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N6-methyladenosine (m6A) represents one of the most common
RNA modifications in eukaryotes. Specific m6A writer, eraser, and
reader proteins have been identified. As an m6A eraser,
ALKBH5 specifically removes m6A from target mRNAs and in-
activation of Alkbh5 leads to male infertility in mice. However, the
underlying molecular mechanism remains unknown. Here, we re-
port that ALKBH5-mediated m6A erasure in the nuclei of sper-
matocytes and round spermatids is essential for correct splicing
and the production of longer 3’-UTR mRNAs, and failure to do so
leads to aberrant splicing and production of shorter transcripts
with elevated levels of m6A that are rapidly degraded. Our study
identified reversible m6A modification as a critical mechanism of
posttranscriptional control of mRNA fate in late meiotic and hap-
loid spermatogenic cells.

RNA methylation | alternative splicing | mRNA stability |
3'-UTR shortening | fertility

imilar to DNA and histones, mRNAs and large noncoding
RNAs can also be chemically modified (1). Over 100 various
chemical modifications have been discovered in RNAs (2, 3),
and N6-methyladenosine (m6A) represents the most abundant
(~3-5 mo6A sites per mRNA) and also the most studied in eu-
karyotes (4, 5). Several active components of the m6A methyl-
transferase complex, including METTL3, METTL14, and WTAP,
have been the regarded writer proteins of m6A (6-8). In-
terestingly, the m6A modification is reversible in mammalian
cells, and it can be removed by two m6A demethylases, ALKBHS
and FTO (9, 10). A number of RNA-binding proteins recognize
m6A on RNAs and interactions between mo6A sites of mRNAs
and these m6A readers exert a wide variety of effects on the
mRNA fate (8, 11). The functions of these m6A writers, erasers,
and readers were initially established mainly in cultured cells in
vitro (12). Recently, a flurry of reports has been published in
which the physiological roles of these m6A regulators are dem-
onstrated through genetic ablation in animals of various species
(12-21). Inactivation of Ythdf2, an m6A reader protein, in either
zebrafish (16) or mice (20) causes female infertility by affecting
maternal transcript turnover and consequently disruptions of
maternal-to-zygotic transition during early embryonic develop-
ment. Global Metl3 inactivation in mice has revealed critical
roles of m6A in embryonic stem cell differentiation (21) and
spermatogonial stem cell differentiation (13). Mutant mice
lacking Ythdc2, one of the m6A reader proteins, also display a
meiotic arrest phenotype in both males and females (19). FTO
KO mice are fertile, but display an obesity phenotype (18). As
another known m6A eraser protein, ALKBHS5 has also been
shown to be involved in glioblastoma (22) and to play an es-
sential role in spermatogenesis and male fertility (23), although
the underlying mechanism remains unknown.
Of great interest, these studies point to an essential role of
mo6A in gametogenesis and fertility control, which is in agree-

www.pnas.org/cgi/doi/10.1073/pnas.1717794115

ment with earlier studies using model organisms (24). This is not
surprising given that germ cells, both male and female, all display
multilayered, sophisticated posttranscriptional regulation of
gene expression (25, 26). In females, a large number of maternal
transcripts are synthesized in developing oocytes toward the end
of folliculogenesis, and these maternal transcripts function be-
fore or shortly after zygotic genome activation and are ultimately
eliminated by the two-cell stage of early embryonic development
(27-29). The maternal transcripts are presynthesized in de-
veloping oocytes, but they are subjected to translational sup-
pression so that they remain stabilized for an extended period of
time until being translated shortly after fertilization (27-29). A
similar phenomenon of extended delay in translation also occurs
during haploid male germ cell development (also termed sper-
miogenesis) in the testis (25). At the beginning of spermatid
elongation (step 9 in mice), nuclear condensation starts and
histones are rapidly replaced by protamines (30, 31). Conse-
quently, the transcriptional machinery is completely shut down.
To provide proteins for the final seven steps (steps 9-16) of
sperm assembly, mRNAs have to be premade in late pachytene
spermatocytes and round spermatids before the onset of nuclear
condensation in elongating spermatids. These presynthesized
mRNAs have been shown to be compartmentalized into ribonuclear
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protein particles (RNPs) and physically segregated from the trans-
lational machinery in the cytoplasm (25, 30, 31). RNPs exist as
nuage (also called intermitochondrial cements) in spermatocytes
and chromatoid bodies in round spermatids (32, 33). When proteins
are needed for final assembly of spermatozoa, those RNP-localized
mRNAs are released and loaded onto polysomes for translation.
Recent reports have revealed that RNP enrichment of mRNAs
is a dynamic process, through which the overall length of 3’-
UTRs in RNPs become increasingly shorter compared with
polysome-enriched mRNAs from late pachytene spermatocytes
to round and elongating spermatids (34). In other words, longer
3’-UTR transcripts, which are mainly transcribed during mitotic
and meiotic phases of spermatogenesis, are no longer needed
once spermatogenesis enters the haploid phase; thus, these
longer 3’-UTR transcripts gradually come out of RNPs for the
final round of translation and/or degradation. In contrast, the
shorter 3'-UTR transcripts, which are mostly those required for
late spermiogenesis, enter RNPs for stabilization and trans-
lational suppression and become increasingly enriched from
late pachytene spermatocytes to round spermatids (34). The
continuous shuffling of longer 3’-UTR mRNAs out of RNPs
and of shorter 3'-UTR mRNAs into RNPs results in the overall
3’-UTR length of the entire mRNA transcriptome in elongating
spermatids becoming shorter and shorter. While this global
transcriptomic shortening phenomenon has been noticed for a
long time (35-37), the underlying mechanism was only unveiled
recently. It turns out that UPF1-3, the three mRNA quality-
control proteins known to function in the nonsense mRNA
decay (NMD) pathway, function to selectively degrade longer
3’-UTR transcripts, leading to relative enrichment of shorter
3’-UTR mRNAs (35, 38, 39). It is believed that shorter 3’-
UTRs bind fewer regulatory factors, e.g., RNA-binding pro-
teins and small RNAs, thus enhancing translational efficiency
although the stability of these shorter transcripts may be com-
promised. Clearly, the posttranscriptional regulation of gene
expression during late spermiogenesis features two events: (i)
compartmentalization of mRNAs into RNPs for enhanced
stability and suppressed translation, and (ii) global shortening
of 3’-UTRs to enhance translational efficacy and quick turn-
over through selective degradation of longer 3’-UTR transcripts.

Given that m6A is predominantly enriched in 3'-UTRs close
to the stop codon and numerous in vitro and in vivo studies have
suggested a role of m6A in the control of mRNA dynamics (7, §,
11), it is highly likely disruptions of spermatogenesis in mice
lacking writer (Mettl3) (13), eraser (Alkbh5) (23), and reader
(Ythdc2) (19) result from dysregulated mRNA fate control. As
an mo6A eraser, ALBKHS has been shown to play an essential
role in spermatogenesis (23). Male mice lacking AlkbhS5 are
completely infertile due to severe germ cell depletion and oli-
goasthenoteratozoospermia (OAT) (23). However, the un-
derlying mechanism of spermatogenic disruptions in Alkbh5 KO
males remains largely unknown. More importantly, data on the
effects of ALKBHS ablation on the mRNA m6A profiles in
spermatogenic cells are lacking. To reveal the function of
ALKBHS5-dependent m6A during spermatogenesis, we purified
three types of spermatogenic cell types from wild-type control
and Alkbh5 KO testes and analyzed the changes in mRNA
transcriptome and m6A profiles using RNA-Seq and m6A RNA
immunoprecipitation sequencing (m6A-RIP-Seq), respectively.
Our data suggest that proper m6A erasure is required for correct
splicing of longer 3'-UTR transcripts in the nucleus, and that
m6A enrichment in 3’-UTRs of mRNAs correlates with en-
hanced degradation in the cytoplasm. ALKBHS5-dependent m6A
is required for meiotic and haploid phases of spermatogenesis by
controlling both splicing and stability of mRNAs.
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Results

ALKBH5 Is Required for the Late Meiotic and Haploid Phases of
Spermatogenesis. The testis expresses the highest levels of
Alkbh5 mRNAs in mice, and global inactivation of Alkbh5
(herein called AlkbhS KO mice) leads to neither discernible
development defects nor adult diseases except for male in-
fertility, suggesting an essential role of Alkbh5 in spermatogen-
esis and male fertility (23). To study the causes of male infertility
in Alkbh5 KO mice, we first examined testicular development at
both gross and histological levels (Fig. 1). Adult Alkbh5 KO
testes were approximately half of the size of wild-type WT con-
trols (Fig. 14), and the testis weight was similar at postnatal day
14 (P14) between WT and KO mice, but the KO testes became
significantly smaller compared with the WT controls at P21 and
thereafter (Fig. 1B). The most advanced spermatogenic cells are
midpachytene spermatocytes and round spermatids in P14 and
P21 testes, respectively. Therefore, the decreased testis size be-
tween P14 and P21 and thereafter likely results from depletion of
late pachytene spermatocytes and spermatids in the KO testes.
Indeed, histological examination revealed that there was a delay
in meiotic progress in KO testes, compared with WT controls at
P14 and P21 (SI Appendix, Fig. S1). For example, midpachytene
spermatocytes were present in most of the seminiferous tubules
in WT testes at P14, but mostly absent in KO testes. At P21,
round spermatids were detected in WT testes, but absent in the
KO ones (SI Appendix, Fig. S1). The adult KO testes contained
numerous vacuoles of variable sizes and the seminiferous epi-
thelium was disorganized with much fewer spermatocytes and
spermatids, suggesting active germ cell depletion (Fig. 1C and SI
Appendix, Fig. S1). Supporting this notion, numerous depleted
germ cells, mainly spermatids, were observed in the cauda epi-
didymis (Fig. 1D). TUNEL analyses detected a much greater
number of apoptotic germ cells in KO testes starting from
P14 and the enhanced germ cell apoptosis persisted into adult-
hood, compared with WT controls (Fig. 1 E and F and SI Ap-
pendix, Fig. S2). Occasionally, some spermatozoa, although very
few, were detected in the KO cauda epididymis; these KO sperm
were all deformed, showing a wide variety of structural abnor-
malities (Fig. 1 G and H) without motility (Fig. 17). Given that
the male KO mice are otherwise completely healthy, AlkbhS
appears to be indispensable only for spermatogenesis and male
fertility. An essential role of Alkbh5 in the testis is consistent with
the fact that the testis is the organ with the highest expression
levels of Alkbh5 (23).

To determine the stage-specific role of ALKBHS, we exam-
ined the testicular localization of ALKBHS using immunofluo-
rescence. Specificity of the anti-ALKBHS antibody used was
validated by Western blots, in which specific bands were detected
in WT, but absent in the KO testes (Fig. 17). ALKBHS5 was lo-
calized in the nuclei of almost all testicular cell types except
elongating and elongated spermatids (steps 9-16) (Fig. 1 Kand L
and SI Appendix, Fig. S3). Among spermatogenic cells, ALKBHS
appeared to be the most abundant in spermatocytes; medium
levels were detected in spermatogonia and lower levels in round
spermatids (Fig. 1 K and L and SI Appendix, Fig. S3). Consistent
with an earlier report (23), ALKBHS was partially colocalized
with SC35, a marker for nuclear speckles (Fig. 1 K and L and SI
Appendix, Fig. S3). The localization pattern of ALKBHS is
consistent with the testicular phenotype observed, i.e., depletion
of pachytene spermatocytes and round spermatids, in which the
ALKBHS is abundantly expressed. The phenotype of Alkbh5 KO
male mice suggests an essential role of ALKBHS in the meiotic
and haploid phases of spermatogenesis.

m6A Tends to Mark the 3’-UTRs of Longer mRNAs That Are Destined
to Be Degraded During Spermiogenesis. The biggest change in the
overall transcriptome between the late meiotic and haploid
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phases of spermatogenesis lies in the global shortening of
mRNAs (34, 35). The global transcriptomic shortening allows for
efficient translation and quick mRNA/protein turnover during
late spermiogenesis (34, 35), and was once believed to be
achieved through increased production of transcripts with
shorter 3’-UTRs via alternative polyadenylation (36, 37). How-
ever, recent data suggest that enhanced degradation of longer
mRNAs (usually with longer 3'-UTRs) by the UPF1-3-mediated,
noncanonical NMD pathway contributes significantly to the
global transcriptomic shortening process (35, 38-41). We puri-
fied pachytene spermatocytes, round and elongating spermatids
from the WT adult mouse testes, and performed RNA-Seq. As
expected, a global shortening trend of all transcripts was ob-
served from round and elongating spermatids (Fig. 24). As
reported in previous studies, larger transcripts, which are mainly
those with longer 3’-UTRs expressed in spermatocytes and
round spermatids, are down-regulated through degradation in
elongating/elongated spermatids; consequently, the shorter
mRNAs, which are mostly needed for sperm assembly in the
final several steps of spermiogenesis, get increasingly enriched in
elongating/elongated spermatids during late spermiogenesis (34,
35). In this study, we found that ~60% of the longer 3’-UTR
(>1,500 nt) transcripts enriched in round spermatids were sig-
nificantly down-regulated in the elongating spermatids, and
levels of ~70% of the shorter 3'-UTR (<500 nt) transcripts were
steadily increased. Given that m6A has been implicated in the
control of mRNA stability (7, 8, 11), we explored whether m6A is
involved in the degradation of those longer 3'-UTR transcripts
during spermiogenesis.

To map m6A sites in mRNAs, we established and optimized a
m6A RIP-Seq protocol based on previous reports (42, 43). We
also adopted the latest method reported for bioinformatic
analyses of m6A RIP-Seq data (16). We validated our method by
performing m6A-RIP-Seq using HEK293 cells and our method
detected ~70% of the m6A sites reported previously using high-
resolution m6A CLIP-SEq (42, 43) (SI Appendix, Fig. S4). To
explore the relationship between 3’-UTR length and mo6A levels
and sites, we selected the top 30 transcripts with the longest 3'-
UTRs (>3,000 nt) that were enriched in round spermatids, but
drastically down-regulated in elongating spermatids and com-
pared them with 200 randomly chosen, shorter 3’-UTR (<500 nt)
transcripts showing increasing abundance from round to elon-
gating spermatids (Fig. 2B). Interestingly, we found that the
longer 3’-UTR (>3,000 nt) transcripts contained much higher
levels of m6A in their 3'-UTRs close to the stop codon, com-
pared with the shorter 3'-UTR (<500 nt) mRNAs (Fig. 2B).
These data suggest that m6A predominantly marks the longer
3’-UTR transcripts that are down-regulated in elongating sper-
matids during spermatogenesis. It is noteworthy that m6A levels
in those long 3’-UTR transcripts appeared to be higher in
elongating spermatids than in pachytene spermatocytes and
round spermatids (Fig. 2B, peak 1, Lower Left). Indeed, two
representative genes (UhmklI and Traf3ip) showed much higher
mo6A levels in elongating spermatids than in round spermatids
(Fig. 2 C and D). Given that m6A is mainly present in the 3'-
UTRs of longer transcripts (Fig. 2B), the increased m6A levels
may serve as a signal for decreased stability in longer 3’-UTR
transcripts when round spermatids develop into elongating and
elongated spermatids. Consistent with published data (8, 42, 43), we
also found the conserved m6A motifs [G/A/U] [G > AJm6AC[U >
A > C] (Fig. 2E). Together, these data suggest that m6A tends
to mark the transcripts with longer 3’-UTRs that are destined
to be degraded when spermiogenesis progresses from round to
elongating spermatids.

m6A Erasure Controls Correct Splicing of Long 3'-UTR Transcripts in

Spermatocytes and Round Spermatids. We performed RNA-Seq
and m6A-RIP-Seq using pachytene spermatocytes, round, and
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elongating spermatids purified from Alkbh5 KO and WT adult
testes. A significant decrease in transcript length was observed in
all three KO spermatogenic cell types, compared with the WT
controls (Fig. 34). We chose the same 30 longer 3’-UTR
(>3,000 nt) transcripts, which are mainly synthesized in round
spermatids and degraded in elongating spermatids under physi-
ological conditions (Fig. 2B), and analyzed their expression lev-
els. Interestingly, almost all 30 longer 3’-UTR mRNAs analyzed
were significantly down-regulated in the KO cells (Fig. 3B).
Meanwhile, we noticed that the shorter isoforms of these 30 long
transcripts were all up-regulated (Fig. 3C). Gene ontology (GO)
term enrichment analyses revealed that these longer 3’-UTR
mRNAs were almost all involved in the regulation of sper-
matogenesis (SI Appendix, Fig. S5). Where did these up-regulated
shorter 3’-UTR transcripts come from? To answer this question,
we plotted the shortening ratios (defined as average length of the
shorter isoform/length of the longest transcript) against the total
splicing events [combined counts of intron skipping/retention,
exon skipping/inclusion (ESI) and alternative 5'/3’-UTR splic-
ing, etc.], and found an interesting trend: the shorter the
transcripts became, the more splicing events were detected
(Fig. 3D), suggesting that the up-regulated shorter transcripts in
the three Alkbh5 KO spermatogenic cell types are most likely
derived from enhanced splicing events of those longer tran-
scripts normally expressed in WT spermatogenic cells. We then
analyzed the total splicing events in all of the transcripts de-
tected in the three spermatogenic cell types purified from KO
and WT testes. ESI appeared to be up-regulated and intron
skipping/retention (ISR) was drastically down-regulated in
Alkbh5 KO compared with WT controls (Fig. 3E), implicating
enhanced splicing events in the absence of ALKBHS in these
three spermatogenic cell types.

To further reveal the relationship between m6A levels and ESI
events, we compared the m6A density between the transcripts
that not only were up-regulated in Al/kbh5 KO round and elon-
gating spermatids, but also contained >3 ESI events with those
enriched in WT round and elongating spermatids without ESI
events (Fig. 3F). Significantly higher m6A levels were observed
in coding sequences (CDSs) in Alkbh5 KO round and elongating
spermatids, compared with WT cells (Fig. 3F), further support-
ing a role of m6A in the control of splicing. More intriguingly,
~41% of the m6A sites overlapped with ESI/ISR sites (Fig. 3G),
and m6A appeared to be enriched near the sites where the ab-
errant splicing events took place (Fig. 3H). Indeed, two tran-
scripts (Unc50 and Traf3ipl) showed that the dominant m6A
retention sites were close to the sites with exon skipping events in
Alkbh5 KO round spermatids (Fig. 37). These data suggest that
moOA sites may guide the splicing machinery during pre-mRNA
processing in the nucleus, as proposed in previous studies (6, 10,
14). This notion is also supported by the nuclear localization of
ALKBHS in pachytene spermatocytes and round spermatids
during spermatogenesis (Fig. 1 K and L and SI Appendix, Fig.
S3). qPCR analyses confirmed that these longer 3'-UTR tran-
scripts of these two genes were indeed drastically down-regulated
in Alkbh5 KO round and elongating spermatids compared with
WT controls (SI Appendix, Fig. S6). Together, our data strongly
suggest that proper erasure of m6A from the pre-mRNAs by
ALKBHS is critical for the production of longer 3’-UTR tran-
scripts in pachytene spermatocytes and round spermatids in WT
testes, and failure to do so leads to aberrant splicing and con-
sequently the production of aberrant shorter transcript isoforms
in the Alkbh5 KO testes.

Fate of Aberrantly Spliced Transcripts Due to m6A Erasure Failure.
From round to elongating spermatids, the overall transcript,
3’-UTR, and 5’-UTR lengths all further decreased in wild-type
mice (Fig. 24). However, an opposite trend was observed in
Alkbh5 KO spermatogenic cells (Fig. 44), i.e., the overall mRNA
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Fig. 1. Alkbh5 is essential for meiotic and haploid phases of spermatogenesis. (A) Alkbh5~"~ (Alkbh5 KO) testes are much smaller than wild-type controls.
(B) Significant decrease in testicular weight started at postnatal day 14 (P14) and persisted thereafter into adulthood. (C) Paraffin-embedded, periodic acid-
Schiff (PAS)-stained testis sections showing robust spermatogenesis in wild-type mice, but disrupted spermatogenesis in Alkbh5 KO testes, characterized by
drastically reduced number of meiotic (spermatocytes) and haploid (spermatids) male germ cells in the seminiferous epithelium and the presence of numerous
vacuoles, a hallmark of active germ cell depletion. (Scale bars, 50 pm.) (D) Paraffin-embedded, HE-stained epididymal sections showing the presence of fully
developed spermatozoa in wild-type caput and cauda epididymides, whereas the Alkbh5 KO caput and cauda epididymides contain no mature spermatozoa,
but degenerated germ cells resembling round, elongating, or elongated spermatids, which were most likely those depleted from the seminiferous epithelium
(Inset). (Scale bars, 50 pm). (E) Representative images showing TUNEL staining of apoptotic germ cells in 6-wk-old wild-type and Alkbh5 KO testes.
(F) Quantitative analyses of apoptotic (TUNEL") germ cells in developing wild-type and Alkbh5 KO testes. The number of TUNEL" cells were counted per
100 cross-sections of seminiferous tubules. Data are presented as means + SEM (n = 3). *P < 0.01, **P < 0.001; Student’s t test, two-tailed, homoscedasticity
assumed. (G) HE-stained spermatozoa collected from wild-type and Alkbh5 KO epididymides (very rarely seen). All panels were at the same magnification.
(Scale bar, 10 um.) (H) Sperm counts in wild-type and Alkbh5 KO mice. Data are presented as means + SEM (n = 10). (/) Sperm motility in wild-type and Alkbh5
KO mice. Data are presented as means + SEM (n = 10). (J) Representative Western blots showing the detection of ALKBH5 protein in wild-type testes and the
absence of ALKBHS5 in Alkbh5 KO testes. -Actin was used as a loading control. (K) Immunofluorescent localization of ALKBH5 (green) and SC35 (marker for
nuclear speckles) in stage VI seminiferous tubules of wild-type and Alkbh5 KO testes. ALKBH5 is localized to the nuclei of Sertoli cells (SCs), spermatogonia
(S9), spermatocytes with higher levels in pachytene (P) spermatocytes, and step 6 round spermatids (Sd6). Step 15 spermatids (sd15) are devoid of ALKBH5.
ALKBHS5 is only partially colocalized with SC35. (Scale bars, 20 pm.) (L) Schematic illustration showing ALKBHS5 localization in the murine seminiferous epi-
thelia. A4, type A4 spermatogonia; B, type B spermatogonia; Di, diplotene spermatocytes; In, intermediate spermatogonia; L, leptotene spermatocytes; M,
dividing spermatocytes; P, pachytene spermatocytes; PL, preleptotene spermatocytes; Sc, Sertoli cells; Z, zygotene spermatocytes; and 1-16, steps
1-16 spermatids.

length significantly increased, instead of decreased (Fig. 24), scripts that were up-regulated in KO round spermatids became
from round to elongating spermatids. Given that the KO sper-  down-regulated in KO elongating spermatids (Fig. 4B). GO term
matogenic cells lack longer 3’-UTR transcripts due to m6A-  enrichment analyses identified that these dysregulated, shorter
induced aberrant splicing (Fig. 3), we examined the fate of transcripts in the KO spermatids were mostly derived from genes
~600 shorter 3’-UTR (<500 nt) transcripts derived from aber- involved in RNA splicing, cilium development, and spermato-
rant splicing and found that ~67% of the shorter 3'-UTR tran-  genesis (SI Appendix, Fig. S7). It is interesting to see that genes
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m6A sites, compared with those enriched in WT round spermatids, suggesting enhanced splicing events due to m6A accumulation in the KO cells. (/) Examples of two
MRNAs (Unc50 and Traf3ip1) up-regulated in Alkbh5 KO round spermatids showing exon skipping events (circled) near the m6A accumulation sites.
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Fate of the aberrantly spliced short transcripts in Alkbh5 KO (KO) round spermatids. (A) Density plot showing the average length of total transcripts

increased from round to elongating spermatids in Alkbh5 KO testes; this expression pattern is opposite to the shortening trend in wild-type controls, as shown
in Fig. 2A (Upper Right). P values of statistical significance (P*) and fold changes (FC) are shown. (B) Heat map showing ~2/3 of the shorter 3’-UTR (<500 nt)
transcripts up-regulated in Alkbh5 KO round spermatids were quickly down-regulated when round spermatids develop into elongating spermatids. Given
that the up-regulated shorter 3’-UTR transcripts in Alkbh5 KO round spermatids were mostly those aberrantly spliced from the longer transcripts in the wild-
type cells, this result suggests that these KO cell-specific shorter 3'-UTR transcripts are not stable in the Alkbh5 KO cells. (C) Elevated levels of m6A in the
3'-UTR close the stop codon in Alkbh5 KO cell-unique shorter 3'-UTR transcripts. Note that this m6A pattern is typical to the longer, but not the shorter 3'-UTR
transcripts in WT round and elongating spermatids, as shown in Fig. 2B, Lower Right. (D) Schematic presentation showing the physiological functions of
ALKBH5-dependent m6A erasure in late meiotic (pachytene spermatocytes) and haploid (round and elongating spermatids) phases of spermatogenesis in the
wild-type testes, and the molecular consequences of m6A erasure failure due to Alkbh5 inactivation.

encoding splicing factors (e.g., Sfswap, U2af2, Srsfl, Khdrbs3, and
Snrnp70) were aberrantly spliced in the absence of ALKBHS (S
Appendix, Table S1) because dysregulation of these splicing
factors inevitably would lead to more splicing errors in their
target genes, thus amplifying the initial adverse effects and
generating a vicious cycle of aberrant splicing. Aberrantly spliced
transcripts due to m6A erasure failure in pachytene spermato-
cytes and round spermatids quickly degraded in elongating
spermatids (Fig. 4B). Many of the implicated genes, e.g., Foxjl
and Dnaaf3, are involved in ciliogenesis (SI Appendix, Table S2)
and are known to be important for sperm flagellar development
(44, 45). Among 53 dysregulated spermatogenesis-related genes
(SI Appendix, Table S3), many play an essential role in sper-
miogenesis. For example, Crem encodes a transcriptional factor
serving as a master regulator of the spermatid differentiation
program (46). Prm2 encodes protamine 2, which works together
with other protamine proteins, as well as transition proteins, to
properly pack the chromatin to achieve a high degree of nuclear
condensation in spermatozoa (47). The OAT phenotype ob-
served in our Alkbh5 KO testes likely represents combined ef-
fects of all dysregulated genes on spermiogenesis.

Large-scale degradation of those short transcripts may result
from the relative increase in the overall length of the transcripts
from round to elongating spermatids in the KO testes (Fig. 44).
By mapping the m6A sites in those rapidly degraded short
transcripts in KO round spermatids, we observed much higher
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mo6A levels at their 3'-UTR (Fig. 4C), and this m6A pattern is
very different from that of short 3’-UTR transcripts in WT round
and elongating spermatids (Fig. 2B). The elevated m6A levels in
the short 3’-UTR transcripts in the KO testes likely represent
m6A carried over from their precursors, i.e., those longer
3’-UTR mRNAs in WT spermatogenic cells, but aberrantly
spliced in the Alkbh5 KO cells. This notion is consistent with the
finding that the degradation of longer 3'-UTR transcripts in WT
spermatogenic cells contains higher m6A levels at the 3’-UTRs
compared with shorter 3'-UTR mRNAs (Fig. 2B). Together,
these data suggest that the KO-unique shorter transcripts, which
represent those spliced from the WT longer mRNAs and marked
with elevated levels of m6A, are not stable and become quickly
degraded when round spermatids develop into elongating sper-
matids in Alkbh5 KO testes.

Discussion

Although m6A was first reported >40 y ago, a comprehensive
mapping of m6A in total mRNAs was only accomplished re-
cently using anti-m6A antibody-based m6A RIP-Seq or m6A
CLIP-SEq (13, 16, 18, 19, 42, 43). Over 12,000 m6A sites have
been identified in mRNAs encoded by >7,000 genes in mam-
malian cells. In general, m6A is often enriched in 3’-UTRs close
to the stop codon, where factors regulating alternative poly-
adenylation and splicing, subcytoplasmic compartmentalization,
and stability (e.g., RNA-binding proteins and small RNAs) tend
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to bind (42, 43). This suggests that m6A most likely plays a role
in posttranscriptional regulation. Indeed, by manipulating genes
encoding m6A writers, erasers, and readers in cultured cells in
vitro and in the whole animals in vivo (e.g., Drosophila, zebrafish,
and mice), recent studies have demonstrated that m6A in
mRNAs appear to be involved in the control of alternative
splicing, translational efficiency, and stability (6-8). In the pre-
sent study, we studied the molecular consequences of m6A
erasure failure in spermatogenic cells in murine testes. As an
mo6A erasure, ALKBHS has been shown to be nuclear (22, 23).
In the testis, ALKBHS is predominantly nuclear and partially
colocalized with SC35, a DNA speckle marker, suggesting that
ALKBHS most likely acts on pre-mRNAs during splicing events
in the nucleus. Indeed, our data do support a role of m6A in the
control of correct splicing. First, elevated m6A levels are asso-
ciated with altered splicing events because transcripts enriched in
Alkbh5 KO pachytene spermatocytes and round spermatids
display increased splicing events (Fig. 3 E and F). Second, m6A
sites are often proximal to the sites of splicing events (Fig. 3 G
and H). Third, genes encoding splicing factors appear to be
preferentially affected by m6A retention due to Alkbh5 in-
activation (SI Appendix, Table S1). Dysregulated splicing factors,
in turn, can further cause aberrant splicing in their target genes.
Taken together, ALKBHS5-dependent m6A erasure appears to
be able to protect longer transcripts from aberrant splicing in the
nuclei of pachytene spermatocytes and round spermatids.

The most abundant expression of ALKBHS in spermatocytes
suggests a critical role in meiotic progression. Indeed, a delay in
spermatocyte development occurs in the KO testes at P14; dysre-
gulation of many genes known to be critical for meiotic progression,
e.g., Syepl, Sycp2, and Marfl (SI Appendix, Table S3) due to failure
in m6A demethylation in Alkbh5 KO spermatocytes could con-
tribute to the meiotic defects observed. Levels of ALKBHS are much
reduced in round spermatids and there is no expression in elongating/
elongated spermatids. This expression pattern is consistent with the
role of m6A in the control of enhanced degradation of longer
transcripts (with higher levels of m6A) and enrichment of shorter
mRNAs (containing lower levels of m6A) when spermiogenesis
progresses from round to elongating/elongated spermatids.

In KO elongating spermatids, the overall length of mRNAs
appears to be increased from round to elongating spermatids,
which is in contrast to the continuous decrease in transcript
length from WT round to elongating spermatids. Failure of m6A
erasure in the Alkbh5 KO pachytene spermatocytes and round
spermatids causes retention of more m6A in pre-mRNAs for
longer transcripts than in those for shorter 3'-UTR mRNAs;
consequently, the longer 3’-UTR transcripts are affected more
severely due to enhanced splicing events. These aberrantly
spliced, KO spermatogenic cell-unique short transcripts are
likely much shorter than normal shorter transcripts in WT cells,
thus leading to a relative increase in length from round to
elongating spermatids in the Alkbh5 KO testes. These KO
spermatogenic cell-unique shorter mRNAs contain more m6A
compared with normal shorter isoforms and thus, are subjected
to quick degradation in KO elongating spermatids.

Based on the dynamic changes in m6A and the transcriptomic
profiles in the Alkbh5 KO spermatogenic cells, we propose here
a biphasic action of m6A, including (i) nuclear action by af-
fecting splicing of the longer transcripts and (i) cytoplasmic
activity by marking transcripts with m6A for degradation (Fig.
4D). In WT pachytene spermatocytes and round spermatids,
mo6A is effectively erased by ALKBHS to ensure correct splicing
of longer 3’-UTR transcripts. Despite m6A erasure, the longer
3’-UTR transcripts tend to contain much greater levels of m6A
compared with shorter mRNAs, and the former become less
stable in elongating spermatids. The degradation of longer
transcripts leads to enrichment of shorter transcripts during late
spermiogenesis. In KO spermatogenic cells, failure to reduce m6A
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levels in longer pre-mRNAs results in enhanced splicing and the
production of shorter transcripts. These aberrant short transcripts
are different from those normally expressed shorter transcripts in
that these are derived from longer mRNAs normally expressed
in WT spermatogenic cells, thus retaining much greater levels of
mo6A, which may serve as the degradation signals in elongating
spermatids. Therefore, ALKBHS5-dependent m6A plays a critical
role in the production of longer mRNAs and their subsequent
degradation. The fact that spermatogonia are normal in AlkbhS
KO testes suggests that ALKBHS5-dependent m6A has no signif-
icant effects on the mitotic phase of spermatogenesis. In contrast,
Ythdc2 KO mice display spermatogonial differentiation defects,
suggesting different m6A pathways are in operation in mitotic
(spermatogonia) vs. meiotic (spermatocytes) spermatogenic cells.
Interestingly, inactivation of the writer METTL3 in mice causes a
much earlier meiotic arrest (in zygotene spermatocytes) compared
with Alkbh5 KO mice (depletion of pachytene spermatocytes and
spermatids) (13, 23). The phenotypic differences likely reflect the
cell- and stage-specific roles of m6A during spermatogenesis.

In summary, we have demonstrated that ALKBHS5-dependent
mo6A mainly controls mRNA fate in spermiogenesis. Appropri-
ate erasure of m6A from pre-mRNAs is required for correct
splicing and production of longer 3’-UTR transcripts in sper-
matocytes and round spermatids, and elevated levels of m6A in
3’-UTRs tend to induce degradation in elongating spermatids.

Materials and Methods

Animal Use, Histology, PAS Staining, and TUNEL Analyses. Animal use protocol
was approved by the Institutional Animal Care and Use Committee (IACUC) of
the University of Nevada, Reno (Protocol 00494), and are in accordance with
the Guide for the Care and Use of Experimental Animals established by NIH
(48). The male Alkbh5 KO mice used in this study were described previously
(23). Other details are provided in SI Appendix, S| Materials and Methods.

Gross Morphology and Sperm Analysis. Testis and the whole epididymis were
dissected from morphological and sperm analyses. Details are provided in S/
Appendix, S| Materials and Methods.

Immunofluorescence Staining and Confocal Microscopy. Testicular cryosections
were used for the analyses. Details are provided in S/ Appendix, S| Materials
and Methods.

Western Blots. Total protein lysates were extracted from whole testis for the
analyses. Details are provided in S/ Appendix, S| Materials and Methods.

Purification of Spermatogenic Cells. Pachytene spermatocytes, round and elon-
gating/elongated spermatids were purified from adult mouse testes using the STA-
PUT method (34). Details are provided in S/ Appendix, SI Materials and Methods.

RNA Extraction. RNA was extracted from HEK293 cells using the mirVana
miRNA Isolation Kit (AM1560; Thermo Fisher), according to the manufac-
turer’s instructions. Extracted RNA quantification was done using the Qubit
RNA High Sensitivity Assay Kit (Q32855, Invitrogen) measured on the Qubit
2.0 Fluorometer (Invitrogen).

m6A RNA Immunoprecipitation. Rabbit anti-m°A antibody (ab151230, Abcam)
or normal rabbit 1gG (10500C, Invitrogen) (6 pg each) were used for the
analyses. All immunoprecipitations were performed in triplicate. The rep-
resentative results of the procedures are shown in S/ Appendix, Fig. S8. Other
details are provided in SI Appendix, SI Materials and Methods.

RNA Library Construction. Immunoprecipitated RNA (1 ng) and non-
immunoprecipitated RNA (300 ng) were constructed into next-generation se-
quencing libraries (lllumina) using the KAPA Stranded RNA-Seq Library
Preparation Kit (KK8400) according to the manufacturer’s instructions. Details
are provided in S/ Appendix, S| Materials and Methods.

RNA-Seq Data Analyses. Quality control of RNA-Seq data is shown in S/ Ap-
pendix, Fig. S9. Trimmomatic was used to remove adaptor sequences and
low-quality reads from the sequencing data (49). To identify all of the
transcripts, we used Tophat2 and Cufflinks to assemble the sequencing reads
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based on the University of California, Santa Cruz MM9 mouse genome (50).
The differential expression analysis was performed by Cuffdiff (50). The
global statistics and quality controls are presented in S/ Appendix, Fig. S1.
The UTR and alternative splicing analyses were performed using the SpliceR
pipeline (51). The sequences without identified coding frames were extracted
and subjected to coding potential calculating (52). The sequencing depth and
alignment ratio were listed in S/ Appendix, Fig. $10. We performed the data
mining using our in-house R script.

Data Normalization. Fragments per kilobase of exon per million reads mapped
counts are scaled in Cuffdiff analyses via the median of the geometric means
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