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Abstract

Introduction—The Tousled-Like Kinases 1 and 2 (TLK1 and TLK2) are involved in many 

fundamental processes, including DNA replication, cell cycle checkpoint recovery and chromatin 

remodelling. Mutations in TLK2 were recently associated with “Mental Retardation Autosomal 

Dominant 57” (MRD57, OMIM 618050), a neurodevelopmental disorder characterized by 

a highly variable phenotype, including mild-to-moderate intellectual disability, behavioural 

abnormalities, facial dysmorphisms, microcephaly, epilepsy, and skeletal anomalies.

Methods—We re-evaluate whole exome sequencing and array-CGH data from a large cohort 

of patients affected by neurodevelopmental disorders. Using spatial proteomics (BioID) and 

single-cell gel electrophoresis, we investigated the proximity interaction landscape of TLK2 and 

analysed the effects of p.(Asp551Gly) and a previously reported missense variant (c.1850C>T; 

p.(Ser617Leu)) on TLK2 interactions, localization and activity.

Results—We identified three new unrelated MRD57 families. Two were sporadic and caused by 

a missense change (c.1652A>G; p.(Asp551Gly)) or a 39-kb deletion encompassing TLK2, and 
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one was familial with three affected siblings who inherited a nonsense change from an affected 

mother (c.1423G>T; p.(Glu475Ter)). The clinical phenotypes were consistent with those of 

previously reported cases. The tested mutations strongly impaired TLK2 kinase activity. Proximal 

interactions between TLK2 and other factors implicated in neurological disorders, including 

CHD7, CHD8, BRD4, and NACC1, were identified. Finally, we demonstrated a more relaxed 

chromatin state in lymphoblastoid cells harbouring the p.(Asp551Gly) variant compared to control 

cells, conferring susceptibility to DNA damage.

Conclusion—Our study identified novel TLK2 pathogenic variants, confirming, and further 

expanding the MRD57 related phenotype. The molecular characterization of missense variants 

increases our knowledge about TLK2 function and provides new insights into its role in 

neurodevelopmental disorders.

Keywords

intellectual disability; TLK2; comet assay; chromatin condensation; BioID; proximal interactome; 
autism spectrum disorder; tousled like kinases; MRD57

INTRODUCTION

The Tousled-Like Kinases 1 and 2 (TLK1 and TLK2) are serine-threonine kinases involved 

in DNA replication and repair, transcription, cell cycle checkpoint recovery, chromatin 

maintenance and genomic stability[1–3]. Both kinases target the ASF1A and ASF1B 

histone H3/H4 chaperones and are regulated by DNA damage responsive checkpoint 

signalling[4]. Depletion of Tlk1 and Tlk2 in mice indicated that they are largely redundant, 

with the exception of an essential role for Tlk2 in placental development[5]. Null Tlk2 
mice, generated with a conditional allele to bypass the placental defect, showed no gross 

developmental defects except for a slight growth delay compared to controls, suggesting 

that TLK1 can compensate for loss of TLK2 function after embryonic development. Further 

work in human cancer cells supports extensive redundancy at the cellular level. Co-depletion 

of TLK1 and TLK2, however, causes replication stress, DNA damage and altered chromatin 

maintenance, particularly affecting telomeres and other repetitive genome elements, while 

mild effects were observed with depletion of either proteins[6].

Mutations in TLK2 were associated with Mental Retardation Autosomal Dominant 

(MRD57, MIM: 618050) by Reijnders et al.[7], who described 40 cases from 38 unrelated 

families. MRD57 is clinically characterized by autism spectrum disorder (ASD), intellectual 

disability (ID), behavioural problems, growth delay and facial dysmorphism, including 

blepharophimosis, telecanthus, prominent nasal bridge, broad nasal tip, thin vermilion of the 

upper lip and upslanting palpebral fissures. Other features shared by a subset of cases are 

gastrointestinal problems, seizures, skeletal malformations and ocular problems.

In the majority of reported cases, the disease is likely due to TLK2 haploinsufficiency, as 

most of cases are heterozygous for loss-of-function (LoF) alleles, which is in line with the 

strong constraint against LoF variants in the gene (pLI = 1, GnomAD database). Reported 

missense variants cluster mainly in the C-terminal Protein Kinase Domain (PKD)[7–9], 

the core of TLK2 function. Four TLK2 variants localized in this region have previously 
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been analysed, showing a strong reduction of kinase activity on ASF1A in vitro[10]. TLK2 

activation requires dimerization through an N-terminal coiled coil motif, suggesting that 

inactive mutants could have a dominant negative effect[10]. Thus, based on the available 

data, the predominant pathogenic mechanism of TLK2 mutations appears to be a reduction 

in its overall activity. Of note, recent work suggested a possible autosomal recessive 

phenotype in a proband affected by severe neurodevelopmental disease with a homozygous 

missense variant (c.163A>G; p.(Lys55Glu))[8]. This variant is localized outside the TLK2 

PKD and coiled-coil motifs, and may be hypomorphic, since the carrier parents are not 

affected.

During the screening of a large survey of patients with ID by array-CGH and whole exome 

sequencing (WES), we identified three new cases with TLK2-mutations. Two subjects 

were heterozygous for a de novo 39-kb deletion encompassing TLK2, and a de novo 
c.1652A>G; p.(Asp551Gly) missense change. The third case was familial, with a nonsense 

variant (c.1423G>T; p.(Glu475Ter)) occurring in three affected siblings and their affected 

mother. Here, we report their clinical description, confirming and expanding the disease 

phenotype. We also provide data documenting an altered chromatin state in patient-derived 

fibroblasts and lymphoblastoid cells (LCLs), consistent with a defect in the regulation of 

histone chaperones. Finally, we characterized the activity and proximal interactomes of the 

p.(Asp551Gly) variant, as well as another missense variant (p.(Ser617Leu)), reported in a 

several published studies[11–13]. Both variants exhibited impaired kinase activity and TLK2 

proximal interactomes were enriched with proteins previously implicated in ID and ASD, 

suggesting connections to a larger chromatin maintenance network.

MATERIALS AND METHODS

Whole exome sequencing, prioritization, and variant calling

DNA was extracted from total blood using the ReliaPrep Blood gDNA Miniprep kit 

(Promega, Madison, WY, USA) following manufacturer’s protocol and quantified with a 

NanoDrop spectrophotometer (Thermo Fisher Scientifics, Waltham, MA, USA). Informed 

consent was obtained from participating families and the study protocol was approved by 

our internal Ethics Committee, according to the Declaration of Helsinki.

Array-CGH was performed using a 60K whole-genome oligonucleotide microarray (Agilent 

Technologies, Santa Clara, California, USA). Family 1 and 2 were enrolled in the Autism 

Sequencing Consortium (ASC) project and their gDNA samples were sequenced at the 

Broad Institute on Illumina HiSeq sequencers as previously described[11, 14]; variant 

calling was performed using targeted bioinformatic pipelines adapted for different pattern 

of inheritance. Identified variants were confirmed by Sanger sequencing using standard 

conditions and the primers in table S1. Additional information is provided in Supplementary 

materials and methods.

All variants are referred to GRCh37 annotation and to NM_001284333.2, in line with the 

previously published TLK2 structure[10]. For homogeneity with the clinical work from 

Reijnders et al.[7], we specified variants also in NM_006852.6 in Supplementary table S2.
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In silico prediction of missense variants impact and splicing analysis

Variants were analysed with the VarSome tool[15] as a starting point for further analysis. 

This allowed evaluation of at least 15 in silico predictors simultaneously. Variants 

frequencies were evaluated using Genome Aggregation Database (GnomAD) Browser 

version 2.1.1. Impaired splicing was predicted using Human Splicing Finder (HSF) version 

3.1[16] and experimentally verified as described in Supplementary materials and methods.

Cell cultures

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using 

Histopaque®−1077 (Sigma-Aldrich) and subsequently immortalized with Epstein-Barr Virus 

(EBV) and cultured in RPMI medium (GIBCO, Thermo Fisher Scientific) supplemented 

with 10% Fetal Bovine Serum (FBS) (GIBCO), 1% Pen-Strep and 1% L-Glutamine. 

Primary fibroblasts were isolated from human skin biopsies after overnight incubation in 

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% 

FBS and 160 μg/ml collagenase. Fibroblasts were maintained in DMEM supplemented with 

10% FBS, 1% Pen-Strep and 1 mM sodium pyruvate (Thermo Fisher Scientific) at 37°C, 

5% CO2. AD-293 cells (Stratagene) were grown in DMEM supplemented with 10% FBS 

(Sigma-Aldrich), 50 U/mL penicillin and 50 μg/mL streptomycin (Thermo Fisher Scientific) 

at 37°C in a 5% CO2 incubator.

RNA isolation and quantitative real time PCR

Total RNA was extracted from fibroblasts and LCLs using the Direct-Zol RNA MiniPrep 

system (Zymo Research, Irvine, CA, USA) and complementary DNA (cDNA) was 

generated using the M-MLV Reverse Transcriptase kit (Invitrogen, Thermo Fisher 

Scientific). The expression level of TLK2 was measured using the Universal Probe Library 

system (Roche Diagnostics, Risch-Rotkreuz, Switzerland) with primers and probe in table 

S1 and HMBS and GAPDH as reference gene (assays numbers Hs00609297_m1 and 

Hs00266705_g1; Applied Biosystems, Thermo Fisher Scientific). Assays were carried out 

in triplicate on an ABI 7500 real-time PCR instrument using the ABI 2X TaqMan™ 

Universal PCR Master Mix II, according to the manufacturer’s protocol (Thermo Fisher 

Scientific). For each experiment, biological triplicates with at least two technical replicates 

were performed. Data were analysed with Prism-GraphPad Software performing unpaired 

t-test with Welch’s correction. p-values are indicated as follows: ns= P value > 0.05; *= P 

value ≤ 0.05; ** P value ≤ 0.01; ***= P value ≤ 0.001; ****= P value ≤ 0.0001.

Single-cell gel electrophoresis

Samples were prepared according to the alkaline single-cell gel electrophoresis (SCGE) 

assay method, as previously described[17] and are briefly summarized in Supplementary 

material and methods, together with experimental details.

Site directed mutagenesis and in vitro kinase assays from cell lysates

In vitro kinase assays were performed as previously described[10] with minor modifications. 

Full methods provided in the Supplementary materials and methods and primers in table S3.
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Western blotting

For affinity purification (AP), 40 μg of input protein and 20 μL of Strep-AP elution, with 6X 

SDS (0.2% Bromophenol blue and β-mercaptoethanol), were separated by SDS-PAGE and 

transferred to nitrocellulose membranes (0.2 or 0.45 μm pore, Amersham Protran; Sigma-

Aldrich). For detection of Streptavidin, PVDF membranes (0.45 μm pore, Immobilon-P, 

Merck) were used. Membranes were blocked and antibodies prepared in 5% non-fat milk 

in PBS-T, with the exception of CHD7 and CHD8, where 5% BSA in PBS-T was used. 

Primary antibodies were detected with the appropriate secondary antibodies conjugated to 

Horseradish peroxidase (HRP) (table S4) and visualized by ECL-Plus (GE Healthcare).

Proximity-dependent biotin identification mass spectrometry (BioID-MS)

BioID-MS and BioID-Westerns were performed essentially as described in Silva et al. [18] 

with some modifications. Full methods are provided in the Supplementary materials and 

methods and data is available in the PRIDE database with accession number PXD019450 

(for reviewer access: Username: reviewer30722@ebi.ac.uk Password: dGfoWR6c).

RESULTS

Identification of novel MRD57 patients

The identification of TLK2 as a risk gene for intellectual disability[7], prompted us to 

re-evaluate the genomic information available for a large cohort of patients affected by ASD 

and/or ID who had previously been analysed by WES. This included our in-house cohort 

(2,250 total samples, 736 affected), as well as a publicly available one from the Autism 

Sequencing Consortium (35,584 total samples, 11,986 affected)[11]. No further likely 

pathogenic variants or variant of unknown significance (VUS) in neurodevelopment-related 

genes[2] were identified. A search in the DECIPHER database[19] for novel TLK2 deletions 

was also performed. We found six cases in three independent families with detrimental 

variants in the TLK2 gene (figure 1A-F).

In family 1, the proband carried a de novo missense change c.1652A>G; p.(Asp551Gly) not 

reported in gnomAD and predicted to be damaging by multiple in silico predictors (table 

S5). This variant localizes in a highly Constrained Coding Region (CCR) (>93th percentile) 

within the PKD[20]. In family 2, three affected siblings carried a premature stop variant 

(c.1423G>T; p.(Glu475Ter)) inherited from their affected mother (case 2). This variant was 

not reported in gnomAD and was classified as pathogenic using the American College 

of Medical Genetics (ACMG) criteria[7, 8]. A sixth case (family 3) was identified in the 

DECIPHER database: a female carried a likely pathogenic (class 4)[7, 8] de novo del(17)

(q23.2), whose minimum size was 39 kb (NC_000017.10:g.(60683462–60722398)del). 

The deletion encompassed TLK2, MRC2 and MARCH10 genes. Neither the MRC2 
or MARCH10 genes are predicted to be haploinsufficient (GnomAD MRC2 pLi=0.67; 

MARCH10 pLi=0). MRC2 encodes the Mannose Receptor C Type 2 and has a role in 

the turnover of collagens in the cytomembrane and extracellular matrix[8]. Its upregulation 

has been linked to tumorigenic activity, and a role in breast cancer and hepatocellular 

carcinoma has been suggested[9, 10] but, to our knowledge, there is no supporting literature 

implicating MRC2 in neurodevelopmental disorders. The literature available for MARCH10 
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is limited but the gene is expressed almost exclusively in testis (https://gtexportal.org/home/

gene/MARCH10) and was suggested to play a role in spermiogenesis[11]. Therefore, we 

think it is unlikely that haploinsufficiency in MRC2 or MARCH10 contribute to the patient’s 

phenotype.

Our patients (3 males and 3 females) ranged from 3 to 47 years of age, all of them were 

of Caucasian ethnicity. A broad range of behavioural disorders was present, including 

ASD (1/6), attention deficit hyperactivity disorder (ADHD) (4/6), anxiety (3/6), short 

attention span (2/6) and obsessive-compulsive behaviour (2/6). ID was reported for 4 

patients in the borderline (IQ 70–85) or low (IQ≤70) range. Patient 5 was too young 

for formal assessment of a neurodevelopmental phenotype, but a global developmental 

delay was reported. No formal evaluation for intellectual disability was provided for case 

6 but difficulties in memory and transcription were reported. All affected members from 

family 2 had microcephaly. Dysmorphic facial features were observed in all patients and 

included upslanting palpebral fissures, wide nose, low hanging columella, smooth philtrum, 

prognathism, pointed chin and hypertelorism (figure 1G). Minor skeletal anomalies of the 

hands and feet were reported for four patients (figure 1H). Interestingly, some of the features 

we observed in a portion of our patients had not been described in previously reported 

cases, expanding the clinical phenotype. Among them, there were neurodevelopmental 

(difficulties in reading, writing, memory and transcription and pavor nocturnus), dysmorphic 

(prognathism, bifid nasal tip, low hanging columella, absent ear lobe, low-implant auricle, 

synophrys and downturned corners of mouth) and skeletal anomalies (postaxial polydactyly 

of left foot, overriding second toe, tapering fingers, short hands with short distal phalanx). A 

summary of the clinical phenotypes is reported in table S6 and a description is provided in 

the Supplemental Data, while a comparison with the available literature is provided in table 

S7.

TLK2 haploinsufficiency disrupts proper chromatin compaction

Using quantitative real time polymerase chain reaction (qRT-PCR), we analysed TLK2 
mRNA expression in LCLs from case 1 and fibroblasts from case 6. We found an 

approximately 50% reduction in TLK2 mRNA expression in both cases (figure 2A and 

S1A). This was unexpected in case 1, who carried the c.1652A>G; p.(Asp551Gly) missense 

change. Variants encoding missense changes may induce unstable mRNA secondary 

structures leading to degradation of the altered allele[8, 9]. To verify if both alleles were 

expressed, we amplified and sequenced cDNA between exons 18 and 23. We found that both 

wild type and mutant allele were present (figure S1B), suggesting that the allele encoding 

the p.(Asp551Gly) variant was not degraded. Moreover, no differences were observed in 

band sizes from WT and p.(Asp551Gly) cDNAs (figure S1C), excluding that p.(Asp551Gly) 

led to the production of aberrantly spliced transcripts[21, 22]. Western Blot analysis on 

LCLs from case 1 compared to controls, uncovered a significant increase in TLK2 protein 

expression (figure S1D), motivating us to perform a deeper characterization of the impact of 

p.(Asp551Gly) on TLK2 activity.

Based on the role of TLK2 in controlling chromatin remodelling[2], we investigated possible 

changes in chromatin compaction, performing the single-cell gel electrophoresis (SCGE) 
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assay with LCLs derived from case 1. Relatively short electrophoresis time was already 

sufficient to unmask slight differences between control and mutant cells. Longer run times 

allowed DNA loops to stretch under the electric field and revealed a significantly more 

relaxed state of nucleoids in LCLs from the affected subject compared to control cells 

(figure 2B-C). Differences were quantified as “tail moment” values, which are defined as 

the product of the tail length and the percentage of DNA in the tail. LCLs harbouring the 

p.(Asp551Gly) variant also exhibited a higher sensitivity to γ-ray irradiation, documenting 

increased susceptibility to DNA damage (i.e., single and double strand breaks), which 

is in line with a more relaxed state of chromatin (figures 2D, E). Of note, a defective 

heterochromatin state was also observed in fibroblasts derived from subject 6 carrying the 

17q23.2 deletion encompassing TLK2 (figure S2), suggesting a similar effect between the 

17q23.2 deletion and the p.(Asp551Gly) variant. Overall, these findings demonstrated that 

TLK2 haploinsufficiency disrupts proper chromatin organization and confers susceptibility 

to DNA damage.

TLK2 missense mutations alter the activity and subcellular localization of the protein

All of the TLK2 missense mutations in the PKD from MRD57 analysed to date exhibited 

decreased kinase activity, including H493R, H518R, R720A and D629N[10](Figure 

S4B). Given that the high conservation of the mutated residues in the PKD suggested 

reduced kinase activity, we examined the potential structural impact of the missense p.

(Asp551Gly) (hereafter indicated as D551G) variant identified in our survey, as well as 

the p.(Ser617Leu) (hereafter indicated as S617L) variant, found in a patient with ASD 

already described in whole exome sequencing works[11–13]. The patient was also reported 

in the ASC exome analysis browser, a freely accessible portal containing de novo variants 

identified in more than six thousand affected probands enrolled in ASC WES projects 

(https://asc.broadinstitute.org/). Residue S617 is located one residue after the Asp-PheGly 

(DGF) motif[23, 24], that together with the activation and catalytic loop, constitute the 

kinase core[10]. We previously identified S617 as a TLK2 auto-phosphorylation site and 

demonstrated that alterations of this site are able to significantly enhance (S617A) or reduce 

(S617D) TLK2 kinase activity[10]. Therefore, it remained an open question how S617L, 

associated with autism spectrum disorder, would influence the kinase activity of TLK2.

We modelled both of the mutations using the crystal structure of the TLK2 PKD[10]. 

TLK2-D551G was predicted to weaken hydrogen bonds with the subsequent helix and 

S617L introduces a hydrophobic residue in place of the auto-phosphorylation site in the 

activation loop (figure 3A-B).

To determine if these mutations affected kinase activity, we analysed TLK2 activity using 

in vitro kinase assays. Ectopically expressed, Strep-FLAG tagged TLK2, TLK2-KD (kinase 

dead, D592V), TLK2-D551G and TLK2-S617L were affinity purified from AD-293 cells 

using an N-terminal Strep tag and incubated with purified substrate (ASF1A) for kinase 

assays. Both mutations led to a notable reduction in substrate modification (figures 3C-D). 

Quantification of multiple experiments demonstrated that TLK2-S617L severely impaired 

kinase activity, comparable to the TLK2-KD protein, while TLK2-D551G was more mildly 
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impaired and showed slightly higher autophosphorylation levels than TLK2-WT in some 

experiments (figure 3D).

In previous work, we noted that loss of the coiled-coil domains of TLK2 led to perinuclear 

accumulation[10]. To determine if the TLK2-D551G and TLK2-S617L missense mutations 

altered TLK2 localization, we transfected FLAG-tagged mutants in AD-293 cells and 

performed immunofluorescence (IF) microscopy. Lamin A was used as an inner nuclear 

membrane marker and nuclear DNA was stained with DAPI. TLK2-WT showed diffuse 

nuclear localization in transfected cells, as observed previously (figures 3E, S3A). In 

contrast, TLK2-D551G and TLK2-S617L showed perinuclear localization to different 

extents (figures 3E-F, S2A). This was particularly prominent for the TLK2-S617L mutant, 

where 75% of transfected cells showed a perinuclear localization of TLK2 (figures 3E-F).

The proximal interactome of TLK2 is altered by missense mutations

TLK2 is involved in many biological processes and few clear substrates aside from ASF1A 

and ASF1B have been well characterized[2]. As kinases often bind to substrates with low 

affinity, we previously used an unbiased proximity biotinylation assay coupled to mass 

spectrometry (BioID-MS), as it does not require high-affinity interactions that can withstand 

purification procedures[5, 25]. We used this approach to further characterize the cellular 

environment of TLK2 and determine if the missense mutations influenced its interactome.

BirA-tagged TLK2-WT, TLK2-D551G and TLK2-S617L were expressed in AD-293 cells 

by transient transfection (figure 4A). Network clustering of results from wild type TLK2 

(TLK2-WT) identified the known TLK2 substrates ASF1A, ASF1B and TLK1, as well 

as the DYNLL1/2 (LC8) proteins that we previously validated[5, 10]. The proximal 

interactome grouped into five functional clusters consistent with the known functions of 

TLK2, including RNA processing and splicing, transcriptional regulation, chromatin binding 

or remodelling, DNA repair and histone chaperones (figure 4B and table S8). We cross 

referenced the proximal interactome with a recent large-scale analysis of iPOND-MS data 

that identified TLK1 and TLK2 as high confidence interactors with nascent DNA at active 

replication forks[26]. Several of the TLK2-WT hits, including RAD50, BRD4, CHD8, 

ASF1B, SCML2 and NACC1 were also found at active forks with high confidence in 

iPOND studies. We next compared our TLK2-WT proximal interactome to the SFARI 

(Simon’s Foundation Autism Research Initiative) and DECIPHER databases and identified 

8 proteins: CHD7, CHD8, NACC1, CCNK, JMJD1C, RAD50, MSANTD2, and YEATS2. 

These data suggest potential functional links between TLK2 and a number of proteins 

involved in neurodevelopmental disorders with overlapping pathologies. Details about 

SFARI and OMIM classifications are provided in Supplementary table S9.

In parallel to TLK2-WT, we performed BioID analysis with TLK2-D551G and TLK2-

S617L. Both mutants accumulated to higher levels than TLK2-WT, consistent with what we 

previously observed with other inactive TLK2 mutants[10]. Both mutants caused numerous 

alterations in the proximal interactions compared to TLK2-WT (figures 4C, D and 5). This 

included a reduction in several replication fork and ASD related proteins, including RAD50 

and YEATS2 with both mutants, and JMJD1C, BRD4, CCNK, NACC1, MSANTD2 and 

CHD8 with TLK2-S617L (figures 4C, D and 5). In addition, some proteins, including 
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ZNF148, NFIA, NFIX and PAPOLG, that are all in the SFARI database, were significantly 

enriched with both mutants, but not TLK2-WT (figures 4C, D and 5).

The CHD7 and CHD8 chromodomain helicases were of particular interest to us 

because they are mutated respectively in CHARGE syndrome[27] (OMIM 214800) and 

susceptibility to autism[28] (OMIM 615032) and implicated in modulating chromatin 

structure[29, 30]. In addition, CHD8 has been localized to active sites of DNA replication, 

like both TLK1 and TLK2[26]. CHD8 spectra were detected at similar levels between 

TLK2-WT and TLK2-D551G, that retains some activity, but were reduced with the kinase 

dead TLK2-S617L (figures 4C, D and 5). In contrast, CHD7 spectra were highest in 

cells expressing TLK2-D551G. We performed BioID-Westerns to validate these proximal 

interactions and their relative differences. Expression of the control N-FLAG-BirA and 

biotin supplementation led to no detectable CHD7 or CHD8 detected in Western blots of 

Strep-affinity purified protein lysates (figure 6A). In contrast, both CHD7 and CHD8 were 

clearly validated with all TLK2 alleles, although CHD8 levels were lowest with S617L 

and CHD7 highest in TLK2-D551G, consistent with the MS data. As expected from the 

BioID-MS, TLK1 co-purified with all TLK2 alleles to a similar degree. It was also notable 

that the substrates, ASF1A and ASF1B, were highest with D551G and similar between 

TLK2-WT and TLK2-S617L, despite the much higher level of TLK2-S617L expression. 

These results indicate the missense mutations have differential effects on both proximal 

interactions and TLK-ASF1 interactions.

DISCUSSION

To our knowledge, at least 13 TLK2 missense variants have been reported in MRD57 cases 

[7, 9, 11], with mutations clustering in the PKD. Previously described patients showed ID 

in different range of severity, ASD, language delay, motor delay, gastro-intestinal issues and 

dysmorphic facies as prevalent features[7, 8]. In our cases, we confirmed a high incidence 

of ID (4/4), language delay (4/6) and dysmorphic facial features (6/6). On the contrary, 

comparing to the available clinical literature, we observed a under representation of gastro-

intestinal problems (0/6) and ASD (1/6). We also observed additional features, including 

difficulties in reading and writing (3/6) or in memory and transcription (3/6) and skeletal 

anomalies of the hands (1/6) and the feet (1/6).

Functional characterization has been reported only for four variants in the PKD, (p.

(His493Arg), p.(His518Arg), p.(Asp629Asn), p.(Arg720Ala)) and has shown at least a 

50% reduction in enzymatic activity compared to wild type protein[10]. Our data further 

expands the characterization of MRD57 missense mutations and reinforces the prevailing 

hypothesis that the majority of these impair TLK2 kinase activity. Both TLK2-D551G and 

TLK2-S617L showed profoundly impaired kinase activity, as well as altered subcellular 

localization, the significance of which remains unclear (figure 3, S3 and S4). As also 

suggested by in silico tools (table S5), TLK2-S617L caused a more severe impairment of 

protein activity and localization compared to TLK2-D551G mutant. It is interesting to note, 

that case carrying p.(Asp617Leu) was characterized by a mild-severe intellectual disability, 

with a IQ (verbal IQ 63, non verbal IQ 74) that was lower than the one observed in case 

carrying p.(Asp551Gly) variant and comparable to the one observed in patients carrying 
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p.(Glu475Ter) variant (table S6). Basing on the limited available clinical information, we 

could therefore suggest that the higher impairment of the protein activity mediated by p.

(Ser617Leu) variant could be reflected on the clinical side by a more severe phenotype.

Both mutants overexpressed in AD-293 cells showed higher expression compared to 

WT. Accordingly, LCLs carrying p.(Asp551Gly) variant showed significantly higher 

TLK2 protein levels compared to control. Surprisingly, the higher protein expression 

was counterbalanced by drastically reduced mRNA levels, suggesting a potential negative 

feedback control, further causing reduced TLK2 total mRNA levels.

Despite the severe effects on kinase activity caused by the heterozygous missense mutations 

identified in MRD57 patients to date, monoallelic Tlk2 loss did not cause overt phenotypes 

in mice, but neurodevelopment and behaviour were not assessed in these animals[5]. Given 

that TLK2 dimerizes with both TLK1 and TLK2 and this is important for its activity, 

it is also likely that kinase impaired mutants exert some dominant negative effects that 

contribute to an overall phenotype that is more severe than haploinsufficiency[31]. The 

recent identification of multiple MRD57 cases with TLK2 haploinsufficiency suggests that 

an in-depth evaluation of neurodevelopment is needed in mice with reduced Tlk2 levels to 

determine if they represent a model of MRD57. The placental issues observed in mice with 

homozygous deletion of Tlk2 were not identified in Tlk2 heterozygous mice, but human 

gestation is considerably longer, and more subtle placental issues could be present. Recent 

work showed that total TLK depletion leads to an innate immune secretory response in 

cancer cells and mice[2, 6, 32]. Maternal immune activation (MIA) has been implicated 

in ASD and associated with placental defects in mice, suggesting that impaired chromatin 

maintenance and epigenetic dysregulation could potentially underlie the pathological effects 

of TLK2 haploinsufficiency[2, 33, 34]. This is consistent with the increased chromatin 

accessibility reported here in TLK2-D551G patient cells (figure 2B-E), as well as the strong 

enrichment of chromatin proteins in the TLK2 interactome in the SFARI and DECIPHER 

databases.

Many genes encoding proteins involved in chromatin remodelling are associated with 

neurodevelopmental disorders. TLK2, as well as the missense mutants we tested, showed 

proximal interactions with many of them, including CHD8 and CHD7, that are mutated in 

ASD and CHARGE syndrome. In addition to these proteins, both TLK2 missense mutants 

showed altered interactions with additional proteins implicated in neurodevelopment. This 

included RAD50, a part of the MRE11-RAD50-NBS1 DNA repair complex that localizes 

to replication forks and plays a key role in DNA-double-strand break repair[35]. RAD50 
mutations, present in the DECIPHER database, underlie Nijmegen breakage syndrome-like 

disorder (OMIM 613078). This condition is characterized by microcephaly, which is also 

commonly observed in many patients with TLK2 variants. Further, RAD50 proximal 

interactions were reduced with both missense mutants, potentially suggesting reduced 

localization to replication forks (figure 5)[36]. Similarly, YEATS2, a chromatin reader 

component, is suggested as an ASD-associated gene by de novo genetic risk analysis and 

GWAS (SFARI database criteria 3.1, suggestive evidence)[37, 38], was linked to epilepsy 

and was enriched with TLK2-WT compared to either missense mutant[39–41]. In contrast, 

ZNF148 and PAPOLG, that are also associated with neurodevelopmental disorders, were 
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strongly enriched with both missense mutants and detected at very low levels with TLK2-

WT, while other SFARI genes, including BRD4, JMJD1C, MSANTD2, CCNK and NACC1 
were reduced specifically with the less active TLK2-S617L variant. In future work, it will 

be of interest to examine the potential functional relevance of these interactions to determine 

if their alterations underlie the altered chromatin state we observed in LCLs from case 

1 or other phenotypes associated with TLK2 loss of function. This approach may detect 

new candidate genes involved in neurodevelopmental disorders or help us understand the 

involvement of this network of SFARI genes in isolated or syndromic ASD and ID.

The knowledge of altered protein interactomes is important to understand the molecular 

impact of disease mutations and could be helpful in identifying pharmacological treatments 

to mitigate more severe phenotypes, such as epileptic seizures. It is attractive to imagine the 

possibility of repurposing drugs able to modulate the functions of some genes to influence 

their impact on disease pathology[42].

In conclusion, we provided the clinical description of six new cases carrying likely 

pathogenic and pathogenic TLK2 variants and we presented new insights into the 

impact of TLK2 missense variants, observing impairment in kinase activity, localization, 

and interaction (Figure S4). Our work offers a deep characterization of two missense 

variants localized in a key domain of the TLK2 protein, where most mutations related 

to MRD57disorder occur, providing new insights into the potential role TLK2 in 

neurodevelopmental disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Facial features and skeletal anomalies of individuals with TLK2 variants
(A-C) Pedigrees of family 1, 2 and 3. Cases from family 1 and 3 carried respectively a 

heterozygous de novo missense variant (c.1652A>G; p.(Asp551Gly)) and a heterozygous 

de novo deletion encompassing TLK2 gene. Cases from family 2 shared a heterozygous 

premature stop variant (c.1423G>T; (p.Glu475Ter)) inherited from an affected mother. 

Analysis of maternal grandparent genotype were not possible, but familial clinical history 

did not suggest a possible MRD57-like phenotype for them. wt= wild type at variant 

position. (D-E) Sanger validation of variants identified in family 1 and 2. Validation was 
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performed both on gDNA from affected cases and from their unaffected relatives. (F) 

17q23.2 deletion (minimum size 39 kb, chr17–60683462-60722398) identified in case 6 

from family 3. The 39 kb deletion encompassed TLK2 and MRC2 genes. (G) Frontal 

and lateral face photographs of our cases, showing overlapping facial dysmorphisms. Most 

frequently reported features were upward slanted palpebral fissures, broad nasal tip, thin 

lips, low hanging columella, prognathism, wide spaced eyes and downturned corners of the 

mouth. (H) Details of reported skeletal anomalies at the level of hands and feet. Upper left 

panel: tapered hands fingers from case 1; upper right panels: short hands with short distal 

phalanx from case 6; bottom left panel: postaxial polydactyly of left foot observed in case 

3;bottom right panel: overriding second toe in case 4.
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Figure 2. TLK2-Asp551Gly affects chromatin density and confers susceptibility to DNA damage.
(A) TLK2 mRNA levels in fibroblasts from case 6 and in lymphoblastoid cell line 

derived from case 1. TLK2 expression was significantly reduced both in LCL carrying p.

(Asp551Gly) variant and in fibroblasts carrying the 17q23.2 deletion. All experiments were 

performed at least in triplicate. UPL probe #72 and primers indicated in Supplementary 

material and methods were used; HMBS mRNA expression was used as reference. 

Statistical analysis was performed using t-test with Welch’s correction; ****= P value ≤ 

0.0001. Numbers at the top of the bars indicated mean values. (B) SCGE assays highlighted 
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significant differences in chromatin condensation between LCLs carrying the p.(Asp551Gly) 

amino acid change and control cells after 20 minutes of electrophoresis run time (**p 

< 0.05; two-tailed unpaired Student’s t test with Welch’s correction), that became more 

evident after 60 minutes of electrophoresis run time (***p 0.0001; two-tailed unpaired 

Student’s t-test with Welch’s correction). DNA migration was quantified as Tail moment 

values, which is defines as the product between the tail length and the percentage of DNA 

in the tail. For each point, at least 100 cells were analysed. Values are represented as 

mean ± SEM of three independent experiments. (C) Representative images of nucleoids 

derived from control LCLs and LCLs from affected subject 1 referred to experiment shown 

in figure 2B. (D) Single and double strand breaks were induced by γ-ray irradiation 

(2-Gy or 4-Gy). Tail moment values specify the amount of γ-ray-induced DNA damage 

measured immediately after the treatment. The mutant LCLs showed a higher vulnerability 

to 2-Gy γ-ray irradiation (***p 0.0006; two-tailed unpaired Student’s t-test with Welch’s 

correction ). Following 4-Gy treatment, no differences were observed between control and 

mutant cells, which is likely explained by the observation that the overall damage, especially 

double strand breaks, prevails on the condensation state of chromatin at high doses of 

γ-ray irradiation. For each point, at least 100 cells were analysed and four independent 

experiments were performed. (E) Representative images of nucleoids derived from control 

LCLs and LCLs from affected subject 1 referred to experiment shown in figure 2D.
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Figure 3. TLK2 autism mutations alter the activity and subcellular localization of TLK2.
(A-B) Modelling of the D551G and S617L missense mutations on the crystal structure of 

the TLK2 PKD. Hydrogen bonds are shown in red dashed lines. (C) Representative in vitro 
kinase assays with Strep-purified TLK2-WT, TLK2-KD (kinase dead; D592V) and indicated 

missense variants. Autophosphorylation and substrate (ASF1A) phosphorylation is shown. 

Coomassie is shown as loading control for ASF1A. (D) Quantification of n=3 independent 

kinase assays. Individual results (circles) are shown for each assay on purified ASF1A 

substrate or affinity purified TLK2 autophosphorylation relative to corresponding TLK2-
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WT and bars depict mean with SEM. (E) Representative immunofluorescence microscopy 

of overexpressed TLK2 in AD-293 cells is shown, indicating the 2 main localization 

patterns observed. The nuclear localization image corresponds to TLK2-WT, while the 

perinuclear localization to TLK2-S617L. Scale bar = 20 μM. (F) Quantification of TLK2 

localization patterns for WT and indicated missense variants. Ten random fields were scored 

in 2 (D551G) or 3 (WT and S617L) biological replicates. Bars depict mean with SEM. 

Statistical significance was determined using an unpaired t test with Welch’s correction 

(****P<0.0001, ***P<0.001, **P<0.01, *P<0.05).
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Figure 4. BioID based analysis of the proximal interactome of TLK2.
(A) Western blot of AD-293 lysates expressing BioID constructs: N-FLAG-BirA alone or 

fused to the indicated TLK2 allele. Detection with anti-TLK2, anti-FLAG or Streptavidin-

HRP are shown. Ponceau stained nitrocellulose membrane is shown as a loading control. 

(B) Network clustering of all prey hits with a SAINT score of > or = to 0.7 in TLK2-WT 

samples. Physical interactions reported in Biogrid (solid lines) and functional interactions 

(dashed lines) reported in STRING are indicated[43, 44]. Functionally enriched clusters are 

indicated by color coding, Bait, TLK2 substrates, proteins found in the SFARI/DECIPHER 
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gene database (yellow fill) or proteins enriched on nascent DNA/replication forks are 

indicated (red font). (C-D) Scatterplots of average spectral counts (Log2 transformed) of 

bait and prey proteins identified with the TLK2-D551G and TLK2-S617L alleles compared 

to TLK2-WT. Previously identified TLK2 interactors, as well as proteins enriched on 

replication forks or found in the SFARI/DECIPHER databases are indicated (see legend).
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Figure 5. Missense variants alter the proximal interactome of TLK2.
(A) Dotplot of prey proteins with a SAINT score of > or = to 0.7 with any of the 3 

baits generated using ProHits-viz[45]. Average spectral counts (SC), relative abundance and 

SAINT score ranges are indicated, as well as proteins enriched on replication forks [26] or 

found in the SFARI/DECIPHER databases (see legend). Additional details are provided in 

table S8.
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Figure 6: Validation of proximal interactions with CHD7 and CHD8.
(A) Western blots of the indicated proteins from Strep-AP lysates from AD-293 cells 

transfected with the indicated BioID construct and supplemented with biotin. Input levels 

are shown and ponceau stained blots provided as a loading control. Representative data from 

2 biological replicates is shown.
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