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Pleiotropic effects of MORC2 derive from its
epigenetic signature
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Heterozygous missense mutations in MORC2 have been implicated in various clinical entities, ranging from early-on-
set neurodevelopmental disorders to late-onset neuropathies. The mechanism underlying the phenotypic hetero-
geneity and pleiotropic effects of MORC2 has remained elusive.

Here, we analysed blood and fibroblast DNA methylation, transcriptomes, proteomes and phenotypes of 53 MORC2
patients.

We identified a MORC2-specific DNA methylation episignature that is universal across all MORC2-associated pheno-
types and conserved across different tissues. The MORC2 episignature consists mainly of DNA hypermethylation in
promoter regions, leading to transcriptional repression of target genes resulting in a MORC2-specific RNA signature.
Concomitant downregulation of three disease-associated genes—ERCC8, NDUFAF2 and FKTN—at different levels mir-
rors the variable biochemical defects and clinical manifestations observed in MORC2 patients. Silencing of NDUFAF2
accounts for the Leigh syndrome manifestation, whereas dysmorphic features are due to the repression of ERCC8.
Overall, we showed that pathogenic MORC2 variants cause specific episignature, whereby methylation level variabil-
ity and its repression impact on target genes explains the pleiotropy and predicts phenotypic heterogeneity in
MORC2-related disorders. We predict that epigenetic variation may underlie pleiotropy in other Mendelian disorders.
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Introduction

Pleiotropy, the simultaneous presentation of different phenotypes
due to variants in a single gene, and phenotypic heterogeneity are
common, yet often unexplained, features of monogenic disorders."
MORC2 (Microrchidia CW-type zinc finger protein 2)-related disor-
ders are a prime example of this phenomenon. Heterozygous mis-
sense mutations in MORC2 have been identified in association with
a number of disorders, including Charcot-Marie-Tooth disease
type 2Z (CMT2Z),>* spinal muscular atrophy (SMA),> Leigh syn-
drome, mitochondrial disease®” and Cockayne syndrome.® In an-
other study, patients with MORC2 pathogenic variants have been
grouped under the umbrella term DIGFAN, which stands for devel-
opmental delay, impaired growth, dysmorphic facies, axonal neur-
opathy? (Fig. 1 and Supplementary Tables 1 and 2).

At the molecular level, MORC2 encodes a DNA-dependent
ATPase chromatin remodeller that functions both dependently
and independently of the human silencing hub (HUSH) com-
plex.’®' Within the HUSH complex, MORC2 contributes to silen-
cing the expression of the retroelements, thereby maintaining
genome integrity. The HUSH complex regulates the deposition of
the repressive epigenetic mark H3K9me3 (trimethylation of histone
H3 at lysine 9) and recruits MORC2 to mediate chromatin compac-
tion.’®*>** Independent of the HUSH complex, MORC? is involved
in gene silencing and facilitating DNA repair by modulating chro-
matin structure- chromatin compaction and decompaction.***
Disease-causing variants in the ATPase module of MORC2 result
in its increased activity and hyper-repression of target genes.”'%?
However, the molecular mechanism linking increased MORC2
activity to the wide range of associated phenotypes, including
mitochondrial ~ dysfunction, remains poorly understood.
Furthermore, the gain-of-function pathomechanism, the highly

variable phenotypes, and the lack of functional assays pose chal-
lenges for interpreting the pathogenicity of novel variants of uncer-
tain significance (VUS) in the MORC2 gene.

To investigate the pathomechanism underlying MORC2
gain-of-function pathogenic variants, we performed a multi-omics
analysis of blood and fibroblast samples from MORC2 patients. We
discovered a MORC2-specific episignature that is conserved across
tissues and consistent across all related phenotypes. This episigna-
ture not only serves as a functional assay for MORC2 VUS but also
identifies hitherto unknown MORC2 targets. Hypermethylation of
promoter regions in target genes resulted in gene repression at le-
vels similar to those seen in Mendelian disorders. The concurrent
repression of disease-associated genes—ERCC8, NDUFAF2, FKTN—
underpins the observed pleiotropy in patients. Among the targets,
the methylation level of the bidirectional promoter of
ERCC8-NDUFAF2 exhibits the strongest correlation with disease se-
verity, being higher in Leigh syndrome than in CMT. Overall, our
study illustrates the link between epigenetic modifications and
pleiotropy in Mendelian disorders.

Materials and methods

A cohort of 53 MORC2 genetically diagnosed patients has been col-
lected through both national sources and international collabora-
tions. The cohort includes 39 newly identified cases and 14
previously reported ones.>® Patient phenotypes were extracted
and coded as Human Phenotype Ontology (HPO) terms
(Supplementary Table 2). Written informed consent was obtained
from all individuals or their guardians prior to evaluation and
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Figure 1 Phenotypic heterogeneity in MORC2-realted disorders. (A) Main phenotypic abnormalities observed in MORC2-related disorders are shown.
(B) Donut chart showing the distribution of different disorders associated with MORC2 pathogenic variants in a total of 112 patients, including both
previously reported patients (n = 73) and new patients reported in this paper (n=39). (C) Lollipop plot showing the distribution of pathogenic variants
in MORC2 and their associated disorders. Variants reported more than five times or associated with more than one disorder are labelled in the plot. The

data include 112 patients described in B.

testing, in accordance with the Declaration of Helsinki, and ap-
proved by the ethical committees of the participating centres.

The classification of disease types for unreported cases was per-
formed as follows. Initially, cases with developmental delay and bi-
lateral basal ganglia or brainstem lesions on head MRI were
classified as Leigh syndrome. Subsequently, cases with multisys-
tem symptoms involving more than three organs and with defects
in mitochondrial oxidative phosphorylation enzymes or elevated
lactate were classified as mitochondrial disease.'® Among the re-
maining cases, those with growth impairment (short stature,
microcephaly) and characteristic facial features were classified as
Cockayne syndrome.”” Cases not classified into the above three cat-
egories were characterized by predominant peripheral neuropathy
and were classified as CMT (Supplementary Tables 1 and 2).

A clinical-radiological score'® was calculated to evaluate the
clinical similarity of the cases to Cockayne syndrome. Clinical
symptoms were aggregated for all patients; however, head imaging
was omitted in cases where CNS symptoms were not the primary
manifestation (Supplementary Table 2).

DNA methylation profiling was performed on both blood and fi-
broblasts in 45 patients, depending on material availability. One pa-
tient had both blood and fibroblasts, and one patient had two

samples from different time points, resulting in 47 DNA methyla-
tion data points from MORC2 patients (n = 35 blood and n =12 fibro-
blast DNA methylation).

RNA sequencing (RNA-seq) and proteomics were performed on
fibroblasts from 12 and 13 MORC2 patients, respectively.

DNA methylation analysis pipeline

Processing of DNA methylation

Genomic DNA was extracted from blood and fibroblast samples.
DNA methylation analysis was performed on bisulfite-converted
DNA from both blood and fibroblast samples using the Infinium
Methylation EPIC v1.0 and v2.0 BeadChip arrays, in accordance
with the manufacturer’s protocols at Helmholtz Munich Core
Facility. DNA methylation data preprocessing was performed using
the minfi package® in R version 4.3.1. Initial quality control in-
volved filtering out samples based on several criteria: average de-
tection P-value less than 0.05, discordance in recorded gender and
predicted gender based on the methylation profile, methylation in-
tensity deviating more than three standard deviations from the
mean, and non-bimodal distribution in density plots. Quantile
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normalization was applied on the CpG sites common between EPIC
v1.0 and EPIC v2.0 arrays. In addition, the probes with a detection
P-value greater than 0.01, probes overlapping with single nucleo-
tide polymorphisms (SNPs), cross-reactive probes and probes lo-
cated on the X and Y chromosomes were excluded from the
analysis. Following these filtering criteria, 631 142 CpG sites in 512
samples (n=481 blood and n=31 fibroblast) remained for down-
stream analysis. Methylation beta values and M-values were calcu-
lated for all the CpG sites. The proportions of white blood cell types
were estimated using the Houseman method.”® Age was also in-
ferred from methylation data using the Horvath method imple-
mented in the methylclock package.”*

An epigenome-wide association study (EWAS) was performed on
blood DNA methylation. A cohort of 13 MORC2 patients and 58
healthy controls were selected, and 80:20 per cent train-to-test
splitting was performed. The EWAS was conducted on the training
cohort consisting of 10 MORC2 patients and 46 healthy controls.
Linear regression on the methylation values (M-values), adjusting
for disease status (MORC2 versus control), age, gender, white blood
cell type composition and the version of the EPIC array (EPIC v1.0
and v2.0) was performed using the limma package. CpG sites show-
ing significant differences at Bonferroni-adjusted P-values <0.05
were considered differentially methylated positions (DMPs).

Given the extensive number of CpG sites showing significant
differences at Bonferroni-adjusted P-values<0.05 (n=760 CpG),
we employed several criteria to refine the selection of CpG sites
for inclusion in our diagnostic classifier. Following the approach
by Levy et al.,”* we computed a methylation score for each site by
multiplying the negative log-transformed false discovery rate
(FDR) by the absolute value of the log-fold change (logFC). The top
1000 probes, ranked by this score, were initially selected. The fea-
ture importance for the selected CpGs was calculated using the
filterVarImp function from the Caret package. From this analysis,
220 CpG sites exhibiting an area under the curve (AUC) greater
than 0.99 were chosen for training the classifier.

Unsupervised visualization was performed by calculating the
Euclidean distances between samples, followed by multidimen-
sional scaling on the M-values of 220 CpG sites to examine the
data structure and clustering of MORC2 patients and controls.
Subsequently, a support vector machine (SVM) classifier was
trained using the e1071 package based on the M-values of the
same 220 CpG sites. The training was performed on the samples
used for the EWAS analysis. A 10-fold cross-validation with a linear
kernel was applied. The probability scores generated by the classi-
fier were used to classify MORC2 patients, with a threshold set at a
score greater than 0.5. The classifier was tested on a blood sample
cohort comprising three MORC2 patients, 12 healthy controls and
368 samples with other genetic disorders, and on a fibroblast sam-
ple cohort consisting of six MORC2 patients and 18 healthy or dis-
eased controls. In addition, the phenotype specificity of the
classifier was evaluated in a validation cohort of 49 DNA methyla-
tion samples collected after the discovery of episignature, including
28 samples from MORC2 patients (n = 22 blood; n = 6 fibroblast DNA
methylation), 22 of whom were clinically diagnosed with CMT.

A total of 43 samples from MORC2 patients exhibiting the
MORC2-specific episignature were clinically diagnosed with Leigh
syndrome (n=13), mitochondrial disease (n=6) or CMT (n=24).

F. Peymani et al.

For the EWAS, data from the two most distinct phenotypes, typical
CMT and Leigh syndrome, were selected. DNA methylation data for
the majority of Leigh syndrome patients (n = 10) were derived from
fibroblasts, whereas for CMT patients, the data were obtained
mainly from blood samples (n = 23). To mitigate the confounding ef-
fect of tissue in EWAS, we combined the DNA methylation data of
CMT patients with fibroblast DNA methylation of control cell lines.
EWAS was performed comparing 10 Leigh syndrome patients
against 32 samples comprising 16 CMT patients and 16 controls.
Gender, age, tissue (blood or fibroblast) and the version of the
EPIC array were included as covariates. CpG sites at
Bonferroni-adjusted P-values < 0.05 (n =80 CpG sites) were consid-
ered significant.

Similar to the discovery of the episignature, the multidimen-
sional scaling plot was utilized to visualize the data structure using
the 80 CpG sites identified in the previous step. Subsequently, the
SVM classifier was trained on the set of samples used for EWAS,
employing 5-fold cross-validation to classify MORC2 patients with
Leigh syndrome/mitochondrial disease versus those with CMT.
The classifier was tested on additional samples, including nine pa-
tients with Leigh syndrome/mitochondrial disease and 11 patients
with CMT. The classifier was further tested on DNA methylation of
a cohort of 449 samples (n =3 fibroblast and n =446 blood).

CpG site annotation was performed using the getAnnotation func-
tion from the IlluminaHumanMethylationEPICanno.ilm10b4.hg19
package in R. The spatial localization of CpG sites relative to genes
was determined using the ‘UCSC_RefGene_Group’ column, which
includes TSS1500 (200-1500 bases upstream of the TSS), TSS200
(0200 bases upstream of the TSS), 5'UTR, 1st exon, ExonBnd
(exon boundaries), Body (gene body) and 3'UTR. We defined the
gene promoters as CpGs located in TSS1500 or TSS200. Since each
CpG site can have multiple annotations based on its location rela-
tive to different transcripts of the gene, we considered the most fre-
quent annotation for downstream analysis to ensure one
annotation per CpG. We also repeated the analysis using all pos-
sible annotations for each CpG, but this did not show significant dif-
ferences compared to the first analysis.

Gene annotations were obtained from the InfiniumAnnotation
database (https:/zwdzwd.github.io/InfiniumAnnotation/EPIC_
hm450_hg19.html), which maps the genes to the CpG sites span-
ning from 1.5 kb upstream of the transcription start site to the tran-
scription termination site, using GENECODE release 26. For CpG
sites with multiple corresponding genes, all genes were considered
for the analysis.

HUSH target sites and MORC2 binding sites were obtained from
Seczynska et al.?® and Tchasovnikarova et al.,’® respectively. The
CpGs located within the identified loci were marked as CpGs in
the HUSH target site or MORC2 binding site.

The calculation of the methylation value for each sample based on
a set of CpG sites was performed as follows. First, for each CpG, we
calculated the methylation Z-score by subtracting the mean
M-value across all DNA methylation samples from the M-value of
that CpG in each sample and dividing by the standard deviation.
Then, for each sample, we calculated the mean of the methylation
Z-scores for the specific set of CpG sites (such as the 220 CpGs in the
episignature or the 3019 CpGs mapped to HUSH targets).
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RNA-seq was performed according to Yépez et al.?* and Kremer
et al.® Briefly, RNA was isolated from patient-derived skin fibro-
blasts, and library preparation was conducted using either the
TruSeq Stranded mRNA or Illumina Stranded mRNA Ligation proto-
col. The RNA libraries were sequenced as 100 bp paired-end runs on
[llumina HiSeq2500 or HiSeq4000 platforms. RNA-seq reads were
demultiplexed and aligned to the hgl9 genome assembly (UCSC
Genome Browser build) using STAR version 2.7.0a. The DROP pipe-
line (version 1.3.4) was employed for read counting and quality con-
trol, using the GRCh37 primary assembly, release 29, of the
GENCODE project as the reference genome. RNA-SEQC was utilized
for quality control, and the summarizeOverlaps function from the
GenomicAlignments R package was used to count reads. Genes
with a 95th percentile FPKM below one were filtered out as not suf-
ficiently expressed.

Sixty-four samples, comprising 12 MORC2 samples, 18 healthy con-
trols and 34 diseased controls, were selected for differential expres-
sion analysis. An 80:20 train-test split was performed on this
cohort, resulting in a training set of 10 MORC2 patients and 42 con-
trols (13 healthy and 29 diseased), which was used for the identifi-
cation of differentially expressed genes (DEGs). Principal
component analysis (PCA) was conducted and revealed the impact
of library preparation protocols.

DESeq?2 version 1.34.0 was employed for the normalization and
detection of DEGs. Briefly, DESeq2 estimates size factors to normal-
ize for differences in sequencing depth across samples. A design
formula incorporating disease status (MORC2 versus others), sex
and library protocol was used to model the count data using nega-
tive binomial generalized linear models (GLMs). The Wald test was
applied to assess significant differences in gene expression be-
tween MORC2 patients and controls while accounting for the effects
of covariates. A threshold of Benjamini-Hochberg-adjusted P-value
<0.05 was used to determine statistically significant DEGs (n =106
DEGs). Unsupervised clustering was performed on 106 DEGs, in
the same way as performed for episignature, to examine the clus-
terization of MORC2 patients and control samples.

A SVM classifier was trained on 106 DEGs using a methodology
analogous to that employed for DNA methylation. The classifier
was trained on normalized counts, where normalization was per-
formed using DESeq2 by estimating size factors with the
estimateSizeFactors function and applying variance stabilizing
transformation (VST) with the vst function to stabilize the variance
across the data, followed by scaling. The classifier was trained on
the sample set used for DEGs detection with 10-fold cross-
validation. The SVM probability scores were utilized similarly to
the DNA methylation analysis, with a threshold of 0.5 set to classify
MORC2 patients. The classifier was tested on the test cohort of two
MORC2 patients and 10 healthy or diseased controls, as well as an
additional set of 168 genetically undiagnosed samples.

Expression outliers were identified using the OUTRIDER package on
the transcriptome of fibroblast cell lines of a cohort of 877 indivi-
duals consisting of 12 MORC2 patients. OUTRIDER employs a de-
noising autoencoder to control for latent effects and provides an
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RNA z-score for each gene and sample, allowing for the detection
of expression outliers. Unsupervised clustering has also been per-
formed on the denoising autoencoder-derived normalized counts
of 106 DEGs.

Proteomics has been performed on fibroblast cell lines of 660 sam-
ples consisting of 13 MORC2 patients, as described by Kopajtich
et al.?® In summary, the protocol included reduction, alkylation,
tryptic digestion using Trypsin Gold (Promega), and TMT labelling
and liquid chromatography-mass spectrometry measurements. In
total, 9040 proteins have been detected. The proteins with missing
values in more than 20% of the samples were filtered out, resulting
in 6749 proteins. PROTRIDER?® has been utilized for normalization
and protein outlier detection. Similar to OUTRIDER, PROTRIDER
employed a denoising autoencoder to mitigate the influence of la-
tent confounders. Proteins with a Z-score < -2 were classified as
protein outliers. Recurrent protein outliers were defined as those
identified as outliers in at least two MORC2 patients. The signifi-
cance of recurrent protein outliers in MORC2 patients was assessed
using a one-sided Fisher exact test.

The cryo-electron microscopy structure in the active state (PDB
ID: 6G2J) was used in PyMol V.2.5.4 (Schrédinger) to visualize the
protein abundances in respiratory chain complex I.

The oxygen consumption rate was examined using skin fibroblasts
according to the method previously described.?” For each disease
type and control (NHDF), 22 to 24 wells were used, and the measure-
ment was conducted twice.

Results

Pathogenic variants in genes involved in the epigenetic machinery
have been shown to result in gene-specific methylation changes
called episignatures. These episignatures serve as highly sensitive
and specific biomarkers that can be used as functional assays to as-
sess the functional impact of VUS in a growing number of
Mendelian disorders.?? Despite MORC2’s recognized role in gene
regulation, its genome-wide impact on DNA methylation remains
unexplored. To assess the impact of pathogenic variants in
MORC2 on DNA methylation, we conducted an EWAS using 10
MORC2 patients and 46 healthy controls (Supplementary Table 3).
The analysis identified 760 DMPs when corrected for multiple test-
ing (Bonferroni P-adjusted value < 0.05); 93% (n=707) were hyper-
methylated in MORC2 patients (Fig. 2A and Supplementary
Table 4). The 760 DMPs were mapped to 480 genes (differentially
methylated genes). From these 760 DMPs, we selected the 220
most differentiating CpG sites (see the ‘Materials and methods’ sec-
tion for details) for the unsupervised analysis. This resulted in a
clear separation between MORC2 patients and controls
(Supplementary Fig. 1A). To validate the specificity of the identified
episignature, we trained a SVM classifier on blood DNA methylation
data using 220 CpGs on the sample set used in the EWAS. This clas-
sifier was then tested on an independent cohort of three MORC2 pa-
tients, 12 healthy controls, 281 patients with mitochondrial disease
and 86 patients with other neurodevelopmental disorders. The
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Figure 2 Tissue-independent MORC2-specific episignatures are mainly localized in gene promoters. (A) Volcano plot of differential methylation analysis
comparing MORC2 patients (n=10) to healthy controls (n=46). Shown in blue and red are the 760 significantly differentially methylated CpGs with a
Bonferroni-adjusted P-value threshold of < 0.05. (B) The mean methylation Z-score of 220 CpGs (MORC2 episignature) (y-axis) was calculated for each in-
dividual with blood DNA methylation. Each filled circle represents one individual. The controls (grey-filled circles) consist of healthy individuals (n = 58)
and patients with mutations in other genes than MORC2 (n = 424). The yellow-filled circle shows the individual with a benign stopgain variant in MORC2
(p.Arg90Ter), and the pink-filled circles represent the MORC2 patients. (C) Results of the support vector machine classifier trained on blood DNA methy-
lation of 220 CpGs to predict MORC2 patients. The y-axis shows the probability that the DNA methylation profile matches the MORC2-specific episigna-
ture. Each dot represents one individual, and the x-axis indicates the causal genes or groups. ‘Mitochondrial: Patients with pathogenic variants in
mitochondrial disease genes (n=301). ‘MORC2_Benign’: Two patients with benign missense variants in MORC2. ‘MORC2_LOF’: One patient with a benign
loss-of-function variant in MORC2. Training set: Blood DNA methylation of 10 MORC2 patients and 46 controls. Test set: Blood DNA methylation of three
MORC2 patients, 12 controls, one MORC2_Benign, 367 patients with other genetic disorders, and fibroblast DNA methylation of six MORC2 patients, four
controls and 14 patients with mitochondrial disease. Validation set: Blood DNA methylation of 22 MORC2 patients, 20 patients with other genetic disor-
ders, and fibroblast DNA methylation of six MORC2 patients and one patient with another genetic disorder. (D) Localization of the 760 CpGs identified in A
relative to gene structure and known MORC2 target sites. ‘Body’ refers to CpG sites located within gene bodies and 3’-untranslated regions (3'UTRs). ‘“TSS’
denotes the transcription start site. “TSS200’ represents CpG sites located 0-200 bases upstream of the TSS, and ‘TSS1500’ represents CpG sites located
200-1500 bases upstream of the TSS. Fisher’s exact test showed significant enrichment of differentially methylated CpG sites. (E) Venn diagram illustrat-
ing the overlap among CpG sites located in promoter regions, MORC2 binding sites and HUSH target sites. Of the 760 differentially methylated CpG sites,
463 that belong to at least one of these categories are included in the diagram. LOF = loss-of-function.
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classifier successfully identified all MORC2 patients in the test set
(Fig. 2C).

DNA methylation patterns vary significantly across tissues. To
date, DNA methylation episignatures have been identified and ap-
plied in diagnostics on blood samples. However, blood is often not
the most suitable tissue for functional studies, whereas fibroblasts
are well-established in diagnostic routines for pathomechanistic
investigations. We sought to evaluate if the MORC2-specific epi-
signature found in blood could be detected across different tissues.
Therefore, we tested the classifier on DNA methylation data from
24 fibroblast cell lines, including six from MORC2 patients. All
the MORC2 patients were successfully classified, as with the blood
samples (Fig. 2C). This finding demonstrates that the disease-
specific methylation changes that build the episignature are con-
served across different tissues and stronger than tissue-dependent
differences.

Since the classifier was solely tested on MORC2 patients with
MD, we sought to evaluate its phenotype specificity. We further col-
lected 28 samples from MORC2 patients, including 22 with a CMT
phenotype and 21 additional disease controls, including one pa-
tient with a benign missense variant in MORC2. All groups were cor-
rectly classified except for three MORC2 CMT patients that were
falsely classified as controls (AUC=0.988) (Fig. 2C). Even though
the probability from the classifier was a little bit elevated, it was still
in the benign range. All the variants reported in these three patients
are located in the transducer S5-like domain, representing three of
seven variants in this domain that did not show the episignature.
Further investigation is needed to clarify the pathogenicity of these
variants. Overall, we demonstrated that the episignature is univer-
sal for all MORC2-related disorders investigated.

Leveraging on the high specificity of the MORC2 episignature, we
tested the classifier on the DNA methylation profile of a mitochon-
drial disease patient carrying a VUS in MORC2 (NM_001303256.3:
c.535C>T, p.Argl79Cys), classified according to the American
College of Medical Genetics/Association for Molecular Pathology
guidelines. The variant is located in the hotspot region of the
ATPase module. The classifier showed a clear benign result, which
was later supported by segregation analysis showing the presence
of the variantin the healthy, unaffected mother. We concluded that
this variant is not a significant contributor to the observed disease
phenotype and reclassified it as benign (Fig. 2C).

To date, all pathogenic variants reported in MORC2 are exclu-
sively missense variants, with a suspected gain-of-function mech-
anism.’®'? To verify this hypothesis, we assessed the impact of a
heterozygous stop-gain variant (NM_001303256.3: c.268C>T,
p-Arg90Ter) in MORC2 in an individual with an unrelated phenotype
of hypertension. The classifier correctly predicted this variant to be
benign, supporting the hypothesis that gain-of-function, not
loss-of-function (LOF), is the pathomechanism of pathogenic
MORC2 variants (Fig. 2B and C).

Currently, the primary motivation to search for episignatures and
the value of an identified episignature lies in its potential for func-
tional validation of VUS and its impact on subsequent variant clas-
sification. However, the disease-specific methylation changes have
broadly failed to provide further insights into the Mendelian dis-
ease pathomechanisms. To explore MORC2 pathomechanism, we
analysed the spatial distribution of DMPs in the genome. In a previ-
ous study by Tchasovnikarova et al.,"® MORC2 binding sites were
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identified and found to be enriched at transcription start sites
(TSSs) and HUSH targets. Indeed, we observed a significant enrich-
ment of DMPs in MORC2 binding sites'® and gene promoter regions,
as well as HUSH target sites?® (Fig. 2D). Of the DMPs located at
MORC?2 binding sites (23%), 60% are located in gene promoter re-
gions and 14% overlapped with HUSH target sites (Fig. 2E). This ob-
servation aligns with previous studies indicating that MORC2
binding sites are mainly located at TSSs and, to a lesser extent, at
HUSH target loci within gene bodies.’® Moreover, among the
DMPs that do not overlap with known MORC2 target sites, 30%
are also located in gene promoter regions, while 10% overlap with
HUSH target sites. (Figure 2D and E). Overall, this suggests that al-
though some of the effects of mutant MORC2 on DNA methylation
are mediated through interactions with the HUSH complex, the
majority are driven by the HUSH-independent function of MORC2.

Around 60% of hypermethylation sites have not been previously
identified either as MORC2 targets or HUSH targets. This could re-
present unrecognized physiological targets of MORC2 or novel tar-
gets arising as a result of MORC2 gain-of-function variants. To
differentiate between the two alternatives, we took advantage of
the MORC2 LOF. We hypothesized that physiological targets of
MORC2 should show a reduced level of methylation in the carrier
of the LOF variant. Indeed, across all known HUSH target sites, the
LOF variant in MORC2 resulted in reduced methylation. This pattern
is even more pronounced in the newly identified sites. While DMPs
are hypermethylated in MORC2 patients, they are hypomethylated
in the heterozygous LOF variant carrier (Supplementary Fig. 2).
Taken together, these data support the idea that increased methyla-
tion occurs mostly at MORC2 physiological targets rather than at no-
vel binding sites arising from gain-of-function mutations.

Overall, our analysis demonstrates that the CpGs comprising
the MORC2 episignature are predominantly located in gene promo-
ters, and the comparison of MORC2 gain-of-function and LOF var-
iants further extends the list of previously identified MORC2
targets.

Building on the observation that MORC2 mutations induce DNA hy-
permethylation in gene promoters, we next explored the functional
impact of this promoter hypermethylation on gene expression, le-
veraging the conserved episignature in fibroblast cell lines.
Differential expression analysis of 10 MORC2 patients and 42 con-
trol cell lines revealed 106 DEGs at FDR-adjusted P-value <0.05
(Fig. 3A and Supplementary Tables 5 and 6). Notably, 97% of these
genes (103 of 106) were downregulated, and nearly half exhibited
a significant increase in promoter methylation, consistent with
the concept that hypermethylation in promoter regions results in
the silencing of gene expression. Furthermore, these promoter re-
gions were also hypermethylated in blood samples, suggesting an
early establishment of MORC2 gain-of-function specific methyla-
tion changes in patients.

We then asked whether the DEGs were specific and sensitive en-
ough to classify MORC2 patients. Using the same approach as for epi-
signature discovery, we applied an unsupervised analysis on both
DESeq2-normalized (size factor normalization followed by variance
stabilizing transformation) and OUTRIDER-normalized (employing
denoising autoencoder)?® counts of 106 DEGs. A separation between
MORC2 patients and controls was observed, with the separation
being more distinct when using OUTRIDER-normalized counts
(Supplementary Fig. 1B and C). Subsequently, we trained a SVM
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Figure 3 MORC2-specific RNA-signature in fibroblast cell lines. (A) Volcano plot of differential expression analysis in fibroblast cell lines comparing
MORC2 patients (n=10) to healthy or diseased controls (n =42). The 106 significant differentially expressed genes at a Benjamin-Hochberg-adjusted
P-value threshold of <0.05 are shown in blue and red. (B) Results of the support vector machine classifier trained on the expression profile of the
106 genes identified in A. The y-axis shows the probability that the transcriptome profile matches the MORC2-specific RNA signature. Training set:
10 MORC2 patients, 13 healthy controls, 29 diseased controls. Test set: Two MORC2 patients, five healthy controls, five diseased controls and 168 gen-

etically undiagnosed patients.

classifier on the same set of samples and tested it on an independent
cohort of 180 samples (two MORC2 patients, 10 healthy or disease
controls and 168 genetically undiagnosed patients). The classifier
successfully distinguished the MORC2 patients from all other sam-
ples (Fig. 3B). In conclusion, heterozygous pathogenic variants in
MORC2 result in a hyperactive enzyme that causes promoter hyper-
methylation of MORC2 targets, leading to the silencing of a defined
set of genes. This effect is strong and specific enough to establish
an RNA-based MORC?2 classifier.

Having identified MORC2-specific dysregulated genes, we ques-
tioned whether these targets share common features. Gene set en-
richment analysis revealed a significant overrepresentation of
C2H2-type zinc finger (ZNF) genes among both DMGs and DEGs,
with C2H2-ZNF genes comprising 43% of the DEGs (n=47) (Fig. 4).
As a proof of concept, ZNF genes have previously been shown to
be silenced in MORC2 mutant cell lines. However, the repression
has been attributed to histone methylation (H3K9me3) via the
HUSH-MORC2 complex.’®*** Qur data showed that promoter
hypermethylation of ZNF genes also contributes to their transcrip-
tional repression. Despite this enrichment, none of the dysregu-
lated C2H2-ZNF genes identified in our study have been
associated with a genetic disorder.

We next asked whether the dysregulated genes at both methy-
lation and expression levels have been associated with Mendelian
disorders. Four disease-associated genes—ERCC8, NDUFAF2, FKTN
and NHLRCI—were identified (Supplementary Fig. 3A). Notably,
two of these genes, ERCC8 and NDUFAF2, share the same bidirec-
tional promoter. Three of the four genes—ERCC8, NDUFAF2 and
FKTN—were also identified as recurrent expression outliers in
MORC?2 patients, with reduced expression levels typical of mono-
genic disorders caused by primary mutations in these genes
(Fig. 5A-D).

To further validate the low expression level of the dysregulated
disease genes, we performed proteomics on 13 fibroblast cell lines
of MORC2 patients. While ERCC8 and FKTN proteins were not de-
tected in our proteomics assay, NDUFAF2 was detected and found

as arecurrent protein outlier (Fig. 5C). The level of NDUFAF2 protein
in MORC2 patients’ fibroblasts was as low as in patients with patho-
genic variants in NDUFAF?2 itself (protein Z-score < -2).

NDUFAF2 encodes a mitochondrial respiratory chain complex I
(CI) assembly factor that facilitates the last step of CI assembly, in-
tegrating the N module into CI. Pathogenic variants in NDUFAF2
have previously been reported in patients with mitochondrial dis-
ease and Leigh syndrome and decreased CI levels and activity.>-
In addition to the reduced level of NDUFAF2, our proteomics data
also show a significant reduction of CI N- and Q-module proteins,
although their RNA expression is within the normal physiological
range (Fig. 5C and Supplementary Table 7). This finding under-
scores the functional downstream effect of the NDUFAF2 dysfunc-
tion. Overall, the reduced level of NDUFAF2 and the consequent
impairment of respiratory chain CI establish a functional link be-
tween MORC2 mutations and mitochondrial dysfunction and ex-
plain the clinical presentation of Leigh syndrome.

Biallelic pathogenic variants in ERCC8, mostly LOF variants,
have been reported in patients with Cockayne syndrome,®**
other phenotype observed in MORC2 patients.® ERCC8 encodes a
WD repeat protein known as Cockayne syndrome A protein (CSA),
which plays a role in DNA damage repair.>> Accumulation of DNA
damage has been observed in Morc2a mutant mice and has re-
mained so far unexplained.* We conclude that the reduced expres-
sion of ERCC8 contributes to the Cockayne syndrome features
observed in MORC2 patients, including signs of accelerated ageing.

FKTN, another dysregulated gene, encodes fukutin, an enzyme
involved in the glycosylation of a-dystroglycan. Biallelic pathogenic
variants in FKTN are associated with dystroglycanopathies, a spec-
trum of muscular dystrophies that can also be accompanied by
brain and eye malformations as well as cardiomyopathy.?”:*®
Muscular dystrophy has been reported in MORC2 patients, and
some have shown elevated serum creatine kinase levels, a bio-
marker of muscle damage.”?° Nevertheless, cobblestone lissence-
phaly, a hallmark feature of FKTN-related disorders on brain MRI,
has not been observed so far in MORC2 patients. Our findings sug-
gest that FKTN downregulation may contribute to the muscular
dystrophy observed in MORC2 patients. Additionally, we suggest
that MORC2 variants be considered in patients presenting with
FKTN-specific brain abnormalities.

an-
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Figure 4 The downstream effect of aberrant DNA methylation on gene expression. (A) Mirror Manhattan plot displaying the results of differential
methylation analysis (top, red-filled circles) and differential expression analysis (bottom, blue-filled circles). The y-axis represents —log;o(P-value) for
both analyses, and the x-axis denotes the genomic positions of CpG sites or genes. Threshold P-values were set at 7.93x 1078 (corresponding to
Bonferroni-adjusted P-value < 0.05) for differential methylation and 2.7 x 10~* (corresponding to Benjamin-Hochberg-adjusted P-value < 0.05) for dif-
ferential expression analyses (indicated by dashed lines). Differentially methylated CpG sites mapped to C2H2-ZNF genes and differentially expressed
C2H2-ZNF genes are highlighted in green. Genes that are both differentially methylated and differentially expressed are shown in bold. OMIM disease
genes that are both differentially methylated and expressed are enclosed in rectangles and labelled. The Venn diagram at the bottom illustrates the
overlap between C2H2-ZNFs, HUSH target genes,?* differentially expressed genes and differentially methylated genes. (B) Enrichment of C2H2-ZNFs
among both differentially methylated CpGs (top) and differentially expressed genes (bottom) with Fisher’s exact test P-values of 1.35x107**¢ and
3.18 x 107, respectively. OMIM = Online Mendelian Inheritance in Man; ZNFs = zinc finger genes.

While mitochondrial CI deficiency was the predominant bio-
chemical defect observed in MORC2 patients, complex II (CII) defi-
ciency was occasionally noted. In agreement with this, we
observed promoter hypermethylation and reduced expression of
SDHAF4, a CII assembly factor, in two patients with CII deficiency
(Fig. 5E). This observation highlights the variability of MORC2 tar-
gets among patients, as evidenced in this case, leading to CII defi-
ciency in a small subset of individuals.

Additionally, we observed a significant downregulation of
MORC2 itself, independent of any significant changes in DNA
methylation (Supplementary Fig. 3B). Previous studies have identi-
fied MORC2 as a target of the HUSH complex, with its downregula-
tion observed in MORC2 mutant cell line.'® Our findings align with
previous findings, supporting the hypothesis that the reduced
MORC2 expression is likely mediated by histone methylation
(H3K9me3) via the HUSH complex rather than through DNA
methylation.

Finally, we observed only marginal promoter hypermethyla-
tion and reduced expression of the NHLRC1 gene. The gene was
not identified as an expression outlier (Supplementary Fig. 3C).
The pathogenic variants in NHLRC1 have been associated with
myoclonus epilepsy, a phenotype not observed in our cohort
but previously reported in some MORC2 patients.” Further
investigation of NHLRC1 promoter methylation in those patients
is warranted.

The level of methylation predicts phenotypic
differences in MORC2-related disorders

MORC2 patients present with overlapping symptoms of different
disorders. Besides MRI findings which are specific to Leigh syn-
drome, all other symptoms are observed in subsets of both CMT
and mitochondrial disease MORC2 patients (Fig. 6A and
Supplementary Table 1). Our integrative multi-omics analysis iden-
tified the key genes driving the MORC2-related phenotypes, high-
lighting their composite nature. The MORC2-related disorder is
the consequence of variable quantitative gene silencing of at least
three genes—NDUFAF2, ERCC8, FKTN—alongside additional genes
that are affected in some but not all patients. How much does the
genotype affect the variability? Generally, there is some correlation
between genotype and phenotype. Variants in the N-terminal
GHKL domain are more frequently associated with severe neurode-
velopmental disorders and MD, while those in the C-terminal GHKL
domain and transducer-like domain are more commonly linked to
CMT. However, several variants have been reported in association
with variable clinical presentation, even among members of the
same family (Fig. 1C and Supplementary Table 1).*

We therefore asked whether the methylation pattern may help in
predicting patient phenotypes. We selected patients from the two
most distinct MORC2-related disorders, patients with Leigh syndrome
(n=10) from the mitochondrial disease cohort and patients with the
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Figure 5 Hypermethylation and downregulation of disease-associated genes by MORC2 gain-of-function variants. (A) LocusZoom plot for ERCC8 and
NDUFAF2 genes based on the differential methylation analysis (from Fig. 2A). Each dot represents a CpG site, and the y-axis indicates the —log;o(P-value)
of the differential methylation analysis. (B) Promoter methylation and expression levels of ERCC8 and NDUFAF2 in MORC2 patients and controls. Left:
Mean methylation (y-axis) represents the average of the methylation level (beta value) across 14 CpGs located in the ERCC8-NDUFAF2 promoter region.
Right: RNA Z-scores derived from OUTRIDER results for ERCC8 and NDUFAF2 expression levels, respectively. (C) NDUFAF2 protein levels in MORC2 pa-
tients and controls. Left: Protein Z-scores of NDUFAF2 derived from PROTRIDER results. Middle: Mitochondrial respiratory chain complex I with signifi-
cant recurrent protein outliers (protein Z-score < —2) in MORC2 patients highlighted and named in red (one-sided Fisher’s exact test P-value < 0.05). The
number of MORC2 patients in whom the protein was identified as an outlier is written in brackets. Proteins shown in grey were either not detected or
not significant. Right: Mitochondrial respiration rate in control and MORC2 patients with Charcot-Marie-Tooth disease (CMT) or Leigh syndrome (LS).
P-values were computed using an independent two-sample t-test. (D) LocusZoom plot for the FKTN gene based on the differential methylation analysis
(from Fig. 2A). Promoter methylation and expression levels of FKTN in MORC2 patients and controls are shown, respectively. The mean methylation
represents the average of the methylation level (beta value) across 7 CpG sites located in the FKTN promoter region. (E) LocusZoom plot for SDHAF4
gene-based based on the differential methylation analysis (from Fig. 2A). The promoter methylation level of SDHAF4 in MORC2 patients with measured
mitochondrial respiratory chain complex II activity and controls are shown (middle). MORC2 patients with complex II deficiency are indicated by rec-
tangles. The mean methylation represents the average of the methylation level (beta value) across 8 CpGs located in the SDHAF4 promoter. The cor-
relation between the level of promoter methylation and the expression (RNA Z-score) is shown (right). The dashed line in the locusZoom plots
represents the P-value threshold of 7.93 x 1078, corresponding to a Bonferroni-adjusted P-value < 0.05. MORC2 binding sites’® and HUSH target sites®
are shown as green rectangles and double-sided arrows in the locusZoom plots, respectively.
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Figure 6 The phenotypic spectrum of MORC2-related disorder can be explained by DNA methylation. (A) Stacked bar plot showing the distribution of
HPO terms in our in-house MORC2 patients with clinical diagnoses of Charcot-Marie-Tooth disease (CMT) or mitochondrial disease (MD). The x-axis re-
presents the fraction of patients with a clinical diagnosis of CMT or mitochondrial disease exhibiting specific phenotypic abnormalities. Only HPO terms
reported in at least 40% of patients within each category are displayed. (B) Multidimensional scaling plot based on blood DNA methylation of 80
phenotype-specific differentially methylated positions (DMPs). The size of each point reflects the Cockayne syndrome radiological score, with larger
points indicating a greater resemblance of patients’ phenotype to Cockayne syndrome. The dataset includes MORC2 patients with CMT phenotype
(n=26), MORC2 patients with mitochondrial disease (n = 8) and controls (n = 58). (C) The methylation level of ERCC8 and NDUFAF2 promoter in controls
and MORC2 patients with a clinical diagnosis of CMT or mitochondrial disease in blood and fibroblast. The y-axis represents the average methylation
level (beta value) of 14 CpGs mapped to the ERCC8-NDUFAF2 promoter. P-values were computed using an independent two-sample t-test. Patients with
Leigh syndrome are included in the category of mitochondrial disease. The variants associated with different phenotypes are labelled in B and C.
(D) Scaled density plots of the mean DNA methylation Z-scores of hypermethylated CpGs identified in the EWAS, selected as MORC2 episignature, iden-
tified as phenotype specific and located in the ERCC8-NDUFAF2 promoter. The dataset includes blood or fibroblast DNA methylation of 466 healthy or
diseased controls, 27 MORC2 patients with CMT and 19 MORC2 patients with mitochondrial disease. P-values were computed to compare the level of
DNA methylation between the MORC2 patients with CMT and mitochondrial disease using an independent two-sample t-test. EWAS = epigenome-wide
association study; HPO = Human Phenotype Ontology.

typical presentation of CMT (n = 16), as well as 16 controls for differen- (Supplementary Tables 3 and 4). Notably, 88% of the 80 DMPs had al-
tial methylation analysis (see the ‘Materials and methods’ section for ready been identified as MORC2-specific DMPs. A multidimensional
details) and identified 80 DMPs at a Bonferroni-adjusted P-value < 0.05 scaling plot using these 80 DMPs showed a clear separation between
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MORC2 patients and controls in the first dimension. The second di-
mension separated MORC2 patients with CMT from those with mito-
chondrial disease (Fig. 6B and Supplementary Fig. 4C). A classifier was
trained to predict the phenotypes and tested on an independent
MORC2 cohort, including 11 patients with CMT and 9 with MD, achiev-
ing high accuracy with an AUC of 0.99 (Supplementary Fig. 4A and B).
The classifier correctly predicted the phenotypes of two pairs of pa-
tients with the same affected amino acid but different Leigh syn-
drome and CMT phenotypes (Supplementary Fig. 4A). This finding
suggests that DNA methylation adds information on top of the genetic
variant in predicting the patient phenotype. Given that
MORC2-related disorders exist as a continuum (Fig. 6A), we recom-
mend interpreting the phenotype-classifier results as probabilities in-
dicating whether the clinical presentation is more characteristic of
mitochondrial disease rather than CMT.

Among the identified DMPs, a significant proportion (16%) were
located in the ERCC8-NDUFAF2 bidirectional promoter.
Mitochondrial disease patients exhibited significantly higher methy-
lation levels than those with CMT, while CMT patients still demon-
strated significantly elevated methylation levels relative to controls
(Fig. 6C). These findings suggest that mitochondrial dysfunction is
also present in CMT patients. When comparing mitochondrial respir-
ation, the fibroblast cell line from a CMT patient exhibited an inter-
mediate phenotype, falling between that of a Leigh syndrome
patient with CI deficiency and a healthy control (Fig. 5C, right).

We further investigated whether methylation levels across all
DMPs were elevated in MORC2 patients with mitochondrial disease
compared to CMT. No significant differences in methylation levels
were observed between phenotypes when considering all
MORC2-specific DMPs. While a significant increase in DNA methyla-
tion was observed in mitochondrial disease patients across the 80
phenotype-specific DMPs, the elevation was more pronounced at
CpGs within the ERCC8-NDUFAF2 promoter (Fig. 6D). This suggests
that methylation at this promoter plays a pivotal role in driving the
phenotypic heterogeneity in MORC2-related disorders.

Discussion

DNA methylation episignatures are increasingly recognized as spe-
cific biomarkers for a subset of rare disorders.*' However, their ap-
plication has so far been predominantly limited to diagnostic
biomarkers, with minimal use in understanding disease pathome-
chanisms. In this study, we demonstrate that patients with patho-
genic gain-of-function variants in MORC2 share a common DNA
methylation pattern despite displaying varied biochemical defects
and broad clinical presentations. Strikingly, promoter hypermethy-
lation of the target genes, which constitutes the core of the episigna-
ture, is conserved across tissues and results in reduced RNA
expression and protein levels with an effect size comparable to the
Mendelian disorders due to pathogenic variants impacting the tar-
get genes themselves. The repression of known disease-associated
genes and the degree of their downregulation explain the pleiotropy
seen in MORC2 patients. These MORC2-specific methylation changes
further extend our knowledge of the molecular function of MORC2
and its downstream targets.

MORC2 patients have so far been classified as having distinct dis-
orders, such as CMT, SMA, Cockayne syndrome, Leigh syndrome and
mitochondrial disease, based on their predominant symptoms.
However, the phenotypic presentation is broader than these classifi-
cations, with overlapping features of different disorders that blur the
boundaries between categories. Sacoto et al.’ attempted to address

F. Peymani et al.

the phenotypic variability by proposing a broad category named
DIGFAN, encompassing all MORC2-related disorders except CMT.
However, patients rarely present with the full spectrum of DIGFAN
features, and diagnosis remains reliant on identifying the underlying
genetic cause in MORC2. In this study, we demonstrated that the
composite repression of multiple disease-associated genes driven
by MORC2 hyperactivity underlies its pleiotropic effects. The variabil-
ity in target genes and the level of repression amongst affected indi-
viduals account for the observed phenotypic heterogeneity, even in
patients with the same mutation. A consistent observation across pa-
tients is impaired energy metabolism driven by mitochondrial CI de-
ficiency. These results suggest that MORC2-related disorders exist
along a spectrum, ranging from mild CMT to severe Leigh syndrome.
We propose moving away from splitting MORC2-related disorders
into separate categories and instead lumping them into a single dis-
ease spectrum with a shared pathomechanism.

All MORC2 patients diagnosed with mitochondrial disease or
Leigh syndrome had an age of onset within the first 2 years of life,
which is also reported for all NDUFAF2 patients. Neurological ab-
normalities in NDUFAF2 patients primarily involve the brainstem,
cerebellum, upper cervical spinal cord and basal ganglia,* similar
to MRI findings in MORC2 patients. Infantile-onset brainstem neu-
rodegenerative disease with early lethality is also the reported
phenotype associated with a bi-allelic ERCC8-NDUFAF2 deletion,*?
further supporting that NDUFAF2 repression is the major cause of
Leigh syndrome in MORC2 patients.

The MORC2 episignature was found to be conserved across tis-
sues despite the large differences in DNA methylation between
blood and fibroblasts. To date, DNA methylation episignatures
have mainly been identified and validated in blood samples, with
only the Sotos episignature replicated in fibroblasts on a small sam-
ple size.** Here, we provide an additional example of episignature
stability across tissues. This cross-tissue stability has the advan-
tage of allowing the performance of functional studies on different
cell lines, including fibroblast cell lines, to assess the effect of po-
tential treatment options. The conservation of the episignature
across tissues raises the question of when the episignature is estab-
lished. Correlation between the blood and fibroblast methylation
pattern with the biochemical defects and clinical manifestation af-
fecting different organs argues that the MORC2 methylation signa-
ture is likely determined early in development.

MORC2 binds to DNA in a non-sequence-specific manner,**
modulating chromatin structure to facilitate gene silencing.
While a single-gene study has shown that MORC2 forms a complex
with DNA methyltransferases (DNMTs) at gene promoters to medi-
ate transcription repression,'® a systematic analysis of its interac-
tions with DNMTs is still lacking. The promoter hypermethylation
due to MORC2 mutations observed in this study supports the inter-
action between MORC2 and DNMTs. Further functional studies are
needed to clarify the mechanisms by which MORC2 binds to gene
promoters and interacts with chromatin modifiers such as
DNMTs. Of note, not all changes in gene expression can be directly
attributed to promoter hypermethylation. Some of these changes
may be secondary effects mediated by the repression of ZNFs,
some of which function as transcription factors and could indirect-
ly influence RNA expression. However, we found no evidence that
any repressed ZNFs regulate any known Mendelian disease genes.

How the methylation pattern gets established is beyond the fo-
cus of the current study. The observation of patients with the same
mutation but different methylation patterns may reflect a complex
mechanism with a number of components involved in the estab-
lishment of the patient-specific signature. Such variability may
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stem from random influences, differences in the proteins involved,
or polymorphisms in the target regions. We could not identify any
polymorphisms in the promoter regions of the target genes that
were associated with methylation levels, probably due to the small
cohort of patients with the same genotype. A larger cohort would
increase the power to investigate this question.

RNA-seq has recently been used as a complementary diagnostic
tool to DNA sequencing by quantifying the direct effects of genetic
variants on candidate gene expression and splicing.?*** To our
knowledge, the MORC2 RNA-signature discovered in this study is
the first gene-specific RNA-signature for a monogenic disorder.
MORC2 might not be the only gene where downstream target genes
can be linked to pleiotropic effects. Transcriptome studies from pa-
tients with disorders with known episignatures can indicate
whether the observed RNA signature is unique to MORC2 or can
be extended to other genes. Screening for RNA-signature could
broaden the diagnostic application of RNA-seq.

Episignatures hold significant potential as both therapeutic tar-
gets and biomarkers for assessing treatment efficacy. DNMT inhibi-
tors, such as azacitidine and decitabine, have demonstrated clinical
benefit in certain haematological malignancies.*® However, their
applicability in the treatment of MORC2-related disorders may be
limited by their toxicity and off-target effects. Given the
gain-of-function pathomechanism, direct targeting of the MORC2
disease allele, either at the RNA level using antisense oligonucleo-
tides or at the protein level with inhibitors like geldanamycin or ra-
dicicol,*** presents another promising therapeutic strategy.
Further research is warranted to evaluate the efficacy of these ap-
proaches, both individually and in combination, in the treatment
of MORC2-related disorders.

The finding of MORC2 gain-of-function driven DNA methylation
accounting for the phenotypic pleiotropy has implications beyond
MORC2-related disorders. First, we hypothesize the existence of
disease drivers in other disorders with episignatures, specifically
when they are conserved across tissues. Outlier detection may
help to identify these drivers. Second, we hypothesize an epigenetic
contribution to other Mendelian disorders with known pleiotropy.

Data availability

The dataset generated and analysed in the current study is avail-
able on request.
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