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Abstract

Background

In the past 15 years, nhumerous studies have described aberrant DNA methylation of imprinted
genes (e.g. MEST and H19) in sperm of infertile patients, but the prevalence and genomic

extent of abnormal methylation patterns have remained unknown.

Results

Using deep bisulfite sequencing (DBS), we screened swim-up sperm samples from 40
normozoospermic and 93 oligoasthenoteratozoospermic (OAT) patients for H19 and MEST
methylation. Based on this screening, we defined three patient groups: normal controls (NC),
abnormally methylated infertile (AMI; n=7) and normally methylated infertile (NMI; n=86). Whole
genome bisulfite sequencing (WGBS) of five NC and five AMI samples revealed abnormal
methylation levels of all 50 imprinting control regions in each AMI sample. To investigate
whether this finding reflected epigenetic germ line mosaicism or the presence of residual
somatic DNA, we made a genome-wide inventory of soma-germ cell specific DNA methylation.
We found that >2,000 germ cell-specific genes are promoter-methylated in blood and that AMI
samples had abnormal methylation levels at these genes, consistent with the presence of
somatic cell DNA. The comparison between the five NC and six NMI samples revealed 19
differentially methylated regions (DMRs), none of which could be validated in an independent
cohort of 40 men. Previous studies reported a higher incidence of epimutations at single CpG
sites in the CTCF-binding region 6 of H19 in infertile patients. DBS analysis of this locus,
however, revealed an association between DNA methylation levels and genotype (rs2071094),

but not fertility phenotype.

Conclusions
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Our results suggest that somatic DNA contamination and genetic variation confound methylation
studies in sperm of infertile men. While we cannot exclude the existence of rare patients with
slightly abnormal sperm methylation at non-recurrent CpG sites, the prevalence of aberrant
methylation in swim-up purified sperm of infertile men has likely been overestimated, which is

reassuring for patients undergoing assisted reproduction.

Keywords

Male infertility, Sperm, Oligoasthenoteratozoospermia, DNA methylation, Whole-genome

bisulfite sequencing, Deep bisulfite sequencing, Imprinting

Background

Children born following assisted reproductive technology (ART) treatments are thought to have
a higher prevalence of imprinting defects [1]. One potential origin of such epimutations may lie
in the oocyte and embryo culture, which are commonly part of ART procedures [2]. Apart from
that, a number of studies have shown that male infertility itself is associated with aberrant DNA
methylation profiles, particularly of imprinted genes [3-6], suggesting that ART may facilitate the
transmission of imprinting errors in sperm cells to the next generation. This latter aspect is still,

notably, a matter of much debate [7].

Imprinting defects can originate at the different phases of DNA methylation erasure and
establishment, occurring during the development of the germline. Sperm originates from
primordial germ cells (PGCs). These cells are specified early during embryo development and
undergo almost complete erasure of DNA methylation, which allows the establishment of male

germline-specific DNA methylation profiles during later stages of gametogenesis [8]. Erasure of
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DNA methylation in the PGCs takes place in two sequential stages. During the initial stage, a
global decrease in methylated cytosines occurs, whereas in the second stage methylation is
removed from imprinting control regions (ICRs) and meiotic genes [9]. These phases of
methylation erasure result in an epigenetic ground state with methylation levels in PGCs as low
as 7-8% at week 11 of human foetal development. The process of de novo methylation was
found to be re-initiated in PGCs from 19 week-old human foetuses [10]. Primate data suggests
that this process continues well after birth in germ cells, which are then termed spermatogonia,
and appears to be completed only during puberty [11]. Errors in the process of methylation
erasure or re-establishment in a proportion of the PGCs were considered as a possible
explanation for subpopulations of sperm displaying aberrant methylation levels in the adult [12,
13]. This explanation is conceivable as those few specified PGCs undergo proliferation and give
rise to the population of spermatogonia, which colonize the seminiferous cords of the testes.
Apart from the ability to self-renew, spermatogonia can also give rise to differentiating daughter
cells through entering spermatogenesis upon puberty. This differentiation process is based on
the development of spermatogonial clones, which can result in formation of 16 sperm cells in
humans [14, 15]. Incorrect erasure or re-establishment of methylation patterns in individual
PGCs could therefore lead to a population of spermatogonia giving rise, via clonal divisions, to a

subpopulation of sperm with aberrant methylation profiles.

To address the presence of imprinting errors in sperm, a number of studies have assessed the
methylation status of the maternally imprinted gene MEST and the paternally imprinted gene
H19 in fertile and infertile men [16]. A meta-analysis suggested a 9.91-fold higher risk ratio for
aberrant methylation in the differentially methylated region of H19 for infertile men. In contrast,

no increased risk ratio was found for MEST [16].

Careful examination of individual studies suggests four general subgroups of patients, based on

the methylation status of H19 and MEST: 1) men with normal MEST and H19 methylation; 2)
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91 men with abnormal MEST methylation; 3) men with abnormal H19 methylation; 4) men with
92 impaired methylation patterns in both MEST and H19 [5, 17]. Employing deep bisulfite
93 sequencing at single-allele resolution, a constant proportion of sperm in
94  oligoasthenoteratozoospermic men was found aberrant in four analysed imprinted genes (H19,
95 MEG3 and MEST, KCNQ1O0T1), whereas normozoospermic samples presented as an

96 epigenetically homogenous population [13].

97 In addition to target gene approaches, individual studies have employed methylation arrays to
98 assess methylation changes at selected CpGs (up to 450,000) that may be present in sperm
99 from infertile men (see for example [18] and [6]). Interestingly, these studies did not report
100 alterations in the imprinted genes H19 and MEST but did identify CpG sites associated with 48
101 imprinted genes displaying aberrant methylation [6]. Apart from that, a number of additional
102  CpG sites throughout the genome, not associated with ICRs, showed aberrant DNA methylation

103  patterns [6, 18].

104  As previous studies were largely focused on the analysis of a few imprinted genes and a small
105 fraction of genomic CpG sites, we set out to analyze the genome-wide DNA methylation
106  patterns of human sperm in hormozoospermic and oligoasthenoteratozoospermic men. For this,
107 we used a combination of whole genome bisulfite sequencing (WGBS), which provides
108 information on the methylation status of nearly all of the 28,000,000 human CpGs sites, and

109 targeted deep bisulfite sequencing (DBS).

110

111 Results

112  Screening of H19 and MEST methylation levels in swim up purified sperm DNA from 93

113  oligoasthenoteratozoospermic and 40 normozoospermic patients
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In order to select patients for whole genome bisulfite sequencing (WGBS) analysis, we
measured H19 (CTCF6 region) and MEST methylation levels by deep bisulfite sequencing
(DBS) of swim-up purified sperm DNA in a cohort of 40 normozoospermic (Normal) and 93
oligoasthenoteratozoospermic (Infertile) patients (Fig. 1AB, Table 1, Additional file 1: Tables S1
and S2). A principle component analysis (PCA) of H19 and MEST methylation values showed
that some infertile men clearly deviated from the remaining samples (Additional file 2: Fig. S1).
Since the first principal component (PC1) explains most of the variability of the samples, we
considered samples with PC1 score < 0.1 as normally methylated and with PC1 score = 0.1 as
abnormally methylated. According to this threshold we subdivided the patients into normally
methylated normal controls (NC, n=40), abnormally methylated infertile (AMI, n=7) and normally

methylated infertile men (NMI, n=86) (Fig. 1C, Additional file 2: Fig. S1).

Tablel Clinical parameters of the included patient samples

Clinical parameters Normal patients Infertile patients
(n=40) (n=93)
Age (Years) 35.5 (33-38) 36 (33-40)
Total sperm count (Millions) 176.6 (107.5-282.4) 13.1 (6-23)
Sperm concentration (Millions/ml) 39.9 (26.2-69.3) 3.2 (1.5-5.3)
Sperm progressive motility (%) 50 (44.8-54) 36 (26-46)
Sperm normal forms (%) 5 (4-6) 2 (1-3)
Vitality (%) 70 (66-79) 61 (52.8-67.2)
FSH (U/l) 3.2 (2.5-3.9) 6.4 (4.2-9.5)
LH (U 2.8 (2.2-3.5) 3.7 (2.6-5.1)
Testosterone (nmol/l) 18.1 (14.9-21.6) 16.6 (12.4-22.8)

Median values and the 25th and 75th percentile are given for the different parameters.
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126  Whole methylome analysis of swim-up sperm DNA from patients with normal and

127  impaired spermatogenesis

128 For WGBS we chose five NC, five AMI and six NMI samples (Fig. 1D). Following the
129 recommendations by Ziller et al. [19], we sequenced the samples at 13-16x coverage
130 (Additional file 1: Table S3). For comparative analyses, we used previously generated WGBS
131 data of isogenic blood and sperm samples of 12 normozoospermic men (two pools of six

132  individuals each) [20].

133

134  Evaluation of whole methylome data for the 50 known imprinting control regions

135 In order to determine whether, in addition to MEST and H19, other imprinted loci were also
136  affected by aberrant methylation, we analysed the WGBS methylation values for the 50 known
137 maternally and paternally methylated ICRs [21]. We found that the five AMI samples had
138 abnormal methylation levels at all ICRs and that the degree of aberrant methylation at these
139 regions was highly correlated within each sample (Fig. 2, Additional file 2: Fig. S2 and Additional
140 file 1: Table S4). In contrast, the ICR methylation values for the six NMI samples were similar to
141  the observed values in NC samples. Moreover, a PCA of the 15 methylomes revealed that the
142  AMI samples span across the PC1 axis, while NC and NMI samples group together and in the

143  opposite extreme compared to the blood samples (Additional file 2: Fig. S3).

144

145 Inventory of differentially methylated regions between sperm and blood derived somatic

146 cells

147  To investigate whether the aberrant methylation levels in the AMI group reflect epigenetic germ

148 line mosaicism or the presence of previously undetected somatic DNA, we made an inventory of
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149  soma-germ cell specific methylation differences. For this, we compared published WGBS data
150 of isogenic blood and sperm samples of 12 normozoospermic men [20] with two different
151  bioinformatic tools (camel and metilene) to identify methylation differences. By defining a
152  differentially methylated region (DMR) as a region of at least 10 CpGs with a methylation
153 difference of at least 80% and a minimum coverage of five reads, we detected 32,686 DMRs, of
154  which 6,159 overlap the promoter of 5,892 genes (Fig. 3A). Of these genes, 2,462 were among
155 the 8,175 genes previously shown to be expressed in germ cells and not in testicular somatic
156 cells [22] and which are putatively regulated by DNA methylation of 2,764 DMRs (Additional file
157 1: Table S5). In line with the expression analysis, almost all of these gene promoters were
158 methylated in blood and unmethylated in sperm. Analysis of the methylation levels of the 2,764
159 DMRs revealed that the five AMI samples have aberrant methylation at all soma-sperm specific
160 differentially methylated genes (Fig. 3B, Additional file 2: Fig. S4 and Additional file 1: Table S5).
161  Moreover, in each sample, the degree of aberrant methylation was similar to the levels
162  observed for the imprinted regions (Fig. 2, Additional file 2: Fig. S2 and Additional file 1: Table

163 S4).

164  Most recently, Lujan et al. claimed to have identified 217 DMRs useful for fertility assessment. In
165 their study, they analysed unpurified sperm samples by methylation-dependent
166  immunoprecipitation (MeDIP-Seq) [23]. We determined the methylation levels of these DMRs in
167  the blood-sperm WGBS dataset [20] and our five NC and six NMI samples (Additional file 1:
168 Table S6). We found that the DMRs are unable to distinguish sperm of fertile men from sperm of
169 infertile men (Additional file 2: Fig. S5). Rather, they discriminate between clean sperm samples
170 and sperm samples containing somatic DNA, as the 50 ICR DMRs and our inventory of 2,764

171 soma-sperm DMRs do, but the latter do so with higher sensitivity (Fig. 2 and Fig. 3).

172  To further validate the findings in our patients, we performed DBS for XIST and DDX4 loci,

173  previously shown to be fully unmethylated in normal sperm [24], on the 40 normal controls and
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174  the 93 infertile patient samples used in the initial screening (Additional file 1: Table S2). We
175  further confirmed that each of the five AMI that were subjected to WGBS showed an aberrant
176  methylation level at these two loci, which was highly correlated with the aberrant methylation in
177  both the imprinted regions and the soma-sperm specific differentially methylated genes. All
178 normal controls and 77 of the normally methylated infertile were found to have the expected
179  XIST and DDX4 methylation levels (<6%; Additional file 2: Fig. S6). From the two AMI samples
180 not analysed by WGBS, one (SOAT7) was shown to have DDX4 methylation levels consistent
181  with the presence of somatic cell DNA (Additional file 1: Table S2). The other (SOAT6) showed
182  aberrant methylation levels for H19 CTCF6, but was considered normal for MEST, XIST and
183 DDX4 (Additional file 2: Fig. S7). This sample had a similar pattern in the CTCF4 region of H19,
184  but the fraction of completely unmethylated reads was smaller. We sequenced additional ICRs
185 and compared the DBS methylation levels in this sample (Additional file 2: Fig. S7) with that of a
186 representative NC (VN25, Additional file 2: Fig. S8). SOAT6 has a very small proportion of
187 completely methylated reads in the XIST, KCNQOT1 and PEG10 amplicons. In summary, we
188  conclude that despite swim-up purification, somatic cell DNA was still present in some NMI and

189  AMI samples and therefore these samples were excluded from further analysis.

190

191 Identification of differentially methylated regions in sperm from normal and

192  oligoasthenoteratozoospermic men

193 To identify true DMRs between the sperm of fertile and infertile men, we compared the genome-
194  wide methylomes of six NMI and five NC sperm samples that are devoid of somatic DNA. (Fig.
195 4A). Using two different bioinformatic tools, we identified 103 DMRs with at least five CpGs, a
196  methylation difference of at least 0.3 and a minimum coverage of five reads (Additional file 1:
197 Table S7). Since the genetic background (i.e. DNA polymorphisms) may affect DNA methylation

198 [25], some DMRs may display a higher range of values within a group. Therefore, to reduce the

9
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199  potential influence of the genetic background, we limited the range of methylation values within
200 the normozoospermic group to 0.3, thus keeping 19 of the 103 DMRs (Fig. 4A and Additional
201 file 1: Table S7). Three of the 19 DMRs were hypermethylated in normozoospermic samples,
202  while the remaining 16 were hypermethylated in the NMI patients (Fig. 4B and Additional file 1:

203 Table S7).

204  In order to validate the DMRs in an independent cohort, we established reliable targeted DBS
205 assays for 17 DMRs (Additional file 1: Table S8; specific primers could not be designed for
206 DMR6 and DMR12 due to the presence of highly homologous sequences in the genome).
207  Although the DBS approach targets only DMR CpG subsets (coordinates in Additional file 1:
208 Tables S7 and S8), the distributions of WGBS and WGBS CpG subset methylation values are
209 the same (Additional file 1: Tables S9 and S10). Due to the limited amount of infertile sperm
210 DNA, we first analysed 20 normal control samples (VNC) and then selected DMRs for further
211 validation in 20 normally methylated infertile swim-up sperm DNA samples (VNMI). After
212  sequencing the VNC samples for each of the 17 DMRs, we selected 10 DMRs based on the
213 number of VNMI methylation values outside of the normal samples methylation range
214  (Additional file 2: Fig. S9 and Additional file 1: Table S11). Following sequencing each of the 10
215 selected DMRs in the 20 VNMI samples and comparison with the VNC data, none of the DMRs

216  could be validated (Fig. 4C and Additional file 1: Tables S11 and S12).

217

218 Influence of single nucleotide polymorphism (SNPs) on H19 methylation levels

219 Single CpG sites in the CTCF6 binding site of H19 have previously been shown to be
220 differentially methylated in normal and infertile patients [4, 17, 26-32]. In order to analyse this
221  further, we performed a PCA, using as loadings the methylation values of the individual 14 CpG

222  sites analysed by DBS in all the individuals showing no presence of somatic cell DNA according

10
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223  to XIST and DDX4 assay results (n=118, NC=40, NMI=77, AMI=1; Additional file 1: Table S13).
224  This analysis showed that the variation in PC1 was mainly due to the CpG3 methylation levels
225  (Additional file 2: Fig. S10). The peculiarity of CpG3 is also visible in the amplikyzer plots (Fig.
226  1C, Additional file 2: Fig. S7 and S8). CpG3 is in the vicinity of a G/A-SNP (rs10732516; Fig.
227  5A). Since the genotype of this SNP is masked by bisulfite treatment, we used the nearby
228  rs2071094 SNP, which is in high linkage disequilibrium (r?=0.99 and D’=1 according to
229 annotations by HaploReg v4.1 [33]) to investigate the possible effects of these SNPs on H19
230  methylation values. Such an effect has previously been reported in blood and placenta [34, 35].
231  We observed that individuals clustered in the PCA according to their rs2071094 genotype (AA,
232 AT, TT) (Fig. 5B). TT men showed a significantly lower CpG3 methylation compared to the
233 individuals with AT or AA genotype (Fig. 5C), and AT men showed a significantly lower
234  methylation in the reads containing the T allele compared to the A (Fig. 5D and Additional file 1:
235 Tables S14 and S15). Finally, the subdivision of patients according to the diagnosis (NC or NMI)
236  did not show any significant difference between normal and infertile patients sharing the same
237 genotype (Fig. 5E). This shows that the methylation level of CpG3 is affected by genetic

238  variation irrespective of the fertility status.
239
240 Discussion

241  Aberrant DNA methylation patterns of imprinted genes have been reported in semen samples
242  from infertile men in a number of studies [16, 36]. While the majority of studies focused on the
243  analysis of selected ICRs, mainly MEST and H19, these reports still differed with regard to the
244  observed differences between normal and infertile men. Specifically, aberrant methylation
245  patterns for only MEST or H19 were described in some patients, whereas others apparently
246  carried a subpopulation of sperm which showed the same degree of aberrant imprinting in
247  multiple imprinted genes (MEST, LIT1, H19, MEG3) and thereby indicated epigenetic

11
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248  mosaicism in sperm from OAT men [13]. As these epigenetic aberrations might be transmitted
249  to the offspring, it was a clinical necessity to assess the extent of these aberrations, not only for
250 selected genes, but also for the entire genome. To this end, this study sought to assess the
251 DNA methylation levels in normal and severely impaired spermatogenesis by whole genome

252  and ultra-deep bisulfite sequencing.

253 In the screening process of the 93 samples from patients with severe
254  oligoasthenoteratozoospermia, which make our study one of the largest in its field, only 1%
255 showed aberrant methylation for MEST and also 1% for H19. Five per cent of samples
256  appeared to be aberrantly methylated at both imprinted genes, whereas the great majority
257  (93%) showed normal methylation levels for MEST and H19. The presence of these four
258  subgroups and the distribution among them when analysing only MEST and H19 methylation
259 values is in line with previous publications [5, 17], although percentages of samples with

260 aberrant profiles were generally higher (e.g. 57% in Poplinski et al. [5]).

261  While in some studies, all of the analysed CpG sites within the CTCF6 region of H19 were either
262 methylated or unmethylated [5], in other studies the methylation differences were restricted to
263  single CpG sites within this region [4, 17, 26, 27, 29, 31, 32]. We also observed, in both
264  normozoospermic and OAT samples, a fraction of partially unmethylated reads in our H19 DBS
265 amplicons, which cover a large proportion of the CpGs that had been analysed by Sanger
266  sequencing of subcloned PCR products or by pyrosequencing in the above mentioned studies.
267  The most variable H19 CpG in our assay is CpG3, which corresponds to CpG4 in Camprubi et
268 al. [27], CpG5 in Boissonnas et al. [26], and CpG6 in other studies [4, 17, 29, 31, 32]. We
269 demonstrate that variation in DNA methylation at this CpG site is correlated with the genotype of
270  a nearby SNP (rs2071094), irrespective of the fertility status, with TT homozygotes having the
271 lowest methylation level and AA homozygotes the highest methylation levels. rs2071094 is in

272  high linkage disequilibrium with CpG-SNP rs10732516 suggesting that the presence or absence

12
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273  of an additional CpG site next to CpG3 could influence the methylation of the latter. These
274  results support the view that DNA methylation patterns are influenced to a large extent by the
275 genetic background [25] and suggest that studies reporting reduced methylation levels of this
276  CpG in infertile men might have been confounded by a fortuitously higher T allele frequency in
277 cases compared to controls. We identified one individual sample showing an aberrant
278  methylation level of the H19 CTCF6 and CTCF4 regions as well as a very small proportion of
279  completely methylated reads in the XIST, KCNQOT1 and PEG10 amplicons. We are uncertain
280 whether this sample carries a true H19 epimutation, has a rare genetic variant or contains

281  minute amounts of somatic DNA, which show up in some but not in all PCRs.

282 In this study, we focused on the genome-wide DNA methylation analysis of the two most
283  prominent groups of infertile samples: those, with abnormal methylation of MEST and H19
284  (AMI), and those with normal methylation levels in both regions (NMI). Unexpectedly, the former
285  group of samples displayed the same level of aberrant methylation not only in H19 and MEST,
286  but in all of the 50 known ICRs as well as in DDX4 and XIST. Moreover, 2,764 soma-germ cell
287  specific DMRs were also aberrantly methylated to the same degree. A scenario of such
288 comprehensive reprogramming failure appears highly unlikely. In contrast, the presence of
289  residual somatic cell DNA, shifting the methylation level towards that of somatic cells, appears
290 to be the more plausible explanation. After exclusion of samples showing a clear presence of
291 somatic DNA (16% of our infertile samples), only one sample with aberrant methylation at H19
292 remained. Although it is unclear whether this sample contains traces of somatic DNA, the
293 percentage of infertile patients possibly carrying an imprinting defect in our cohort (0-1%) is
294  much lower than previously reported (as high as 57% in Poplinski et al. [5]). We suspect that

295 other studies also suffer from DNA contamination issues.

296  The origin of somatic cell DNA in swim-up purified sperm samples remains hitherto unclear. It

297 has been reported that increased numbers of leucocytes are present in the semen of 30% of
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298 infertile men, even in the absence of an infection [37]. It appears possible that in these cases,
299 somatic cells or cell fragments that escape quality controls could be amidst the very few sperm
300 that are present in the infertile samples and skew the analyses in the direction of a somatic cell
301 profile. This unexpected result highlights the importance of assessing sperm DNA samples for
302 absence of somatic cell DNA prior to methylation studies. Along this line, pre-screening
303 approaches have been published, which describe multiple sites enabling the distinction of germ
304  cell versus somatic cell derived DNA [38]. Here, we describe 2,764 DMRs that overlap with the
305 promoters of 2,462 genes previously shown to be expressed in germ cells and not in testicular
306 somatic cells [22]. This comprehensive list of DMRs constitutes a valuable resource for future

307  studies seeking to assess the purity of their sperm samples.

308 It is surprising that so many genes, both protein and non-protein coding genes, appear to be
309 regulated by promoter methylation. Most often, cellular differentiation does not involve promoter
310 methylation, but methylation of distal regulatory elements such as enhancers. Interestingly,
311 most of the 2,462 genes are methylated in blood cells and unmethylated in germ cells. This
312  suggests that these genes need to be permanently silenced in somatic cells. Since many of
313 these genes play a role in meiosis, it is tempting to speculate that these genes are permanently

314  silenced in somatic cells to prevent them from interfering with mitosis.

315 When comparing the genome-wide methylomes of sperm samples from fertile and infertile
316  patients displaying normal MEST and H19 methylation levels we did not find any recurrent
317  methylation difference between the two groups. This is in contrast to a recent report in which the
318 authors claim to have identified 217 DMRs between unpurified sperm from nine fertile and 12
319 infertile men [23]. However, as shown here, the methylation levels at these regions reflect the

320 admixture of somatic DNA and are not biomarkers of infertility.

321  Our findings show that the DNA methylation patterns of clean sperm are normal, which is

322  reassuring for patients undergoing ART treatment. It is possible that spermatogonia with DNA
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323  methylation abnormalities exist, but they likely do not contribute to the mature, swimming sperm
324  population, suggesting that cells with an abnormal methylome may be counter-selected at later
325 stages of spermatogenesis. It is of note though, that we only considered regions consisting of
326 more than five CpG sites for our analysis, which is in contrast to previous publications
327 performing array analysis and considering individual CpG sites [6, 18]. It should be noted,
328 however, that aberrant methylation restricted to one or a few CpGs of an ICR, if real, is unlikely
329 to be of clinical relevance, because in all patients with an imprinting disease based on imprinting

330 errors, almost all CpGs of an ICR are affected [39, 40].

331

332 Conclusions

333  Our results suggest that the undetected presence of somatic DNA as well as genetic variation
334  confound methylation studies in sperm of infertile men. After controlling for these confounders,
335 we have found no evidence for recurrent epimutation in imprinted genes or elsewhere in the
336 genome in sperm of severely oligoasthenoteratozoospermic men. While we are aware that
337 WGBS is underpowered to detect rare patients with slightly abnormal sperm methylation levels
338 at non-recurrent CpG sites, we conclude that the prevalence of aberrant methylation in infertile
339 men has likely been overestimated, which is reassuring for patients undergoing ART treatment.
340 In the course of this study, we have also found that a large number of germ cell-specific genes
341  are regulated by promoter methylation. The list of soma-germ cell specific DMRs can be used
342  for assessing the quality of sperm preparations and for studying the epigenetic regulation of

343  spermatogenesis in more details.

344

345 Methods

346  Sample selection and clinical information
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347  The patients included in this study were selected among those attending the Department of
348 Clinical and Surgical Andrology at the Centre of Reproductive Medicine and Andrology (CeRA,
349  Minster, Germany) for fertility treatment. All the patients underwent full physical evaluation and
350 those with known genetic causes of infertility, chromosomal aberrations, under pharmacological
351 treatment, with a history of cryptorchidism, acute infections and tumours were excluded from the
352 analysis. Blood samples were taken for hormone measurements including gonadotropins and
353 testosterone following published protocols [24]. Moreover, semen analysis was performed
354  according to the WHO manual [41]. In total, 133 individuals were selected and subdivided into
355 two age matched groups according to the spermiogram results: 40 normal controls (NC)
356 diagnosed as normozoospermic and 93 diagnosed as oligoasthenoteratozoospermic,
357 oligoteratozoospermic or oligozoospermic, which are termed OATs throughout the manuscript

358 (Additional file 1: Table S1).

359

360  Swim-up procedure for isolation of motile sperm

361 Swim-up procedure was used to isolate the motile sperm cells, in line with preparation of
362  samples for assisted reproductive technology treatment. Briefly, after an incubation period of 30
363 minutes (min) at 37°C, 1-2 ml of ejaculate were mixed with the same amount of sperm
364  preparation medium (Origio, Denmark), by using a cell culture tested disposable pipette. The
365  mixture was then centrifuged at 390 g for 10 min, the supernatant decanted and the remaining
366  drops aspirated. The pellet was washed with 2 ml of medium and centrifuged at 390 g for 10
367  min. After removing the supernatant 1 ml of medium was carefully added to the pellet in order to
368 not dissolve or wash it off. As a precaution the tube was briefly centrifuged for 1 minute at 390 g
369 and then incubated for 60 min at 37°C and 5% CO,_After 1 hour of incubation, 500-700 pl of the
370 uppermost layer were collected and stored in a small cell culture tube. 20 pl of the cell

371  suspension were used to determine the sperm concentration in a Neubauer improved counting

16


https://doi.org/10.1101/2020.02.10.941724
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.10.941724; this version posted February 11, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

372  chamber (Additional file 1: Table S1).The rest of the volume was further centrifuged for 5 min at

373 16,060 g, the supernatant was discarded and the sperm pellet was stored at -20°C.

374

375 DNA isolation and bisulfite conversion

376  The DNA isolation was performed on the swim up purified sperm using the MasterPure DNA
377  purification kit (Epicentre Biotechnologies, Madison, WI, USA) as previously described [13].
378 DNA concentration was measured using a fluorescence plate reader (FLUOstar Omega, BMG
379 Labtech, Germany). The bisulfite conversion was performed on 100 ng of sperm DNA using the
380 EZ DNA Methylation-Gold kit (Zymo Research, Freiburg, Germany) according to the

381 manufacturer’s protocol. The bisulfite converted DNA was eluted in 10 pl of TE buffer.

382

383  Whole genome bisulfite sequencing

384  Sperm WGBS libraries were prepared according to the tagmentation-based method described
385 by Souren et al. [42] with some modifications. Briefly, 10 ng sperm DNA supplemented with 1%
386 unmethylated lambda-DNA (Promega) were incubated in a 50 pl reaction with 0.8 pl of Tn5
387 transposase at 1x TD buffer from the Nextera library preparation kit (lllumina) for 5 min at 55°C.
388 Tagged DNA was purified with the DNA Clean & Concentrator-5 kit (Zymo Research) eluting
389  with 14 ul EB buffer (Qiagen), followed by gap repair by adding 2 pl of 10x NEBuffer 2 (NEB), 3
390 plof dNTPs (2.5 mM each) and 5 U Klenow exo- (NEB) and incubating for 1 h at 30°C. Bisulfite
391 conversion was performed using the EZ DNA Methylation-Gold kit (Zymo Research) according
392 to the manufacturer’'s instructions. Indexed-libraries were obtained by enrichment PCR with 1x
393 HotStarTaq Master Mix (Qiagen), 100 nM of each primer and 10 pl bisulfite-converted DNA in
394 40 pl reactions (PCR settings: 95°C 15 min, 12x (95°C 30 s, 53°C 2 min, 72°C 1 min), and 72°C

395 7 min). Reactions were purified twice using 0.8x volume AMPure XP Beads (Beckman Coulter)
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396 and eluted in 10 pl EB buffer (Qiagen). Libraries were sequenced in HiSeq4000 100-bp paired-

397  end runs (lllumina) using one lane per sample.

398

399 WGBS data analysis

400 Raw read data was aligned against reference genome hg38 using bwa-meth [43] (v0.2.0) and
401  deduplicated by Picard [44] (v2.18.15). We used MethylDackel [45] (v0.3.0) for subsequent
402  methylation calling. For quality control we used MultiQC [46] to integrate quality metrics
403  collected by Picard, FastQC [47] (v0.11.8) and Qualimap [48] (v2.2.2b). We chose camel [49]
404  (v0.4.7) and metilene [50] (v.0.2.6) to call DMRs. Average coverage per DMR was computed
405 using mosdepth [51] (v0.2.3). We filtered DMRs based on the number of CpGs covered,
406  methylation differences between groups, g-values reported by metilene and average coverage.
407  For the blood/sperm comparison we required DMRs to cover at least 10 CpGs with at least 80%
408  difference in methylation, minimum coverage of 5 reads and a maximum g-value of 0.05. When
409 comparing NC and OAT samples we set the thresholds to 5 CpGs, 30% methylation difference,
410 minimum coverage of 5 and a maximum g-value of 0.05. After filtering we merged DMRs using
411  the GenomicRanges R package [52]. Merged DMRs were annotated for overlap with CGls
412 using data from the UCSC database [53]. Genes and promoters were annotated using
413 information from the Ensembl database [54]. We require genes to be marked as either protein
414  coding, long non-coding RNA or miRNA. Promoters were defined as the 2000 bp region around

415  TSSs.

416

417  Targeted deep bisulfite sequencing

418 Targeted DBS was performed on the Roche/454 or the lllumina MiSeq platform essentially as

419  described previously [55] using 100 ng of sperm DNA for bisulfite conversion, the primer pairs
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420 and PCR conditions described in the Additional file 1: Table S8. For the H19 amplicon, although
421 it comprises 15 CpGs, only 14 CpGs are shown since the CpG affected by a known

422  polymorphism (rs10732516) was masked in the analyses.

423

424  Statistics

425  Normality and homoscedasticity tests were performed for all variables and difference between
426  groups was assessed by non-parametric tests: Wilcoxon signed rank test for two dependent
427  groups and Mann-Whitney U test for two independent groups, followed by Bonferroni correction
428  for multiple testing. Kruskal-Wallis rank sum test was used to compare three or more
429  independent groups, followed by multiple pairwise-comparisons. Statistical analysis and graphs

430  plotting were performed using R 3.5.3 [56] and appropriate R packages.

431

432  List of abbreviations

433  AMI: abnormally methylated infertile; ART: assisted reproductive technology; DBS: deep
434  bisulfite sequencing; DMR: differentially methylated regions; ICR: imprinting control region; NC:
435 normal controls; NMI: normally methylated infertile; OAT: oligoasthenoteratozoospermic; PCA:
436  principle component analysis; PGC: primordial germ cell; SNP: single nucleotide polymorphism;

437  WGBS: whole genome bisulfite sequencing.
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480

481  Figure legends

482  Fig.1l: Sperm samples selection for WGBS and establishment of groups based on MEST and
483 H19 methylation. A) Schematic representation of the experimental design. B) Dotplot
484  representing the mean methylation levels of MEST and H19 measured by deep bisulfite
485  sequencing in 40 normal (teal) and 93 infertile (black) sperm samples. At the margins, two
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486  density plots show the distribution of the MEST and H19 mean methylation values in the normal
487 and infertile cohort of samples (Additional file 1: Table S2). C) Example of deep bisulfite
488  sequencing results of MEST and H19 in the three groups: normal control (NC), abnormally
489  methylated infertile (AMI) and normally methylated infertile (NMI). Each horizontal line of a plot
490 represents a unique sequence read, while each vertical position represents a CpG site
491  (methylated sites in red, unmethylated sites in blue). D) Mean methylation values for MEST and

492  H19in the five NC (teal), five AMI (orange) and six NMI (purple) selected for the WGBS.

493  Fig. 2: Methylation levels of the oocyte genomic imprints. Box plots showing the distribution of
494 34 oocyte DMRs methylation values in blood and sperm DNA (Additional file 1. Table S4).
495 Datasets from Laurentino et al. [20] appear in white (BL1 and BL2 — blood, SP1 and SP2 -
496  sperm), NC sperm samples in teal, AMI sperm samples in orange and NMI sperm in purple. Box
497  plots elements are defined as follows: center line: median; box limits: upper and lower quatrtiles;

498  whiskers: 1.5% interquartile range; points: outliers.

499  Fig. 3: Inventory of the sperm-soma DMRs putatively regulating promoters of 2,462 testicular
500 germ cell-specific genes. A) Flow chart of the discovery of 2,764 sperm-soma DMRs using
501 blood datasets as somatic representatives. B) Box plots showing the distribution of the
502 methylation values of 2,640 DMRs less methylated in sperm than in blood (left) and 121 DMRs
503 more methylated in sperm than in blood (right) (Additional file 1. Table S5). Datasets from
504  Laurentino et al. [20] appear in white (BL1 and BL2 — blood, SP1 and SP2 — sperm), NC sperm
505 samples in teal, AMI sperm samples in orange and NMI sperm samples in purple. Box plots
506 elements are defined as follows: center line: median; box limits: upper and lower quatrtiles;

507  whiskers: 1.5x interquartile range; points: outliers.

508 Fig. 4: Discovery of normal controls vs. normally methylated infertile sperm DMRs. A) Flow chart
509 of the discovery of 19 DMRs between NC and NMI sperm groups (left) and the distribution of

510 DMRs according to the range of values in normal controls, with DMRs having NC range < 0.3
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511 highlighted in grey (right). B) Box plots showing for the 19 DMRs the distribution of the
512  methylation values for NC (teal, n = 5), and NMI (purple, n = 6) (Additional file 1: Table S7). C)
513  Box plots showing for 17 DMRs the distribution of the methylation values obtained by targeted
514 DBS in an independent cohort. VNC, validation normal control samples (teal, n = 20), VNMI,
515 validation normally methylated infertile samples (purple, n = 20) (Additional file 1: Table S11).
516  Statistical analyses showed no differences between the two groups (Additional file 1. Table
517  S12). Box plots elements are defined as follows: center line: median; box limits: upper and lower

518 quartiles; whiskers: 1.5% interquartile range; points: outliers.

519 Fig. 5: Analysis of the influence of the SNP rs2071094 on the H19 methylation levels. A)
520 Schematic representation of the H19 CTCF6 locus showing the CpGs analyzed by DBS (red
521 and numbers 1-14) and the SNP-masked CpG (red). SNPs in high linkage disequilibrium are
522  shown in green. Numbers on top refer to hg38 coordinates of chromosome 11. B) Principal
523 component analysis (PCA) of the 14 CpG sites in the H19 locus obtained by DBS for the 40
524  normal controls (NC), 77 normally methylated infertile (NMI) and one abnormally methylated
525 infertile (AMI) color-coded according to the SNP rs2071094 genotype: A/A black, A/T orange,
526  TI/T lightblue. C) Box plot showing the distribution of the CpG3 methylation in the 118 patients
527  subdivided according to the SNP rs2071094 genotype. Statistically significant differences are
528 denoted by letters: a—AT different from AA, b—TT different from AT and AA. P-values are
529 denoted by the number of letters, e.g. aaa p < 0.001 (Additional file 1: Table S15). D) Box plot
530 showing the CpG3 methylation in the A versus the T allele of the 49 AT patients (Additional file
531 1: Table S14). E) Box plot showing the CpG3 methylation in the 40 normal controls (NC, teal)
532 and 77 normally methylated infertile (NMI, purple) divided according to the SNP rs2071094

533  genotype.
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711  This file is also available at:

712  https://mfga.uni-muenster.de/publication/details?publicationld=5957038

713  User name: spermEpigenomelnPatientsWithSeverelylmpairedSpermatogenesis
714  Password: rs2071094

715

716  Additional file 2: Fig. S1: Principle component analysis (PCA) of MEST and H19 methylation
717  values obtained by DBS for the 133 sperm samples (Additional file 1: Table S2). Samples with
718 PC1 score < 0.1 were considered normally methylated and with PC1 score = 0.1, abnormally
719  methylated. While normal controls (NC) are a homogeneous group of normally methylated
720 samples, infertile sperm samples were subdivided in two groups according to this PC1 threshold
721  (AMI, abnormally methylated infertile; NMI, normally methylated infertile). Fig. S2: Methylation
722  levels of the 50 imprinting control regions. Line diagrams showing comparisons between blood
723  (BL1, BL2) and sperm (SP1, SP2) datasets from Laurentino et al. [20] (upper panel), between
724  NC and AMI sperm (middle) and NC and AMI sperm (lower panel) (Additional file 1: Table S4). *
725 Not imprinted according to this data, ** Possible polymorphism. Fig. S3: PCA generated for
726  ~8.7 million CpG loci where all samples show methylation values. Only loci with minimum
727  coverage of five in all samples and minimum mapping quality of 10 are considered. Datasets
728  from Laurentino et al. [20] are shown in white (BL1 and BL2 — blood, SP1 and SP2 — sperm),
729 NC sperm samples in teal, AMI sperm samples in orange and NMI sperm in purple. Fig. S4:
730  Methylation levels of 2,761 sperm-soma DMRs. Line diagrams showing comparisons between
731 blood (BL1, BL2) and sperm (SP1, SP2) datasets from Laurentino et al. [20] (upper panel),
732  between NC and AMI sperm (middle) and NC and NMI sperm (lower panel). The 2,640 DMRs
733  less methylated in sperm than in blood are towards the left and the 121 DMRs more methylated
734  in sperm than in blood are on the right (Additional file 1: Table S5). Fig. S5: Methylation levels

735 of the 217 DMRs claimed by Lujan et al. [23] to be useful for infertility assessment. Box plots
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736  showing the distribution of methylation values for the DMRs stated to be hyper- (190 DMRs, left)
737  or hypomethylated in sperm from infertile vs. fertile men (20 DMRs, right) (Additional file 1:
738 Table S6). Datasets from Laurentino et al. [20] are shown in white (BL1 and BL2 — blood, SP1
739  and SP2 — sperm), NC sperm samples in teal, AMI sperm samples in orange and NMI sperm in
740  purple. Box plots elements are defined as follows: center line: median; box limits: upper and
741  lower quartiles; whiskers: 1.5x interquartile range; points: outliers. Fig. S6: Validation of DDX4
742 and XIST methylation levels with deep bisulfite sequencing. A) Example of deep bisulfite
743  sequencing results of DDX4 and XIST in the three groups: NC, AMI and NMI. Each horizontal
744 line of a plot represents a unique sequence read, while each vertical position represents a CpG
745  site (methylated sites in red, unmethylated sites in blue). B) Mean methylation values for DDX4
746  and XIST in the NC (teal, n=5), AMI (red, n=5) and NMI (purple, n=6) selected for the WGBS.
747  Fig. S7. Deep bisulfite sequencing results of the AMI sample SOAT6 with atypical H19
748  methylation pattern. Fig. S8: Deep bhisulfite sequencing results for a representative NC sample.
749  Fig. S9: Box plots showing for the 17 validated DMRs the distribution of the WGBS mean
750  methylation values for the subset of CpGs covered by the targeted DBS approach (NC, teal, n =
751  5; NMI, purple, n = 6; Additional file 1: Table S9) and the targeted DBS methylation values for
752  the validation NC samples (VNC, light teal, n = 20; Additional file 1: Table S11). Box plots
753 elements are defined as follows: center line: median; box limits: upper and lower quatrtiles;
754  whiskers: 1.5% interquartile range; points: outliers. Fig. S10: A) Principal component analysis
755  (PCA) of the 14 CpG sites in the H19 locus obtained by DBS for the 40 normal controls (NC,
756  teal), 77 normally methylated infertile (NMI, purple) and one abnormally methylated infertile
757  (AMI) (Additional file 1: Table S13). B) Contribution of the variables (14 CpG sites) to the

758  principal components. (PDF 2,358 kb).
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