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ABSTRACT: RNA modifications, which are introduced post-transcriptionally, have recently been assigned pivotal roles in the regulation
of spermatogenesis and embryonic development. However, the RNA modification landscape in human sperm is poorly characterized, ham-
pering our understanding about the potential role played by RNA modification in sperm. Through our recently developed high-throughput
RNA modification detection platform based on liquid chromatography with tandem mass spectroscopy, we are the first to have character-
ized the RNA modification signature in human sperm. The RNA modification signature was generated on the basis of 49 samples from par-
ticipants, including 13 healthy controls, 21 patients with asthenozoospermia (AZS) and 15 patients with teratozoospermia (TZS). In total,
we identified 13 types of RNA modification marks on the total RNA in sperm, and 16 types of RNA modification marks on sperm RNA
fragments of different sizes. The levels of these RNA modifications on the RNA of patients with AZS or TZS were altered, compared to
controls, especially on sperm RNA fragments >80 nt. A few types of RNA modifications, such as m1G, m5C, m2G and m1A, showed clear
co-expression patterns as well as high linear correlations with clinical sperm motility. In conclusion, we characterized the RNA modification
signature of human sperm and identified its correlation with sperm motility, providing promising candidates for use in clinical sperm quality
assessment and new research insights for exploring the underlying pathological mechanisms in human male infertility syndromes.

Key words: RNA modification / sperm RNA / epigenetic information / male infertility / asthenozoospermia / teratozoospermia /
sperm motility

Introduction
Human reproductive health is essential to ensure the continuation of
the human population. However, an estimated 15% of couples around
the world suffer from infertility and experience difficulty with concep-
tion; in these couples, male factor infertility accounts for �40% of
cases, a percentage which is still increasing (Krausz and Riera-Escamilla,
2018; Houston et al., 2021). Asthenozoospermia (AZS) and terato-
zoospermia (TZS) are common clinical symptoms of human male sub-
fertility (Ventimiglia et al., 2016). AZS is characterized by reduced
progressive motility of spermatozoa, while TZS is defined as abnormal

sperm morphology. However, the molecular causes of AZS and TZS
have not been defined. Only �4% of all men with infertility issues, and
mainly with azoospermia, are diagnosed with genetic anomalies, and
the pathological mechanisms involved in the majority (60–70%) of
male infertility cases remain unexplained (Agarwal et al., 2021;
Houston et al., 2021).

Spermatogenesis in the testicular seminiferous tubules is a complex
process that is precisely controlled at the transcriptional, post-
transcriptional and translational levels (Morgan et al., 2021). The end
products of spermatogenesis, sperm, lose most of their cytoplasm and
their histones are extensively replaced with protamines, leading to
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morphological structures that differ from those of somatic cells
(Amaral et al., 2014; Teves and Roldan, 2022). Owing to the shut-
down of transcription at the end of spermatogenesis and the reduction
in cytoplasm, sperm was previously thought to lack RNA (Monesi,
1964; Monesi et al., 1978; Miller et al., 2005). However, with the de-
velopment of next-generation sequencing, studies have shown that
mature sperm contain a considerable amount of RNAs, including
mRNAs, circular RNAs (cirRNAs), long noncoding RNAs (lncRNAs),
fragmented rRNA and small noncoding RNAs (sncRNAs), which have
been shown to play important regulatory roles in spermatogenesis, fer-
tilization and early embryonic development (Chen et al., 2016a,b;
Zhang et al., 2018). In recent years, sperm RNAs have also been asso-
ciated with human semen characteristics and are dynamically altered in
patients with AZS or TZS, suggesting potential applications in the diag-
nosis or treatment of male infertility (Jodar et al., 2012, 2013;
Georgiadis et al., 2015; Jodar et al., 2015; Corral-Vazquez et al., 2019).

As a recently discovered post-transcriptional regulator (Frye et al.,
2018), RNA modification has been extensively studied (Lewis et al.,
2017; Barbieri and Kouzarides, 2020; Wiener and Schwartz, 2021).
Over 170 types of RNA modification have been identified across the
three kingdoms of life (Animalia, Plantae and Protista) (Frye et al.,
2016). Some of these modifications enable cells to respond sensitively
to various environmental stimuli and regulate cellular biological pro-
cesses, such as the rate of mRNA translation and mRNA metabolism.
RNA modifications also play active roles in regulating physiological and
pathological processes, including tumorigenesis and intergenerational
epigenetic inheritance of paternally acquired phenotypes (Chen et al.,
2016b; Zhang et al., 2019). As the most common internal RNA modi-
fication in eukaryotic mRNA, N6-methyladenosine (m6A) has been ex-
tensively investigated and shown to play critical roles in
spermatogenesis (Zheng et al., 2013; Lin et al., 2017; Zhong et al.,
2021). The deletion of m6A writer proteins, such as
methyltransferase-like 3 (METTL3) and methyltransferase-like 14
(METTL14), in mouse germ cells, leads to the loss of m6A and the de-
pletion of spermatogonial stem cells (SSCs) through the m6A-depen-
dent translational dysregulation of transcripts required for SSC fate
commitment (Lin et al., 2017; Xu et al., 2017). Moreover, ablation of
the m6A reader proteins YTH domain containing 2 (YTHDC2) and
YTH domain containing family protein 2 (YTHDF2) or the eraser pro-
tein AlkB Homolog 5 (ALKBH5) affects spermatogenesis and leads to
male infertility in mice (Hsu et al., 2017; Qi et al., 2022), demonstrat-
ing the indispensable role of m6A in ensuring successful spermatogene-
sis. In addition to m6A, dysregulation of the 5-methylcytosine (m5C)
and 20-O-methylation modifications have also been reported to con-
tribute to male infertility (Gui and Yuan, 2021). Lack of NOP2/Sun
RNA methyltransferase 2 (NSUN2), an m5C methyltransferase, can
block spermiogenesis at the pachynema stage (Hussain et al., 2013).
Mutation of NOP2/Sun RNA methyltransferase family member
(Nsun7), another member of the NSUN family, can also impair sperm
motility, leading to pregnancy failure (Harris et al., 2007), and when La
ribonucleoprotein 7 (Larp7), which is critical for establishing 20-O-
methylation of U6 on small nuclear RNA (snRNA) (Hasler et al.,
2020), is deleted, the average testicular weight is reduced and abnor-
mal sperm morphology is observed (Wang et al., 2020). However,
RNA modification signatures of human sperm that are related to male
infertility have not yet been identified, and whether changes in the

levels of RNA modifications are associated with human AZS and TZS
remains unclear.

In the present study, we focused on investigating the human sperm
RNA modification signatures in patients with AZS and TZS using a liq-
uid chromatography with tandem mass spectroscopy (LC-MS/MS)-
based high-throughput RNA modification detection platform. The
results revealed clear co-expression patterns and high linear correla-
tions of RNA modification abundance with sperm motility. These find-
ings offer new insights and a basis for exploring further the underlying
pathogenic mechanisms in human male infertility syndromes.

Materials and methods

Participant enrollment and human semen
sample collection and analysis
A total of 49 men (22–49 years old) who underwent semen analysis at
Xinqiao Hospital in Chongqing, China, were enrolled in this study. The
semen samples were obtained through masturbation after 2–7 days of
sexual abstinence. All samples were collected in sterile frustum cone-
like cups, allowed to liquefy at 37�C for 30 min and subjected to diag-
nostic semen analysis. A whole sperm quality analysis was performed
using an SCA-H-OIP system: an ‘SCA-H-OIP system’ is the SCA
Scope (updated computer-assisted semen assessment (CASA)) from
MICROPTIC (Microptic, Barcelona, Spain). Briefly, some areas under
the microscope with a relatively uniform sperm distribution and no
sperm overlap were randomly chosen for sperm motility and morpho-
logical assessment. When the sperm motility and morphological
parameters reported by the SCA-H-OIP system were inconsistent
with those observed under the microscope by laboratory staff, the
sample was reanalyzed to confirm the accuracy of the analytical results.
At least 200 spermatozoa were analyzed from each semen sample to
generate the final semen analysis report. The semen analysis report
was used to classify the semen sample into normozoospermia (NZS),
AZS and TZS groups, according to the World Health Organization
(2010) guidelines (Cooper et al., 2010) on sperm motility and mor-
phological parameters, without additional cutoff value correction.
Semen samples with a proportion of immotile sperm exceeding 60%
and morphologically abnormal sperm over 96% were not included in
this study. All experiments were performed in accordance with the
principles set out in the World Medical Association Declaration of
Helsinki (World Medical Association, 2013). This study was approved
by the Institutional Ethics Committees of Xinqiao Hospital, and an in-
formed consent form was signed by each participant.

Ejaculated human sperm purification
To reduce the viscosity of the collected samples, 5 ml PBS (with
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4,
at pH 7.4) was added to the collected semen samples and the tubes
were inverted to gently mix the contents before filtering with a 40 lM
pore size cell strainer (Corning, Harrodsburg, KY, USA) on ice. After
centrifugation at 800�g for 10 min at 4�C, the sperm were resus-
pended in 2 ml PBS, and 10 ml of somatic cell lysis buffer (0.1% sodium
dodecyl sulphate and 0.5% Triton X-100 in diethylpyrocarbonate wa-
ter) was added. The samples were incubated for 20 min on ice then

2 Guo et al.
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centrifuged for 10 min at 4�C at 800�g, and the precipitated sperm
were washed twice with 3 ml PBS to remove the somatic cell debris
and then centrifuged again for 10 min at 4�C at 800�g. The purified
sperm were lysed with 1 ml TRIzol (Invitrogen, Waltham, MA, USA)
for RNA extraction.

Human sperm RNA extraction
The sperm RNA extraction procedure was based on the manufac-
turer’s instructions with slight modification. Briefly, the sperm were
lysed in TRIzol for 2 h on ice. The lysate was pumped up and down
several times (for homogenization) in a 1 ml sterile syringe with a 27 G
needle and incubated on ice for another 2 h. This step was necessary
to fully extract RNAs from the sperm, as previously reported (Chen
et al., 2016a).

Determination of sperm purity by RT-PCR
To remove genomic DNA, sperm total RNA was incubated with RQ1
RNase-Free DNase I (Promega, Madison, AL, USA) for 30 min at
37�C in 10 ll of a buffer containing 40 mM Tris-HCl (pH 7.9), 10 mM
NaCl, 6 mM MgCl2 and 10 mM CaCl2. The DNase was inactivated by
heating for 10 min at 65�C in the presence of 2 mM EGTA (pH 8.0).
Reverse transcription was conducted by using M-MuLV Reverse
Transcriptase (NEB, Ipswich, MA, USA) according to the manufac-
turer’s instructions. Briefly, 2 lg of total RNA was converted into
cDNA with Oligo-dT and the mRNA expression levels of the sperm-
specific gene protamine-2 (PRM2) and the somatic cell-specific genes
cadherin-1 (CDH1) and cadherin-2 (CDH2) (epithelial cell markers),
CD4 (a leukocyte T-cell surface marker) and the germline-specific gene
c-KIT were quantified by RT-PCR. The amplified PCR products were
electrophoresed on a 1% agarose gel and stained with Gel Red
(Promega, Madison, AL, USA). The data were analyzed with a Bio-Rad
Gel imaging system. The primers used in the RT-PCR are listed in
Supplementary Table SI.

Isolation of RNAs of different sizes from
human sperm total RNA
Total sperm RNAs were separated by 15% urea-polyacrylamide gel
electrophoresis (PAGE). RNAs of different sizes were excised from
the gel and extracted as previously reported (Chen et al., 2016a).
Briefly, 5 lg of total RNA from each sample was loaded on the gel
and electrophoresed for 1 h in 1� Tris, borate and EDTA (TBE) buffer
(Invitrogen, Waltham, MA, USA) at 200 V. The gel was then stained
with 0.01% SYBR GOLD (Invitrogen, Waltham, MA, USA) and ana-
lyzed with a Bio-Rad imaging system. RNAs of different sizes (17–25,
25–50, 50–80, >80 nt) were excised and extracted from the gel,
according to a low range single-strand RNA (ssRNA) ladder (NEB,
Ipswich, MA, USA).

Preparation of mononucleotides for RNA
modification detection
Sperm total RNA and different sized RNA fragments (17–25, 25–50,
50–80, >80 nt) were digested in 30ll of enzymolysis system solution,
which consisted of 3 ll of 10� reaction buffer (250 mM Tris-HCl, pH
8.0; 5 mM MgCl2 and 0.5 mg/ml BSA), 1 IU Benzonase (Sigma-Aldrich,

St Louis, MO, USA), 0.2 IU alkaline phosphatase (Sigma-Aldrich, St
Louis, MO, USA) and 0.05 IU phosphodiesterase I (Thermo Fisher
Scientific, Grand Island, NY, USA). After 3 h of digestion at 37�C, the
enzymolysis products were centrifuged at 13 000�g for 15 min on a
NanosepVR 3K spin filter (Pall Corporation, Ann Arbor, MI, USA) to re-
move the enzymes and obtain the mononucleotides for LC-MS/MS
analysis.

Ribonucleosides standards preparation and
RNA modification quantification by LC-MS/
MS
To quantify the RNA modifications, a multiple reaction monitoring
(MRM) system was established based on LC-MS/MS (Acquity-UPLC I-
class carrying a Xevo-TQ-S mass spectrometry system, Waters
Corporation, Milford, MA, USA). Standardized ribonucleosides are
used as LC-MS/MS standards in order to quantify the abundance of
different RNA modification marks (Supplementary Fig. S1) in human
sperm samples and these were prepared as previously described
(Zhang et al., 2018). The original concentration of each ribonucleoside
standard in the standard solution mixture is shown in Supplementary
Table SII. In addition to the original full concentration, the mixture of
standard solutions was diluted 2, 5, 25, 50, 200, 1000 and 2000 times,
to obtain eight standard solutions of decreasing concentration
(Supplementary Table SII). The standard curve for each RNA modifica-
tion was obtained on the basis of concentration curve points that
were corrected individually according to mass spectrometric signal.

LC-MS/MS data analysis
The raw data indicating the levels of RNA modification marks deter-
mined by LC-MS/MS were analyzed by the Mass Lynx (V1.4) software
package (Waters Corporation, Milford, MA, USA). Each spectrum was
examined and manually corrected when conspicuous outliers were
identified. For example, when the autointegration-generated MRM
peaks were not fully integrated, we performed manual integration to
ensure the correct calculation of certain RNA modification marks. The
percentage of each modified ribonucleoside was normalized to the to-
tal amount of quantified ribonucleosides with the same nucleobase in
order to decrease/eliminate errors, which were caused by variation in
amount of the sample loaded (Zhang et al., 2018). For example, the
percentage of m1G ¼ mole concentration (m1G)/mole concentration
(m1G þ m2G þ G þ Gm þ m7G þ m2

2G þ m2
2

7G).

Statistical analysis
Statistical analyses were performed with one-way ANOVA and uncor-
rected Fisher’s least square difference for multiple comparisons of
RNA modification levels by GraphPad Prism 8 (GraphPad Software
Inc, San Diego, CA, USA). The correlation analyses were based on
Pearson correlation coefficients computed with GraphPad Prism 8.
Linear regression was performed to evaluate the correlation between
sperm motility and RNA modification levels, and between sperm mo-
tility and different RNA modification marks, as determined using
GraphPad Prism 8. A value of P< 0.05 was considered to be statisti-
cally significant.
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Results

Participants and clinical semen
characteristics
Human semen samples from 49 participants were collected by mastur-
bation. No significant differences in semen volume or sperm concen-
tration were observed among participants. The semen samples were
categorized into three main groups on the basis of participant diagno-
sis. Specifically, 13 samples were from participants diagnosed with
NZS; 21 samples were from participants diagnosed with AZS (propor-
tion of immotile sperm exceeded 60%), and 15 samples were obtained
from participants diagnosed with TZS (the proportion of sperm with
abnormal morphology exceeded 96%). The AZS group was further
classified into three clusters based on the percentage of sperm with
progressive motility (PR) within a certain range: AZS I sperm showed
a low level of motility defect (PR between �20% and 32%) (n¼ 8);
AZS II sperm showed a moderate level of motility defect (PR between
�10% and 20%) (n¼ 5) and AZS III sperm showed a high level of mo-
tility defect (PR <10%) (n¼ 2). All the clinical semen characteristics in
this study are shown in Supplementary Table SIII.

RNA modification signature of human
sperm total RNA
The purity of the human mature sperm isolated from the semen sam-
ples was evaluated at both the cellular and molecular levels. No visible
somatic cell debris or nuclear contamination was observed in purified
sperm samples (Fig. 1A). The mRNA expression level of CD4, CDH1
and CDH2 (markers of epithelial cells) was detected by RT-PCR to
confirm that the samples were not contaminated with somatic cells, as
well as the germline-specific cell marker c-KIT to eliminate the possibil-
ity of testicular germ cell contamination (Fig. 1B). A previous study
reported that the majority of human sperm RNAs were actually frag-
mented (Krawetz, 2005), and our data confirmed this report by show-
ing that the human sperm RNAs were evenly distributed on the 15%
urea-PAGE gel, revealing a similar fragmented sperm RNA distribution
pattern (Fig. 1C).

To characterize the RNA modification signature of total RNA in hu-
man sperm, 26 types of nucleobase standards (Supplementary Fig. S1)
were used in our RNA modification detection platform based on LC-
MS/MS. However, owing to the low abundance of several types of
RNA modifications in this study, only 13 types of RNA modification
marks were quantified in the total RNA of human sperm by LC-MS/
MS. Mass spectrometry data analysis showed differences in the RNA
modification signatures among the total RNAs of the NZS (n¼ 6),
AZS (n¼ 6) and TZS (n¼ 5) groups (Fig. 1D), revealing a potential
role of RNA modifications in regulating sperm quality. Among these
RNA modification marks, eight showed a significantly different abun-
dance in the AZS and TZS groups compared with the NZS group
(Fig. 1E–L), but no significant difference was observed in other RNA
modification marks among the different groups (Supplementary
Fig. S2A–E). Specifically, the levels of m1A, Am, m6A, Cm, m7G and
Gm in sperm total RNAs increased significantly in the AZS group
(Fig. 1E–J), while that of m5C and m2

2
7G significantly increased in the

TZS group (Fig. 1K and L), indicating that the RNA modification mark
levels of human sperm were associated with male infertility syndrome.

RNA modification signatures in sperm
RNA fragments of different sizes
To investigate which part of the sperm RNA was critical for the ob-
served alteration of RNA modification abundance in the AZS and TZS
total RNAs, we separated human sperm total RNA into four types on
the basis of RNA nucleotide length: 17–25 nt RNA (mostly microRNAs
(miRNA)), 25–50 nt RNA (some tRNA-derived small RNAs (tsRNAs)
and rRNA-derived small RNAs (rsRNAs)), 50–80 nt RNA (tRNA frag-
ments and other ncRNAs) and >80 nt RNA (large RNA fragments)
(Fig. 2A). As shown in Fig. 2B–E, 16 types of RNA modification marks
were quantified in all sperm RNA fragments, and dynamic abundance
variation of RNA modification marks in different RNA fragments were
identified among the NZS (n¼ 7), AZS (n¼ 15) and TZS (n¼ 10)
groups (Fig. 2F–I). The most dynamic alteration signature of these RNA
modification marks in AZS, and TZS groups was found in >80 nt RNA
fragments (Supplementary Fig. S3). Specifically, the levels of m5C, m3C,
m7G, m2G, m2

2G, m1G and m1A marks were significantly higher in
both the AZS and TZS groups than in the NZS group (Supplementary
Fig. S3B–H), and the levels of m5C and m6A marks even higher in the
TZS group (Supplementary Fig. S3B and I). Additionally, we found that
the abundance of m7G and Am declined in the TZS group compared
with the NZS group (Supplementary Fig. S3D and J). Taken together,
RNA modification abundance variation in sperm RNA fragments
>80 nt suggests that the sperm RNA modification marks are closely as-
sociated with AZS and TZS in human male infertility syndromes.

However, compared with the dynamic alteration of RNA modification
abundance on sperm RNA fragments >80 nt (Supplementary Fig. S3),
the RNA modification levels on the other sperm RNA fractions showed
relatively more stable patterns (Supplementary Figs S4–S6), indicating
the particular susceptibility to RNA modification of different sizes of
sperm RNA fragments among the groups of men with fertility dysfunc-
tion. Our data reveal that the altered RNA modification signatures in
sperm total RNA from patients with infertility were mainly related to
changes in RNA modification abundance for RNA fragments >80 nt.

Linear correlation between different types
of RNA modification in sperm RNA
Epigenetic marks, such as DNA methylation, histone marks and RNA
modifications, exhibit definitive crosstalk patterns in the regulation of
gene expression during embryonic development and human disease
progression (Huang et al., 2019; Weinberg et al., 2019; Xu et al.,
2021). However, whether the crosstalk among different RNA modifi-
cation marks is extensive in human sperm RNAs, particularly in RNAs
of different sizes, is unknown. Therefore, we analyzed the co-
expression relations between different types of RNA modification
marks on sperm total RNA and on sperm RNA fragments of different
sizes in the NZS, AZS and TZS samples. Our data strongly suggest
that many types of RNA modifications exhibit significantly linear co-
dependent relations between total RNAs and RNA fragments of dif-
ferent sizes in human sperm (Fig. 3A–E). Among all RNA samples, we
found that certain types of RNA modification followed a linear co-
ordinated abundance pattern (Fig. 3F). Specifically, m1G showed a no-
table direct positive linear correlation with m1A, m5C, m3C, m2G and
m2

2G, and all of these RNA modification marks showed strong rela-
tions with each other in all evaluated RNA samples, namely the total
RNA and RNA fragments of different sizes in NZS, AZS and TZS
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groups (Supplementary Fig. S7). Notably, we found that m5C and m2G
showed a much stronger positive linear correlation with each other in
all groups (Fig. 3A–F and Supplementary Fig. S7I), consistent with our
previous report (Zhang et al., 2018). Taken together, our present data
support the idea that co-ordinated deposition of different RNA modifi-
cations marks on different types of RNA is prevalent, suggesting that
crosstalk between RNA modification marks in human sperm RNA
might be involved in regulating RNA metabolism associated with hu-
man infertility syndromes.

The sperm RNA modification signature is
correlated with human sperm motility
To investigate the biological relevance of human sperm RNA modifica-
tion levels in human male infertility syndromes, we performed a

combination analysis of the RNA modification levels on sperm total
RNA and RNA fragments with different sizes for the NZS and AZS
samples with sperm motility scores. We found that the levels of m1A,
m5C, m3C, m2G, m2

2G, m1G and m7G on the sperm RNA fragments
>80 nt (n¼ 22) (Fig. 4A, Supplementary Table SIV), and Am, Cm,
Um, Gm, pseudouridine (W) and m6A on sperm total RNAs (n¼ 12)
(Fig. 4B and Supplementary Table SIV) exhibited linear correlations
with sperm motility parameters, which were positively associated with
the percentage of immotile sperm and were negatively associated with
the percentage of PR sperm (Fig. 4C–N). Since sperm motility and the
cellular RNA modification signature may be affected by aging in
humans (Johnson et al., 2015; Min et al., 2018), we analyzed the corre-
lation of human age with sperm motility and RNA modification levels
to exclude the effect of age on the correlation analyses between RNA
modification abundance and sperm motility scores (Fig. 4A and B and

Figure 1. Human sperm characters and RNA modifications in sperm total RNA. (A) Light microscope image of purified human sperm;
(B) the purity of human sperm was evaluated by RT-PCR using specific molecular markers. PRM2, protamine 2; CD4, CD4 molecule; CDH1, cadherin 1;
CD4-2, CD4 molecule; CDH2, cadherin 2; KIT, KIT proto-oncogene, receptor tyrosine kinase, also known as C-KIT; (C) the distribution of human sperm
RNA after electrophoresis on a 15% urea-polyacrylamide gel, stained with SYBR GOLD. (D) Radar graph showing the comparison of RNA modification
abundance in human sperm total RNA among NZS (n ¼ 6), AZS (n¼ 6) and TZS (n¼ 5) samples; (E–L) the levels of RNA modification marks, such as
(E) m1A, (F) Am, (G) m6A, (H) Cm, (I) m7G, (J) Gm, (K) m5C and (L) m2

2
7G in the total RNAs of human sperm from NZS, AZS and TZS groups. NZS,

Normozoospermia; AZS, Asthenozoospermia; TZS, Teratozoospermia. Statistical analyses were performed with one-way ANOVA and uncorrected
Fisher’s least significant difference (LSD) for multiple comparisons of RNA modification levels. **P < 0.01 (AZS versus NZS), ***P < 0.001 (AZS versus
NZS; TZS versus NZS), ****P < 0.0001 (TZS versus NZS), ns, not significant (AZS versus NZS; TZS versus NZS). NZS, Normozoospermia; AZS,
Asthenozoospermia; TZS, Teratozoospermia. The uncropped results for Fig. 1B and C are shown in Supplementary Fig. S9.
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..Supplementary Fig. S8). Although we did not detect a significant corre-
lation between human age (from 22 to 49 years) and sperm motility
(Supplementary Fig. S8) or between human age and RNA modifica-
tions on sperm RNA fragments of different sizes (Fig. 4A), we indeed
found that 20-O-methylation (Am, Cm, Um and Gm) in human sperm
total RNAs showed a significant linear correlation with human age
(Fig. 4B), suggesting that the levels of 20-O-methylation might be age-
dependent in the total RNA of human sperm, which needs further
investigation.

Discussion
Human male infertility is characterized by its complexity and heteroge-
neity, and sometimes is diagnosed on the basis of abnormal genetic
components (such as chromosomal anomalies and gene copy number
variations) or gene mutations (Krausz and Riera-Escamilla, 2018; Lotti
and Maggi, 2018). However, the etiology and underlying pathological
mechanisms of �50% of cases of clinical male factor infertility remain

unexplained (Krausz and Riera-Escamilla, 2018), highlighting the urgent
need to understand the pathological mechanisms involved and estab-
lish reliable diagnostic and treatment methods. Recently, researchers
have been dedicated to investigating the genealogical tree of male in-
fertility syndromes, including human AZS and TZS by whole-genome
sequencing (Houston et al., 2021). Genetic screening has led to the
identification of various gene mutations that can cause male infertility
both in humans and mice; the mutated genes included FA complemen-
tation group M (FANCM) (Yin et al., 2019), dynein axonemal heavy
chain 17 (DNAH17) (Zhang et al., 2020), Homo sapiens chromosome
14 open reading frame 39 (C14orf39/SIX6OS1) (Fan et al., 2021) and
RAD51-associated protein 2 (RAD51AP2) (Ma et al., 2022). In the pre-
sent work, we focused on illustrating the RNA modification landscape
of human sperm to characterize the altered RNA modification signa-
ture in AZS and TZS patients. Notably, the hormone levels of the par-
ticipants were not measured in this study, which might have affected
the accuracy of the clinical diagnosis of male infertility syndrome.
Moreover, since the participants in this study did not undergo genetic
mutation screening, clarification of the pathologies of the different

Figure 2. The RNA modification signature of human sperm RNAs. (A) Sperm total RNA and RNA fragments of nucleotide length >80,
50–80, 25–50 and 17–25 nt after polyacrylamide gel electrophoresis (PAGE) on a 15% urea-polyacrylamide gel, stained with SYBR GOLD. (B–E)
The radar graphs show the alteration of RNA modification abundance in human sperm RNA fragments of 17–25 nt (B), 25–50 nt (C), 50–80 nt (D)
and >80 nt (E) among NZS (n ¼ 7), AZS (n ¼ 15) and TZS (n ¼ 10) samples. The axes in the radar graphs represent the fold change in RNA modifi-
cation level in AZS or TZS samples compared to NZS samples; (F–I) the heatmaps show the abundance of RNA modification marks, such as Am
Cm Gm Um and I in (F), m1A, m1G, m2G, m5C, m6A and m7G in (G), m1I, m2

2
7G, m2

2G and m3C in (H) and W in (I), in NZS (n ¼ 7), AZS (n ¼ 15)
and TZS (n ¼ 10) groups. NZS, Normozoospermia; AZS, Asthenozoospermia; TZS, Teratozoospermia. The uncropped gel for Fig. 2A is shown in
Supplementary Fig. S9.
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participants with similar semen analytic reports remains a challenge.
Whether the altered RNA modification levels in human sperm RNA
are associated with genetic mutations or abnormal hormone levels
needs to be further investigated.

Compared to that of genetic mutations, the involvement of regula-
tory epigenetic marks (including DNA methylation and histone modifi-
cation, noncoding RNAs and RNA modifications) in regulating broad
biological processes is reversible and more dynamic (Minton, 2017;
Cavalli and Heard, 2019). Specifically, RNA modification-based epige-
netic regulation has been shown to play important roles in post-
transcriptional regulation in embryonic development, stem cell fate
commitment and human tumorigenesis (Roundtree et al., 2017), and
in the sensitivity of responses to environmental alterations and cellular
internal stresses (Yi and Pan, 2011). To date, over 170 types of RNA
modification have been identified in all three main kingdoms of life
(Animalia, Plantae and Protista) (Boccaletto et al., 2018). In this study,
we described the abundance landscape of 22 types of RNA modifica-
tions in different sperm RNA fractions and found multiple linear corre-
lations between the abundance of different RNA modification marks,

providing the opportunity to understand the regulatory network of
RNA modification marks in human sperm. Recent studies have
reported crosstalk and co-ordinated regulation patterns among differ-
ent RNA modification marks, which have been implicated in regulating
mRNA translational efficiency (Ontiveros et al., 2020), paternally ac-
quired epigenetic inheritance (Zhang et al., 2018) and human tumori-
genesis (Chen et al., 2021a), adding complexity and diversity to the
transcriptional and translational regulation of multiple biological pro-
cesses. Moreover, the numerous combinations of different RNA modi-
fication marks and the regulatory crosstalk between them might
generate a highly complex network with multifaceted functions in the
regulation of biological processes. However, the limited commercially
available modified RNA nucleobase standards and the differing abun-
dances of the RNA modification marks in sperm RNA have restricted
our research aimed at generating a more comprehensive landscape of
RNA modification in human sperm. In the present study, we focused
on identifying the RNA modifications that correlated with abnormal
sperm motility and sperm morphology, and the results showed that:
the abundance of eight types of RNA modification marks (m1A, Am,

Figure 3. Correlation analysis between the abundance of different RNA modification marks on human sperm total RNA and
RNA fragments of different sizes. (A–E) Pearson correlation analysis for the abundance of different RNA modification marks on (A) sperm total
RNAs (n ¼ 17), (B) sperm RNA fragments >80 nt (n ¼ 32), (C) sperm RNA fragments 50-80 nt (n ¼ 32), (D) sperm RNA fragments 25–50 nt (n ¼
32) and (E) sperm RNA fragments 17–25 nt (n ¼ 32). (F) Pearson correlation analysis for the abundance of selected RNA modification marks on to-
tal RNA and RNA fragments of different sizes (n ¼ 145: total number of RNA modification results used in the correlation analysis). Pearson correla-
tion coefficients were computed with GraphPad Prism 8, and Pearson r values are presented by heatmaps. The P values in (A–E) are shown on each
cell as follows: �, not significant; �, P < 0.05; �, P < 0.01; $, P < 0.001. The detailed r values in (F) are presented in each cell.

RNA modification signature in human sperm 7



Figure 4. Correlation analysis between human sperm RNA modification abundance and sperm motility. (A and B) The heatmaps
show the Pearson correlation analyses between RNA modification abundance and human age, and between RNA modification abundance and sperm
motility scores of NZS and AZS samples in (A) sperm RNA fragments of different sizes (n¼ 22) and in (B) sperm total RNAs (n¼ 12); P values are
shown on each cell of the heat maps. Pearson correlation coefficients were computed with GraphPad Prism 8. (C–N) selected linear correlation anal-
yses between RNA modification abundance and sperm motility scores for m5C, m1A, m3C, m2G, m1G and m7G, with human sperm motility of IM%
(C, E, G, I, K, M) and PR% (D, F, H, J, L, N) in human sperm RNA fragments >80 nt (n¼ 20). Linear regressions were performed with GraphPad
Prism 8. The linear equations R2 are shown in each panel. IM%, percentage of immotile sperm; PR%, percentage of progressive motility sperm; NP%,
percentage of non-progressive sperm; NZS, Normozoospermia; AZS, Asthenozoospermia.
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.
m6A, Cm, m7G, Gm, m5C and m2

2
7G) was altered in the total RNA

of AZS and TZS samples compared with healthy controls; and the lev-
els of nine types of RNA modification marks (m5C, m3C, m7G, m2G,
m2

2G, m1G, m1A, m6A and Am) were significantly altered in sperm
RNA fragments >80 nt in AZS and TZS samples. Notably, RNA mod-
ifications, including m1A, m3C, m5C, m7G, m2G, m2

2G and m1G,
exhibited a high linear correlation with sperm motility, which might
suggest essential roles in regulating sperm motility. However, whether
the relation between altered RNA modification abundance and im-
paired sperm quality is causal remain unclear. More screening through
RNA modification-specific sequencing, such as m1A-seq and m6A-seq,
is expected to provide information to determine any causality between
observed RNA modification alterations and RNA expression levels. In
addition, the exploration of various RNA modifications mapped to
specific RNA sequences based on mass spectrometry or nanopore-
based de novo RNA-sequencing are promising methods to interpret
the potential biological mechanisms of RNA modification alterations in
male infertility syndrome (Shi et al., 2022).

The distinct signature of sperm RNA modifications in human sperm
might be the result of the diverse composition of RNAs in sperm of
the AZS and TZS groups, such as fragmented tRNAs, rRNAs and
mRNAs inherited from the previous stages of spermatogenesis. In fact,
RNA modifications are closely associated with cellular RNA stability,
especially for tRNAs and rRNAs (Shi et al., 2021). RNA modification
marks, such as m5C on C38 and m1A on A58 of tRNA, protected
tRNAs against cleavage into tsRNAs (Chen et al., 2021b), while
YTHDF2 recognized m6A modified mRNAs to promote mRNA deg-
radation (Hou et al., 2021). m5C has been reported to be involved in
regulating spermiogenesis (Hussain et al., 2013), and dysregulation of
the m6A led to impaired spermiogenesis and decreased sperm motility
(Gui and Yuan, 2021). In order to determine whether and how the
other types of aforementioned RNA modification marks are also in-
volved in spermiogenesis or sperm quality control, more mechanistic
investigations are needed. Nevertheless, this is the first study to dem-
onstrate a linear correlation between RNA modification and human
sperm motility, which might provide clues for identifying pathological
mechanisms in AZS and TZS (beyond genetic causes) and lead to
applications of sperm RNA modification analysis to clinical sperm qual-
ity assessment. However, owing to the highly technical nature of quan-
titative analysis of RNA modification, the clinical application of this
technology might be limited in most infertility clinics. A simpler and
more convenient method for multiple RNA modification quantitative
analyses needs to be developed to promote clinical application of
RNA modification in human sperm quality assessment.

Interestingly, we had previously found that RNA modification marks,
such as m5C and m2G, were affected by a nutritionally unbalanced
diet and were involved in transmitting paternally acquired metabolic
disorders across generations in mice (Chen et al., 2016a; Zhang et al.,
2018). In this study, we found significant alterations of m5C and m2G
levels in the total RNA of human sperm and sperm RNA fragments in
the AZS and TZS samples, which were closely associated with human
sperm motility. More importantly, the levels of m5C and m2G marks
also showed a high linear correlation in human sperm RNAs, indicating
a conserved, coordinated regulatory mechanism between m5C and
m2G in human and mice sperm RNAs. However, whether and how
RNA modifications in human sperm are associated with paternally

acquired epigenetic inheritance remains unclear and further investiga-
tion is needed.

Taken together, our data revealed the first RNA modification land-
scape identified in human sperm and revealed multiple linear correla-
tions of RNA modification levels with sperm motility, providing a
potential medical diagnostic methodology for human fertility assess-
ment and new insights into the underlying epigenetic regulation mecha-
nisms involved in AZS and TZS infertility.

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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