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signature affecting a limited number of genomic loci
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Abstract

Biallelic inactivating variants in ZNF142 underlie a clinically variable neurodevelopmental disorder.
ZNF142 is a zinc-finger transcription factor with potential roles on chromatin organization,
implying a possible association of ZNF142 loss of function with perturbed genome-wide DNA
methylation (DNAm) pattern. We performed EPIC array-based methylation profiling of peripheral
blood-derived DNA samples from 27 individuals with biallelic ZNF142 inactivating variants,
together with 6 heterozygous carriers and 40 controls. A DNAm signature discovery pipeline was
applied by using 440 controls for discovery and validation analyses, and a machine-learning model
was trained to classify 8 individuals carrying ZNF142 variants of uncertain clinical significance.
Analyses directed to explore the genome-wide DNAm landscape in affected individuals revealed
88 differentially methylated probes constituting the minimal informative set specific to ZNF142
loss of function. This reproducible pattern of DNAm changes involved regulatory regions of a small
number of genes. The DNAm signature derived from peripheral blood allowed us to diagnose
individuals carrying biallelic inactivating ZNF142 variants when applied to fibroblasts. Our findings
provide evidence that biallelic loss-of-function ZNF142 variants result in a specific and robust
DNAm signature. The identified DNAm pattern suggests occurrence of a methylation disturbance

involving a small number of loci that appears to be shared by different cell lineages.

Keywords

ZNF142; DNA methylation profiling; episignature; classifier; variant classification; VUS validation.
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Introduction

Homozygous or compound heterozygous loss-of-function (LoF) variants in the zinc-finger protein
142 gene (ZNF142; MIM *604083) underlie a syndromic neurodevelopmental disorder (NDD) with
impaired speech and hyperkinetic movements, first described in 2019 (MIM #618425) [1]. To date,
43 affected individuals have been reported [1-9]. The disorder presents with clinical variability,
and the major features include developmental delay (DD), intellectual disability (ID), behavioral

anomalies, seizures, impaired motor function, and movement disorders [2].

ZNF142 encodes a member of the C2H2 zinc finger protein (ZFP) superfamily of transcription
factors. The protein is characterized by two domains of tandemly arranged zinc finger (ZnF) motifs,
which mediate DNA binding [10], and a Kriippel-associated box (KRAB) domain, which is involved
in recruiting chromatin remodeling proteins (e.g., KAP1/TRIM28) to DNA-binding sites [11, 12].
KRAB ZnF proteins (KRAB-ZFPs) regulate the expression of target genes by binding to their
regulatory regions and recruiting cofactors, such as chromatin remodeling proteins [13], and
contribute to various programs controlling brain development and function [12]. KRAB-ZFPs have
been implicated in regulation of gene expression at transposable elements (TE) and imprinted
regions by altering DNAm at selected loci [14-16]. The KRAB-ZFP/KAP1 system is supposed to serve
as the first line of TE control upon chromatin decondensation occurring during early
developmental stages, and KRAB-ZFP/KAP1-mediated silencing of TE has been shown to be

required in some differentiated tissues, including neural lineages [17, 18].

Many rare genetic diseases are caused by variants in genes encoding proteins involved in
epigenetic regulation, where mutations in single genes can affect the global epigenetic pattern of
the cell [19]. For a number of these, disease-specific genome-wide patterns of DNAm (DNAm

signatures or episignatures) have been identified [20]. These signatures can be investigated using
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peripheral blood derived DNA via DNAm arrays and are employed as a complementary diagnostic
tool to assess whether the DNAm pattern of a patient matches the DNAm signature of a given
disorder [20-23]. During the recent years, this approach has successfully been applied to speed up
diagnosis of rare diseases, particularly to assess the pathogenicity of variants of uncertain
significance (VUS), screen patients with uninformative molecular findings, and resolve clinical

subtypes of a disorder [20, 24-26].

Given the role of KRAB-ZFPs in TE mediated chromatin remodeling, we investigated the presence
of a genome-wide DNAm pattern specifically associated with biallelic inactivating ZNF142 variants
and identified a distinctive and robust DNAm signature for ZNF142 LoF in DNA from both
peripheral blood cells and primary fibroblasts. Applying this signature, we were able to reclassify
eight VUS, including two hypomorphic variants, likely partially explaining the clinical variability

associated with biallelic pathogenic ZNF142 variants.
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Materials and methods

Study cohort

A total of 27 individuals with biallelic ZNF142 variants were enrolled in the study (Table S1).
Nineteen individuals (ID1 to ID19) had biallelic ZNF142 variants classified as pathogenic (P) or likely
pathogenic (LP) according to the American College of Medical Genetics (ACMG) criteria [27], eight
individuals (ID20 to ID27) had either a P/LP variant and a VUS or two VUS, and six asymptomatic
individuals (ID28 to ID33) were heterozygous for LP/P ZNF142 variants (Table $2). Nineteen of
these individuals had previously been reported [1, 2, 4, 9]. DNA specimens and clinical data from
the subjects included in this study were collected, pseudonymized and stored in the context of
routine diagnostic testing, following procedures in accordance with the ethical standards of the
declaration of Helsinki protocols and subsequent versions after written signed informed consents
from the participating individuals or parents/guardians were secured. The study was approved by
the local institutional review board (Ethical Committee, Ospedale Pediatrico Bambino Gesu, ref.
1702_0OPBG_2018, 2072_0OPBG_2020 and PNRR-MR1-2022-12376811). The control group
included 317 healthy individuals and 123 subjects with various molecularly confirmed disorders

(Supplementary Methods).

Methylation analysis

Genomic DNA was extracted from peripheral blood (PB) or cultured skin fibroblasts (FBs) using
standard protocols. DNA (500 ng) was bisulfite converted and hybridized to lllumina Infinium
MethylationEPIC BeadChips (EPIC) v.1 (PB/FB) or v.2 (FB) arrays (lllumina, San Diego, CA, USA),
which were scanned using the lllumina iScan platform. The 73 samples analyzed for this study

were distributed across 16 different experimental batches to avoid bias.
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For DNAm signature discovery and validation, DNAm profiling data analysis was performed
according to a previously defined pipeline [28, 29]. Workflow and analytical steps are detailed in

the Supplementary Methods.

A machine learning (ML) classification model based on the generated DNAm signature was used to
classify the tested samples. The synthetic minority over-sampling technique (SMOTE) was applied
to balance the ratio between patients and controls in the dataset prior to ML classifier training
[30]. A support vector machine (SVM) model was tuned to find the best hyperparameters and
accuracy by performing a 5-fold cross-validation. After tuning, an SVM classifier was trained with a
linear kernel using the e1071 R package (v.1.7), using the “nu-classification” option [31]. SVM
classifier scores (Platt’s-scaled) below 0.3 were considered negative, between 0.3 and 0.5 were
considered inconclusive, between 0.5 and 0.7 were considered supporting, while scores above 0.7
indicated a high-confidence occurrence of a match. To validate the ML classifier results,
multidimensional scaling (MDS) plots and hierarchical clustering with heatmaps was calculated
using the ggplots2 package (v.3.4.2) [32], and inspected to ensure that patients and controls
formed separate clusters. After validation, the DNAm signature was applied to test the samples
from the individuals carrying ZNF142 VUS and heterozygous carriers. Finally, the DNAm signature
was applied to classify fibroblast cell line samples from two patients with biallelic ZNF142 LoF

variants, to assess the effectiveness of the DNAm in this tissue.

To investigate the possible functional relevance of ZNF142 LoF on the genome-wide DNAm
pattern, the DMRcate package (v.2.12.0) was used to identify the differentially methylated regions
(DMRs) in the 18 individuals carrying biallelic LoF ZNF142 variants [33]. By comparing affected
individuals to healthy controls, regions containing at least five different CpGs within 1 kb with a

minimum methylation difference of 5% and a false discovery rate (FDR) <0.05 were extracted.



188  Enrichment analysis for gene ontologies and pathways in the DMR data was performed using the
189  missMethyl R package (v.1.32.1) [34]. To assess the concordance of DNAm changes between PB
190 and FBtissues, the mean beta value change between affected individuals and controls in PB and
191  FB was compared by linear regression on the most significant DMPs discovered in PB. Enrichment
192  of DMRs for transposable elements was carried out using the GIGGLE score, which combines the
193  estimation of the enrichment for observed versus expected (odds ratio), and Fisher's two tailed

194  tests p-value [35], considering UCSC’s RepeatMasker v.4.1.7 (http://www.repeatmasker.org).

195  Structural modeling of ZnF motifs and molecular dynamics simulation

196  Structural data analysis was carried out as previously reported [2]. Homology modeling of ZnF
197  motifs 9-14 (encompassing Arg>®3) and ZnF motifs 26-31 (encompassing Arg*>% and Val>>3),

198 located respectively in the N-terminal and C-terminal ZnF clusters of human ZNF142 (UniprotKB ID:
199  P52746) was performed using the crystal structure of ZnF motifs 5-8 of human CCCTC-binding
200 factor in complex with DNA (PDB ID: 5K5I) [36], and of ZnF motifs 2-11 of mouse ZFP568 in

201  complex with DNA (PDB ID: 5WJQ) [37] as templates. Gaps were modeled by combining

202  predictions from Phyre 2 [38] and SwissModel [39]. Structure models were subjected to 200 ns of
203  unrestrained molecular dynamics (MD) simulation using the Amber18 package

204  (https://ambermd.org), essentially as previously described [40]. Trajectories were analyzed using
205 CPPTRAJ [41] and VMD [42]. Figures were generated using the PyMOL Molecular Graphics System
206  (https://pymol.org/2/).
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Results

DNAm signature identification and validation

Genome-wide DNAm profiling of DNA isolated from PB of 16 individuals with biallelic P/LP ZNF142
variants (discovery cohort, ID1 to ID16) was performed to test the occurrence of a specific DNAm
signature associated with ZNF142 LoF. The age of the affected individuals ranged from 3 to 22
years at the time of sampling. Age, sex, and batch-matched control individuals (N=80) comprised
both healthy individuals (N=55) and individuals affected by other rare disorders (RDs) (N=25).
Significant batch effects on the whole cohort were excluded by means of principal component
analysis (PCA) (Figure S1). Employing a three-tier strategy, a linear model was used to identify the
most relevant DMPs in the discovery group, which was followed by a ROC analysis coupled to a
final filtering step to remove the most correlated CpG sites (Pearson’s > 0.90). The workflow was
applied using first a leave-one-out cross-validation LOOV to each of the 16 samples from
individuals with biallelic ZNF142 LoF variants (Figure S2), before employing the full discovery
cohort to identify 88 probes constituting the minimal informative set defining the DNAm signature
specific to the ZNF142-related disorder, characterized by an equal distribution of hyper- and
hypomethylated sites (Figure 1, Table S3). The selected probe set was applied on a second cohort
(validation cohort) including two untested affected individuals carrying biallelic LoF ZNF142
variants (ID17 and ID18) and 400 controls (277 apparently healthy individuals and 123 individuals
affected with different RDs) (Figure 2). All samples were correctly classified by both unsupervised
(MDS and hierarchical clustering) and supervised (SVM classifier) analyses, the latter classifying all
cases with high confidence (ID17 and ID18, SVM scores >0.90; controls, SVM sores <0.10). By

testing the six asymptomatic individuals heterozygous for LP/P ZNF142 variants (ID28 to ID33),
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who were parents of the enrolled affected individuals, we validated the sensitivity of the DNAm

signature in properly discriminating gene dosage for LoF ZNF142 variants (Figure 2).

Finally, a new limma model using the previously identified top 500 DMPs was fitted comparing the
heterozygous carriers with healthy controls to identify DNAm differences between the two groups.
The 50 most significant DMPs from this analysis documented a clustering of the healthy carriers of

ZNF142 LoF variants, which could be separated from the healthy controls (Figure S3).

Application of the DNAm signature in variant testing

The validated DNA probe set was subsequently used to classify eight individuals with inconclusive
molecular findings (“testing cohort”, ID20 to ID27; Tables S1 and S2). Two samples (ID20 and ID21)
showed an intermediate position according to MDS analysis but were classified within the ZNF142
LoF group by hierarchical clustering. Consistently, the SVM-based classifier classified both samples
as belonging to the ZNF142 LoF group with relatively high confidence (0.5 < SVM scores < 0.75)
(Figure 2). The intermediate methylation status of the majority of the selected probes in these two
samples, when compared to individuals with biallelic LoF ZNF142 variants and controls, pointed to
a likely hypomorphic behavior of the missense variants identified in these individuals (Figure S4,
Table S4). One of these individuals was compound heterozygous for two missense variants
(p.Cys1233Phe and p.Argl1500Trp; ID20), while the second had a LoF and a missense variant
(p.Arg636* and p.Phe1295Leu; ID21). The three amino acid changes were rare (MAF< 2x10) and
predicted to affect protein function with high confidence by the AlphaMissense Pathogenicity tool
(scores > 0.95) (Table S5). Consistently, previous structural analyses and molecular dynamics
simulations supported disruptive consequences of these amino acid substitutions either by

perturbing the overall structure of the individual ZnF motifs (p.Cys1233Phe and p.Phe1295Leu) or

12
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impairing DNA binding (p.Arg1500Trp), which was also mirrored by the relatively mild clinical

phenotype of both individuals [2].

For the remaining six individuals (ID22 to ID27), the DNAm patterns were similar to controls in
both unsupervised analyses and obtained SVM classifier scores < 0.10 (Figure 2). Consistently, a
posteriori segregation analysis in ID22 demonstrated that the two identified VUS (p.Gly1089Ser
and p.Val780Ile) were both maternally inherited. Clinical reassessment of individuals ID23-1D26
from the same family and ID27 indicated that their clinical features did not fit (or only partially
overlapped) with the phenotypic spectrum associated with biallelic LoF ZNF142 variants.
Specifically, ID23-1D26 showed spastic paraparesis with hyperreflexia and clonus in absence of
DD/ID and seizures, while ID27’s brain MRl documented occurrence of polymicrogyria, pachygyria,
and subependymal heterotopias. Individuals ID23-ID26 were compound heterozygous for two
rare/private missense variants (p.Gly1055Arg and p.Val1553Met), while ID27 was homozygous for
a rare substitution, p.Arg593His. In line with the DNAm assessment, the AlphaMissense
pathogenicity tool predicted a likely benign impact on protein function for these three amino acid
substitutions (scores <0.50) (Table S5). Inspection of the possible structural consequences of the

1055 js |ocated in a large unstructured region (residues

p.Glyl055Arg could not be carried out as Gly
596 to 1135) located between the two ZnF domains. Differently, the mutant ZnF motifs 9-14
modeled system showed a substantial rearrangement of the complex associated with the Arg-to-
His substitution, suggesting loss of binding of the last ZnF motif to the DNA major groove, which
was expected to impact proper ZNF142 interaction with DNA (Figure S5). Thus far, no bona fide
pathogenic missense change has been reported to affect any of the ZnF motifs located at the N-

terminal ZnF cluster. Overall, these findings support the idea that the p.Arg593His does not share

a hypomorphic behavior with the three missense changes affecting the C-terminal ZnF cluster.
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Finally, we tested the robustness of the PB DNA-derived episignature to explore whether it could
be successfully applied to variant classification using FB-derived DNA by testing two affected
individuals with biallelic LoF variants (ID2 and ID9), an asymptomatic carrier (mother of ID2), and
three controls (Figure 3). As expected, unsupervised clustering and MDS analyses highlighted a
major contribution of cell lineage on the observed grouping associated with the methylation status
of the selected probes. However, both analyses were able to separate the affected individuals
from controls within each lineage. Notably, the SVM algorithm properly classified the two affected
individuals, and the four healthy controls with high confidence (SVM scores >0.9 and <0.1,

respectively) (Figure 3).

Genome-wide DNA methylation functional annotation analysis

To investigate the functional effect of biallelic ZNF142 LoF variants on the genome-wide DNAm
pattern in blood cells, both a site-based and a region-based approach were used. A total of 1,407
DMPs (FDR < 0.05) were found when comparing the genome-wide DNAm patterns of the 18
individuals with biallelic ZNF142 LoF variants and 288 healthy controls. The most significant DMPs
included positions located in the promoter regions of the GTPBP3/ANOS (Figure 4, top panel),
SCN2B (Figure 4, bottom panel), SLC39A11, PTGES2, and OTUB2 genes (the 200 most significant

DMPs are listed in Table S6; the 25 most significant DMPs are visualized in Figure S6).

When applying a region-based approach using DMRcate, only 25 DMRs were found (Table S7). Of
these, 13 were hypermethylated, while 12 were hypomethylated. The DMRs were predominantly
located in the promoter regions or gene bodies, with a large degree of overlap in the results
between the DMP and DMR analysis. Gene set enrichment analysis using the DMRs yielded no
significant results for gene ontologies or pathways (FDR < 0.05). The most significant DMRs were

located in the promoter regions of GTPBP3/ANOS (Figure 4, top panel), SLC39A11, and OTUB2.

14



298 Comparison of the DNAm patterns of PB and FBs revealed similar patterns of beta-value change
299 between individuals with biallelic ZNF142 LoF variants and controls in the two tissues, when the
300 most significant DMPs from the PB analysis was considered (Figure 5). Specifically, an R equal to
301 0.61 resulted when the 50 most significant probes were considered (44 probes present in the

302 merged dataset), which increased to 0.71 when the 25 most significant probes were analyzed (23
303 probes present in the merged dataset) (Figure 5). Ten probes showed a mean beta-value

304  difference > 0.15 between individuals with biallelic ZNF142 LoF variants and controls in both PB
305 and FBtissue (Table S8). These probes were located in or near GTPBP3/ANOS8, SLC39A11, ZNF215,

306  CLIP2, RFC2, NEK3, and PTGES2.

307 Different genome-wide studies have recently characterized the binding sites of many KRAB-ZFPs
308 and defined their genomic targets as strongly biased toward TEs, with most of them displaying
309 preferential enrichment at sequences present in one or several TE subtypes [43, 44]. To explore
310 the possibility that the identified DMRs were enriched for any TEs, we carried out a genomic
311 enrichment analysis, considering regions associated to different families of TEs, as short

312 interspersed nuclear elements (SINE), long interspersed nuclear elements (LINE), long terminal
313 repeat elements (LTR), and DNA repeat elements, as reported in RepeatMasker database. These
314  analyses highlighted a significant overlap for a specific DNA repeat element family, hAT (GIGGLE
315 score = 26.47; odds ratio = 41.53, Fisher’s exact test = 1.19x107), identifying this TE family as a
316  putative regulatory target of ZNF142.
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Discussion

Biallelic LoF variants of ZNF142 cause a clinically variable NDD without pathognomonic features,
hampering genetic diagnosis, particularly in presence of VUS. In this study, we used PB-derived
DNA samples of individuals carrying biallelic ZNF142 LoF variants to resolve a genome-wide DNAmM
signature to be used as a tool to confirm or rule out the diagnosis of this disorder. The identified
DNAm signature showed 100% sensitivity and specificity for biallelic LP/LP variants when applied
to an internal control cohort including 277 healthy individuals and 123 subjects with various
molecularly confirmed disorders. The episignature was successfully used for VUS reclassification,
and was robust enough to properly classify the variants using DNA obtained from cultured FBs of

two affected individuals.

So far, most variants associated with the ZNF142-related NDD involve splice sites, or cause
premature termination of the coding sequence, pointing to ZNF142 LoF as the disease mechanism.
Prior to this study, only five missense ZNF142 changes (p.Arg581Cys, p.Ser763Cys, p.Cys1233Phe,
p.Phel295Leu, and Arg1500Trp) were reported in four unrelated affected individuals [1-3]. None
of these variants has been functionally validated, and they are still classified as VUS according to
the ACMG criteria. Here, we trained a ML classifier to reclassify the genotypes of two of these
individuals/families (ID20 and ID21) together with six previously unreported individuals from three
families (1D22, 1D23-1D26, and ID27) with biallelic ZNF142 variants which could not readily be
classified as LP/P. When applying the ML classifier, ID20 and ID21 (p.Cys1233Phe/Arg1500Trp and
p.Arg636*/p.Phel295Leu, respectively) received a score indicating a partial match with the DNAm
signature. The DNAm pattern for the selected probe set was compatible with a hypomorphic
behavior of these missense variants. These substitutions are within the C-terminal ZnF motifs 15-

31, and previous protein modeling studies carried out by our group predicted their damaging
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effect by affecting ZnF structure or binding to DNA [2]. Consistent with our findings, individuals
ID20 and ID21 were reported to show a phenotype on the milder end of the clinical spectrum
associated with ZNF142 LoF. The phenotype of ID20 comprised low average 1Q (full scale 1Q 78),
age of walking of 18 months, lower limb hyper-reflexia and childhood apraxia of speech, but she
did not have seizures or dysmorphism [1], while ID21 had normal cognitive development and the
main symptoms included abnormal balance without clear ataxia, hypotonia, and some atypical
seizures with normal EEG [2]. On the other hand, the group of three families ID22
(p.Gly1089Ser/p.Val780lle), ID23-1D26 (p.Gly1055Arg/p.Val1553Met), and ID27
(p.Arg593His/p.Arg593His) did not match with the DNAm signature, making a diagnosis of ZNF142-
related disorder unlikely. In line with these findings, subsequent segregation analysis documented
that the two variants in ID22 were both maternally inherited, and clinical reassessment in the
others affected individuals provided evidence of a clinical condition diverging from the spectrum
caused by ZNF142 LoF. Except for the p.Arg593His variant, the substitutions that could be
modeled did not predict any substantial structural consequence (i.e., p.Val1553Met variant, see
Figure S5). Notably, while molecular dynamics simulations of p.Arg593His suggested that this
substitution would affect the interaction of ZNF142 with the recognition site on the DNA molecule,
it was classified with controls in both unsupervised and supervised DNAm analyses, indicating that
the homozygous p.Arg593His substitution is not qualitatively equivalent to the inactivating or
hypomorphic variants currently implicated in the ZNF142-related disorder. Further dedicated work
is required to rule out a pathogenic effect of this variant and to investigate whether missense

variants involving the N-terminal ZnF motifs contribute to disease pathogenesis.

The early establishment of altered genome-wide DNAm patterns during development makes

possible the design and use of disease-specific probe sets that can be successfully applied to
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peripheral blood cells to confirm/rule out a clinical diagnosis [25]. However, the degree to which a
blood cell-derived DNAm signature can be applied to other tissues/cell lineages is not an obvious
assumption, as different tissues are expected to have unique disease-specific methylation patterns
that do not necessarily overlap with those occurring in blood cells. Unexpectedly, comparison of
the DNAm patterns characterizing PB and FBs revealed a significant degree of conservation among
the most differentially methylated probes. Consistently, the PB-derived probe set successfully
classified two individuals with biallelic pathogenic ZNF142 variants as well as four healthy controls
also when applied to FBs. While additional FB-derived DNA samples should be tested to confirm
these findings, we predict that the identified episignature is stable to a large degree across
different tissues, suggesting an underlying conserved regulatory mechanism shared by various cell

lineages controlled by ZNF142 through its action on target genomic loci.

A second notable finding is that biallelic ZNF142 LoF variants result in a dysregulation of DNAm
levels with a large effect size at a small number of specific promoter regions, particularly those of
GTPBP3, SCN2B, SLC39A11, OTUB2, and SLC2A3. A plausible explanation for this finding is that, like
other KRAB-ZFPs, ZNF142 binds to longer DNA sequences compared to other transcription factors
45], likely resulting in an increased specificity. KRAB-ZFPs have previously been implicated in site-
specific DNAm changes [14-16], and the present findings parallel to the multilocus imprinting
disturbances previously attributed to pathogenic ZFP57 and ZNF445 variants [15, 46, 47]. A major
difference is that the reported DNAm changes in individuals with ZNF142-associated NDD do not
occur within the imprinted regions. Furthermore, the differential methylation pattern related to
ZNF142 LoF appears more specific when compared to what is observed for biallelic LoF ZFP57

variants, which generally affect multiple imprinted loci [46]. Notably, both hypermethylated and
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hypomethylated DMRs are associated with ZNF142 LoF, which differs from recent findings on

biallelic inactivating variants of ZNF699, where hypermethylation predominantly occurs [48].

While the DNAm signature associated with ZNF142 LoF correctly classified the healthy
heterozygous individuals with controls, the two groups were distinguished by identifying a second
set of DMPs, indicating a gene dosage effect on DNAm levels. Interestingly, these results also raise
the possibility of DNAm signature fine-tuning to better characterize hypomorphic variants for
diagnosing ZNF142-related disorders. Similar findings were recently obtained in DEGCAGS
syndrome [48], a recessive syndromic NDD caused by LoF variants in ZNF699. Intermediate DNAm
patterns have also been observed between affected hemizygous males and asymptomatic
heterozygous females also for X-linked recessive disorders, such as those caused by LoF variants of
KDM5C and BRWD3 [20, 49], which suggests that a gene dosage effect on DNAmM may represent a

more general feature, even in absence of a clinical phenotype.

A recent study using a knock-in (KI) mouse model resulting in Znf142 LoF (Znf142"8'50%%) provided
evidence of a pattern of differentially expressed genes in the brain of homozygous KI mice [9].
Four of the identified differentially expressed genes, Arl6ip5, Scn2b, Slc2a3, and Slc25a23, were
also found to have differentially methylated promoter regions in affected individuals with biallelic
LoF ZNF142 variants. Among these, Scn2b showed a 22-fold expression decrease in cerebellum
and hypothalamus of KI mice. Consistently, two sites in the promoter/enhancer region of SCN2B
showed the second largest differentially hypermethylated pattern in the present analyses. Only
two probes in this region were available on the EPIC v.1 array, which likely explains why this locus
was not identified as DMR. SCN2B codes for an isoform of the auxiliary B subunit of the voltage-

sensitive sodium channel. The most significant methylation changes were in the promoter region
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of GTPBP3 and ANOS8, where large DNAm changes were observed in both PB and FB samples, and

a methylation beta-value difference of 0.85 was observed at one probe in PB.

Functional annotation of the differentially methylated loci indicated a significant enrichment for
the hAT family of TEs. KRAB-ZFPs were shown to act as major repressors of TEs, with underlying
sequence-specificity attributed to unique combinations of ZnF motifs that target different
retrotransposon families [50]. Of note, the various TE classes are differentially enriched among the
KRAB-ZFPs targets. While LINEs, endogenous retroviruses, and SINE-VNTR-Alus are generally
enriched as targets of KRAB-ZFPs, DNA TEs, including the hAT family, are the only class significantly
underrepresented [50]. Our findings suggest that this specific TE family may be a pivotal target of

ZNF142 to regulate neurodevelopmental processes [50].

In summary, we show that biallelic ZNF142 LoF variants are associated with robust DNAm changes
at a relatively limited number of loci, which are shared by multiple cell lineages. Our data provide
an informative tool that can be applied for the clinical reclassification of ZNF142 VUS, and
document that hypomorphic variants explain, at least in part, the clinical variability characterizing

the ZNF142-related disorder.
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Figure legends

Figure 1. Identification of a DNAm signature specific for the disorder caused by ZNF142 LoF.
Clustering of the PB-derived DNA samples referring to the 16 affected individuals and 80 matched
controls (discovery cohort) using the 88 probes defining the DNAm signature by multidimensional
scaling (MDS) (left panel). All samples from individuals with biallelic ZNF142 LoF variants (red dots)
form a cluster separately from controls (blue dots). The Volcano plot illustrating the significance (-
log10(p)) and effect size (logFC) of all CpGs from the linear model is also shown (right panel). Red

dots denote the 88 selected probes included in the DNAm signature.

Figure 2. The ZNF142 LoF-associated DNAm signature shows broad specificity and sensitivity.
DNAm signature testing against a database containing hundreds of control individuals (healthy or
affected by other NDDs) shows that all individuals with biallelic ZNF142 LoF variants
(discovery/training samples, red dots; validation samples, gray dots) cluster together by MDS (left
panel) and unsupervised hierarchical clustering (right top panel) analyses. Six individuals with
ZNF142 VUS (orange dots) cluster with the controls (discovery and validation controls, dark and
light blue dots, respectively), while two individuals with ZNF142 VUS show an intermediate
pattern. Individuals with heterozygous ZNF142 LoF variants (maroon dots) cluster together with
controls. Sample groups are indicated using color bars above the heatmap (red: fully methylated
probes, blue: demethylated probes), using the same color code. The plot showing the prediction
scores of the machine learning classifier (SVM) trained to recognize the DNAm signature of biallelic
ZNF142 LoF variants is also shown (right bottom panel). All discovery/training and validation

samples carrying biallelic ZNF142 LoF variants received scores close to 1, while all controls
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received scores close to 0. Among the eight individuals with ZNF142 VUS variants, ID20 and 1D21
received a score above 0.6, suggesting partial match with the DNAm signature, while the

remaining six samples were tested negative.

Figure 3. The PB-derived DNAm signature successfully classifies DNA samples obtained from
primary cultured fibroblasts of individuals with ZNF142 LoF and controls.

The multidimensional scaling (MDS) plot shows the variance in DNAm between samples obtained
from primary fibroblasts (FB) and peripheral blood (PB) (left panel). In the second dimension (Y-
axis), a clear separation between individuals with biallelic ZNF142 LoF variants (PB red dots, FB
black dots) and controls (PB, blue dots; FB, gray dots) is observed. A FB sample from a
heterozygous carrier of a ZNF142 LoF variant (orange) clusters with the FB controls. Similarly,
when considering the DNA samples obtained from FB, unsupervised hierarchical clustering
separates individuals carrying biallelic ZNF142 LoF variants from healthy individuals, including the
tested sample with a heterozygous inactivating ZNF142 variant (right top panel). The prediction
scores from the machine learning classifier trained to recognize the PB DNAm signature of biallelic
ZNF142 LoF variants properly classifies the FB samples (right bottom panel), with FB-derived DNA
samples from affected individuals receiving a prediction score of >0.9, and FB-derived DNA

samples from the healthy carrier and other controls scored close to 0.

Figure 4. Differences in the level of DNAm within the GTPBP3, ANO8 and SCN2B loci between
PB-derived DNA samples of affected individuals and controls.

The panels show an increased methylation status of probes mapping to the promoter regions of
GTPBP3/ANOS (top panel) and those at the promoter region of SCN2B (bottom panel) in PB-

derived DNA samples from affected individuals compared to controls.
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Figure 5. Comparison of DNAm difference between individuals with biallelic ZNF142 LoF variants

and controls in different tissues.
The dotplot shows the correlation between the average DNAm levels (beta change) in samples
obtained from peripheral blood (PB) and primary fibroblasts (FB) for the top 25 differentially

methylated probes.
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