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ABSTRACT

BACKGROUND: Epigenetics is an important mRNA expression regulator. However, how distinct epigenetic factors, such as microRNAs (miRNAs) and
promoter methylation, cooperatively regulate mRNA expression is rarely discussed. Recently, apparent miRNA regulation of promoter methylation was
identified by bioinformatic analysis; however, it has not yet been experimentally confirmed. If miRNA regulation of other epigenetic factors were identified,
it would reveal another layer of epigenetic regulation. In this paper, histone modifications (H3K4mel, H3K4me3, H3K27me3, H3K27ac, H3K9ac, and
H2AZ) during mammalian spermatogenesis were studied and the apparent miRNA-target-specific histone modification was investigated by bioinformatic
analyses of publicly available datasets.

RESULTS: We identified several miRNAs’ target genes that are significantly associated with histone modification during mammalian spermatogenesis.
MiRNAs that target genes associated with the most significant histone modifications are expressed before or during spermatogenesis; thus the results
were convincing.

CONCLUSIONS: In this paper, we identified apparent miRNA regulation of histone modifications using a bioinformatics approach. The biological

mechanisms of this effect should be further experimentally investigated.

KEYWORDS: histone modification, microRNA regulation, mammalian spermatogenesis, MiRaGE

SUPPLEMENT: RNA: an Expanding View of Function and Evolution

CITATION: Taguchi. Apparent microRNA-Target-specific Histone Modification in
Mammalian Spermatogenesis. Evolutionary Bioinformatics 2015:11(S1) 13-26
doi: 10.4137/EBO.S21832.

RECEIVED: December 02, 2014. RESUBMITTED: January 15, 2015. ACCEPTED FOR
PUBLICATION: January 21, 2015.

ACADEMIC EDITOR: Jike Cui, Associate Editor
TYPE: Original Research

FUNDING: This study was supported by KAKENHI 23300357 and 26120528 and a Chuo
University Joint Research Grant. The author confirms that the funder had no influence
over the study design, content of the article, or selection of this journal.

COMPETING INTERESTS: Author discloses no potential conflicts of interest.

CORRESPONDENCE: tag@granular.com

COPYRIGHT: © the authors, publisher and licensee Libertas Academica Limited. This is
an open-access article distributed under the terms of the Creative Commons CC-BY-NC
3.0 License.

Paper subject to independent expert blind peer review by minimum of two reviewers. All
editorial decisions made by independent academic editor. Upon submission manuscript
was subject to anti-plagiarism scanning. Prior to publication all authors have given signed
confirmation of agreement to article publication and compliance with all applicable ethical
and legal requirements, including the accuracy of author and contributor information,
disclosure of competing interests and funding sources, compliance with ethical
requirements relating to human and animal study participants, and compliance with any
copyright requirements of third parties. This journal is a member of the Committee on
Publication Ethics (COPE).

Published by Libertas Academica. Learn more about this journal.

Introduction

Epigenetic regulation of messenger RNA (mRNA) expression
is involved in a wide variety of biological events including dis-
ease and cancer progression, development, and even evolution.
Although epigenetics were recognized as important events sev-
eral years ago, our present understanding of their mechanisms
remains incomplete. One reason for this deficiency is our lack
of knowledge about cooperative mechanisms between distinct
epigenetic factors. For example, although both microRNAs
(miRNAs) and promoter methylation are related to the sup-
pression of mRNA expression, whether these two factors regu-
late mRNA expression cooperatively is not known. Although
histone modification can both suppress and trigger mRNA
expression, it is not known what would result from simultane-
ous suppressive and expressive histone modification. Without
this kind of knowledge, our understanding of how epigenetic
factors regulate target genes will remain incomplete. Recently,
Su et al.! found that miRNAs more frequently target genes
with less methylated promoters. More recently, the author used
bioinformatics to identify apparent reciprocal regulation of
target genes between promoter methylation and miRNAs,?3

which has some support from the evolutionary point of view.*

'Thus, seeking more examples of apparent miRNA regulation of
other epigenetic factors will deepen our understanding of the
epigenetic regulation of mRNAs.

Histone modification is believed to affect mRNA expres-
sion through chromatin remodeling. For example, promoter
methylation and methylation of histone are generally sup-
posed to suppress transcription of genes. As both are equally
methylated, it is possible that miRNA regulation of both pro-
cesses exists. A relationship between promoter methylation
and histone modification has been suggested.>®

In this paper, we analyze publicly available histone modi-
fication data obtained during mammalian spermatogenesis.’
We targeted spermatogenesis because histone modification
is believed to play critical roles in this process® and miR-
NAs are also thought to be generally important for differ-
entiation.” Thus, cooperative regulation of mRNAs between
miRNAs and histone modification likely takes place during
spermatogenesis.

Various histone modifications of multiple development
stages in spermatogenesis were investigated for being targeted
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by miRNAs. We found that the targeted genes of most miRNAs
were significantly associated with more or less histone modi-
fication during spermatogenesis. The frequent observation of
apparent miRNA-target-specific histone modification reflected
the apparent dependence of histone modification on the fre-
quency of being targeted by an individual miRNA. In addition,
miRNAs whose target genes are most significantly associated
with histone modification around the transcription start site
(T'SS) were previously reported to be expressed before or dur-
ing spermatogenesis. This supported our analysis, and experi-
mental verification of these results is awaited.

Before reporting our findings, we would like to empha-
size that the primary known functions of miRNA regulation
of target genes take place only post-transcriptionally; ie, in
the cytoplasm. miRNAs function via base-pairing with com-
plementary sequences within mRNA molecules. As a result,
these mRNA molecules are silenced by one or more of the
following processes: 1) cleavage of the mRNA strand into two
pieces, 2) destabilization of the mRNA through shortening of
its poly(A) tail, and 3) less efficient translation of the mRNA
into proteins by ribosomes. Thus, at the moment, there are
no known mechanisms that directly relate apparent miRNA-
target-specific histone modification to their functionalities.

Results and Discussion

Mouse miRNAs whose target genes are associated with
differential histone modification during spermatogenesis
around the TSS. First, we used the MiRaGE method!%!! to
investigate whether histone modifications around the TSSs of
miRNA target genes were enhanced or repressed during mouse
spermatogenesis (see Methods). Table 1 summarizes the num-
ber of mouse miRNAs whose target genes are associated with
significant differential histone modification (significance means
that the adjusted P-values are less than 0.05. The full list of mice
miRNAs, together with P-values and adjusted P-values, is pro-
vided as Supplementary File 1). Although the numbers varied
depending on the statistical test employed, they are almost con-
sistent with each other. Thus, miRNA-target-specific histone
modification seems to be observable during spermatogenesis.

Mouse samples can be better clustered using P-values
than using the logarithmic ratio of histone modifications.
To demonstrate how the obtained P-values are biologically
informative, we applied hierarchical clustering (unweighted
pair group method with arithmetic mean, UPGMA) to mouse
samples using distances with negatively signed correlation coef-
ficients between P-values obtained by the #-test [Fig. 1A]. In
this way, the obtained clusters are easily interpreted biologi-
cally. First, the samples were primarily clustered by their bio-
logical meanings. For example, H3K27ac_SC, H3AZ_SC,
and H3K%ac_SC were clustered together (Cluster A) accord-
ing to the tissue they were sampled from. H3K27me3 ST and
H3K27me3_SG (Cluster B), H3K27ac ST and H3K27ac_
SG (Cluster C), and H3K4me3 ST and H3K4me3_SG

(Cluster D) all have the same histone modifications within

Table 1. The number of mouse miRNAs whose target genes are
associated with significantly more or less modified histones, as
inferred by the MiRaGE method. Statistical tests employed were the
Kolmogorov—Smirnov (KS) test, the t-test (t), and the Wilcoxon rank
sum test (wilcox). Adjusted P-values less than 0.05 were considered
significant. The full list of P-values are available in Supplementary File 1.

G<G’ G>G’
KS 4 WILCOX KS t WILCOX

Spermatocytes (SC)

H3K4me1 120 84 90 48 4 4
H3K27me3 14 0 0 118 91 98
H3K4me3 129 12 72 19 0 1
H3K27ac 73 42 33 37 12 17
Spermatogonia (SG)

H3K27me3 3 0 0 108 99 104
H3K4me3 124 43 78 2 0 0
H3K27ac 20 19 28 39 29 30
Spermatids (ST)

H2AZ 97 24 60 69 59 33
H3K9ac 87 38 62 43 39 36
H3K4me1 86 78 77 28 2 3
H3K4me3 63 0 0 87 15 15
H3K27ac 35 23 29 23 23 14

the cluster. H3K4mel_ ST and H3kmel_SC were clustered,
and both shared histone modifications. H3K4me3_SC was
clustered together with H3K4mel ST and H3k4mel SC
(Cluster E), which were all sampled from spermatocytes.
These were all low-level clusterings. Higher level clustering
also had some biological significance. Cluster F comprised
seven samples (H3K27ac_ST, H3K27ac_SG, H3K4me3
ST, H3K4me3_SG, H3K4mel_ ST, H3k4mel SC, and
H3K4me3_SC). H3K4me3, H3K27ac, and H3K4mel are
thought to be transcription activators, and they were clustered
with correlation coeflicients greater than 0.4 (red broken line),
thus showing that they are positively correlated. Conversely,
two H3K27me3 samples (Cluster B) that were clustered with
them have negative correlation coefficients. This observation is
coincident with the fact that H3K27me3 is generally believed
to be a transcription silencer. Although two other transcrip-
tion activators, H3K9ac_SC and H3K27ac_SC (Cluster A),
were not directly clustered with the seven transcription acti-
vators (Cluster F), this was the only discrepancy observed.
Thus, clustering using P-values provides biologically relevant
information. However, this might be because histone modi-
fication itself is biologically informative, and clustering by
P-values simply reflects this. To further investigate this point,
we performed UPGMA with the negative correlation coeffi-
cients between the logarithmic ratio of histone modifications,
Ax, [Fig. 1B]. We employed the logarithmic ratio of his-
tone modifications because this ratio was used for MiRaGE
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Figure 1. Hierarchical clustering (UPGMA) of mouse samples. (A) Negative correlation coefficients of P-values as distance. (B) Negative correlation
coefficients of logarithmic ratio of histone modification (Ax,.j) as distance.
Abbreviations: SC, spermatocytes; SG, spermatogonia; ST, spermatids.
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computation of P-values. If the biologically informative
clusters obtained by the P-values simply reflected biologically
informative histone modification, clustering using the loga-
rithmic ratio of histone modifications should produce a result
that is at least as good as that obtained by P-values. In con-
trast to our expectation, it was clear that the clusters obtained
using the logarithmic ratio of histone modifications were less
biologically informative than those obtained using P-values.
The only conserved cluster between Figures 1A and 1B was
cluster B. Cluster E was partially conserved (Cluster E’). All
other clusters were broken into smaller parts. Although there
were some newly formed clusters, they were not convincing.
Cluster G comprised H3K4me3_SG, H3K4me3_ST, and
H3K4me3_SC, which were sampled from three tissues. Clus-
ter H mostly comprised samples taken from spermatocytes,
but they were clustered with another sample taken from sper-
matocytes (Cluster A), which is broken, because Cluster H
was now clustered with H3K27ac_ST, which was sampled
from other tissues. The only advantage of Figure 1B compared
to Figure 1A is that transcription silencers (H3K27me3) were
clustered together and separately from transcription activa-
tors. Additionally, the clustering in Figure 1A is more com-
pact than that in Figure 1B. In Figure 1A, if we consider three
clusters, namely clusters A, B, and F, these are all clusters
with correlation coeflicients greater than 0.4. Although we
also observed “three” clusters in Figure 1B, they are not clus-
tered together with correlation coeflicients greater than 0.4.
Also, in Figure 1A, 10 samples other than H3K27ac_SC and
H3K4me3_SC are clustered with at least one other sample
and the correlation coeflicients greater than 0.7 (blue broken
line), while only 5 samples belonging to Cluster E” and G are
clustered together with any other samples and have correlation
coefficients larger than 0.7. Thus, we concluded that the good
clustering observed in Figure 1A could not be fully explained
by biologically informative histone modifications. Convert-
ing histone modification to P-values that represent apparent
miRNA-target-specific histone modification added more bio-
logical significance. This suggested indirectly that the appar-
ent miRNA-target-specific histone modification may not be
an artifact generated by the MiRaGE algorithm, but repre-
sents a genuine biological effect. Similar results to those for
the P-values were obtained by either the Wilcoxon test or the
Kolmogorov—Smirnov test (Figs. S1 and S2).

miRNAs whose target genes are most frequently asso-
ciated with significant differential histone modifications
were previously reported to be regulated during spermato-
genesis. We then considered individual miRNAs that contrib-
ute to apparent miRNA-target-specific histone modification.
Although there are many miRNAs whose target genes are
associated with significant differential histone modification
(Table 1), they are not always common to different tissues
or histone modifications. To identify miRNAs whose target
genes are most frequently associated with significant differen-
tial histone modifications, we counted the frequency of each

miRNA whose adjusted attributed P-values (by the #-test)
were less than 0.05. We identified seven (three) miRNAs to
which adjusted P-values of less than 0.05 were attributed for
the largest 6 (5) samples among 12 samples when the null
hypothesis that histone modification of target genes in differ-
entiated samples is equal to that in control samples was rejected
in favor of the alternative hypothesis that histone modification
of target genes in differentiated samples is greater (lesser) than
in control samples. Thus, the target genes of three miRNAs
had less histone modifications and the targets of seven miR-
NAs had more histone modifications, compared with control
samples. These three and seven miRNAs are listed in Table 2.
'The same results were obtained using the Wilcoxon test.

Among those listed, six miRNAs (mmu-miR-291a-3p,
mmu-miR-294-3p, mmu-miR-295-3p, mmu-miR-302a-3p,
mmu-miR-302b-3p, and mmu-miR-302d-3p) are often cited
as miRNAs that exhibit “stemness”. For example, mmu-miR-
302a/b/ds’ human homologs hsa-miR-302a/b/d were reported
to be embryonic stem (ES) cell-specific miRNAs.!2 Mouse
miR-291-3p, miR-294, and miR-295 were also reported to be
mouse ES-cell-specific miRNAs."* However, mmu-miR-22’s
human homolog, hsa-miR-22, was reported to be upregulated
during differentiation.’ Mmu-miR-23b’s human homolog,
hsa-miR-23b was reported to play critical roles in spermato-
genesis.”” Mmu-miR-122’s human homolog, hsa-miR-122,
was also reported to play critical roles in sperm abnormalities.!¢
Mmu-miR-23a’s human homolog was reported to be poorly
expressed in abnormal semen compared with normal semen.!”

Thus, all of the selected 10 miRNAs were reported to
be expressed in either spermatogenesis-related differentiated
or undifferentiated cells. In particular, three miRNAs, mmu-
miR-23a/b-3p and mmu-miR-122-5p were reported to be
related to spermatogenesis. This also suggested that apparent
miRNA-target-specific histone modification may not be an
artifact caused by bioinformatics analysis, but is a potentially
real biological outcome.

Alternatively, if the P-values computed by Kolmogorov—
Smirnov test were employed, mmu-miR-29a/b/c and mmu-
miR-24 were added to miRNAs with more histone modifica-
tion in addition to the miRNAs listed in Table 2, while no
miRNAs in Table 2, except mmu-miR-338-3p, were listed
as miRNAs with less histone modification. Mmu-miR-29b
was reported to be upregulated in sexually immature mouse

Table 2. Mouse miRNAs whose target genes are most frequently
associated with more or less modified histones compared with the
control.

HISTONE MODIFICATION miRNAs

G<G’ mmu-miR-291a-3p mmu-miR-294-3p
mmu-miR-295-3p
mmu-miR-302a-3p mmu-miR-22-3p
mmu-miR-302b-3p mmu-miR-302d-3p

G>G’ mmu-miR-23b-3p mmu-miR-122-5p
mmu-miR-23a-3p
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testis.®® MiR-29a/b/c were reported to play certain roles in
spermatogenesis in rats.!* Aberrant expression of miR-29a/b
and miR-24 was reported in spermatogenesis-related experi-
ment.?® MiR-338 was also identified as a testes-specific
miRNA in mouse and Xenopus.?! Thus, although replacing
P-values with those from the Kolmogorov—Smirnov test mod-
ified Table 2 a little and some miRNAs are additionally iden-
tified, they are also reported to be related to spermatogenesis.

Apparent miRNA-target-specific histone modifica-
tion is unlikely to be an artifact caused by bioinformatic
analysis. Although the previous sections demonstrated that
apparent miRNA-target-specific histone modification is bio-
logically plausible, in this section we attempt to validate the
apparent miRNA-target-specific histone modification from
the algorithmic point of view. The first test was the shuffle
test. If the apparent miRNA-target-specific histone modifica-
tion was an artifact caused by the algorithm used, then the
apparent miRNA-target-specific histone modification should
be observable no matter what the input was, eg, it is biologi-
cally meaningless. One of the easiest ways to prepare an input
that is biologically meaningless but statistically equivalent to
the real input is shuffling. If Ax, is randomly replaced with
Ax,, i’ # i, because this does not affect statistical properties
(eg, the mean and variance) of {Axl.j}, then the shuffled data-
set will be a biologically meaningless but statistically identical
input. Table 3 shows the results obtained by 100 random shuf-
flings. Independently of the statistical tests employed, almost
no apparent miRNA-target-specific histone modification was
observed. This suggested that the apparent miRNA-target-
specific histone modification is unlikely to an artifact.

A shuffle test where the genes are shuffled simultane-
ously for all samples was also used for confirmation. This
means, if the ith histone modification of the jth sample x,
is exchanged with «,,, the ith histone modification is always
exchanged with the i’th histone modification for all samples
other than jth sample, too. Hereafter, we call this kind of
shuffling “simultaneous shuffling”. Thus, this simultaneous
shuffling did not affect the correlation coeflicients between
sample histone modifications. For example, the hierarchical
clustering shown in Figure 1B remained unchanged. Con-
versely, shuffling completely destroyed the inference of appar-
ent miRNA-target-specific histone modification, as shown in
Table 3. Thus, Figure 1A computed from the P-values would
change drastically. Figure 2 shows a typical hierarchical clus-
tering using P-values computed from simultaneously shuffled
histone modifications. Interestingly, it is almost identical to
Figure 1B computed from the logarithmic ratio of histone
modifications, Ax,. This suggests that the difference between
Figures 1A and 1B did not come from an artifact caused by
the MiRaGE procedure, but reflects a biologically significant
event captured by the MiRaGE procedure. This also supports
the view that our findings are not artifactual.

Finally, we tested what would happen if multivariate
analysis was employed. In the MiRaGE method, all mRNA

Table 3. Number of mouse miRNAs whose target genes are
associated with significantly more or less modified histones, as
inferred by the MiRaGE method when the gene IDs were shuffled.

G<G’ G>G’
KS t WILCOX KS t WILCOX

Spermatocytes

H3K4me1 042 0.26 0.36 0.36 0.24 0.35
H3K27me3 0.37 0.33 0.13 0.07 0.37 0.23
H3K4me3 0.33 0.24 0.60 0.34 024 011
H3K27ac 0.03 0.10 0.2 0.39 0.38 0.20
Spermatogonia

H3K27me3 011 0.31 0.26 0.23 0.39 0.33
H3K4me3 018 0.03 0.21 013 017 0.09
H3K27ac 019 049 0.06 0.38 0.39 0.27
Spermatids

H2AZ 048 014 0.33 012 013 0.14
H3K9ac 0.54 011 0.9 0.23 0.24 0.22
H3K4me1 019 0.32 0.09 019 0.23 0.4
H3K4me3 0.50 0.04 0.18 0.39 012 043
H3K27ac 0.04 0.08 0.26 016 0.36 0.08

Notes: Data are averaged over 100 independent trials. Statistical tests
employed were the Kolmogorov—Smirnov (KS) test, the t-test (t), and the
Wilcoxon rank sum test (wilcox). Adjusted P-values less than 0.05 were
considered significant.

expression is attributed to the considered miRNA. This is
clearly an overestimation or double count, because mRNA
expression is affected by all miRNAs that target each gene, not
just the considered miRNA. To address this concern, we tried
to infer mRNA expression (logarithmic ratio Ax,-/) as a function
of the target gene table of miRNAs, using lasso.?? Lasso tries
to infer mRNA expression as a function of all miRNAs that
target each mRNA and a shrinkage algorithm excludes irrel-
evant miRNAs; therefore, double counts and/or overestima-
tion of apparent miRNA-target-specific histone modification
are expected to be suppressed. Figure 3 shows the compari-
son between P-values obtained by the MiRaGE method and
the regression coefficients obtained by lasso. It is clear that
they are well and significantly correlated, although some dif-
ferences could be observed. Lasso and MiRaGE methods
employ numerical inference; therefore, some discrepancies are
unavoidable without experimental validation. Critically, we
can state that the overestimation and/or double count possibly
included in the MiRaGE method do not destroy the inference.
Although the results for the P-values obtained by the Wil-
coxon and Kormogorov—Smirnov tests are available in Figures
S3 and S4, they are essentially the same as that for the P-values
obtained by the #test.

Apparent miRNA-target-specific histone modification
isalso observable in human sperm. All the findings discussed
above were for mice. Is apparent miRNA-target-specific his-
tone modification observable in humans? We applied the same
procedures to human sperm. Table 4 shows the results for
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Figure 2. (Continued)
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Figure 2. Hierarchical clustering (UPGMA) of simultaneously shuffled mouse samples Notations are the same as Figure 1(A). P-values were computed

by (A) t-test, (B) Wilcoxon test, and (C) Kolmogorov—Smirnov test.

human sperm (the full list of miRNAs associated with adjusted
P-values are available in Supplementary File 1). Interestingly,
independent of the histone modification considered and sta-
tistical methods employed, there are a substantial number of
miRNAs that apparently regulate histone modification. Thus,
the observed apparent miRNA-target-specific histone modi-
fication occurs not only in mice but also in humans, which
suggests that it is ubiquitous to mammalian spermatogenesis,
verification of which requires further experimentation.

In order to see if conserved miRNAs share the same
apparent miRNA-target-specific histone modification com-
monly, we have drawn Venn diagrams between histone modi-
fications (Fig. 4, see Methods). There are many conserved
miRNAs associated with common apparent miRNA-target-
specific histone modification (individual names available in
Supplementary File 2). It also supports the reliability of appar-
ent miRNA-target-specific histone modification.

Dependence of histone modification on the number
of miRNA target genes caused apparent miRNA-target-
specific histone modification. Although the apparent miRNA-

target-specific histone modification observed in this study is

e  biologically informative and thus feasible,
e notlikely caused by an artifact of the algorithms employed,
and

Table 4. Number of human sperm miRNAs whose target genes are
associated with significantly more or less modified histones, as inferred
by the MiRaGE method.

G<G’ G>G’
KS t WILCOX KS t WILCOX
H3K27ac 138 131 130 39 30 29
H3K4me1 137 141 137 23 31 23

e universal between at least humans and mice, and is thus
expected to be universal in mammalian spermatogenesis,

one may still wonder if it is a real phenomenon, because all
the results shown here were derived from bioinformatic analyses
and not from experimental investigation. To confirm the exis-
tence of apparent miRNA-target-specific histone modification,
we investigated its origin. Table 5 shows a comparison of the
amount of histone modification between genes targeted by more
miRNAs than average and those targeted by fewer than average.
In most cases, the amount of histone modification is distinct.
In our analysis, we divided the genes into two groups: genes
targeted by the considered miRNAs, and those not targeted
by the considered miRNA but by any other miRNAs. Genes
targeted by more miRNAs were more likely to be classified into
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Figure 3. (Continued)
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Figure 3. Comparison between P-values and regression coefficients. Horizontal axis shows the regression coefficients attributed to each miRNA by
lasso. Vertical axis shows the P-values (G < G’) obtained and attributed to each miRNA by the MiRage method, using the t-test. COR, Spearman
correlation coefficients; P, attributed P-values to correlation coefficients.
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Figure 4. (Continued)
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Figure 4. Venn diagrams that compare apparent microRNA-target-specific histone modifications between human and mouse. Apparent microRNA-
target-specific histone modifications were compared between conserved miRNAs of human (sperm) and mouse (spermatocytes, spermatogonia,
and spermatids). Full lists of individual miRNA names were available in Supplementary File 2. See Methods for more details. (A) G < G’, H3K4me1,

(B) G > G/, H3K4me1, (C) G < G, H3K27ac, and (D) G > G, H3K27ac.

Table 5. P-values attributed to histone modification compared
between genes targeted by more or less miRNAs than the mean.

HISTONE SEED MATCH
MODIFICATION (THIS STUDY)

TARGETSCAN

P-VALUES ADJUSTED P-VALUES ADJUSTED

P-VALUES P-VALUES
Spermatocytes
H3K27ac 1.32x 10793 2.36 x 1073 1.41 x 1079 4.24 x 103
H3K4me3 6.76 x 1075 1.62 x 10~%¢ 3.83 x 10~" [4.60 x 10~]
H3K27me3 1.38 x 102" 1.65x 10720 3.18 x 10-® 1.27 x 10~°
H3K4me1 6.18 x 10~" [6.18 x 10~"] 2.18 x 10~" [3.28 x 10~]
Spermatids
H3K27ac 1.27 x 1075 3.83x10% 5.45x10~" 5.95x 10"

H2AZ 1.37x 1073 2.36 x10"% 9.42x10~" 5.65x 106

H3K4me1 4.4810" [4.89x10"" 6.86x1072 [1.37 x107]
H3K4me3 2.83x 107" [3.40x107"] 6.46 x 10~" [6.46 x 10~]
H3K9ac 4.91x107° 1.96x 108 414 x10"° 4.97x10-8
Spermatogonia

H3K27ac 1.71x 107" [2.28x107"] 1.09x 10~ [1.87 x 10~]
H3K27me3  3.14 x 1077 1.88x 10-® 1.88 x 10-% 4.51 x 10~3
H3K4me3 9.84 x107% 1.47x102 3.74x 107" [4.60x 107]

Notes: P-values were computed by the t-test. Adjusted P-values in
parenthesis are not significant (ie, greater than 0.05). Although the results
for P-values computed by Wilcoxon test and Kolmogorov—Smirnov test were
available as Supplementary File 3, there were no significant differences. All

mRNAs targeted by at least one miRNA were considered for the computation.

miR-A miR-B miR-C miR-D

miR-A miR-A
target genes off-target genes

v

P-values (t test)

Figure 5. Schematics explaining the P-values of the dependence of
histone modification on miRNAs. There are four miRNAs that target six
genes. Although in this example we assumed that histone modifications
increase as more miRNAs target the genes, it could be that histone
modifications decrease as more miRNAs target the genes, depending
upon the types of considered histone modification. The sizes of circles
reflect the amount of histone modification. If we consider miR-A, genes
1, 2, and 4 are classified as target genes and 3, 5, and 6 are off-target
genes. Thus, target genes are regarded as being associated with more
histone modifications. Genes with less histone modification are rarely
classified as target genes; therefore, it is more likely that genes targeted
by an miRNA have more histone modifications than off-target genes.
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the former group. Thus, if the amount of histone modification
is dependent on the number of miRNAs that target the gene,
then an apparent miRNA-target-specific histone modification
will be observed (Fig. 5). One may also wonder what the effect
would be of replacing the target gene table with one predicted
by another algorithm. Thus, we compared the amount of his-
tone modification between genes targeted by more or less than
the average numbers of miRNAs using the target gene table
from TargetScan.?3 The P-values obtained using TargetScan
were generally less significant. In TargetScan, only conserved
target genes are considered. Thus, it has a tendency to ignore
genes targeted by a smaller number of miRNAs; therefore,
genes targeted by fewer miRNAs are more likely to be excluded
from the TargetScan target gene table. TargetScan is gener-
ally thought to generate fewer false positives, which inevitably
results in more false negatives, ie, exclusion of potential target
genes.?* Usually, TargetScan’s gene table is believed to be the
most reliable. The present example suggests that this may not
always be true: TargetScan’s accuracy is dependent on the con-
text. If we had used the TargetScan gene table unquestioningly,
the miRNA regulation of target genes would be weaker and
we might have missed the phenomenon altogether. Thus, it is
important to choose miRNA target gene prediction algorithms
bearing in mind the context and purpose.

Confirmation using an independent dataset. In the
previous sections, we confirmed that the apparent miRNA-
target-specific histone modification is not likely an artifact
but seemingly a real biological effect from several points of
views. However, one may still wonder if it was caused by some
unknown bias introduced by the experimental procedures that
we could not discern. To reduce this possibility, we applied
our methodology to an alternative dataset provided by another
research group. Baker et al.?® identified PRDM9-dependent
H3K4me3 sites by comparing modified chromatin from mice
coisogenic for PRDMY in 12-day post-partum mouse sperma-
tocytes. Thus, although their experimental design cannot be
regarded to be very close to that analyzed in the previous sec-
tions, if the apparent miRNA-target-specific histone modifica-
tion is also identified in their work, this suggests the universality
of the apparent miRNA-target-specific histone modification in
spermatogenesis. Table 6 shows the results for the independent
dataset (the full list is available as Supplementary File 4). It is
clear that many miRNAs have target genes associated with his-
tone having more or less PRDM9-dependent H3K4me3 sites.
Thus, apparent miRNA-target-specific histone modification
during spermatogenesis could be observed in different datasets.

Biological function of apparent miRNA-target-specific
histone modification. Although the apparent miRNA-target-
specific histone modification seems to be a real phenomenon, it
would be more convincing if we could suggest what its biologi-
cal function is. Unfortunately, we have no suggestions regard-
ing the biological function of apparent miRNA-target-specific
histone modification, nor do we have any suggestions regarding
experimental confirmation of apparent miRNA-target-specific

Table 6. Number of mouse spermatocyte miRNAs whose target
genes are associated with histones having more or less PRDM9-
dependent H3K4me3 sites, as inferred by the MiRaGE method.

G<G’ G>G’

KS t WILCOX KS t WILCOX
H3K4me3(B6) 160 133 133 0 0 O
H3K4me3(KI) 142 130 131 0 0 0

histone modification. Recently, Thara et al.?®

enrichment of histones, which is believed to be caused by histone
modification and to affect gene expression in spermatogenesis.

investigated the

'Thus, observation of apparent miRNA-target-specific histone
enrichment in these data would support its existence.

Table 7 shows the results of apparent miRNA-target-
specific histone enrichment in spermatogenesis (full list is
available as Supplementary File 5). Although the number of
miRNAs whose target genes are significantly associated with
more or less histone enrichment is small, the number is not
zero. 'Thus, it is plausible that the apparent miRNA-target-
specific histone modification has a biological function in
spermatogenesis.

Biological origin of long-range interaction between
miRNA regulation and histone modification. One may
wonder whether the findings here are biologically realistic,
because miRNA regulation of target genes and histone modi-
fication take place at the opposite ends of a gene (the former
at the 3’ UTR and the latter at the 5" UTR). Although there
have been no reports that studied this kind of long-range
interaction between miRNA regulation and histone modifi-
cation, some studies have reported the long-range interactions
between histone modification and RNAi, which contributes
to post-transcriptional suppression similar to miRNA.?7 For
example, Zofall et al.?® found that histone H2A.Z cooper-
ates with RNAi and heterochromatin factors to suppress
antisense RNAs. The location of H2A.Z on the DNA is far
from where RNAIi binds to the DNA: H2A.Z binds to the
5" UTR of the transcript, while the RNA1 should bind to the
3" UTR of considered transcript. Zofall et al.?? also reported
that RNAi nucleation and DNA-binding factor nucleation
spread in opposite directions, starting from opposite ends of

Table 7. Number of mouse spermatocyte miRNAs whose target
genes are associated with histone enrichment, as inferred by the
MiRaGE method.

G<G’ (epcy
KS t WILCOX KS t WILCOX
mtm6é 1 12 0 20 3 20
mtm7 0 11 0 25 7 23
mtm8 12 12 5 16 7 12
D23 4 0 0 0 4 4
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the gene to cooperate with heterochromatin assembly factors.
Conversely, Yu et al found®® that sequences in the 3> UTR
of an mRNA-coding gene inhibited the ability of siRNAs to
promote heterochromatin formation, which takes place in the
5" UTR of the gene. Although no similar processes have been
reported in humans or mice (all studies were restricted to fis-
sion yeast), it would not be surprising if similar mechanisms
are found later and long-range interactions between miRNA
regulation and histone modification turn out to be real.

Conclusions

In this paper, we used bioinformatics to identify the apparent
miRNA-target-specific histone modification in mouse and
human spermatogenesis. Such histone modification was
biologically informative and feasible, and was unlikely to be
caused by an artifact generated by the algorithm used. Also,
such histone modification reflected the dependence of histone
modifications on the frequency of being targeted by an indi-
vidual miRNA; therefore, it is likely a real biological effect.
However, the mechanism of apparent miRNA-target-specific
histone modification is unknown and requires further experi-
mentation and analysis.

Methods

Brief explanation of the MiRaGE method. This is a
brief explanation of the MiRaGE method. For more details,
see the previous publications.!®!!

Although MiRaGE was originally invented to infer
miRNA regulation of target gene expression from target mRNA
expression, it has also been used successfully to infer miRNA
regulation of promoter methylation.>* Briefly, MiRaGE first
computes the amount of differential mRNA expression/pro-
moter methylation/histone modification of the ith gene at the
Jth sample, Ax; (see below for actual definition). It then com-
putes the differential values to group the genes into two sets:
genes targeted by the considered miRNA, or genes not targeted
by the considered miRNA but targeted by any other miRNAs.
The exclusion from the analysis of genes not targeted by any
miRNAs is due to the interrelations between genes targeted by
any miRNAs. Thus, genes targeted by any miRNAs should be
considered separately from genes targeted by no miRNAs. For
example, each miRNA must compete with the protein machin-
ery, such as AGO proteins, that mediates its function. If the
amounts of certain miRNAs increased, these miRNAs might
occupy protein machineries that otherwise could be used by
other miRNAs.3! This would affect the expression of mRNAs
not targeted by these miRNAs but targeted by any other miR-
NAs. However, this does not affect genes targeted by no miR-
NAs. Conversely, if certain mRNAS expressions increased, they
would absorb miRNAs that otherwise could bind to other
mRNAs.3 Thus, the amount of genes targeted by any miRNAs
affects the expression of other genes targeted by any miRNAs
but does not affect that of genes not targeted by any other
miRNAs. Thus, mnRNAs targeted by no miRNAs were excluded

from the analysis. Then, the P-values computed by the three
statistical tests, ie, the #-test, the Wilcoxon rank sum test, and
the Kolmogorov—Smirnov test, were attributed to individual
miRNAs. Despite the simplicity of this methodology, it has
worked well for various applications.33¢ The obtained P-values
were adjusted using the Benjamini— Hochberg criterion.>”

In the following, we explain MiRaGE methods along
the line by which it was used in this study. Suppose x; is the
histone modification (or enrichment) of the ith gene and jth
treated sample. The differential histone modification between
treated and control samples would then be

where x,_ is the histone modification (or enrichment) of the
control sample. Ax, s are divided into two groups: genes tar-
geted by the considered miRNA (set G), and genes not tar-
geted by the considered miRNA but targeted by any other
miRNAs (set G”). Here, targets are identified by a simple seed
match.!%! Statistical tests are then performed to compute the
P-values to reject the null hypothesis that {xlj| i€ G}isequiva-
lent to {xy|z € G’} in favor of (a) {xl]|z e G} > {xlj|z € G'}or
(b) {xzj|z e G} < {xij|i € G’}. Hereafter, we denote the prob-
ability defined by (a) as P, ;" and that by (b) as P,_.. All three
statistical tests mentioned in the above (the #-test, Wilcoxon
rank sum test, and Kolmogorov—Smirnov test) were employed
for P-value computations. In this study, only conserved
miRNAs were considered (the full list of considered miRNAs
is available as Supplementary File 1).

Histone modification data studied. Histone modifica-
tion data was downloaded from the Gene Expression Omnibus
(GEO) using GEO IDs: GSE49621 (Mouse) and GSE57095
(human). Mouse data were obtained from a custom download
in the Supplementary file of superseries GSE49624, as shown in
Table 8. Human sperm data were obtained as sequencing data
from GEO IDs: GSM1375208—-GSM1375210. The human
control dataset was also obtained from GEO ID: GSM392714.
'The obtained SRA format files were converted to fastq files using
fastq-dump (sratoolkit.2.3.5), and the fastq files were mapped to
the hgl9 human genome using bowtie2® with default settings.
The resulting sam files were then converted to sorted bam files
and merged (there were two replicates) using samtools®’ (sam
and bam file formats are the formats that attribute various quan-
tities to genome location. In this case, the quantities are histone
modification). Finally, macs*® performed the peak calling.

Association of histone modification with genes was com-
puted by integration of histone modifications between 1000
bases downstream and upstream from the TSS in the hgl9
human genome and the mm9 mouse genome.

Comparisons of apparent microRNA-target-specific
histone modifications between conserved miRNAs of human
and mouse. In order to compare the apparent miRNA-target-
specific histone modification between conserved miRNAs
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Table 8. Mouse samples downloaded from GEO.

Spermatogonia

H3K4me3 GSM1202705_AGSC_CKitPlus_H3k4 me3_
treat_pileup.bedGraph.gz

H3K27me3 GSM1202708_AGSC_CKitPlus_H3k27 me3_
treat_pileup.bedGraph.gz

H3K27ac GSM1202713_ASC_Ckitplus_H3K27ac.bed-
Graph.gz

Control GSM1202723_AGSC_CKitPlus_control_
lambda.bedGraph.gz

Spermatocytes

H3K4me3 GSM1202706_Spermatocytes_ H3K4me3_
treat_pileup.bedGraph.gz

H3K4me1 GSM1202711_Spermatocytes_H3K4me1_
treat_pileup.bedGraph.gz

H3K27me3 GSM1202709_Spermatocytes_ H3K27me3_
treat_pileup.bedGraph.gz

H3K27ac GSM1202714_Spermatocytes_H3K27ac_
treat_pileup.bedGraph.gz

Control GSM1202724_Spermatocytes_control_
lambda.bedGraph.gz

Spermatids

H3K4me3 GSM1202707_Spermatids_ H3K4me3_treat_
pileup.bedGraph.gz

H3K4me1 GSM1202712_Spermatids_ H3K4me1_treat
pileup.bedGraph.gz

H3K27ac GSM1202715_Spermatids_ H3K27ac_treat_
pileup.bedGraph.gz

H3K9ac GSM1202721_Spermatids_H3K9ac.
bedGraph.gz

H3 AZ GSM1202722_Spermatids_H2AZ.
bedGraph.gz

Control GSM1202725_Spermatids_control_lambda.
bedGraph.gz

of human and mouse, we first listed the apparent miRNA-
target-specific histone modification that were recognized as
significant by all three statistical tests, ie, #-test, Wilcoxon
rank sum test, and Kolmogorov—Smirnov test, for both
H3Kmel and H3K27ac, using adjusted P-values provided
in Supplementary File 1. Then, conserved miRNAs between
human and mouse were listed based upon miRviewer.*
Since three and four independent experiments were per-
formed for H3Kmel and H3K27ac, respectively, based upon
these results, Venn diagrams (Fig. 4) were drawn and full
lists of identified miRNAs were included in Supplementary
File 2.

Independent histone modification data for confirma-
tion. Independent histone modification data was downloaded
from GEO using GEO ID: GSE52628. For B6 and KI cell
lines, GSE52628_H3K4me3_B6_merge ChIP.BedGraph.gz
and  GSE52628_H3K4me3_KI_merge_ ChIP.BedGraph.gz
in Supplementary file were used for the MiRaGE method,
respectively. Because no control data were available in these
datasets, x, was constantly taken to be 1 independent of 7.

Histone enrichment dataset. Histone enrichment data
was downloaded from GEO using GEO ID: GSE56281.
GSM1358290_mtmé6.sorted.bedGraph.gz in  Supplemen-
tary file of GSM1358290, GSM1358291_mtm?7.sorted.
bedGraph.gz in Supplementary file of GSM1358291, and
GSM1358292_mtm8.sorted.bedGraph.gz in Supplementary
file of GSM1358292 were first downloaded. Because no con-
trol data were available in these datasets, x, was constantly
taken to be 1 independent of i. GSE56281_D23_IP.sorted.
bedGraph.gz and GSE56281_D23_input.sorted.bedGraph.
gz in Supplementary file of GSE56281 were downloaded and
used as treated and control data, respectively. Also, in these
datasets, the values had already been converted to be logarith-
mic values; therefore, exp(xi/) was used instead of X while x,
has not been converted, thus x, was used for input.

Inference of apparent microRNA-target-specific his-
tone modification usinglasso. To infer the apparent miRNA-
target-specific histone modification by multivariate analysis,
we employed lasso.? Axl.j is modeled as

Axij =4+ 2,90
%

where 6, takes 1 if the ith gene is targeted by the 2th miRNA;
otherwise it is 0. 3,5 are those computed by the lars function in
the lars package in R for the maximum number of nonzero f3,.
'The obtained ;s were plotted and compared with the P-values
obtained by MiRaGE and attributed to the 2th miRNA.

Statistical analysis using functions/packages in R.
Most statistical analyses in this study were performed with
various packages/functions in R.*? Hierarchical clustering
(UPGMA) was performed by the hclust function with the
setting method = "average". Lasso was performed by the lars
function in the package lars with default settings. Three statis-
tical tests used the three functions: t.test, ks.test, and wilcox.
test in R. Adjusted P-values were computed using the p.adjust
function with the setting method = "BH".
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Supplementary Data

Supplementary File 1. P-values and adjusted P-values.

P-values (P,_., and P, ., ) and adjusted P-values for
mouse and human samples. Each sheet name indicates which
sheet includes what kind of data.

Supplementary File 2. Individual miRNA names pre-
sented in Venn diagram (Fig. 4).

Individual names of miRNAs associated with apparent
microRNA-target-specific histone modifications shown in
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Figure 4. MiRNAs conserved between human and mouse are
shown in red.

Supplementary File 3. P-values attributed to histone
modification compared between genes targeted by more or
less miRNAs than the mean.

P-values shown in Table 5 for #-test, Wilcoxon test, and
Kolmogorov—Smirnov test.

Supplementary File 4. P-values and adjusted P-values.

P-values (P,_., and P,_.,
independent histone modification data for confirmation.

) and adjusted P-values for

Supplementary File 5. P-values and adjusted P-values.
P-values (P,_ and P and adjusted P-values for his-

tone enrichment.

G>G’ )

Supplementary File 6. Supplementary Figures S1, S2,
S3 and S4.
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