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questions the association of OXTR methylation
with high-functioning autism
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Abstract

Background DNA sequence variation and altered epigenetic regulation of the oxytocin receptor gene (OXTR)

have been implicated in autism and autistic-like behaviors. While previous studies have examined subsegments

of OXTR, nanopore Cas9-targeted sequencing (NCATS) allows deep characterization of entire genes with simultane-
ous assessment of epigenetic 5-methylcytosine (5mC) modification and without the need for prior DNA amplification
or bisulfite conversion. This pilot study uses an nCATS approach to sequence the entire OXTR gene and its regulatory
construct and screen for 5mC modification to compare results between individuals with high-functioning autism
(HFA) and neurotypical controls (NC).

Methods Using DNA extracted from peripheral blood, OXTR (Hg38, chr3: 8750381-8770434, 20,054 base pairs)
was analyzed by nCATS. 5mC modification probabilities were calculated and visualized across the gene and differen-
tial methylation analysis was performed.

Results Twenty adults with HFA (10 males, 10 females) and 20 age- and sex-matched NC (£ 5 years) were included.
There were no apparent group differences in the entire OXTR gene sequence, except for the intron variant rs918316,
which was clustered in the HFA group. However, differential methylation analysis did not reveal a single significant
group-dependent differentially methylated site among the 412 CpG sites captured.

Limitations Limitations of this study include the small number of samples due to the pilot nature of the study, which
particularly limits the relevance of the sequence variants found. It should also be noted that the use of peripheral
blood material limits the ability to draw conclusions about central processes.

Conclusions Previous findings of autism-associated OXTR epigenetic alterations were not reproducible with our
method. In our opinion, this may lead to a reconsideration of the relevance of altered methylation at individual OXTR
CpG positions in autism research. However, given the pilot nature of the study, these results need to be replicated

in independent cohorts and with larger sample sizes.
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Background

Among other functions, the neuropeptide oxytocin plays
an important role in social bonding, which is impaired
in individuals with autism spectrum disorder (ASD), a
neurodevelopmental disorder characterized by deficits
in social interaction and communication. Preliminary
studies suggest that changes in blood oxytocin expression
in autistic [1] but also neurotypical individuals predict
social deficits [2]. Therefore, genes related to the oxytocin
system, in particular the oxytocin receptor gene OXTR,
are among the most studied genes in autism research.

There are a number of previous publications, which
have looked at the association of changes in OXTR with
ASD, including in high-functioning autism (HFA) such
as the former Asperger syndrome. Meta-analyses have
shown significant effects of several single-nucleotide pol-
ymorphisms (SNPs) within the OXTR sequence on ASD
[3], some of which, e.g., SNP rs53576, an A to G polymor-
phism within OXTR intron 3, have also been associated
with altered epigenetic regulation of the OXTR gene [4].

This involved one of the most important epigenetic
DNA regulatory mechanisms, cytosine methylation, in
which a methyl group is added to the carbon 5 position
in the cytosine ring (5mC) in the context of so-called
CpG dinucleotides (i.e., a cytosine followed in the base
sequence by a guanine linked by a phosphate). Com-
monly found in the region around the transcription start
site, CpG-rich gene regions, also known as CpG islands,
are thought to have an important gene regulatory func-
tion, as higher DNA methylation is generally associated
with reduced gene transcription and consequently lower
expression [5].

Altered 5mC modification was frequently found in
individuals with ASD and was also associated with
altered autistic-like behavior [6]. Differential methyla-
tion of OXTR in ASD has been found across different age
spectrums. Some studies suggest a sex-dependent effect
[7, 8]. While most of the previous studies used DNA from
peripheral blood material, differential OXTR methylation
associated with autism has been demonstrated in various
tissues—in saliva [9], but also in postmortem brain tissue
[10]. In particular, differentially methylated CpGs in the
so-called OXTR MT?2 gene region have been repeatedly
linked to autism and autism typical behaviors. The 405
bp MT2 region, first described by Kusui et al,, is located
within the OXTR CpG island and the OXTR promoter
region, overlapping exon 1 and intron 1 and containing
26 CpG sites [11]. The methylation levels of these sites
have been shown to be closely correlated with the regu-
lation of OXTR expression [12, 13]. To a lesser extent,
studies have focused on DNA methylation in a region of
exon 3, which has also shown associations with autistic-
like behavior [4, 14], although DNA methylation of exon
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3 is also thought to depend on methylation of the MT2
region [13].

However, it should be noted that previous studies
were based on short-read sequencing methods, which
allow sequencing and methylation analysis of small
gene fragments and thus do not provide a comprehen-
sive overview. In addition, the commonly used bisulfite
sequencing technique only allows indirect determination
of methylation only after prior chemical base conversion
and subsequent amplification. Third-generation targeted
long-read sequencing technologies, such as nanopore
Cas9-targeted sequencing (nCATS), allow the characteri-
zation of entire genes, including their regulatory architec-
ture, by the simultaneous assessment of single-nucleotide
variants, structural variations and CpG methylation [15],
without the need for prior PCR amplification or DNA
bisulfite conversion, counteracting any information loss
due to amplification and base conversion processes.

The present study represents the first attempt to use
a targeted nanopore long-read sequencing approach to
analyze the sequence and 5mC modification of the entire
OXTR gene, including its regulatory elements, and in a
second step to compare the results between adults with
HFA and neurotypical controls (NC). As sex is known
to influence the phenotype of HFA [16] and has also
been described to influence 5mC modification of OXTR
in autism spectrum disorders [7, 8], we also looked for
effects of sex on OXTR 5mC levels.

Results

Group characteristics

The study included 20 adults with HFA (10 males, 10
females) and 20 NC (10 males, 10 females). The mean
age was 30.5+7.8 y in HFA and 30.7+7.8 y in NC, with
an insignificant group difference at p=0.920. The maxi-
mum age was 51 years in HFA and 48 years in NC,
while the minimum age was 20 years in HFA and 22
years in NC. There was little group difference in total
IQ score, p=0.080, with 105.4+11.2 points in HFA and
111.6+10.4 points in total WAIS-IV score in the NC
group. There was a maximum IQ of 125 points in HFA
and 132 points in NC, while the minimum IQ was 88 in
HFA and 99 in NC. As expected, the groups differed sig-
nificantly on the autism-specific self-report psychomet-
ric tests AQ and EQ, each at p<0.001. Table 1 provides
a summary of demographic and psychometric data com-
paring HFA and NC.

Nanopore Cas9-targeted sequencing

Quality control

DNA was extracted from peripheral blood samples.
Two fragments (chr3: 8,761,480-8,749,344 and chr3:
8,770,937-8,763,067) were captured by nCATS using a
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Table 1 shows the demographics of the HFA and NC groups

Group

HFA NC
n= 20 20
sex 10 male (50.0%), 10 male (50.0%),

10 female (50.0%) 10 female (50.0%)

Unpaired t test

mean +SD 1(38) p
age (iny) 30.45+7.837 30.70£7.794 -0.101 0.920
1Q total (in points) 10540+11.217 111.55+10.364 —1.801 0.080
Autism Quotient 37.85+£4.440 13.65+7.407 12.532 <0.001
Empathy Quotient 18.00+8322 46.45+13.044 -8.223 <0.001

There were no apparent group differences in age (almost balanced, as matched) and total IQ. As expected, the groups differed significantly on the autism typical

psychometrics AQ and EQ

total of four guide RNAs. Sequence and position of the
guide RNAs as well as the corresponding on- and off-tar-
get scores can be found in Additional file 1.

The fragment chr3: 8,761,480-8,749,344 showed a
lower mean coverage of 20.167+20.092 than the frag-
ment chr3: 8,770,937—8,763,067 (M=34.221+26.820),
which also contains the known gene regulatory units
(e.g., MT2 region). The mean coverage of the captured
OXTR sequence (including its regulatory built; chr3:
8,750,381—8,770,434) across all samples and positions
was 29.233 £ 24.124.

The variability in coverage between samples is evi-
dent from the distribution plot (Fig. 1A). In the HFA
group, there are two outliers with apparently higher
coverage (Max=142.394), which is also reflected in a
higher standard deviation in the HFA group. However,
there was no statistically significant group difference in
mean coverage between HFA and NC, either overall or
for either fragment. The mean coverage per sample cor-
related positively with the concentration of the input
DNA, r(38)=0.66, p<0.001 (Fig. 1B). However, there was
almost constant coverage across individual CpG posi-
tions within each of the two fragments (see Fig. 1C, D).
Table 2 summarizes the basic coverage statistics.

Methylation analysis

First, the OXTR 5mC modification was examined. We
analyzed 412 CpG positions within the OXTR sequence,
of which nearly half (n=184) were located within the
2319 bp OXTR CpG island spanning chr3:8,767,276—
8,769,594. Figure 2 shows a spaghetti plot of the entire
OXTR gene including all regulatory units. Across the
entire OXTR sequence, there were no apparent group dif-
ferences in methylation. While 5mC modification within
the CpG island around the transcription start site and
across exons 1-3 appears more dynamic, large portions

of the OXTR gene show consistently high methylation
across intron 3 and exon 4 in both HFA and NC groups.
A region (1.633 bp) within intron 3 (chr3: 8.763.090 to
8.761.458, Hg38) is not covered by the multiple guide
approach (indicated by short cuts in the plot), so no valid
reads can be expected here.

Statistical analysis for differentially methylated regions
showed no significant DMRs across the entire OXTR
gene including its regulatory relevant units at p<0.05.
Since the CpG island around the transcription start site
was found to be more dynamic in methylation, this region
was analyzed in detail in a second step. Preliminary stud-
ies on methylation of OXTR in ASD based on short reads
focused on regions within the CpG island, especially
the so-called MT2 region, which has been repeatedly
described as regulatory relevant for OXTR [11], and the
exon 3 region [6]. There was no significant group differ-
ence in 5mC modification across 108 CpGs within OXTR
exon 3 with 14.1%+2.9% in HFA to 14.8% +3.1% 5mC in
NC group, p=0.571. Furthermore, the OXTR regulatory
MT?2 region (Hg38: chr3: 8,769,033-8769438) showed
no significant group difference across 26 CpGs covered
with a mean of 15.6% +2.4% in HFA and 15.3%+2.7% in
NC, p=0.630. Figure 3A shows the distribution of MT2
and exon 3 methylation data as combined box and violin
plots.

The analysis for differentially methylated loci also
showed no statistically significant hits. We further
focused on CpGs previously described to be associated
with autism or autism-related traits. According to the
given literature, we identified seven CpG sites within
MT?2 region that have been frequently described in the
above-mentioned context (— 860, — 901, — 924, — 934,
— 959, — 982, -989 each in positional relation to TSS
(transcription start site, Hg38: chr3:8,768,187)). None
of these CpG positions differed significantly between
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Fig. 1 Allustrates the distribution of mean coverage per sample within our data, color-coded by group (NC in dark gray, HFA in light gray). B
shows the correlation between mean coverage and DNA concentration across samples, indicating a positive association. C and D give the coverage
across the genomic region (with CpG positions indicated by black dots) of the guide RNA derived fragments chr3: 8,761,480—38,749,344 (C)

and chr3: 8,770,937-8,763,067 (D). In D, the regulatory relevant genomic regions (also displaying a high CpG density) are indicated by dashed lines

(blue-Exon 3, red-MT2 area)

Table 2 shows the basic coverage statistics for the OXTR sequence and for the guide RNA-dependent fragments

Coverage t test (coverage~group)
Genomic ranges (chr3:) M SD Min Max t df P

OXTR overall 8,750,381-8,770,434 29.233 24124 6.790 142.394 -0.515 26.489 0611
HFA 31.216 31.371 9.240 142.394

NC 27.250 14.217 6.790 47.521

Fragment 1 8.761.480-8.749.344 20.167 20.092 3.507 125.959 —-0.826 24427 0417
HFA 22.802 26.654 3.507 125959

NC 17.533 10.179 3610 36.240

Fragment 2 8.770.937-8.763.067 34.221 26.820 6.908 151.238 -0378 27.654 0.709
HFA 35.841 34429 9.820 151.238

NC 32.601 16.900 6.908 60.927

the HFA and NC group, with a maximum group differ-
ence of 3.7% at CpG -860. In Table 3, based on a recent
review on differential methylation of the OXTR gene in

ASD (Moerkerke et al., 2021), the differentially methyl-
ated CpG positions previously reported in the context of
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Fig. 2 shows the 5mC modification probability across the entire OXTR gene (Hg38:, chr3: 8,750,381-8,770,434, exons represented by dark blue
boxes, coding region highlighted in bold in the legend below, transcription start site marked by dotted line) and its regulatory architecture (gene
promoter region represented by red box, CpG island represented by green box containing 184 CpG sites and gene enhancer regions represented
by gray boxes below). Thin lines in the figure show individual long reads and thick lines show the aggregated trend across all reads, color-coded
by group. There were no apparent group differences across the entire OXTR gene, even when focusing on specific regulatory regions

autism were re-investigated in group comparison based
on our nanopore long-read sequencing data.

In addition, no significant differences in OXTR 5mC
modification were found between the sexes (data not
shown).

As the 5mC modification within the OXTR CpG island
has been previously described to be highly intercor-
related [17], we further compared the intercorrelation
patterns of the OXTR CpG island and in particular the
regulatory relevant MT2 region 5mC modification at
included CpG sites between the HFA and NC groups.
Figure 4 shows the 5mC modification intercorrelation
plots of CpGs within CpG island, respectively, MT2 area
of both HFA and NC group. Visually, there is an overall
consistent pattern of correlating neighboring CpG mean
methylation rates within the CpG island. Focusing on
the MT?2 region, we see highly intercorrelated neighbor-
ing CpGs (8,769,237-8,769,249, 8,769,284-8,769,294
and 8,769,306-9,769,323) almost identically in HFA
and NC. Yet, CpGs 8,769,047-8,769,146 visually exhibit
a more negative correlation with the other MT2 region
CpGs in the HFA group compared to NC. However, dif-
ferential methylation analysis also revealed no signifi-
cant differences between the groups at these CpG loci
-901 (67.7%+13.6 in HFA to 66.0+10.5 in NC), -924
(51.7% +12.4 to 51.2+14.1) and -934 (51.7%+12.4 to
51.2+14.1). Figure 3B shows the distribution of data for

these three CpG positions analogous to 2A as combined
box and violin plots comparing groups.

DNA sequence variation

Group-dependent visualization of the detected SNPs
within OXTR showed clustering of the SNP rs918316
(T>C) in the HFA group. The difference in clustering
between groups was marginally significant for rs918316
with heterozygosity in a quarter of the HFA subjects,
x*(1)=5.714, p (Fisher exact)=0.047, ¢=—0.378, corre-
sponding to a Cohen’s medium effect.

For the SNP rs53576 within OXTR intron 3 (A>G,T;
Hg38, chr3:8,762,685), which has been most frequently
described in the context of autism, altered social behav-
ior and also differential OXTR methylation [4], no
group-dependent clustering was observed in this study.
Similarly, other SNPs within the OXTR sequence pre-
viously found to be associated with ASD [3], such as
rs7632287, rs237887, rs2268491, rs2254298 and rs237902
did not differ significantly in a group-dependent manner
here. Table 4 summarizes the results.

Discussion

The present study investigated sequence variation and
methylation of the entire OXTR gene using a targeted
nanopore long-read sequencing approach in individuals
with HFA compared to NC.
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Fig. 3 A A combined box and violin plot showing the distribution of OXTR MT2 region and exon 3 mean methylation comparing HFA and NC.
There is no visually apparent difference in the distribution of the data with an overall statistically nonsignificant difference. B Also on a CpG site
by CpG site basis, all 26 CpGs examined in the regulatory MT2 region showed no differential methylation. Shown here are the CpGs -901, -924
and -934, which were frequently described as important regulators of OXTR expression

Table 3 Analysis of 5mC modification in regions or CpG sites frequently associated with differential methylation in ASD or with autism
traits, social cognition alterations or social anxiety (Moerkerke et al, 2021) within our nanopore sequencing dataset. No significant
differentially methylated loci were found in the oft-cited MT2 region within the CpG island or across exon 3, even at single CpG
positions that previous studies have shown to be frequently altered in autism

Region Hg38chr3: bp CpGs 5mC modification diff diff.se stat pval
HFA NC

MT2 8,769,033-8769438 405 26 0.156 0.153 0.003 0.022 0.132 0.630
Exon 3 8,768,329-8,767,266 1064 108 0.141 0.148 0.007 0.020 0.401 0.571
bp—TSS

— 860 8,769,047 0.247 0.209 0.038 0.032 1.194 0.232
-901 8,769,088 0.677 0.660 0.017 0.037 0.462 0.644
—-924 8,769,111 0517 0512 0.005 0.037 0.148 0.882
—-934 8,769,121 0517 0512 0.005 0.037 0.148 0.882
- 959 8,769,146 0.368 0.381 0.013 0.036 -0.359 0.719
—982 8,769,169 0.095 0.089 0.006 0.021 0.287 0.774

—-989 8,769,176 0.095 0.089 0.006 0.021 0.286 0.774
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Fig. 4 shows the intercorrelation analysis between individual CpG methylation probabilities within the regulatory CpG island (A), which contains
almost half of all CpGs, and the MT2 region (B). CpGs in the 3'portion of MT2, especially chr3-8,769,111 and chr3-8,769,121, show a distinct
intercorrelation pattern between groups

Table 4 A List of detected SNPs that appeared to cluster toward the HFA group in the IGV visualization. rs918316 frequency was
shown to be significantly different between groups. B No group differences were found for SNPs previously associated with ASD (and
partly with differential OXTR methylation)

SNP Position (chr3:) Alleles Genotype Group Statistic
A HFA NC Chi? test
n SNP (%) X df p
rs918316 8,756,495 T>C T/ r 5(12.5%) 0 (0%) 5714 1 0.047
B
rs7632287 8,749,760 G>A AlG/G|A 0 0 - - -
rs237887 8,755,356 G>A 14 (35%) 13 (32.5%) 0418 2 0.811
Heterozygous A|G/GIA 9 7
Homozygous AlA 5 6
rs2268491 8,758,712 C>T T 2 (5%) 0 (0%) 2.105 1 0487
rs2254298 8,760,542 G>A G|A 2 (5%) 0 (0%) 2.105 1 0487
rs53576 8,762,685 A>G 14 (35%) 13 (32.5%) 0477 2 0.788
Heterozygous A|G/G|A 7 8
Homozygous G|G 7 5
rs237902 8,767,498 G>A 13 (32.5%) 8 (20%) 3.649 2 0.161
Heterozygous AlG 12 6
Homozygous AJA 1 2
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In contrast to several previous studies describing
an association of differential OXTR methylation with
autism, no group differences in OXTR methylation could
be detected within our data. Given the large number
of positive results, especially regarding the association
of OXTR MT?2 region methylation with autism, it was
surprising to us that none of the previous results could
be reproduced here. In contrast, we showed that 5mC
modification of the OXTR gene is remarkably consist-
ent across the entire OXTR gene between groups, espe-
cially considering the small group size of 20 subjects with
HFA compared to 20 NC. Given this consistency of 5mC
modification rate across a sequence of 20,054 base pairs
and 412 CpG positions, and our finding that no single
CpG position differed statistically significantly between
groups, the question arises as to the biological relevance
of individual methylation changes at single CpG positions
and their relevance to autism and autistic-like behavior as
reported previously [6].

Consistent with this, the SNP rs53576, which has been
frequently associated with OXTR methylation and phe-
notypic relevance in autism [6], did not show significant
group differences in SNP frequency within the DNA
sequence analysis. In addition, other SNPs commonly
associated with autism did not show significant group
differences in our nanopore dataset. The only SNP that
was statistically significantly clustered between groups
in HFA, rs918316, has not been reported in any publica-
tion in relation to autism or other clinical relevance. It is
an intron variant at position chr3:8,756,495 (C instead of
T, frequencies in the total population according to ALFA
T=0.917 and C=0.083). Although the total number of
cases is small, the clustering found here in 25% of HFA
individuals and none of the NC seems worth reporting in
the overall context.

Three distinct CpG methylation sites within the MT2
region of OXTR have previously been associated with
ASD, as well as with OXTR expression, and have been
shown to be highly correlated with total MT2 methyla-
tion (Danoff et al., 2021). Interestingly, the same CpGs
-901, -924 and -934 (corresponding to positions chr3-
8,769,088, -8,769,111 and -8,769,121 in Fig. 2B), which
have been described as important regulators of OXTR
expression, appear to be differentially intercorrelated
in our analysis in the HFA group compared to the NC
group, with a positive correlation to neighboring MT2
CpG sites in NC, but a negative correlation in the HFA
group.

Could intercorrelation changes of the OXTR MT2
region be associated with autism? Intercorrelation
between adjacent CpGs allows for strong, error-tolerant
inheritance of methylation patterns. This enhances the
recruitment of demethylating enzymes by unmethylated
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CpGs in the neighborhood, allowing CpG islands to
remain hypomethylated within predominantly hyper-
methylated entire gene segments [18]. Although we did
not find group differences in methylation, we could at
least hypothesize a weakening of the hypomethylation
robustness of this important regulatory region in indi-
viduals with HFA compared to healthy NC. Figure 3B
also shows overall partially divergent correlation patterns
between CpGs within the OXTR CpG island between
HFA and NC. However, the relevance of CpGs -901,
-924 and -934 for OXTR expression postulated in pre-
liminary studies is questioned in a recent study. Siecin-
ski et al. analyzed three CpG sites within the MT2 region
of OXTR previously associated with ASD and OXTR
expression (-901, -924, -934) by targeted pyrosequencing,
but found no significant association with plasma oxy-
tocin levels [19].

We can also see that from a methodological point of
view, the absolute methylation levels found in ASD indi-
viduals vary widely between the present study and previ-
ous studies, implying that different sequencing methods
were used. Factors such as study design, age or sex distri-
bution of the study cohorts certainly play a role. However,
the influence of the accuracy of the sequencing methods
should not be neglected, especially since we have care-
fully controlled for the important factors of age and sex.
Could the lack of reproducibility of the previously found
methylation differences and sequence variations also be
methodological?

In our opinion, the results presented here highlight the
importance of discussing the methodological limitations
of methods such as the widely used bisulfite sequenc-
ing, depending on factors such as the structure of the
target of interest, the level of methylation and the size of
the cohort. Bisulfite sequencing degrades large amounts
of DNA by depyrimidination under the required acidic
and thermal conditions, which limits the power if the
amount of DNA in the sample is low to begin with [20].
Furthermore, bisulfite sequencing relies on the com-
plete conversion of unmodified cytosine to thymine,
which makes up the majority of the total cytosine in the
human genome, which significantly reduces the com-
plexity of the sequence and can lead to poor sequencing
quality [21]. Preliminary results of a comparative study
from our laboratory suggest an advantage of nCATS over
direct Sanger bisulfite sequencing for small cohort sizes
and larger gene targets. However, the authors noted that
bisulfite sequencing is still an overall valid method for
DNA methylation analysis [22].

Limitations
Of course, it must be discussed that the nCATS method
has only been used in a few clinical studies and, to our
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knowledge, not in any autism study, which makes com-
parability with previous studies difficult. Data on the
accuracy of nanopore long-read sequencing, particularly
nCATS, in clinical samples are sparse. The efficiency
of nCATS has been reported to be highly variable [23].
The overall mean coverage of 29.233 achieved here is at
the lower end of the range, but still corresponds to valid
sequencing results, at least for confirmatory analysis [24,
25]. Coverage was stable over the entire genomic region
and the CpGs within it. Over the MT2 and exon 3 regu-
latory regions, coverage was consistently>30. However,
the variability in coverage between samples (as shown in
Fig. 1A) may have affected the sensitivity of the 5mC esti-
mates, although the statistical model used takes coverage
into account [26]. There was no statistically significant
association between mean coverage and case—control
status. The variability in coverage appears to be partly
due to the concentration of the input DNA, which could
be considered in future studies. However, in a prelimi-
nary study, the influence of coverage on the accuracy of
methylation estimation was described as limited [27]. For
the detection of relevant methylation differences at indi-
vidual CpG positions in the percentage range of 10% and
above, as applied here, the algorithm we used showed
excellent test performance [28]. The percentage differ-
ences in OXTR methylation between ASD and NC in
the relevant preliminary studies are in part significantly
higher, e.g., 31.9% in Elagoz et al. [7].

Furthermore, as in most previous studies on this topic,
peripheral blood material was used for the methylation
analysis, which limits the significance of evidence in
central processes. While the overall average correlation
between brain tissue and peripheral blood material was
shown to be quite reliable (0.86), individual CpG sites
were shown to be poorly correlated between blood and
brain tissue (20.8%) at a nominal significance level of
p<0.05 [29]. However, differential methylation of OXTR
in ASD has been detected across different tissues, includ-
ing in brain tissue [10].

It should also be noted that our approach does not pro-
vide any information about the actual gene expression.
On the other hand, DNA methylation of MT2 in par-
ticular has been described as the most reliable indicator
of OXTR gene expression (13), which we did not find to
be differentially methylated. However, this needs to be
demonstrated in future studies, e.g., by RNA sequencing
analysis.

Furthermore, the size of the study cohort must be dis-
cussed as it may lead to underpowering. Against this
background, the newly detected intron variant has to be
interpreted with caution, also because statistically there
is only a marginally significant group difference in fre-
quency. The inclusion of OXTR polymorphisms in this
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pilot study was also intended to illustrate the capabili-
ties of nCATS compared to other methods, rather than
to claim to provide valid gene association results with
this pilot-related small number of cases. These initial
results using nCATS need to be replicated in independ-
ent cohorts and with larger sample sizes. Ultimately,
however, we believe that the consistency of our methyla-
tion results between groups (across a total of 412 CpG
positions) provides sufficient evidence for the validity of
the sample size. In addition, the differential methylation
testing algorithm used here is described by the authors
as particularly suitable for small numbers of cases, since
variance and sequencing depth are statistically accounted
for[26]. However, this implies the absolute necessity of
an accurate clinical diagnosis of subjects with autism at
recruitment. Especially for diagnosis of HFA in adult-
hood, guidelines (neither the German S2-guideline nor
the British NICE-guideline) give no clear recommen-
dation regarding diagnostic tools. The Adult Asperger
Assessment used here refers to a prospectively outdated
diagnosis but is comparable to the ICD-11 diagnosis of
autism spectrum disorder without cognitive delay and
language impairment. In general, it should be kept in
mind that a specific high-functioning subgroup of indi-
viduals with autism has been studied here, and their
results may not necessarily be comparable to those of
more severely affected individuals. Nevertheless, OXTR
sequence variation and differential methylation have also
been explicitly reported in studies focusing exclusively on
HFA [30, 31].

Conclusion

In conclusion, using a nanopore long-read sequencing
approach, we found no significant sequence variation and
differential methylation between individuals with HFA
and NC within the entire OXTR gene, including its regu-
latory units, except for a previously undescribed intron
variant. Interestingly, however, all previous findings of
autism-related OXTR SNPs and altered 5mC methylation
were not reproducible with our method. In our opinion,
this might lead to a reconsideration of the relevance of
altered methylation at individual OXTR CpG positions
in autism research. However, further validation between
nanopore and the previously used sequencing methods
is required in order to better classify the results. Moreo-
ver, given the pilot nature of the study, these results need
to be replicated in independent cohorts and with larger
sample sizes.

Methods

Clinical assessment

The study included 20 adults with a diagnosis of ICD-
10: F84.5 (Asperger Syndrome), referred to as the HFA
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group. Recruitment took place at an outpatient center
specializing in the diagnosis of autism spectrum disor-
ders in adults. The study protocol adhered to the Dec-
laration of Helsinki and was prospectively reviewed and
approved by the local ethics committee (approval num-
ber 3054-2016). All subjects gave written informed con-
sent to participate in the study.

The diagnostic procedure for autism was based on the
German guideline for the diagnosis of ASD. A multi-
professional team, including at least two experienced
clinicians, performed the diagnostic assessment. The
diagnostic interview was based on the Cohen Adult
Asperger Assessment (AAA), which is based on the
results of the Autism Quotient (AQ) and Empathy Quo-
tient (EQ) self-report questionnaires [32].

The German version of the Wechsler Adult Intelligence
Scale—IV (WAIS-IV) was used to determine the intelli-
gence quotient.

Patients with HFA between 18 and 65 years of age who
fulfilled the diagnostic criteria according to ICD-10:
F84.5 and AAA were included.

In addition, 20 NC were recruited and matched for
sex, age (£5y) and IQ (+ 15 points on the WAIS-IQ total
scale). Except for the AAA interview, NC underwent the
same testing procedure.

Subjects with intelligence<70 points on the total IQ
scale were excluded from the study.

Molecular analysis

DNA was extracted from EDTA blood collected from
participants by peripheral venipuncture. DNA extraction
was performed by the Hannover Unified Biobank using
the ChemagicStar DNA-Blood1k kit (PerkinElmer che-
magen Technology, Baesweiler, Germany) on a Hamilton
ChemagicStar (Hamilton Germany Robotics, Graefelfing,
Germany).

For sequencing OXTR, we used nanopore Cas9-tar-
geted sequencing (nCATS), an enrichment strategy that
utilizes targeted cleavage of DNA with Cas9 to bind
adapters for nanopore sequencing [15]. In principle,
adaptive sampling methods such as read until are avail-
able, but were not considered effective due to the size of
the target of interest here. Amplification-based nanop-
ore methods would have resulted in a loss of methylation
data and were therefore not suitable.

Sequence-specific "guide” RNAs (crRNA) were
designed using the software Geneious (Biomatters, Inc.,
Boston, MA, USA) and the “Alt-R Custom Cas9 crRNA
Design Tool” (IDT®, Coralville, IA, USA) to cover the
entire OXTR gene including relevant regulatory units
spanning Hg38: chr3: 8,750,381—8,770,434. crRNAs
were produced by IDT®. To optimize coverage, a total
of four guide RNAs were positioned staggered over the
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target region, resulting in two OXTR fragments span-
ning chr3: 8.770.937-8.763.067 and chr3: 8.761.480-
8.749.344. A table with the sequences and genomic
position of the guides used and their on-target and off-
target scores, which provide information on editing per-
formance, can be found in the Additional file 1.

Cas-mediated PCR-free enrichment was performed
according to the manufacturer’s protocol with minor
adjustments. Products not otherwise specified below
were purchased from Oxford Nanopore Technologies,
Oxford, UK.

To prevent unspecific ligation of adapters in later
steps (besides the target of interest), genomic DNA was
first dephosphorylated using NEB Quick calf intestinal
phosphatase (CIP) dissolved in NEB CutSmart Buffer
and incubated using a T100 Thermocyler (BioRad®) at
37 °C for 30 min and 80 °C for 5 min. Cas9 ribonucleo-
protein complexes (RNPs), Taq polymerase and desoxy-
adenosine triphosphate (dATP) were then added to the
dephosphorylated genomic DNA samples. This process
activates the Cas9 cleavage at the predetermined sites
for ligation, cutting all available DNA ends in a single
step incubated at 37 °C for 30 min and 72 °C for 7 min
(slight deviation from the manufacturer’s protocol). Pre-
viously, Cas9 is loaded with the pre-designed crRNA,
which forms an RNP complex with the trans-activating
CRISPR RNA (tracrRNA) required for catalytic activity,
and then incubated at room temperature for 30 min with
NEB CutSmart buffer and nuclease-free water (NFW) to
form the Cas9 RNPs. Deviating from the original proto-
col, we used an amount of 0.6 pl Cas9 instead of 0.4 pl
for the preparation of a master mix for five samples to
optimize subsequent sequencing coverage. Next, native
barcodes (Native Barcoding Expansion 1-12, ONT
sequencing, location) were ligated to the ends generated
by Cas9 cleavage. A unique barcode was selected for each
sample and five samples/barcodes were used within one
flow cell. Native barcode ligation mixture containing bar-
code, Blunt/TA Ligase Master Mix and NFW was added
to the cleaved and dA-tailed genomic DNA samples and
incubated for 30 min at room temperature and then puri-
fied using AMPure XP beads (Beckman Coulter, Brea,
CA, USA). Based on our experience, we used 5 pl instead
of 3 ul barcode per sample (respectively, combined with
3 ul instead of 5 pl nuclease-free water) to further opti-
mize coverage. After clean-up of the reaction (by means
of AMPure XP beads), samples were combined. AMII
adapters from the Ligation Sequencing Kit were then
ligated to the ends generated by Cas9 cleavage using
NEBNext Quick T4 DNA Ligase dissolved in Ligation
Buffer (LNB) and then resuspended in AMPure XP beads
for purification to remove excess unligated adapters and
other short DNA fragments. After control of the genomic
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DNA concentration, MinION Flow Cells (R9.4.1) were
prepared according to the manufacturer’s protocol and
loaded with the barcoded OXTR DNA library dissolved
in sequencing buffer using the supplied loading beads.
The flow cell was then processed using the MinlON
nanopore sequencer and Nanopore MinKnow Sequenc-
ing software.

Data management and statistics

Nanopore raw reads (fast5 format) were basecalled using
Guppy Basecalling Software Version 6.1.2 (Oxford Nano-
pore Technologies, Oxford, UK) and aligned to the refer-
ence genome Hg38 using minimap2 [33].

Sequence coverage within the genomic region under
study was obtained using the getCoverage function of the
bssseq package for R [34] and visualized for distribution
per sample and across genomic positions.

Nanopolish was used for cytosine methylation calling
[35]. Cytosine modification probability was obtained and
visualized for the whole and regions of interest within
OXTR gene using NanoMethViz for R [36]. BSSSeq-
type objects obtained via the NanoMethViz to BSSSeq
interface (methy_to_bssseq) were processed for statis-
tical testing of differentially methylated loci using DSS
for R. To determine differential methylation, statisti-
cal tests were performed at each CpG site to determine
differentially methylated loci (DML) and differentially
methylated regions (DMR). According to the authors of
the DSS package used here, most existing methods for
DM analysis are based on ad hoc tests that, for example,
ignore biological variation when using Fisher’s exact and
sequencing depth when using t tests for estimated meth-
ylation values. The DM detection implemented in DSS is
based on a Wald test for beta-binomial distributions. The
test statistic depends on the biological variation (charac-
terized by the dispersion parameter) and the sequencing
depth. An important part of the algorithm is the estima-
tion of the dispersion parameter, which is achieved by an
estimator based on a Bayesian hierarchical model. [26,
37, 38]. Therefore, the method is described as being par-
ticularly suitable for small sample sizes. The underlying
package R codes are available from https://github.com/
haowulab/DSS.

In summary, the differential methylation test was per-
formed in the following steps

1. Read the library (object of the BSSSeq class obtained
by the NanoMethViz methy_to_bssseq function).

2. Perform statistical tests on the DML by calling the
DML test function
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(a) Estimate the average methylation level across
all CpG sites

(b) estimate the dispersion at each CpG site, and

(c) perform the Wald test
(For whole genome datasets, statistical smooth-
ing of the data is useful, which was omitted in
this case due to the size of the target region
(flag smoothing =FALSE)).

3. Based on the test results, DMLs have been called
using the callDML function. By default, the test is
based on the null hypothesis that the difference in
methylation levels is 0. However, the user can specify
a threshold for the difference. We examined our data
for differences of>10% between the groups in the
estimated mean methylation (flags p.threshold =0.05,
delta=0.1). Thus, the function calculates the prob-
ability that the difference in mean methylation values
is greater than delta (here 10%) at a 5% significance
level.

4. DMR detection using the callDMR function is also
based on the DML test results.

The default requirements for DMRs are a minimum
length of 50 bps, a minimum number of CpGs of 3, and
a minimum percentage of significantly group-different
CpGs within the DMR of 50%. We have again used a
group difference in mean methylation of at least 10% as a
threshold value (flags p.threshold =0.05, delta=0.1).

The same procedure was used to compare methylation
data between the sexes.

Methylation data were further visualized in group
comparisons using the NanoMethViz plot_region func-
tion. Gene annotations were obtained from the UCSC
Genome Browser on Human (GRCh38/hg38) [39]. The
customized UCSC tracks used to plot our data can be
accessed from  https://genome.ucsc.edu/s/JWieting/
OXTR.

Single-nucleotide variants (SN'Vs) were called by long-
shot [40]. The output individual vcf files per sample were
merged using bcftools [41] and visualized using the
Integrative Genomics Viewer (IGV, Reference Genome
GRCH38/hg38) [42], with detected SN'Vs highlighted by
color depending on zygosity. HFA and NC were anno-
tated, output by group, and visually inspected for group-
dependent clustering of SNPs. We also looked explicitly
for group differences in SNPs already known to be asso-
ciated with autism. We compared frequency differences
between the groups using Chi-squared tests.

The data processing and analysis codes used here are
publicly available at https://github.com/wietingj/nanop
oreCATS_OXTR.
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