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ARTICLE INFO ABSTRACT

Keywords: Although some Mendelian neurodevelopmental disorders have been shown to entail specific DNA
DNAAmethylaﬁon methylation changes designated as epi-signatures, it remains unknown whether epi-signatures are
Epi-signature consistent features of other genetic disorders. Here, we analyzed DNA methylation profiles of

Genome-wide analysis

Kallmann syndrome patients with hypogonadotropic hypogonadism (HH), a rare neuroendocrine disorder typically

caused by monogenic or oligogenic mutations. First, we performed microarray-based genome-
wide methylation analyses of nine patients with HH due to ANOS1, SOX2, or SOX10 variants and
12 control individuals. The results showed that 1118 probes were differentially methylated in one
or more patients. The differentially methylated probes were highly variable among patients. No
significant methylation changes were observed in genes functionally associated with ANOSI,
SOX2, or SOX10. Then, we performed pyrosequencing of six selected CpG sites in the nine patients
and 35 additional HH patients. The results of the patients were compared with those of 48 fertile
men. There were no common methylation changes among these patients, with the exception of
hypermethylation of two CpG sites in the ZNF245 promoter of three patients. Hypermethylation
of the promoter has previously been reported as a very rare epigenetic polymorphism in the
general population. These results indicate that genomes of HH patients have considerable DNA
methylation changes; however, these changes are more likely to be physiological epigenetic
variations than disease-specific epi-signatures. Our data suggest a possible association between
hypermethylation of the ZNF254 promoter and HH, which needs to be examined in future studies.
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1. Introduction

Recent studies have shown that some Mendelian neurodevelopmental disorders entail specific DNA methylation changes desig-
nated as epi-signatures [1,2]. For example, Butcher et al. demonstrated that CHARGE syndrome caused by CHD7 mutations and Kabuki
syndrome caused by KMT2D mutations have disease-specific epi-signatures [3]. These epi-signatures distinguished the patients with
these syndromes from unaffected individuals and from each other. Furthermore, there were some common methylation changes
between CHARGE and Kabuki syndromes, which may partly explain the phenotypic similarities between these syndromes. These
results suggested that individuals with similar phenotypes may share common epi-signatures despite having different genetic back-
grounds. Subsequently, Aref-Eshghi et al. analyzed DNA methylation profiles of patients with 42 Mendelian neurodevelopmental
disorders and identified 34 robust disease-specific epi-signatures [4]. Accumulating evidence suggests that epi-signatures can be used
as diagnostic tools for these disorders [1,2,4]. However, it remains unknown whether epi-signatures are consistent features of other
genetic disorders.

Hypogonadotropic hypogonadism (HH) is a rare neuroendocrine disorder characterized by hypomasculinization in male neonates
and delayed sexual maturation in adolescents of both sexes [5]. HH occurs either as an isolated endocrinopathy or as a component of
congenital syndromes such as CHARGE and Kallmann syndromes [6]. HH typically arises from monogenic or oligogenic mutations;
more than 60 causative genes have been reported to date [6]. Of these, ANOS1 (alias, KAL1), SOX2, and SOX10 are the major causative
genes for both isolated and syndromic HH [6].

The present study aimed to clarify whether HH is associated with specific epi-signatures. To this end, we conducted microarray-
based DNA methylation analysis for the entire genome and pyrosequencing of selected CpG sites.

2. Materials and methods
2.1. Patients

A total of 44 patients diagnosed with isolated HH or Kallmann syndrome participated in this study. These patients were recruited
from Japanese hospitals between 2003 and 2019. Five patients have been described in our previous reports [7-10]. We focused on
male patients, to exclude the effects of sex-biased DNA methylation. The 44 patients had no chromosomal abnormalities or chronic
disorders that may have affected gonadotropin secretion. Prior to this study, all patients underwent mutation screening of 11 major
causative genes for HH (ANOS1, CHD7, FGF8, FGFR1, GNRH1, GNRHR, KISS1R, PROKR2, TACR3, SOX2, and SOX10), and 13 patients,
including one sibling-pair, were found to carry pathogenic variants of these genes. Clinical and molecular findings of the 13 patients
are summarized in Table 1. Of the 13 patients, nine (patients 1-6 with ANOS1 variants, patient 7 with a SOX2 variant, and patients 8-9
with SOX10 variants) were subjected to both microarray-based DNA methylation analysis and pyrosequencing. The remaining four
patients (patients 10-11 with ANOS1 variants, patient 12 with a SOX2 variant, and patient 13 with a SOX10 variant) and 31 additional
HH patients without monogenic variants (patients 14-44) underwent only pyrosequencing.

2.2. Control individuals

DNA samples obtained from healthy Japanese men were used as the controls. For microarray-based genome-wide DNA methylation
analysis, we used samples from eight boys and four adults. For pyrosequencing, we analyzed samples from 48 adult men who had
fathered one or more children. These individuals were recruited in our previous study conducted during 2016-2019 [11].

Table 1
Clinical and molecular data of 13 patients with monogenic variants.
Patient Clinical diagnosis Causative variant Reference
Gene cDNA Protein Zygosity
1° KS ANOS1 ¢.31842T>C 8.IVS3+2T>C Hemizygous [71
2 KS c.318+2T>C g.IVS3+2T>C Hemizygous
3 KS c.811delA p.Thr271Leufs*39 Hemizygous
4 KS c.814C>T p.Arg272* Hemizygous
5 HH ¢.1933delC p.Ala645Profs*44 Hemizygous
6 KS ¢.1955_1961del CGCCGGA p.Thr652Serfs*35 Hemizygous
7 HH SOx2 ¢.813_834del GGACATGATCAGCATGTATCTC p.Gly268Alafs*96 Heterozygous
8 KS SOX10 €.434T>C p.Leul45Pro Heterozygous [9]
9 KS c.475C>T p.Argl59Trp Heterozygous [10]
10 KS ANOS1 ¢.196C>T p.GIn66* Hemizygous
11 KS ¢.721-1G>A g.IVS5-1G > A Hemizygous
12 HH S0x2 c.103A>T p.Lys35* Heterozygous [8]
13 KS SOX10 ¢.1225G>T p.Gly409* Heterozygous [10]

Note: Patients subjected to genome-wide methylation analysis are boldfaced.
KS: Kallmann syndrome; HH: hypogonadotropic hypogonadism.
@ Patients 1 and 2 are siblings.
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2.3. Microarray-based genome-wide DNA methylation analysis

Genomic DNA samples of the patients and control individuals were extracted from the peripheral blood. Microarray-based genome-
wide DNA methylation analysis was performed for patients 1-9 and 12 control individuals. Genomic DNA was treated with sodium
bisulfite using the EZ DNA Methylation-Gold kit (Zymo Research, Irvine, CA, USA). Samples were hybridized to an Infinium Meth-
ylationEPIC BeadChip and analyzed using the iScan system (Illumina Inc., San Diego, CA, USA). Raw data were processed using R
(version 3.6.3; https://www.r-project.org/) with the default settings of the Chip Analysis Methylation Pipeline (https://www.
bioconductor.org/packages/release/bioc/html/ChAMP.html) [12]. The DNA methylation status of each probe was expressed as a f
value that ranged from O (no methylation) to 1 (100 % methylation). We excluded probes with low signal intensity or detection
p-values of >0.01, as well as probes on a non-CpG site or on multiple sites [13]. Probes known to show aging-related or sex-biased DNA
methylation changes were also excluded [14-16].

The data were analyzed using a previously reported method [17]. First, all probes were subjected to unsupervised hierarchical
clustering using the gplots R package (https://cran.r-project.org/web/packages/gplots/index.html). Then, we searched for probes
differentially methylated in one or more of the nine patients. To this end, we calculated A, that is, the difference between the § value
of a patient and the average of 12 control individuals. We performed the Crawford-Howell t-test to evaluate the methylation levels in
each patient [18] and calculated false discovery rate (FDR)-corrected p-values [19]. Probes of the patients were assessed as differ-
entially methylated when the FDR-corrected p-values were <0.05. Heatmaps of the differentially methylated probes were generated
using the gplots R package.

Second, we analyzed the DNA methylation profiles of 100 genes functionally associated with ANOS1, SOX2, or SOX10. The 100
genes were selected using GeneMANIA (https://genemania.org/), a tool used to determine various functional relationships, such as
protein and genetic interactions, relevant signaling pathways, co-expression, co-localization, and protein domain similarity [20].
Heatmap generation and unsupervised hierarchical clustering were performed using the gplots R package.

Then, using the data from the genome-wide analysis, we selected target CpG sites for further analyses. These sites were either
differentially methylated in multiple patients or clustered in a small region of the genome and were located within the promoter
regions of genes expressed in the hypothalamus and/or pituitary gland. In this study, a cluster of differentially methylated probes was
defined as a <2 kb region containing three or more consecutive probes with |Af| values of >0.1. We referred to the GTEx portal
(https://www.gtexportal.org/home/datasets) to examine the expression profile of each gene.

2.4. Pyrosequencing of selected CpG sites

The methylation status of the target CpG sites was analyzed by pyrosequencing, which is known as an accurate and convenient
method [21,22]. Genomic regions containing the CpG sites were PCR-amplified using bisulfite-treated DNA samples and analyzed on
PyroMark Q24 (QIAGEN, Valencia, CA, USA). The primer sequences are shown in Table S1. DNA methylation indices were calculated
using the PyroMark Q24 software. The reference range for the methylation level of each CpG site was determined using the minimum
and maximum values of the 48 control individuals. When the methylation changes in patients 1-9 were confirmed by pyrosequencing,
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Fig. 1. Heatmap of differentially methylated probes in patients 1-9 and control individuals. The methylation status of 1118 differentially meth-
ylated probes is shown. Patients with variants in ANOS1, SOX2, and SOX10 are depicted as red, yellow, and blue boxes, respectively. The red striped
boxes indicate sibling cases (patients 1 and 2). Control individuals are shown as gray boxes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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we analyzed additional samples obtained from four patients with monogenic variants (patients 10-13) and 31 patients without
monogenic variants (patients 14-44). We conducted two independent pyrosequencing experiments for all samples, except for some
samples from patients 10-44 that were insufficient for the second analysis.

3. Results
3.1. Microarray-based genome-wide DNA methylation analysis

A total of 761,198 probes in the microarray passed the quality control. Unsupervised hierarchical clustering of these probes did not
distinguish nine patients from 12 control individuals (Fig. S1). We identified 1118 probes that were differentially methylated in one or
more of the nine patients (Table S2). Hierarchical clustering of the 1118 probes discriminated patients 1-9 from control individuals but
did not classify the patients with ANOS1, SOX2, and SOX10 variants (Fig. 1).

Next, we examined the methylation status of 12,325 probes in 100 genes functionally associated with ANOS1, SOX2, or SOX10.
Most probes were normally methylated in patients 1-9 (Table S3). Clusters of differentially methylated probes were not detected.
Hierarchical clustering did not distinguish the patients from the controls (Fig. S2).

None of the 1118 differentially methylated probes were shared by multiple patients, except for one probe in the PLEKHA1 promoter
(cg10576280) that was invariably hypermethylated in all patients and two probes in the ZNF254 promoter that was hypermethylated
in patients 2 and 4 (Table S4). The sibling pair (patients 1 and 2) shared 50 common differentially methylated probes, whereas the
other seven patients had few overlapping probes (Table 2). Twenty-four of 1118 probes were clustered on three chromosomes
(Table S4). Of these, nine were located in the promoter regions of the genes expressed in the hypothalamus and/or pituitary gland
(GRIK2, TRIM68, and ZNF254). In addition, PLEKHA]1 is known to be expressed in various tissues including the hypothalamus and
pituitary gland. Thus, we selected the nine probes, together with one probe in the PLEKHA1 promoter, for pyrosequencing (Table 3).

3.2. Pyrosequencing for selected CpG sites

Pyrosequencing of patients 1-9 did not recapitulate the hypermethylation of the four CpG sites in the GRIK2 promoter but
confirmed differential methylation of the six CpG sites in the promoters of PLEKHA1, TRIM68, and ZNF254 (Table 3). Thus, we
examined the methylation statuses of the six CpG sites in 35 additional patients. Two pyrosequencing experiments of these CpG sites
yielded consistent results in all tested samples. The results showed that three CpG sites in the TRIM68 promoter were normally
methylated in the 35 patients, whereas cg09060057 and cg04571847 in the ZNF254 promoter were hypermethylated in both patients
27 and 41 and only in patient 41, respectively (Table 3, Fig. 2). The CpG site in the PLEKHA1 promoter was either normally methylated
or slightly hypomethylated in the 35 patients.

4. Discussion

Microarray-based genome-wide DNA methylation analysis did not distinguish nine patients with monogenic HH from 12 control
individuals. Moreover, although we identified 1118 probes (CpG sites) that were differentially methylated in the patients, each of these
probes showed methylation changes in only one or two. Furthermore, patients 1-9 showed no significant DNA methylation changes in
genes functionally associated with ANOS1, SOX2, or SOX10. These data indicate that the methylation changes in patients 1-9 are not
closely associated with the HH phenotype. Since previous studies have documented considerable inter-individual variations in DNA
methylation profiles [23], the differential methylation observed in patients 1-9 is likely to be physiological epigenetic variations. In
this regard, the relatively similar methylation profiles of patients 1 and 2 may reflect some common genetic or environmental factors in
this family.

Next, patients 1-9 were subjected to pyrosequencing for ten CpG sites that were differentially methylated in multiple patients or
clustered within a small region of the genome. The results confirmed hypermethylation of the PLEKHA1 promoter in patient 1 and that
of the promoters of TRIM68 and ZNF254 in patients 2 and 4, respectively. Further pyrosequencing of 35 patients detected hyper-
methylation of the ZNF254 promoter in patients 27 and 41, while methylation changes in the PLEKHA1 and TRIM68 promoters were
not observed. Importantly, patients 4 and 41 had hypermethylation of both CpG sites in the ZNF254 promoter. ZNF254 is a ubiqui-
tously expressed gene of unknown function (UCSC Genome Browser, https://genome.ucsc.edu/). Previous studies have suggested that
the ZNF254 promoter is differently methylated in a very small percentage of the general population; hypermethylation of more than

Table 2
The number of common differentially methylated probes between two patients.
Patient 2" Patient 3 Patient 4 Patient 5 Patient 6

Patient 1* 50 1 1 4 1
Patient 2° 3 6 5 1
Patient 3 0 3 1
Patient 4 2 6
Patient 5 2

@ Patients 1 and 2 are siblings.
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Table 3
Probes selected for pyrosequencing.
Gene Target CpG Chromosome  Location Array-based DNA methylation analysis Pyrosequencing
name site (hg19) Patients with differential Average Ap of the Patients with differential
methylation (patients 1-9) probes methylation (patients 1-44)
PLEKHA1 ¢g10576280 10 124,133,823 Patients 1-9 0.275 (0.262-0.301)" Patient 1
GRIK2 cg22541254 101,846,780 Patient 2 0.165 None of patients 1-9 (Patients
cg05942459 101,846,806 10-44 were not examined)
¢g18193094 101,846,906
¢g10591607 101,846,917
TRIM68 cg00364778 11 4,629,411 Patient 2 0.113 Patient 2
€g26847010 4,629,417
cg16469099 4,629,433
ZNF254 cg09060057 19 24,269,920 Patients 2 and 4 0.119 (Patient 2), 0.177 Patients 4, 27, and 41
cg04571847 24,270,008 (Patient 4) Patients 4 and 41

2 The median value (minimum-maximum) of nine patients.

A ® patients with ANOS1 variants
patients with SOX2 variants
A @ patients with SOX10 variants

@ patients without monogenic variants
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Fig. 2. Representative results of pyrosequencing. The results of six CpG sites are shown. The triangles and circles indicate the initially analyzed
patients (patients 1-9) and additional patients (patients 10-44), respectively. Patients with variants in ANOS1, SOX2, and SOX10 are shown in red,
yellow, and blue, respectively. The gray-shaded areas depict the reference ranges determined by the maximum and minimum values of 48 control
individuals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

three consecutive probes in this region was observed in 21 of 23,116 individuals [23]. Since the frequency of hypermethylation of CpG
sites in the ZNF254 promoter was higher in our patients than in the general population (3/44 vs. 21/23,116), this epigenetic change
may be associated with the HH phenotype. However, this notion awaits further validation because the present and previous studies
used different methods for DNA methylation analyses [23]. In addition, while 7 of 35 patients showed 1-2% hypomethylation of the
PLEKHA1 promoter, this slight hypomethylation is unlikely to exert significant effects on phenotypes.
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The present study provided no evidence that pathogenic variants of ANOS1, SOX2, or SOX10 entail epi-signatures. These results are
inconsistent with those of the studies by Butcher et al. and Aref-Eshghi et al. in which several Mendelian neurodevelopmental disorders
including HH-associated CHARGE syndrome were shown to have specific epi-signatures [3,4]. The difference between the present and
previous results may reflect the differences in the functions of the mutated genes. Indeed, many causative genes of neurodevelopmental
disorders such as CHD7 are known to be involved in epigenetic regulation [4,24]. Furthermore, the negative results of the present
study may be due to the small number of subjects or the limited power of the methods. Mutations in ANOS1, SOX2, and SOX10 may be
associated with different epi-signatures. In addition, mild or tissue-specific methylation changes may have been overlooked in this
study. Further studies are necessary to clarify the clinical significance of epi-signatures in various disorders and monogenic mutations.

5. Conclusion

This study demonstrated considerable DNA methylation changes in the genomes of patients with HH. However, most of these
changes are likely to be physiological epigenetic polymorphisms, rather than HH-associated epi-signatures. The possible association
between hypermethylation of the CpG sites in the ZNF254 promoter and HH needs to be examined in future studies.
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