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A B S T R A C T

Purpose: Wolf-Hirschhorn syndrome (WHS), a contiguous gene syndrome caused by hetero-
zygous deletions of the distal short arm of chromosome 4 that includes NSD2, reportedly causes
specific DNA methylation signatures in peripheral blood cells. However, the genomic loci
responsible for these signatures have not been elucidated. The present study aims to define the
loci underlying WHS-related DNA methylation signatures and explore the role of NSD2 in these
signatures.
Methods: We conducted genome-wide methylation analysis of individuals with WHS or NSD2
variants using an array method. We studied genome-edited knockin mice and induced
pluripotent stem cells to explore the function of NSD2 variants.
Results: Three undiagnosed cases with NSD2 variants showed WHS-related DNA methylation
signatures. In patient-derived induced pluripotent stem cells and genome-edited knockin mice,
these variants cause NSD2 loss of function, respectively. The p.Pro905Leu variant caused
decreased Nsd2 protein levels and altered histone H3-lysine 36 dimethylation levels similarly
to what was observed in Nsd2 knockout mice. Nsd2 knockout and p.Pro905Leu knockin
mice exhibited common DNA methylation changes.
Conclusion: These results revealed that WHS-related DNA methylation signatures are
dependent on NSD2 dysfunction and could be useful in identifying NSD2 variants of
uncertain significance.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Wolf-Hirschhorn syndrome (WHS, OMIM 194190), also
known as 4p deletion syndrome, is a contiguous gene deletion
syndrome caused by heterozygous loss of the short arm of
chromosome 4 (4p). The critical region for phenotypes
located on chromosome 4p16.3 contains 3 genes, namely,
LETM1 (OMIM *604407), NSD2 (also named WHSC1,
OMIM *602952), and NELFA (also named WHSC2, OMIM
*606026).1,2 Single variants in theNSD2 gene can cause mild
phenotypes of WHS.3-6 This is known as Raunch-Steindl
syndrome (RAUST) (OMIM 619695), which is caused by
heterozygous NSD2 deficiency.6 The clinical features of
RAUST are less severe dysmorphic facial features, less severe
developmental disabilities in general than WHS, and absence
of a seizure disorder. NSD2, a member of the Nuclear Re-
ceptor Binding SET Domain Protein (NSD) family, is a
Histone-Lysine 36 (H3K36) N-Methyltransferase.7 NSD1
(OMIM *606681) variants cause Sotos syndrome 1 (Sotos,
OMIM 117550) and a specific DNA methylation signature
consequently.8 Many epigenome-related gene variants
exhibit unique combinations of DNA methylation changes
defined as “episignature.”9-11 NSD2 variants also exhibit
DNA methylation signatures.12 However, the specific loci of
DNA methylation changes for NSD2 variants remain un-
known. In this study, we define WHS-related DNA methyl-
ation signatures and determinewhetherNSD2 loss of function
established through functional assays of variants of uncertain
significance (VUS) can be classified as WHS-related DNA
methylation signature.
Materials and Methods

Patients

A total of 21 patients with del(4)(p16) (Supplemental Table 1),
3 patients with undiagnosed neurodevelopmental disorders
with congenital anomalies (Supplemental Table 2), and 3 pa-
tientswithNSD2 likelybenignvariants (SupplementalTable 3)
were recruited. The deleted regions at chromosome 4 in 16 out
of the 21 patients with del(4)(p16) have been previously
described (Supplemental Table 1).13,14 Some of the patients
were originally recruited to Initiative onRare andUndiagnosed
Diseases for diagnosis using exome sequencing.15 NSD2
variant nomenclature refers to the NC_000004.12(NM_
001042424.3). Pathogenicity classification is based on the
American College of Medical Genetics and Genomics/Asso-
ciation for Molecular Pathology guidelines.16

DNA methylation

Genomic DNA was obtained from the peripheral blood of
the patients. DNA methylation data were obtained using the
Illumina Infinium Methylation EPIC BeadChip (EPIC) array
(Illumina). Control methylation data of EPIC were obtained
from publicly available data sets taken from the Gene
Expression Omnibus (GEO: GSE154566, GSE179759, and
GSE166503).17-19 Overall, the 142 assays from unrelated
healthy individuals from the general population without
clinically apparent neurodevelopmental phenotypes were
divided into 106 and 36 assays for the training and the
testing set, respectively (Supplemental Table 4).

Identification of WHS-related methylation probes

WHS-related methylation in the training set was assessed by
linear regression modeling using M-values, by applying
logit transformation to the beta value. The speculated cell
compositions,20 gender, and batch effects were entered into
the linear regression model as separate confounders. WHS-
related methylation was identified using the following
threshold; difference in absolute beta from controls greater
than 0.2 and with <Bonferroni-corrected P = 2.4e-16.
Clustering of samples by DNA methylation data was per-
formed using the heatmap.2 function from the gplots
package. Distances were measured using the Euclidean
formula. Hierarchical cluster analysis was performed using
“ward.D.” Beta value variance between groups were
compared using var.test. Support vector machine (SVM)
modeling was performed to classify cases by WHS-related
DNA methylation signature in a training set, using the
e1071 R package (v.1.7-9).21 SVM decision values ranging
between 0 and 1 in the testing set were converted to prob-
ability scores using Platt’s scaling.22

Functional assay of NSD2 VUS

Induced pluripotent stem cells (iPSCs) were generated from
case 2’s and healthy control’s peripheral blood cells as previ-
ously described.23 To investigate the function of the case 3’s
variant in NSD2, genome-edited mice carrying Nsd2
NM_001081102.2: c.2717C>T substitution (Nsd2WT/P906L)
were generated using the CRISPR/Cas9 systems as previously
described.24 Nsd2 knockout mice (Nsd2WT/−) were also
generated by genome editing. The guide RNA sequences are
listed in Supplemental Table 5. In mouse genome,
NM_001081102.2:c.2717C>T NP_001074571.2:p.(Pro906-
Leu) is an orthologous substitution of human NSD2
NC_000004.12(NM_001042424.3):c.2714C>T NP_00103
5889.1:p.(Pro905Leu) harbored by case 3. Transient expres-
sion of NSD2 VUS in HeLa cells was performed using
FuGENE 6 (Promega). pCMV-3xFLAG-NSD2 and pCMV-
3xFLAG-NSD2 c.2714C>T plasmids were constructed by
VectorBuilder; 24hours after transfection, cellswere lysedwith
AllPrep DNA/RNA Mini Kit (Qiagen) or Radio-Immunopre-
cipitation Assay (RIPA) buffer for assays as described below.

Mouse phenotypes

Body weights were assessed to compare the growth of each
genotype mice. For the comparison of intra-uterine growth,
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body weight of wild type (n = 14), Nsd2WT/P906L (n = 21),
and Nsd2 P906L/P906L (n = 7) at embryonic day (E)18.5 were
compared in some littermates with relative ratio. Ones of
wild type (n = 9), Nsd2WT/− (n = 13), and Nsd2 −/− (n = 7)
were also compared similarly. For the comparison of post-
natal growth, body weight of wild type (n = 18: male, n =
15: female), Nsd2WT/P906L (n = 17: male, n = 18: female),
and Nsd2WT/− (n = 9: male, n = 10: female) at age 8 weeks
were compared in each sex with relative ratio. Sample size
estimation was performed with power.t.test of Rpackage.

DNA methylation in mouse tissue

Genomic DNA was extracted from mouse tissues using the
AllPrep DNA/RNA Mini Kit, followed by bisulfite treat-
ment using the Zymo EZ DNA Methylation-GoldTM kit
(Zymo Research). Genome-wide DNA methylation was
analyzed using the Infinium Mouse Methylation BeadChip
(Illumina). Methylation data were acquired using the iScan
system and processed using GenomeStudio 2.0 (Illumina).
The background was corrected using the method provided
by Illumina. We removed probes with detection P values
> .01 in at least 1 sample and filtered probes located on the
X, Y, and mitochondrial chromosomes. This yielded
265,725 autosomal probes from 22 assays. DNA methyl-
ation differences were assessed through linear regression
modeling using beta values.

RNA-seq

Total RNA was isolated from the peripheral blood cells
treated with RNA later, using the RiboPure-Blood Kit
(Ambion). RNA amplification was performed using the
SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(TaKaRa) and cDNA libraries were prepared using Nextera
XT DNA Sample Preparation Kit (Illumina). Sequencing
was performed using NovaSeq (Illumina). The data were
aligned to GRCh38, and transcript count was performed
using Dragen (Illumina) while referring to the GRCh38.35
gtf files. In mouse tissue samples, total RNA was isolated
from thymocytes with biological duplicates of each geno-
type using the AllPrep DNA/RNA Mini Kit. RNA-seq li-
braries were prepared using the NEBNext UltraII
Directional RNA Library Prep Kit for Illumina (New En-
gland BioLabs). Sequencing was performed using HiSeq X
Ten (Illumina). The data were aligned to GRCm38 mm10
using HISAT2-2.1.0, and transcript count was performed
using Cufflinks 2.2.1. Significant changes in transcript
expression were calculated using Cuffdiff.25

Chromatin immunoprecipitation sequencing (ChIP-seq)

ChIP assay was performed with biological duplicates of
each genotype using ChIP Reagents (Nippon Gene).
Thymocyte-rich fraction26 (1 × 106) were fixed with 1%
formaldehyde for 5 minutes. Cells were resuspended in SDS
lysis buffer, and the lysate was sonicated using the S220
Focused-ultrasonicator (Covaris), to fragment the chro-
matin. The chromatin was purified through centrifugation
and immunoprecipitated using Dynabeads Protein A (Veri-
tas Life Sciences) conjugated with anti-H3K36me2 anti-
bodies (ab176921; Abcam) in 1× RIPA (150 mM) buffer
with protease inhibitors, for 2 hours at 4 ◦C. The chromatin-
bound beads were washed sequentially with 150 mM and
500 mM 1× RIPA, and Tris-EDTA (TE) buffers. Next, the
chromatin-bound beads were incubated in ChIP direct
elution buffer with proteinase K (200 μg/ml), overnight at
65 ◦C. DNA was purified using AMPure XP beads (Beck-
man Coulter) as per manufacturer’s instructions. ChIP-seq
libraries were prepared using NEBNext ChIP-Seq Library
Prep Master Mix Set and Multiplex Oligos for Illumina.
Sequencing was performed using HiSeq 2500 (Illumina).
The data were aligned to the GRCm38 mm10 reference
genome using Burrows-Wheeler Alignment tool (BWA)
v.0.7.17. Multiple mapped reads and PCR duplicates were
removed. Generated Bam files were processed using deep-
Tools to generate a coverage track bigwig.27 The coverage
was calculated as the number of reads per 100 bp bin using
the reads per kilobase per million mapped reads normali-
zation. Differences between the mice samples were filtered
by 1 reads per kilobase per million mapped reads.

Western blot analysis

Western blot analysis was performed as previously described.28

Anti-Histone H3 K36me2 (ab9049), anti-H3 (ab1791), and
anti-NSD2 (ab75359) antibodies were procured from Abcam;
ab75359 is a monoclonal antibody to a fusion protein, corre-
sponding to amino acids (a.a.) 1-647 of Human GST-NSD2.
Anti-beta-Actin (M177-3) and Anti-DDDDK-tag (M185-3S)
antibody for detection of FLAG were purchased from
MBL. Mice thymocytes or iPSCs were lysed with RIPA
buffer. Gel electrophoresis and membrane transfer were
performed as per manufacturer’s protocol (BioRad).

Comparison of methylation signature probes of
each syndrome

To compare the DNA methylation signature associated with
NSD2 defect with that of NSD1 defect8 (GSE74432),
DNMT3A defect of Tatton-Brown-Rahman syndrome29

(TBRS, GSE128801), and DNMT3B defect of immunode-
ficiency, centromeric region instability, facial anomalies
syndrome 130 (ICF1, GSE95040), which were identified
using the Illumina Infinium HumanMethylation450 Bead-
Chip (450K) array, we first compared unrelated healthy
individual beta values between EPIC and 450K arrays in the
GEO database. Finally, we selected 299,928 common
probes between 2 arrays with a difference of < |0.1| between
the 142 EPIC healthy controls (described above) and 213



4 T. Kawai et al.
assays of the 450K healthy controls (GEO: GSE36064,
GSE42861 (non-smokers aged ˂50 years),
GSE74432).8,31,32 Among the 299,928 common probes, we
filtered differentially methylated probes in NSD2 and NSD1
defect respectively, according to the threshold; mean beta
values differed more than 0.15 in absolute from 355 controls
with <Bonferroni-corrected P = .05 by regression model.
NSD2 defects-specific probes were then selected with
<Bonferroni-corrected P = .05 by comparing NSD2 defects
and NSD1 defects.
Figure 1 DNA methylation pattern of WHS and undiagnosed pa
training set by regression analysis were clearly separated into 16 WHS a
probes were validated to classify 4 WHS from 36 controls in the testing s
into a WHS branch. Another 3 patients with likely benign NSD2 variant
variants of the 3 cases classified into a WHS branch in (B).
Results

DNA methylation signature in WHS

We selected a random 80% subset of all case subjects
with WHS (n = 16, Supplemental Table 1) and controls
(n = 106, Supplemental Table 4) as a training cohort for the
purpose of DNA methylation feature selection and model
training. Technical effects on the data (Supplemental
Figure 1A) have been removed as an adjustment for
tients with NSD2 variants. A. The 280 probes identified in the
nd 106 control samples through hierarchical clustering. B. The 280
et. Three undiagnosed patients with NSD2 VUS were also classified
s were classified into a control branch. C. Schematic illustration of
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confounders in the analysis. The remaining 20% was set
aside as a testing data set to be used for the assessment of
the performance of the classification model. We selected
280 probes that showed more than |0.2| methylation beta
value difference compared with the controls. Although beta
value variances of 122 out of the 280 probes were signifi-
cantly greater in WHS, they were significantly different with
Bonferroni-corrected P value <2.4e-16 after statistically
adjusted for blood cell type compositions (Supplemental
Table 6). The 280 probes distinguished methylation
related to WHS from those in control samples through hi-
erarchical clustering (Figure 1A). The 280 probes were
confirmed to classify WHS cases from controls in the testing
data set by clustering (Figure 1B) and SVM model
(Supplemental Figure 1B). Leave-one-out cross-validation
with SVM also classified all 20 cases as WHS by the beta
values of the 280 probes (Supplemental Figure 1C). These
results validated availability of the 280 probes as “WHS-
related DNA methylation signatures.”

Speculation of pathogenicity of NSD2 variants with
WHS-related DNA methylation signatures

An individual with deleted 4p16.2p15.31 that did not include
NSD2was classified in the cluster of controls (Figure 1B),and
was similar to controls in the SVM model (Supplemental
Figure 1A). These results suggest that WHS-related DNA
methylation signatures could be caused by NSD2 loss-of-
function variants. Therefore, we analyzed 6 cases harboring
rare variants in NSD2. Among them, 3 cases showed WHS-
related DNA methylation signature (Figure 1B). Case 1 har-
bors a de novo nonsense variant of upstream of NSD2 SET
domain (c.3010C>T p.(Gln1004Ter)) (Figure 1C). Case 2
harbors a de novo 9 bp deletion spanning exon 5 to intron 5 of
NSD2 (c.1410_1410+8del), which could cause abnormal
splicing. Case 3 harbors a de novo missense variant in the
highly conserved PWWPdomain (for the proline-tryptophan-
tryptophan-proline motif in the consensus amino acid
sequence) of NSD2 (c.2714C>T p.(Pro905Leu)). These 3
variants were clearly clustered in the same branch as WHS in
the testing set (Figure 1B). They were also verified with the
SVM model and exhibited over 0.9 scores (Supplemental
Figure 1B). Choufani et al33 reported that over 0.7 SVM
scores show syndrome-specific DNA methylation signature.
These results strongly suggest they cause the WHS-related
DNA methylation signature. Therefore, we thought that
these 3 undiagnosed cases could be NSD2 monogenic
disorder.

Meanwhile, the control cluster included 3 cases with
“likely benign” NSD2 variants (Figure 1B and Supplemental
Table 3). These results strongly support that the WHS-
related DNA methylation signatures isolated in this study
could detect DNA methylation changes in undiagnosed
cases with pathogenic NSD2 variants.
Pathogenicity of the NSD2 variants identified in
undiagnosed patients

Because case 1 harbors a nonsense variant, it is clearly
considered as a loss-of-function variant. Regarding case 2,
RNA-seq of peripheral blood cells from this patient revealed
the case 2-specific mRNA isoforms, which retain 5’ end of
intron 5 because of the 1 bp deletion at the 3’ end of exon 5 and
the 8 bp deletion at the 5’ end of intron 5 (Supplemental
Figure 2). Further analysis identified a cryptic splice site at
c.1410+464 in intron 5, which generated the patient-specific
464 bp intron 5 retention between exons 5 and 6 that was
present in 35% of all NSD2 mRNA isoforms in the case 2’s
peripheral blood cells (“Abnormally long” in Figure 2A). In
addition, another case 2-specific isoform was observed that
terminated at c.1410+565 (“Abnormally short” in Figure 2A).
The last 21 nt of this isoform was “A,” indicating intrinsic
poly(A). The transcript termination at this intrinsic poly(A) has
been reported as ENST00000508355.5 in Ensembl release 110
July 2023 (“Endogenous short” in Figure 2A, Supplemental
Figure 2B). The protein isoforms that could be translated
from these 2 transcript isoforms are the same. The genomic
location of the termination codon is the same as that used by the
NSD2 protein isoform O96028-6 in UniProtKB (release
2023_05), ie, c.1410 + 43 to 45. The amino acid sequence of
O96028-6 is p.(Val472SerfsTer13). That of the case2-specific
protein isoform is NP_001035889.1:p.(Glu470AspfsTer12)
because of the 9 bpdeletion,which is predicted byExpasy to be
53.18 KDa.

Western blotting of NSD2 from the established case 2’s
iPSCs showed a decrease in NSD2 protein, including 2 major
functional NSD2 isoforms of 152 kDa (UniProt ID:O96028-
1. 1365 a.a.) and 71 kDa (UniProt ID:O96028-3. 647 a.a.)
(Figure 2B). Compared with control iPSCs, the 3rd and 4th
bands at approximately 65 kDa and 45 kDa were rarely
detected in case 2’s iPSCs. Seven NSD2 protein isoforms,
produced by alternative splicing, are reported in UniProtKB
(release 2023_05). Five of the 7 isoforms could be detected by
the antibody that we used, eg, 69 kDa O96028-5, 53 kDa
O96028-6, 30 kDaO96028-7, and the 2 isoforms described in
above (O96028-1 and -3). To the best of our knowledge, it is
unknown whether the 2 bands at around 65 and 45 kDa on
western blotting represent processed NSD2 proteins or those
generated by alternative splicing or posttranslational modifi-
cation. Case 2-specific signal was clearly detected at
approximately 55 kDa (Figure 2B). This is thought to be
NSD2 NP_001035889.1:p.(Glu470AspfsTer12) translated
from abnormal NSD2 mRNA isoforms from the pathogenic
variant allele that somehow escaped nonsense-mediated
decay. H3K36me2 was apparently reduced in case 2’s
iPSCs (Figure 2C).

Because we could not get an informed consent on
establishing case 3 iPSCs, we created knockin mice of Nsd2
NP_001074571.2:p.Pro906Leu corresponding to case 3’s



Figure 2 Effects of NSD2 variants in Case 2. A. Schematic description of NSD2 transcript from both alleles of case 2. B. NSD2 antibody
(ab75359) was specific to proteins derived from the Nsd2 protein via immunoblotting because there was no band in Nsd2−/− brain. The
decreased levels of NSD2 proteins (approx. 150 kDa of O96028-1 and 75 KDa of O96028-3) were confirmed in the case 2 iPSCs. In contrast,
a case 2-specific protein was detected by ab75359 (approx. 55 kDa), which was close to the 53.18 kDa speculated molecular weight of NSD2
p.(Glu470AspfsTer12) by Expasy (https://www.expasy.org/). C. The modification levels of H3K36me2 were decreased in case 2 iPSCs.
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NSD2 variant and Nsd2 null mutant mice (Nsd2−/−)
(Figure 3A and Supplemental Figure 3A and B). Only few
Nsd2 p.Pro906Leu homozygous mice (Nsd2P906L/P906L)
survived and most Nsd2P906L/P906L died within a day after
birth. All Nsd2 null mutant mice (Nsd2−/−) died within a
day after birth. Bodyweights at embryonic day 18.5 showed
that Nsd2P906L/P906L and Nsd2−/− mice were significantly
lower than those of wild-type (WT) mice. At delivery, body
weights of Nsd2WT/P906L and Nsd2WT/− neonates were
normal, although they showed lighter body weight than that
of WT mice at age 8 weeks (Supplemental Figure 3C). We
analyzed thymocytes at age 10 weeks because thymocyte’s
abnormality is reported in Nsd2 mutant mice34 and high
expression of Nsd2 in thymus has been reported.35 Western
blotting revealed significantly decreased H3K36me2 in the
Nsd2P906L/P906L mice, compared with WT mice (Figure 3B
and 3C, Supplemental Figure 4A). Nsd2 P906L mutant
protein expression was significantly lower than Nsd2 WT
protein (Figure 3D and E, Supplemental 4B), although Nsd2
mRNA remains as much as WT (Figure 3F). This is
reconfirmed in transient expression of cDNA of FLAG-
tagged NSD2 mutant protein, which suggests lower
expression of NSD2 NP_001035889.1:p.(Pro905Leu) in
case 3 (Supplemental Figure 3D). Decrease of signal at 152
kDa was confirmed without lower molecular weight signals
indicating degradative products.
These results revealed that the NSD2 variants in cases 1
to 3 are NSD2 loss-of-function variants.
Multi-omics analysis of Nsd2 mutant mice

The distribution of H3K36me2 in WT thymocytes was
enriched in the gene body and promoter region, but not in the
transcription start site (TSS), as previously reported (Figure 4A
andD).7At the same time, the distribution ofH3K36me2 in the
intergenic region was not enriched compared with the whole
genome, with a log2. enrichment of -0.484 (Figure 4A). To
determine the effect of Nsd2 mutations on epigenetic regula-
tion and gene expression, we performed a multi-omics anal-
ysis. H3K36me2 modification upstream of the TSS was
correlated with gene expression as previously reported
(Supplemental Figure 5A).7Nsd2WT/− showed a genome-wide
decrease in H3K36me2 (Figure 4B). Nsd2WT/P906L changed
H3K36me2 similarly to Nsd2WT/− with a correlation coeffi-
cient of 0.99 (Figure 4B and Supplemental 4C). The ratio of the
windows in which H3K36me2 reduction was confirmed in the
mutant was highest in intergenic regions in all 3 genotypes
(Figure 4C). These results strongly suggested that NSD2
p.(Pro905Leu) in case 3 are pathogenic variants. Significant
downregulation of expression were observed in 56 genes in
Nsd2WT/− (Table S7). Primarily (86%), they were regulated in

https://www.expasy.org/


Figure 3 Functional assay of the Pro905Leu variant of NSD2. A. Schematic representation of Nsd2 variant (knockin) and Nsd2 deletion
(knockout) alleles generated by CRISPR/Cas9-mediated genome editing in this study. For the latter, the genomic loci targeted by CRISPR/
Cas9 guide RNAs are indicated by arrows. B. Nsd2 p.Pro906Leu knock-in mice showed a decrease in H3K36me2 in thymocytes at E18.5.
C. Student’s t test showed significant decrease of H3K36me2 in homozygous mice with P < .01 as indicated *. Biological replicates were n =
4. D. Nsd2 p.Pro906Leu homozygous knockin mice showed a decrease in Nsd2 protein. E. Student’s t test showed significant decrease of
Nsd2 in homozygous knock-in mice with P < .01 as indicated *, (F) but not Nsd2 mRNA, in brains at E18.5 (n = 4).

T. Kawai et al. 7
the same direction of H3K36me2 changes in TSS
(Supplemental Figure 5B).73% of significantly expression-
changed genes associating with H3K36me2 changes in
Nsd2WT/P906L were overlapped with those in Nsd2WT/−

(Figure 4D, Supplemental 5B). Regarding to DNA methyl-
ation, genome-wide DNA hypomethylation was entirely
observed in mutant mice (Supplemental Figure 5D and E).
Concomitant changes with DNA hypo-methylation and
H3K36me2 decrease in the intergenic region were most
frequent changes in Nsd2 mutant mice (Supplemental
Figure 5F). Enrichment of DNA methylation changes at the
intergenic region was highest in the WHS-related DNA
methylation signatures, too (Supplemental Figure 1D). DNA
methylation changes inNsd2WT/−with |>0.1| were not always
associated with nearest genes expression changes, as generally
confirmed (Supplemental Figure 5G).36 In addition,
H3K36me2 downregulation at promoter by Nsd2 mutation
were observed in barely expressed genes (Supplemental
Tables 8-10).

These results suggest that Nsd2 defects change both the
expression of a part of genes and intergenic DNA methyl-
ation concordant with H3K36me2 changes. Disease-specific
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each mice genotype.
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DNA methylation changes in blood cells are not always
observed in causal genes of systemic phenotypes. It was the
same as in Nsd2 mutant mice.
DNA methylation differences in patients with NSD2
loss-of-function variants and Sotos syndrome 1

NSD2 and NSD1 are H3K36me2 methyltransferases. The
loss of function of NSD2 and NSD1 genes could cause
similar epigenetic abnormalities. Indeed, patients with Sotos
syndrome 1 exhibited high scores for WHS based on the
SVM model using WHS-related DNA methylation signature
(Supplemental Figure 1A, Supplemental Table 11). How-
ever, as indicated by WHS and Sotos syndrome phenotypes,
NSD2 defects and NSD1 defects influence development in
different ways. Therefore, we attempted to identify DNA
methylation changes in peripheral blood cells that would
distinguish NSD2 defects and NSD1 defects and normal
controls, using publicly available data. We identified 3402
and 15,327 differentially methylated probes in NSD2 and
NSD1 defects, respectively; 2088 out of the 3402 probes
overlapped with the 15,327 probes. More robust changes in
NSD1 defects than in NSD2 defects were confirmed
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(Figure 5A). Only 20 probes clearly separated NSD2 defects
from NSD1 defects and controls among the 3402 probes
(Supplemental Figure 6A, Supplemental Table 12). Sotos,
TBRS with heterozygous DNMT3A (OMIM *602769) loss
of function (OMIM615879), ICF1 with homozygous
DNMT3B (OMIM *602900) loss of function (OMIM
242860), and NSD2 defects are all characterized by genome-
wide DNA hypomethylation.8,10,29,30 Hierarchical clustering
using the top 1000 Value differentially methylated (DMP)
probes in NSD2 defects showed a single dendrogram with
only NSD2 defects. However, DNA methylation pattern of
DMP probes in NSD2 defects was similar between 4 syn-
dromes. Meanwhile, that of NSD1 defects is unique to NSD1
defects, which was clustered in a distinct branch
(Figure 5B). Dimensionality reduction by t-distributed sto-
chastic neighbor embedding (tSNE) of DMP probes in
NSD2 defects also clustered NSD1 defects (Supplemental
Figure 6B). This suggests that the major targets of the
NSD2 defects are similar to those of NSD1 defects.
Excluded 2 Sotos patients were the ones harboring the same
NSD2 loss-of-funcƟonA

B

0
0.2

0.4

-0.2
-0.4
-0.6

ateb
atleD

Chr 1 2 3 4 5 6 7 8 9
10 12 14 16 18 20 22

11 13 15 17 1921

Hierarchical clustering with Top 1000 differentially
in NSD1 din NSD2 defects (WHS) 

Figure 5 DNA methylation changes in NSD2 loss-of-function varia
methylation changes between NSD2 and NSD1 loss-of-function variants
15,327 probes with significantly differential methylation in NSD2 an
corrected P < .05 and |delta beta| > 0.15. B. Hierarchical clustering of
(Sotos and Sotos inHouse), DNMT3A defects (TBRS), DNMT3B defects
1000 P values DMP probes in NSD2 or in NSD1 defects.
variant in NSD1 at the end of the gene and also display
slightly different DNA methylation changes compared with
the other Sotos patients in the study by Choufani et al.8

Meanwhile, tSNE of DMP probes in NSD1 defects did not
gather NSD2 defects in 1 place. Again, it showed distinct
DNA methylation changes in NSD1 defects. However,
TBRS clustered differently from their controls. This may
indicate common molecular mechanisms between Sotos and
TBRS. The 4 syndromes were clustered separately by tSNE
of mixed top 100 P value DMP probes of each syndrome,
which indicates that DNA methylation signatures specific to
each syndrome exist (Supplemental Figure 6C).
Discussion

The WHS-related DNA methylation signatures and the
DNA methylation signature in NSD2 loss-of-function vari-
ants are almost the same. But the cases with NSD2 loss-of-
function variants were not clinically diagnosed as WHS.
0
0.2

0.4

-0.2
-0.4
-0.6

De
lta
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ta

Chr 1 2 3 4 5 6 7 8 9
10 12 14 16 18 20 22

11 13 15 17 1921

NSD1 loss-of-funcƟon

methylated probes
efects (Sotos) 

nts and other syndromes. A. Comparison of genome-wide DNA
in peripheral blood cells. Pink and orange dots indicate 3402 and
d NSD1 loss-of-function variants, respectively, with Bonferroni-
individuals with NSD2 defects (WHS and Cases), NSD1 defects
(ICF1), and controls of each study by methylation levels of the top
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Reportedly, NSD2 loss-of-function variants lead to a
distinct, rather mild phenotype partially overlapping with
WHS.3-6 Overlapping phenotype could be related to com-
mon epigenetic dysfunctions similar to that in DNA
methylation signatures.

H3K36me2modificationswere enriched in the genic region
in WT mice; however, most decreased H3K36me2 modifica-
tions were observed in the intergenic region in adult Nsd2
heterozygous KO and knockin (ie, Nsd2WT/P906L) mice thy-
mocytes. Intergenic H3K36me2 decrease was consistent with
the findings by Weinberg et al37 from the mesenchymal stem
cells in which Nsd1/2 were genetically ablated and from the
embryonic stem cells in which Nsd1 was genetically ablated.
Increased H3K36me2 was also detected in some genomic re-
gions in Nsd2WT/− and Nsd2WT/P906L mice. This conflicting
phenomenon was also reported in multiple myelomas with
NSD2 variants7 or squamous cell carcinomas with NSD1 var-
iants.38 It might be a result of the redundancy of other enzymes
for H3K36me2 modification than NSD2 and/or the balance
between reciprocal modification of H3K36me2 and
H3K27me339 that also involves Histone H1.40,41 Most
downregulated genes in Nsd2WT/− and Nsd2WT/P906L mice
correlated with decreased H3K36me2 before TSS
(Supplemental Figure 5B). NSD2 is reportedly located near
TSS but avoids it42 and is involved in transcription.43 These
genes could be involved in pathological conditions as direct
targets of Nsd2 loss-of-function variants. Although there
were no differentially methylated loci in Nsd2WT/− and
Nsd2WT/P906L mice in a statistically significant manner, the
trends of hyper-methylation around TSS and of general hypo-
methylation across the entire gene body of significantly
downregulated genes were observed (Supplemental
Figure 5G). However, DNA methylation changes occurred at
similar levels in the gene body of nonexpressed genes
(Supplemental Figure 5G). These results highlight the diffi-
culty in speculating gene expression changes through DNA
methylation changes in the gene body. The effects of DNA
methylation changes on gene expression could be related to
tissue specificity of gene expression.44

H3K36me2 recruits DNMT3A.37,45,46 DNA hypo-
methylation were most often observed in the intergenic region
along with H3K36me2 decrease caused by Nsd2 variants
(Supplemental Figure 5F) as previously reported37 and in
blood cells of patients with NSD2 defects (Supplemental
Figure 1D). However, DNA methylation is regulated by
other histone modifications, too.47 DNA methylation changes
were observed not only in regions that H3K36me2 was regu-
lated by Nsd2 variants but also in regions where H3K36me2
were undetected in all genotypes (Supplemental Figure 5D). It
is possible that the DNA methylation signature identified
herein, specific toNSD2 loss-of-function variants,might not be
direct targets ofH3K36me2byNSD2. In contrast, episignature
is reported in each single epigenetic regulator gene’s variants.11

This indicates commonepigenetic and etiological backgrounds
in patients with NSD2 loss-of-function variants: WHS and
RAUST.
Our study revealed the DNA methylation signature in
NSD2 loss-of-function variants and p.(Pro905Leu) is a loss-
of-function variant. Opposite DNA methylation patterns
between Sotos syndrome 1 and Hunter McAlpine syndrome
with duplication of NSD1 (OMIM 601379) compared with
controls have been previously reported.10,48 This indicates
that opposite DNA methylation patterns at some of the 280
probes could be identified between NSD2 gain-of-function
and loss-of-function variants, too. In addition, distinct
DNA methylation signatures in Helsmoortel-van der Aa
Syndrome (OMIM 615873) have been reported based on the
loci of missense variants in ADNP gene (OMIM
*611386).49 Regarding KAT6B (OMIM *605880), variants
resulted in distinct DNA methylation signatures are associ-
ated with different syndromes, namely, Genitopatellar
syndrome (OMIM 606170) and Say-Barber-Biesecker-
Young-Simpson syndrome (OMIM 603736).10 Hence,
DNA methylation patterns of the 280 probes could be
criteria in diagnosing the pathogenicity of NSD2 VUS and
to assess of function of NSD2 variants.
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