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SUMMARY
N6-methyladenosine (m6A) is the most prevalent internal modification of messenger RNA
(mRNA) in higher eukaryotes. Here we report ALKBH5 as another mammalian demethylase that
oxidatively reverses m6A in mRNA in vitro and in vivo. This demethylation activity of ALKBH5
significantly affects mRNA export and RNA metabolism as well as the assembly of mRNA
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processing factors in nuclear speckles. Alkbh5-deficient male mice have increased m6A in mRNA
and are characterized by impaired fertility resulting from apoptosis that affects meiotic metaphase-
stage spermatocytes. In accordance with this defect, we have identified in mouse testes 1,551
differentially expressed genes that cover broad functional categories and include spermatogenesis-
related mRNAs involved in the p53 functional interaction network. The discovery of this RNA
demethylase strongly suggests that the reversible m6A modification has fundamental and broad
functions in mammalian cells.

INTRODUCTION
Cellular RNAs such as mRNA, tRNA, rRNA, and snRNA have long been known to contain
more than 100 structurally distinct posttranscriptional modifications (Cantara et al., 2011;
Globisch et al., 2011). We speculate that some of these modifications could be dynamic and
might even have regulatory roles analogous to those of protein and DNA modifications (He,
2010). The m6A modification is of great interest because it is the most abundant
modification in mammalian mRNA (Bokar, 2005).

While the m6A base modification in DNA is a known epigenetic marker that influences
many fundamental cell processes in prokaryotes, there is no direct evidence that m6A exists
in the DNA of higher eukaryotes. However, this modification is ubiquitous in the mRNA of
eukaryotes and of viruses that replicate inside host nuclei; the modification also plays an
important role in meiosis and sporulation in yeast (Bokar, 2005; Shah and Clancy, 1992).
m6A is the most prevalent modification in mammalian mRNA, while also existing in tRNA
(Saneyoshi et al., 1969) and rRNA (Iwanami and Brown, 1968).

In mammals, each mRNA contains, on average, 3–5 m6A modifications within a consensus
sequence previously revealed as Pu[G > A]m6AC[A/C/U] (Bodi et al., 2010; Dominissini et
al., 2012; Bokar, 2005; Harper et al., 1990; Meyer et al., 2012); experimental results indicate
that only a portion of the putative methylation consensus sites in mammalian mRNA contain
m6A modifications (Kane and Beemon, 1985). m6A on mRNA is believed to be installed by
a methyltransferase complex, which has yet to be fully characterized. Biochemical studies
have suggested that the methyltransferase exhibits sequence specificity to GAC and AAC,
which accounts for the m6A-containing consensus sequence (Nichols and Welder, 1981;
Schibler et al., 1977; Wei et al., 1976). The importance of m6A in mRNA has been shown
through the knockdown of MT-A70—a key component of the proposed methyltransferase
complex (Bokar et al., 1997)—in HeLa and plant cells, which led to apoptosis in HeLa cells
and arrested development in plants (Bokar, 2005; Zhong et al., 2008). Previous studies
utilizing methylation inhibitors have pointed to potential roles of m6A in RNA processing
events and mRNA transport in mammalian cells (Camper et al., 1984; Finkel and Groner,
1983). However, the exact functions of m6A in mRNA have yet to be revealed.

Methylation on cytosines of mammalian DNA and histone residues are known to regulate
gene expression (Gal-Yam et al., 2008; Gardner et al., 2011; Jaenisch and Bird, 2003). The
recent discoveries of demethylases that actively remove methylations in DNA and histones
provide a dynamic picture of mammalian gene expression regulation through reversible
methylation (He et al., 2011; Ito et al., 2011; Shi et al., 2004; Tahiliani et al., 2009; Tsukada
et al., 2006). We have proposed that analogous dynamic RNA modifications may exist and
play significant roles in regulating gene expression (He, 2010). Indeed, we discovered that
the human obesity-associated FTO protein (Fischer et al., 2009; Frayling et al., 2007;
Gerken et al., 2007; Scott et al., 2007) is an RNA demethylase that oxidatively removes the
m6A modification in mRNA (Jia et al., 2011). Since our discovery, two groups have recently
reported a strategy of m6A-seq for profiling m6A on RNA and revealed relatively conserved
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RNA methylomes for human and mouse cells (Dominissini et al., 2012; Meyer et al., 2012).
The involvement of m6A in gene regulation has also been proposed.

FTO belongs to the AlkB family of nonheme Fe(II)/α-ketoglutarate (α-KG)-dependent
dioxygenases, which catalyze a wide range of biological oxidations (Dango et al., 2011;
Duncan et al., 2002; Falnes et al., 2002; Fu et al., 2010; Gerken et al., 2007; Sedgwick,
2004; Trewick et al., 2002; van den Born et al., 2011; Yi et al., 2010). The discovery of FTO
as an RNA demethylase raises questions regarding how general such a process could be and
whether m6A plays roles in other biological processes. We present here ALKBH5 as another
mammalian RNA demethylase that catalyzes the removal of the m6A modification on
nuclear RNA (mostly mRNA) in vitro and in vivo. Its demethylation activity affects nuclear
RNA export and metabolism, gene expression, and mouse fertility, supporting the broad
biological roles of the reversible m6A modification on RNA.

RESULTS AND DISCUSSION
ALKBH5 Catalyzes Demethylation of m6A-Containing RNA

Nine protein homologs were identified within the AlkB family. We therefore asked if there
are RNA demethylases among these proteins other than FTO. We biochemically tested the
demethylation activity of recombinant AlkB human homologs toward single-stranded RNA
(ssRNA) and single-stranded DNA (ssDNA) substrates with site-specifically incorporated
m6A. The nucleic acid substrate was incubated with an equal amount of each recombinant
protein at pH 7.5 and 16° C overnight, followed by complete digestion to single nucleoside
by nuclease P1 and alkaline phosphatase, and subsequently analyzed by HPLC (Figures S1A
and S1B available online). To our delight, we found that recombinant ALKBH5 (Figure
S1C) can completely demethylate m6A in the RNA/DNA substrates under these conditions
(Figures 1A and 1B). Mass spectrometry was employed to confirm these results. An 8-mer
ssDNA containing m6A was treated with 30 mol% ALKBH5 at pH 7.5 for 30 min and then
analyzed by MALDI-TOF/TOF. A 14 Da loss in substrate mass further verified the
demethylation activity of ALKBH5 toward m6A (Figure S1D).

Although recombinant human ALKBH5 has recently been reported to mediate the
decarboxylation of α-KG and as a potential mRNA-binding protein (Baltz et al., 2012;
Thalhammer et al., 2011), its exact function has never been revealed. To link the observed
demethylation activity to the iron center, two mutant ALKBH5 proteins with the iron ligand
residues H204 or H266 substituted to Ala were constructed (Figure S1C). The activity of the
ALKBH5 mutant H266A was significantly compromised, while the other mutant, ALKBH5
H204A, completely lost its demethylation activity (Figure 1C), which is consistent with the
mechanism of oxidative demethylation catalyzed by the iron center.

In order to compare the demethylation activity of ALKBH5 with that of the previously
published FTO protein, we investigated the enzymatic kinetics of the ALKBH5-mediated
demethylation reaction. The results showed that ALKBH5 demethylates the m6A-containing
ssRNA with an activity comparable to FTO (Jia et al., 2011) (Figure 1D and Table S1).

We further investigated the demethylation activity of ALKBH5 toward various m6A-
containing synthetic oligonucleotides. These oligonucleotides were incubated with
ALKBH5 at room temperature for 2.5 hr to monitor and compare reaction rates using LC-
MS/MS (Figures S1E and S1F). We first tested m6A-containing ssRNA and ssDNA with the
same sequence. Demethylation yields of ~39% for ssRNA and ~45% for ssDNA were
observed. We tested a known sequenceof cellular bovine prolactin (bPRL) mRNA, which
forms a stem loop secondary structure with m6A in the loop (Bokar, 2005), under the same
reaction conditions with an ~23% demethylation yield observed, which indicates no
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preference of ALKBH5 toward m6A in a loop. ALKBH5 strongly prefers single-stranded
substrates, as it exhibits an almost unnoticeable demethylation activity toward m6A in a 26-
mer double-stranded RNA (dsRNA; a 26-mer sequence was used to prevent potential
reversible annealing at room temperature). Most m6A modifications in mammalian mRNA
exist in a consensus sequence of (Pu[G > A]m6AC[A/C/U]). We therefore synthesized and
tested 15-mer ssRNAs with the currently known consensus sequences of (GGm6ACU)/
(CAm6ACA) (Dominissini et al., 2012; Meyer et al., 2012) and a random sequence of
(CUm6AUU). While ALKBH5 shows similar activity toward these two consensus
sequences (~40%), a reduced demethylation yield of ~20% was observed toward the
nonconsensus sequence under the same conditions (Figure S1G), suggesting that ALKBH5
may have a sequence preference in demethylation.

m6A in mRNA Is a Physiologically Relevant Substrate of ALKBH5
Since m6A has not been identified in genomic DNA in mammals (see also our results from
mouse tissues later on), the most likely cellular substrates of ALKBH5 are m6A
modifications of mRNA or other nuclear RNAs. Given that m6A is one of the most common
modifications on mRNA and our discovery of FTO as an m6A demethylase (Jia et al., 2011),
we asked if ALKBH5 could demethylate m6A on mRNA inside mammalian cells. To verify
the observed demethylation activity inside cells, ALKBH5 was knocked down by siRNA in
HeLa cells, and the relative level of m6A in total mRNA was quantified by LC-MS/MS
following the published procedure (Jia et al., 2011). An ~9% increase of the m6A level in
total mRNA was consistently observed in repeated experiments following a 48 hr
knockdown (Figure 2A). ALKBH5 was also overexpressed in HeLa cells, which led to a
significant decrease of the m6A level in total mRNA by ~29% after 24 hr (Figure 2A). These
data confirmed that m6A in mRNA is a physiologically relevant substrate of ALKBH5
inside cells. As a control, we also monitored the m6A level of ribosomal RNA (rRNA) in
HeLa cells with and without ALKBH5 knockdown. We failed to observe a statistically
significant increase of m6A in rRNA within the detection limit of the current LC-MS/MS
method (Figure S2A). Although we cannot rule out m6A on rRNA as a potential substrate of
ALKBH5, it is clear that m6A on mRNA is the major substrate of ALKBH5. Considering
that over 10,000 m6A sites were identified in more than 7,000 human mRNAs (Dominissini
et al., 2012; Meyer et al., 2012), an ~10%–20% change of m6A level could result in a
profound impact if the modification does play a regulatory role.

A very recent study characterizing the mRNA-bound proteome has revealed close to 800
potential mRNA-binding proteins using quantitative proteomics that include ALKBH5
(Baltz et al., 2012). Although no function was reported, the results support our functional
characterization of ALKBH5 as an mRNA demethylase. We selected a few mRNAs, shown
to be potentially bound by ALKBH5 (Baltz et al., 2012) and contain m6A sites, with
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) as an unbound negative control that
does not contain known m6A sites (Dominissini et al., 2012; Meyer et al., 2012). We
performed immunoprecipitation of isolated HeLa mRNA, separating it into an m6A
antibody-bound fraction and an m6A-depleted fraction. The relative abundance of
individually selected mRNA in these two fractions was quantified by RT-qPCR following a
published procedure (Bodi et al., 2010) (Figure S2B). Four out of six tested mRNAs were
enriched in the m6A antibody-bound fraction in control samples (without ALKBH5
knockdown), confirming the presence of m6A sites on these transcripts. All of the selected
mRNAs (except GAPDH) showed increased enrichment in the m6A antibody-bound fraction
when ALKBH5 was knocked down, thus indicating that m6A sites on these potential
ALKBH5-bound mRNAs are likely the direct substrates subject to ALKBH5-catalyzed
demethylation. This observation at the individual mRNA level further supports ALKBH5 as
an RNA demethylase.
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ALKBH5 Colocalizes with Nuclear Speckles and Influences mRNA Processing Factors'
Assembly/Modification

MT-A70, the identified subunit of the m6A methyltransferase that introduces methyl group
to adenosine on mRNA has been shown to colocalize with nuclear speckles (Bokar, 2005). It
is possible that m6A on mRNA is dynamically regulated by enzymes with opposing
activities to affect mRNA metabolism. Indirect immunofluorescence analysis was employed
to characterize the cellular localization of ALKBH5 in HeLa cells. ALKBH5 has been
shown to colocalize well with mRNA-processing factors that include phosphorylated SC35
(SC35-pi) (serine/arginine-rich splicing factor 2), SM (Smith antigen), and ASF/SF2
(alternative splicing factor/splicing factor 2) in nuclear speckles (Figures 2B and S2C).
SC35 associates with nuclear speckles through protein-protein interaction, and thus its
localization is not affected by RNase treatment, whereas SM is an RNA-binding protein, and
its localization in nuclear speckles is sensitive to RNase treatment (Ricciardi et al., 2009).
ALKBH5 exhibits a diffused nucleoplasmic pattern with intense granule-like foci in an
RNase A-sensitive manner similar to SM. Unlike SC35, after RNase A treatment, signals of
the ALKBH5 granule-like foci decreased notably, suggesting cellular interactions between
ALKBH5 and nuclear RNA (Figure 2B).

When ALKBH5 was knocked down in HeLa cells, we observed disappearance of SC35-pi
staining (Figure 2C), suggesting association of ALKBH5 with certain mRNA-processing
factors in nuclear speckles. To investigate if the diminished staining caused by ALKBH5
depletion could be attributed to the demethylation activity of ALKBH5, WT ALKBH5 and
the demethylation-inactive mutant ALKBH5 H204A were subcloned into the pEGFP-C1b
vector. Complementation of the knockdown experiment with WT ALKBH5 restored signals
of SC35-pi staining, whereas expression of the inactive mutant ALKBH5 failed to do so
(Figure 2C), thus indicating that the demethylation activity of ALKBH5 is important to the
proper assembly/modification of certain mRNA processing factors.

ALKBH5 Affects mRNA Export and RNA Metabolism
To investigate the effects of ALKBH5 on RNA metabolism, subcellular distribution of
nascent RNA was examined by 5-Bromouridine (BrU)-incorporation followed by
immunofluorescence analysis. Intriguingly, cytoplasmic RNA level was significantly
increased in ALKBH5-deficient cells as a result of the accelerated nuclear RNA export
(Figure S3A). Since we have shown that mRNA is the major substrate of ALKBH5, it is
very likely that mRNA export is altered in ALKBH5-deficient cells; also note that rRNA in
the nucleolus typically cannot be well imaged in this specific assay as a result of the intact
and antibody-inaccessible structure of the nucleoli (Haukenes and Kalland, 1998).

To confirm our speculation, we applied the fluorescent in situ hybridization (FISH)
approach to monitor mRNA and rRNA export. Using an oligo(dT)50-digoxigenin probe for
the poly(A) tail, we observed that mRNA is predominantly localized in the cytoplasm in
ALKBH5-deficient cells in contrast to its strong nuclear accumulation in cells with
ALKBH5 (Figure 3A). Quantitative analysis further confirmed a dramatic shift in the ratio
of nuclear mRNA to cytoplasmic mRNA when ALKBH5 was knocked down (Figure S3B).
Meanwhile, the rRNA-FISH experiment showed that the majority of rRNA was already
present in the cytoplasm and the depletion of ALKBH5 does not noticeably perturb rRNA
distribution between the cytoplasm, nucleus, and nucleolus (Figure S3C). In addition, only
overexpression of the WT, demethylation-active ALKBH5—but neither the empty vector
nor the catalytic inactive mutant H204A—could rescue this accelerated mRNA export in
both BrU and poly(A)-RNA-FISH assays (Figures S3A and 3A, right panels), which
indicates that ALKBH5 mainly affects mRNA export through its demethylation activity.
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It is known that different export pathways are utilized by different RNAs (Köhler and Hurt,
2007). The TAP-p15 complex, together with other RNA-binding adaptor proteins, functions
as the general mRNA-export cargo to transport mRNA through the nuclear pore complex.
We have noticed that ALKBH5 colocalizes with ASF/SF2, and these SR proteins are known
to switch from splicing factors to export adaptor proteins through changing their
phosphorylation status (Gilbert and Guthrie, 2004). Hyperphosphorylated ASF/SF2 is
involved in pre-mRNA splicing while hypophosphorylated ASF/SF2 bridges the interaction
of the TAP-p15 complex and mRNA cargo to facilitate mRNA export (Li and Manley,
2005; Michlewski et al., 2008). Interestingly, the staining of ASF/SF2 was dramatically
diminished in ALKBH5-deficient HeLa cells (Figure 3B). The signal could be efficiently
rescued by complementation with WT ALKBH5, but not with the inactive mutant H204A,
indicating that the function of ASF/SF2 is likely affected by ALKBH5 in a demethylation-
dependent manner. Western blot analysis verified the decreased level of phosphorylated
ASF/SF2 when ALKBH5 was knocked down (Figure S3D).

We further discovered that SRPK1, one of the main kinases responsible for the
phosphorylation of ASF/SF2, was relocalized from nucleic locations to dot-like cytoplasmic
sites in ALKBH5-deficient cells (Figure 3C). Only complementation with the WT
ALKBH5, but not the inactive mutant H204A, could rescue its native localization. SRPK1
catalyzes phosphorylation of mRNA-processing factors including ASF/SF2 (Giannakouros
et al., 2011). The altered subcellular localization of SRPK1 in the ALKBH5-deficient cells
may partially account for the changed ASF/SF2 phosphorylation status. Given the
importance of the demethylation activity of ALKBH5 on the cellular locations of some of
these mRNA-processing factors, it is likely that the m6A methylation status of mRNA
transcripts targeted by ALKBH5 influences the cellular dynamics of their processing factors.
The detailed pathways and mechanism can be complex and should be further investigated in
the future.

To further explore the roles of ALKBH5 on RNA metabolism, nascent RNA synthesis was
monitored by using 5-ethynyl uridine (EU) labeling followed by flow cytometry analysis.
When we knocked down ALKBH5 in HeLa cells, we observed that ALKBH5 deficiency
increased the rate of nascent RNA synthesis (Figure S4A) and slightly reduced global RNA
stability (Figure S4B), suggesting complex roles played by ALKBH5 in RNA metabolism.
Indeed, transcriptome analysis in ALKBH5-deficient HeLa cells compared to control cells
revealed 2,740 differentially expressed genes (DEGs) in total, with 1,158 genes
differentially expressed at the gene level (Table S2A) and the remaining 3,356 at isoform
level (Table S2B). Based on Gene Ontology (GO) analysis, 492 of these DEGs were
enriched in functional pathways related to RNA metabolic processes (Figure 4 and Table
S3), consistent with the functional analysis performed on the published PAR-CLIP result of
ALKBH5 in HEK293 cells (Baltz et al., 2012) that RNA metabolism is one of the most
enriched functional pathways (Figure S4C and Table S4), therefore supporting the broad
impact of ALKBH5 on RNA metabolism and other cellular functions. Although EU
chemically labels both rRNA and mRNA, our transcriptome analysis (Table S3) indicates
that rRNA biogenesis, processing, and other metabolic processes (p > 0.99) have a low
probability of being affected. rRNA may be perturbed indirectly through other pathways
affected by ALKBH5.

Alkbh5 Deficiency Leads to Compromised Spermatogenesis in Mice
The impact on nuclear RNA processing and metabolism observed in cultured mammalian
cells suggests that ALKBH5 may affect biological processes in animals. We examined the
expression levels of Alkbh5 mRNA in multiple mouse organs by RT-qPCR. Alkbh5 mRNA
was detected in all organs studied, with the highest expression found in testes (Figure 5A).
To further examine the function of this gene, a targeted deletion of Alkbh5 in the mice was
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created by removing the transcription start site and exon 1 of the genomic Alkbh5 locus
(Figure 5B). Alkbh5−/− mice were viable, anatomically normal, and reached adulthood.
However, when Alkbh5−/− and heterozygous Alkbh5+/− were crossed in combinations, we
observed a remarkably low success rate of breeding (Figure S5A). These results, combined
with the high expression level of Alkbh5 in testes, directed our attention to spermatogenesis.

Testes of Alkbh5−/− mice were found to be significantly smaller than those of WT
littermates (Figure 5C). Comparative histological analysis of testis sections revealed
aberrant tubular architecture and size in Alkbh5-deficient mice (Figure 5D). The number of
spermatozoa released from Alkbh5−/−-dissected cauda epididymes was dramatically
reduced, and the spermatozoa were morphologically abnormal with greatly compromised
motility (Figures 5E, 5F, and S5B). RNA in situ hybridization confirmed that there was no
detectable Alkbh5 expression in the adult testes of Alkbh5-deficient mice, whereas in WT
littermates, it showed that Alkbh5 expression in the testis is highly specific to primary
spermatocytes (Figure S5C). Quantification of the relative density of germ cells in stage VII
seminiferous tubuli demonstrated a significantly reduced number of pachytene
spermatocytes and round spermatids in Alkbh5-deficient mice (Figure S5D). The increase in
the primary to secondary spermatocyte ratio was further visualized by immunofluorescence
staining (Figure 5G), which strongly indicates spermatogenic maturation arrest and failure to
enter and proceed through spermiogenesis.

We further showed by TUNEL staining that massive cell death through apoptosis occurs in
Alkbh5-deficient testes (Figures 5H and S5E). The timing of apoptosis was quantified
according to cell type and spermatogenic stage, which revealed increased apoptosis at stage
XI and XII spermatocytes and a metaphase arrest. Taken together, mice deficient in Alkbh5
have compromised spermatogenesis, which likely results in apoptosis of pachytene and
metaphase-stage spermatocytes and aberrant spermiogenesis. A low number of spermatozoa
with poor quality were generated as a result of this defect, which explains the impaired
fertility in the male mice.

Increased m6A Levels in Total mRNA Isolated from Alkbh5-Deficient Mouse Organs
To investigate the nucleic acid substrate of Alkbh5 in mouse tissues, we evaluated the
potential presence of m6A in DNA. Genomic DNA isolated from the testes, lungs, and
brains of WT mice and Alkbh5-deficient mice was assessed using LCMS/MS. We failed to
detect m6A in genomic DNA samples from any of these organs within the detection limit
(less than 1 m6A in every 6 × 106 nucleotides) (Figure S6A). To confirm the role of Alkbh5
as an RNA demethylase in mouse tissues as we have shown in cell lines, we isolated mRNA
from purified testicular cells contained within seminiferous tubuli where meiosis takes place
and gametes are created (further referred to as testicular cells) as well as from the lungs, the
organ with the second highest Alkbh5 expression. We compared the m6A level of samples
from WT mice with Alkbh5-deficient mice. Indeed, we observed a statistically significant
increase of the m6A level in samples from Alkbh5-deficient mice (Figures 6A and S6B),
which strongly supports that ALKBH5 is an RNA demethylase working on mRNA in
mammals.

Spermatogenesis is a complex, highly regulated process with many unique features when
compared to other somatic cellular pathways. For instance, nuclear transcription is stalled
during spermatogenesis, and hundreds of sperm proteins required for the process are
synthesized from stored mRNAs (Goldberg, 2000). The stability and transportation of these
mRNAs are thus critical for proper cellular function. Therefore, a deficiency of Alkbh5,
which leads to abnormal RNA metabolism as we showed in cell lines, could impact
cytoplasmic levels of key mRNAs required for proper spermatogenic maturation, which
could explain the observed phenotype.
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Expression of Spermatogenesis Genes Is Affected by Alkbh5 Deficiency
We then asked how the deficiency of Alkbh5 could lead to testicular dysfunction resulting in
compromised spermatogenesis. A comprehensive understanding of gene expression
alterations would help us to address this question. Therefore, we sequenced and compared
the transcriptomes of testicular cells from the WT mice and Alkbh5-deficient mice to
identify genes that could be involved in the observed spermatogenesis phenotype. A total of
1,551 genes showed a significant difference in expression, with 646 genes differentially
expressed at the gene level (Table S5A) and 1,752 differentially expressed isoforms (Table
S5B).

The limited amounts of RNA yielded from a low number of testicular cells that can be
purified from the defected testes and the pioneering stage of establishing spermatogonial
stem cell lines from mice (Sato et al., 2011) made extensive validation of these genes
difficult at this stage. We therefore looked into published studies for mechanistic insights
underlying the impaired spermatogenesis. We sorted the differentially expressed transcripts
with reference to a compiled data set of reported spermatogenesis/infertility-related genes
(Ashburner et al., 2000; Consortium, 2012; He et al., 2007; Pang et al., 2006; Rockett et al.,
2004; Rossi et al., 2004; Safran et al., 2010; Shaha et al., 2010). Out of 1,551 transcripts,
127 were sorted as previously reported spermatogenesis-related (Figure S6B and Table
S5C). It is very likely that other genes identified in our study may have hitherto unknown
roles related to mammalian spermatogenesis, but they could not be assigned to the compiled
data set due to lack of literature reports. Our data may thus include other spermatogenesis-
related genes not listed among the assigned 127 genes and provide a useful reference
resource for future studies. Functional interaction network analysis revealed that 78 out of
the 127 genes belong to the p53 functional interaction network (Figure 6B), which is
consistent with the induction of apoptosis and aberrant differentiation observed in the
Alkbh5-deficient mouse testes. As expected, in addition to apoptosis, GO analysis of all of
the 1,551 genes revealed diverse functions of Alkbh5, for example chromatin organization,
signaling transduction, and RNA metabolism (Table S6), indicating a potential broad
regulatory function of Alkbh5.

We next selected 31 genes based on transcriptome analysis for validation. Although there
were differences for some genes in the level of fold change between the RNA-seq data and
the RT-qPCR validation, 18 phenotypically relevant genes all exhibited changes in the same
direction (Figure 6C), suggesting a significant impact of Alkbh5 on these mRNAs. Eif4g1 is
targeted for proteolytic cleavage during inhibition of translation in apoptotic cells (Marissen
and Lloyd, 1998); Fos exerts a regulatory role in spermatogenesis, and its decreased
expression is implicated to result in reduction in germ cell number, differentiation, and
fertility (Shalini and Bansal, 2006); Spata3 is involved in spermatocyte development (Li et
al., 2009); Fgfr1-deficient mice are subfertile, and this gene is required for normal
spermatogenesis (Cotton et al., 2006); and Otof, a gene conserved from nematodes to
mammals, is required for vesicle fusion in spermatides during spermiogenesis in
Caenorhabditis elegans (Achanzar and Ward, 1997). Moreover, we observed differential
expression of Dnmt1 (DNA methyltransferase 1) and Uhrf1 (ubiquitin-like with PHD and
RING finger domains 1), both playing key roles in determining genomic 5-methylcytosine
methylation patterns in spermatocyte development (Sharif et al., 2007). Constitutive exons
presented in all four splice variants of Dnmt1 (Dnmt1 all) showed a trend of increased
expression, whereas the expression of the pachytene spermatocyte-specific Dnmt1 (Dnmt1 t)
was reduced in Alkbh5-deficient testicular cells. Constitutive exons of the four Uhfr1 splice
variants (Uhfr1 all) as well as the exon unique to variant 2 and 4 (Uhfr1 2+4) showed clearly
reduced expression, although the effect on the constitutive exons was more pronounced,
which was likely contributed by the effect on variant 1 and/or 3. These examples may
suggest that Alkbh5 deficiency could affect splice variants. RT-qPCR of another 13 genes
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not connected to the phenotype further validated the RNA-seq result (Figure S6D).
Therefore, our results indicate significant alterations of key genes involved in
spermatogenesis, which accounts for the observed phenotype of the Alkbh5−/− mouse. Since
Alkbh5 affects many RNA substrates, other pathways may also contribute to the impaired
fertility, and the global effect could be complex.

In summary, we report ALKBH5 as another mammalian m6A RNA demethylase both in
vitro and in vivo. Deficiency of ALKBH5 leads to increased m6A in total mRNA as well as
individual mRNA isolated from cells. ALKBH5 and its demethylation activity play
important roles in mRNA export as well as roles in the association of the nuclear speckle
proteins and RNA metabolism. In addition, increased m6A was observed in total mRNA
samples isolated from tissues from Alkbh5−/− mice compared to those from the WT mice,
further confirming ALKBH5 as an RNA demethylase. The Alkbh5 deficiency leads to
aberrant spermatogenesis and apoptosis in mouse testes. Transcriptome analysis revealed
differentially expressed genes associated with spermatogenesis and the p53 functional
interaction network, in line with the impaired fertility observed for the Alkbh5−/− mouse.
Although spermatogenesis is a noticeable defect associated with the Alkbh5−/− mouse, our
transcriptome analysis of Alkbh5 and cell-based studies indicate that this protein could
impact many other biological processes through the demethylation of m6A on RNA. Thus,
the discovery and characterization of this second RNA demethylase, in addition to FTO,
have significant implications; it shows that the reversible m6A modification in mammalian
mRNA plays broad and critical roles in fundamental biological processes. Reversible RNA
modifications may indeed exert an additional layer of biological regulation on multifaceted
life processes similar to those observed on DNA and histones (He, 2010).

EXPERIMENTAL PROCEDURES
Cloning and Expression of ALKBH5

The human ALKBH5 (GenBank Accession number NP_060228.3) with deletion of the
amino-terminal 66 amino acids was subcloned into a pMCSG19 vector by ligation-
independent cloning (LIC) to generate the plasmid pMCSG19-His-ALKBH5. ALKBH5 and
mutants were expressed in the BL21 (DE3) E. coli strain and purified for activity
characterization.

RNA FISH
Poly(A)-tailed RNA FISH was performed using the hybridization mixture containing
digoxigenin-tagged oligo(dT)50 probes (Huang et al., 1994). rRNA FISH was performed
using a digoxigenin-tagged probe targeting nucleotide +4271/+4379 of human 18S rRNA, as
described (Dundr and Olson, 1998). Immunofluorescence assay was performed after in situ
hybridization by using anti-digoxigenin and anti-ALKBH5 antibodies.

Alkbh5 Gene Targeting
In brief, the genomic Alkbh5 locus was cloned and LoxP sites inserted upstream of exon 1
and in intron 1. A neo cassette flanked by Frt sites was inserted just upstream of the LoxP
sequence in intron 1. Neo-resistant recombinant ESCs were analyzed for correct 3′ and 5′
targeting through hybridization by standard protocols, and we identified seven correctly
targeted clones. Following ESC cell injection, several high-percentage chimera males were
born. These were bred with Cre-expressing mice, and Cre-mediated excision of Alkbh5
exon 1 was tested in 26 agouti F1 pups. Two animals tested positive for the excised allele.
These two mice, heterozygous for the constitutive allele (Alkbh5+/−), were analyzed by
Southern blot analysis and used for further breeding to generate Alkbh5−/− mice.
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All animal experiments were approved by the Section for Comparative Medicine at Oslo
University Hospital and by the Norwegian Animal Research Authority. National laws and
Federation for Laboratory Animal Science Associations (FELASA) regulations were
complied with and followed. Additional details, as well as graphical descriptions, can be
obtained from the corresponding authors upon request.

RNA-Seq
Total RNA was isolated from siRNA-treated HeLa cells or mouse testicular cells using
RNAzol (Molecular Research Center, Inc.). Poly(A) RNA from 1 μg total RNA was used to
generate the cDNA library according to TruSeq RNA Sample Prep Kit protocol, which was
then sequenced using the HiSeq 2000 system (Illumina). Human and mouse RNA-seq reads
were mapped to the Human (hg19) and Mouse (mm9) genomes, respectively, using TopHat
(version 2.0.0) (Trapnell et al., 2009). At most, two mismatches were allowed. Only the
uniquely mapped reads were kept for the subsequent analysis. The gene differential
expression analysis was performed using Cuffdiff software (version 2.0.0) (Trapnell et al.,
2010) with default parameters.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ALKBH5 Catalyzes Demethylation of m6A-Containing ssRNA
(A) Proposed oxidative demethylation of m6A to adenosine in RNA by ALKBH5.
(B) ALKBH5 (0.3 nmol) completely demethylated m6A in ssRNA (1 nmol) at pH 7.5 and
16°C overnight as revealed by HPLC analysis of the digested substrates.
(C) Demethylation activity of m6A-containing ssRNA for the wild-type ALKBH5
(WTALKBH5) and ALKBH5 mutants, H204A and H266A, at pH 7.5 and 16°C for 12 hr.
Error bars indicate ± SEM (n = 3).
(D) Michaelis-Menten plot of the steady-state kinetics of ALKBH5-catalyzed demethylation
of m6A in ssRNA at pH 7.5 at room temperature. Error bars indicate ± SEM (n = 3). See
also Figure S1 and Table S1.
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Figure 2. Demethylation of m6A in mRNA by ALKBH5 and Its Effects on Selected mRNA
Splicing Factors in HeLa Cells
(A) Top panel, western blotting of ALKBH5 upon knockdown and overexpression of
ALKBH5 in HeLa cells. GAPDH served as a loading control. Bottom panel, quantification
of the m6A/A ratio in mRNA using LC-MS/MS. Both sets of data were assessed using
Student's t test. Error bars indicate ± SEM (n = 8).
(B) RNase A-sensitive subcellular localization of ALKBH5 (green) in nuclear speckles.
RNA processing factors SM and SC35-pi (red) were used as a nuclear speckle marker. DAPI
(blue): DNA staining. Scale bar: 10 μm.
(C) ALKBH5-dependent nuclear speckle staining of SC35-pi. ALKBH5 deficiency led to
diminished signal of SC35-pi (red), which could be restored by over-expression of GFP-
tagged WT ALKBH5, but not by the empty vector or the inactive mutant H204A. DAPI
(blue): DNA staining. Scale bar: 10 μm. Representative images from one of the three
independent experiments were shown for (B) and (C). See also Figure S2.
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Figure 3. ALKBH5-Mediated Demethylation Affects mRNA Export
(A) Poly(A)-RNA-FISH using oligo(dT)50-digoxigenin probe was performed in control and
ALKBH5-deficient cells. mRNA (red) was mainly detected in the nucleus of control cells
while in the cytoplasm of ALKBH5-deficient cells. Overexpression of GFP-tagged WT
ALKBH5, but neither the empty vector nor the inactive ALKBH5 H204A, could rescue the
nuclear mRNA export induced by endogenous ALKBH5 depletion. Arrows indicate
ALKBH5-deficient cells.
(B) ALKBH5-dependent nuclear speckle staining of ASF/SF2. ALKBH5 deficiency led to
diminished signal of the ASF/SF2 (red), which could be efficiently restored by
overexpression of GFP-tagged WT ALKBH5, but not by the empty vector or H204A
mutant.
(C) Aberrant localization of SRPK1 in ALKBH5-depleted HeLa cells. SRPK1 (red) was
mainly detected in the nucleus of control cells. It was relocalized to form dot-like signals in
the cytoplasm after ALKBH5 knockdown. The native localization could be rescued by
overexpression of GFP-tagged WT ALKBH5, but not by the empty vector or inactive
H204A mutant. DAPI (blue): DNA staining. Scale bar: 10 mm. Representative images from
one of three independent experiments were shown. See also Figure S3.

Zheng et al. Page 16

Mol Cell. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Gene Ontology and Enrichment Analysis of DEGs from HeLa RNA-Seq
A total of 2,740 DEGs at either gene or isoform levels were subjected to DAVID GO
analysis. An enrichment map was constructed by using Cytoscape installed with the
Enrichment Map plugin. Red node represents each enriched GO pathway (p < 0.01, FDR q <
0.05, overlap cutoff > 0.5). Node size is proportional to the total number of genes in each
pathway. Edge thickness represents the number of overlapping genes between nodes. GO
pathways of similar functions are sorted into one cluster, marked with circles and labels.
Gene numbers in each cluster are labeled. See also Figure S4 and Tables S2, S3, and S4.
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Figure 5. Spermatogenic Defects in Alkbh5-Deficient Mice
(A) Relative expression of Alkbh5 in different organs. The testis is the organ with the
highest expression of Alkbh5 mRNA. Data are presented as an expression relative to the
expression in heart, set to one, and normalized to Gapdh expression in each organ. Error
bars indicate ± SEM (n = 3 individual mice, each with duplicate cDNA synthesis and
triplicate RT-qPCR).
(B) Overview of the Alkbh5-targeting strategy.
(C) Left panel, representative testes from 12-week-old WT and Alkbh5−/− males. Right
panel, average testis weight (mg) from 12-week-old WT (117.4 ± 16.0 mg, n = 12) and
Alkbh5−/− (61.4 ± 15.5 mg, n = 20) males. Error bars indicate ± SEM.
(D) Hematoxylin and eosin stained sections from WT and Alkbh5−/− formalin-fixed and
paraffin-embedded testes and cauda epididymis. Note the striking presence of round cells in
the Alkbh5−/− cauda epididymis.
(E) Representative images of WT and Alkbh5−/− spermatozoa after staining with
hematoxylin and eosin.
(F) Characterization of spermatozoa number and motility for WT and Alkbh5−/−. Error bars
indicate ± SEM (n = 4, wild-type, and n = 4, Alkbh5−/−, individual mice).
(G) Immunofluorescence staining reveals an increased primary:secondary spermatocyte
ratio in Alkbh5−/− as compared to WT testicular tubuli. Sertoli cell nuclei were stained
bright green for H3K27me3. Pachytene-stage primary spermatocytes were stained with
phosphorylated H2AX in red, where the foci represent sex bodies specific to the pachytene
stage. Round spermatides (secondary spermatocytes) are seen as smaller round nuclei
positioned further toward the lumen of seminiferous tubuli. The DNA was stained blue with
DAPI.
(H) Increased cell death through apoptosis in Alkbh5-deficient testes compared to WT was
apparent from TUNEL staining of formalin-fixed and paraffin-embedded testicular sections.
See also Figure S5.
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Figure 6. Transcriptome Analysis of Mouse Testicular Cells
(A) Quantification of the m6A/A ratio in mouse testicular cells by LC-MS/MS. Data were
assessed using Welch t test to account for difference between variances due to the increased
variation between Alkbh5−/− mice in the representation of spermatogenic cell. Error bars
indicate ± SEM (n = 2 WT and n = 5 Alkbh5−/− mice).
(B) A simplified scheme showing the functional interaction network between p53 and
Alkbh5 transcriptome involved in apoptosis. A total of 127 spermatogenesis-related,
differentially expressed genes were applied to Cytoscape analysis (version 2.8.2) installed
with Reactome FI plugin. A total of 78 genes fall into p53 functional interaction network via
the connection of 60 linker genes. Circle, differentially expressed genes from RNA-seq of
Alkbh5; diamond, linker.
(C) RT-qPCR validation of spermatogenesis- and apoptosis-related genes and isoforms
found to be differentially expressed in Alkbh5-deficient testicular cells compared to those in
the WT testicular cells. Expression of all genes was normalized to Actb, and WT expression
was set to 1. Error bars indicate ± SEM (n = 3–5 individual mice, each with triplicate RT-
qPCR). See also Figure S6 and Tables S5 and S6.
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