. AI tools may have 

been used in the translation or editing of this article.


