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Abstract

RNA-mediated transmission of phenotypes is an important way to explain non-Mendelian heredity. We have previously
shown that small non-coding RNAs can induce hereditary epigenetic variations in mice and act as the transgenerational
signalling molecules. Two prominent examples for these paramutations include the epigenetic modulation of the Kit gene,
resulting in altered fur coloration, and the modulation of the Sox9 gene, resulting in an overgrowth phenotype. We now
report that expression of the Dnmt2 RNA methyltransferase is required for the establishment and hereditary maintenance of
both paramutations. Our data show that the Kit paramutant phenotype was not transmitted to the progeny of Dnmt2 ™/~
mice and that the Sox9 paramutation was also not established in Dnmt2~/~ embryos. Similarly, RNA from Dnmt2-negative
Kit heterozygotes did not induce the paramutant phenotype when microinjected into Dnmt2-deficient fertilized eggs and
microinjection of the miR-124 microRNA failed to induce the characteristic giant phenotype. In agreement with an RNA-
mediated mechanism of inheritance, no change was observed in the DNA methylation profiles of the Kit locus between the
wild-type and paramutant mice. RNA bisulfite sequencing confirmed Dnmt2-dependent tRNA methylation in mouse sperm
and also indicated Dnmt2-dependent cytosine methylation in Kit RNA in paramutant embryos. Together, these findings
uncover a novel function of Dnmt2 in RNA-mediated epigenetic heredity.
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Introduction

Experimental results on model animals ranging from Caenorhab-
ditis and Drosophila to the mouse have recently provided support for
a mode of epigenetic heredity distinct from the canonical
Mendelian rules [1-10]. These findings may help in understanding
unexpected epidemiological results showing paternal transmission
of pathological states over several generations [11-13] and provide
at least partial solutions to the ‘missing heritability’ problem raised
by genomic analyses [11,14]. Several of the current experimental
systems point to RNA as the transgenerational signalling molecule,
sperm RINA [15] in the case of paternal heredity.

One important example of RNA-mediated inheritance is
provided by the mouse paramutation, where transcriptional
activation of a locus is mediated by small non-coding RNAs
(sncRNAs). These epigenetic variations were first detected by the
hereditary maintenance of the white-tail phenotype of the Ait
mutation in Kii™* offspring of heterozygotes carrying an
inactivated allele (Ki#™Y"’*), which was associated with an
accumulation of aberrant Ait transcripts in germ cells [8]. These
RNAs were thought to play a role in the transgenerational
transfer of the phenotype, a conclusion strengthened by
microinjection assays in naive fertilized eggs. More specifically,
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oligoribonucleotides with sequences of the transcripts and Kit-
specific microRNAs generated the hereditary modification.
Similarly, microinjection in eggs of microRNA miR-1 resulted
in overexpression of its target (dk9 and that of miR-124 in
increased expression of Sox9 during the preimplantation period.
The miR-1/Cdk9 paramutants developed cardiac hypertrophy
[4] and the miR-124/S0x9 variants a giant phenotype and twin
pregnancies [10]. In all three cases, the epigenetic variations were
stable over at least three generations of outcrosses and paternal
transmission was explained by the transfer of sequence-related
molecules in the spermatozoal RNA fraction.

A search for genes involved in paramutation led us to consider a
role of the Dnmt2 methyltransferase in RNA mediated epigenetic
inheritance. In contrast to other members of the Dnmt family, the
Dnmt2 protein catalyses cytosine methylation in RNA substrates,
an activity which was at first enigmatic, homozygous null mutants
of Drosophila, Arabidopsis and mouse being viable and fertile under
laboratory conditions [16]. Methylation by Dnmt2 was reported to
protect tRNAs from cleavage under stress conditions [17] and to
be involved in upholding steady state levels of tRINAs [18]. We
now report that a homozygous loss-of-function mutation of the
Dnmt2 locus prevents the appearance of epigenetic variants of the
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Author Summary

The possibility of a mode of inheritance distinct from the
Mendelian model has been considered since the early days
of genetics. Only recently, however, suitable experimental
models were created. We now see the development of
new experimental systems detecting non-Mendelian in-
heritance in a variety of organisms, from worms to mice.
We have previously shown that RNA molecules act as
transgenerational inducers of epigenetic variations in mice.
We are currently using Mendelian genetics to dissect the
factors involved in RNA-mediated transgenerational sig-
nalling. By showing an absolute requirement for Dnmt2 in
this process, our study extends our knowledge of this still
somewhat enigmatic protein. We confirmed that RNA
rather than DNA methylation by the protein is involved in
epigenetic heredity, and our genetic results indicate a
requirement during an early step in the reproductive
process, between parental gametogenesis and the preim-
plantation stage.

Kit and Sox9 loci. Our results indicate that the methyltransferase is
not required for expression of the variant phenotype during
development. Our data further indicate a Dnmt2-dependent
initiation step and suggest a role for Dnmt2 in the homeostasis of
sncRNAs in the early embryo.

Results

Inheritance of epigenetic variations requires Dnmt2

The white tail and feet of the K™/ heterozygotes
(Figure 1A) are immediately recognizable, thus allowing for
quantitative studies on relatively large numbers of mice. A non-
Mendelian mode of transmission detected in their progenies had
initially allowed us to identify a hereditary epigenetic modifica-
tion of expression of the Kif* allele (paramutation), which is
determined by cognate sncRNAs [8]. We then initiated a search
for genes that would affect the establishment and/or mainte-
nance of the paramutated state and considered the Dnmt2 RNA
methyltransferase as a possible candidate. We generated 129/Sv
mice carrying the heterozygous Ait locus and a Dmmt2 null
mutation [16]. The results of crosses between Kif™ "+
Drnmi2”’" parents are summarized in Figure 1A, with a more
detailed presentation in Table 1 and Figure SI. The Dumi2*'*
control crosses yielded the expected frequency of Kit para-
mutants (Kii"™* genotype with the white-spotted phenotype of the
mutant). In contrast, in the progeny of two Dnmt2 '~ parents,
segregation of the phenotypes strictly corresponded to the Aut
genotype. Crosses with Kif*”*, Dnnu2*’* mice of the wild type,
full tail color Kif*’*, Dnmt2~’~ offspring failed to restore the
modified state. A role of the genetic background was excluded
because the results were reproduced in C57BL/6 and in B6D2F1
hybrids (Table S1).

The regular segregation of the Kit" phenotype in Dnmt2™ '~
crosses could have been explained by the selective mortality of
variant embryos during development. However, further analysis
argued against this possibility. As shown in Table 1 (Exp #2), all
the embryos generated in 10 crosses between Kit™ """ Dumu2™ "~
males and Kif™"* Dnmt2~ '~ females were transplanted at the one-
cell stage into Dumt2** foster mothers and 75 living births were
obtained from 77 transplants. None of the i progenies showed
the variant phenotype under these conditions, thus excluding
embryonic lethality.
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The parental methyltransferase is sufficient for
transgenerational epigenetic variation

Genetic analysis identified an initial period of establishment of
the epigenctic variation. In crosses between Kif™ % Dumt2*’
males and either Dnmt2~’~ or Dnmt2™ ™~ females, a fraction of the
Kit"* Dnmt2~'~ offspring showed the white-spotted phenotype
(Table 2). This Dnmt2-negative Kit paramutant progeny was
generated with a frequency identical to that in Dumi2*’* crosses.
However, when these mice were subsequently crossed to wild-type
partners, they did not further transmit the white tail phenotype. In
other words, the epigenetic state was initially maintained in the
Dami2™"~ genotype during somatic development but was heritable
only from a parent with an intact Dnmt2 allele. We conclude that
Dnmt2 activity is critical during parental gametogenesis and/or in
fertilized eggs. The resulting change in Kit expression in early stem
cells can then be maintained in melanoblast stem cells in a Dnmt2-
independent manner and results in the defect in their migration
during early development responsible for the pigmentation of the
adult tail.

Dnmt2 is known to be expressed in oocytes and preimplantation
embryos [19] and we detected both Dnmt2 RNA and protein in
fractionated male germ cells in spermatocytes, round and
elongated spermatids (Figure S3). We also analysed the methyl-
ation patterns in mouse sperm of the CG38 target site in two
established Dnmt2 substrates. The results showed high levels of
(38 methylation for tRNA(Asp) and tRNA(Gly) in sperm from
wild type mice (Figure S4). This methylation was substantially
reduced in sperm from Dmmi2” '~ mice (Figure S4), which
provided confirmation for the enzymatic activity of Dnmt2 in
the male germline.

RNA microinjection into Dnmt2~/~ fertilized eggs

Further support for a role of Dnmt2 in the inheritance of
epigenetic variation was obtained from RNA microinjection
experiments. We had previously shown that microinjection into
naive fertilized eggs of either RNA extracted from Kif™4¥/+
tissues, or the cognate microRNAs, or oligoribonucleotides with
transcript sequences induced the heritable phenotype modifica-
tion. We then used these assays to compare the efficiency of RNA
preparations from Dmmt2” '~ and Dnmi2*’* K™+ heterozy-
gotes. The results showed that RNA from the brains and testis of
Dnmt2-deficient Kit heterozygotes did not induce the modified
phenotype (Table 3). In subsequent experiments, an oligoribonu-
cleotide with a sequence from the Kit mRNA (nt 2123-2150,
Table S2) also induced the white-spotted phenotype when
microinjected into wild-type one-cell embryos (Table 4). We also
tested a form of the same Kit oligoribonucleotide in which all
cytosines were methylated. This RNA, indicated as ‘Kit2123-
2150met’ in Table 4, was more efficient in inducing the modified
phenotype in Dnmt2*’* embryos but inefficient in the Dnmt2-
deficient background, indicating a requirement for Dnmt2
expression in the embryo. We conclude that, while methylation
of the inducer RNA is required for optimal efficiency, the
methyltransferase is still needed in the most early embryonic
period.

Dnmt2 requirement in the Sox9/miR-124 paramutation
To extend our analysis to a second example of a mouse
paramutation, we tested whether the lack of Dnmt2 would affect
the epigenetic modulation of Sox9 which can be induced by
microinjection of the cognate microRNA miR-124 and of Sox9
transcript fragments in Dumt2*’* embryos [4]. The miR-124/So0x9
variants were characterized by augmented numbers of blastocyst
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Figure 1. The Kit and Sox9 variant phenotypes are not generated in Dnmt2-negative embryos. A. Kit paramutants in heterozygote
mating. In the progeny of crosses between Kit™4#"* heterozygotes (either males or females) and Kit*”* partners, a majority of the Kit"* offspring (red
boxes) maintained the white-tail phenotype of the mutant shown in the insert photograph. In crosses performed in parallel between isogenic
Dnmt2~/~ parents, all the Kit"”" progeny exhibited the full-color tail phenotype (open boxes). Numeric values and results of Kit™AIfI* intercrosses are
shown in Table 1. B. The Sox9 paramutation induced by microinjection of miR-124 RNA. Fertilized B6D2 eggs were collected following crosses either
between Dnmt2"" parents, or between a Dnmt2”* female and a Dnmt2™/~ male, or between two Dnmt2 /" parents. Microinjection of single-
stranded miR-124 RNA was performed as previously described [4]. E7.5 embryos were collected. In the wild-type and heterozygote Dnmt2 genotypes,
but not in the negative homozygote, the characteristic “giant” phenotype was identified based on the increased size (insert, scaling bar 1 mm) and
weight of the embryos. Bars represent the average weight and standard error of the mean (SEM) values for each series of 6 embryos. To minimize

variations between foster mothers, controls (microinjected with unrelated RNAs) and miR-124-treated embryos were in each series separately

implanted in the two uterine horns of the same mothers. p<<0.05 for Dnmt2 negative versus wild-type and heterozygote embryos.

doi:10.1371/journal.pgen.1003498.g001

stem cells and, as a result, overgrowth of the embryo and adult
body and frequent twin pregnancies. Following microinjection of
miR-124 into Dnmt2” '~ fertilized cggs, E7.5 embryos were
identical to controls (Figure 1B) and not oversized as the
Dnmt2+"* Sox9 paramutants. We concluded that the paramutation
of Sox9 is also dependent on Dnmt2 expression.

Unchanged DNA methylation and hydroxymethylation
profiles at the Kit locus

Modified patterns of DNA methylation have been reported in
various instances of epigenetic variation [ref. 20 for review]
including the maize paramutation [21]. We used methylated DNA
immunoprecipitation (meDIP) to determine the DNA methylation
status of the Kit locus in testis DNA from wild type, Ki™*""/* and
Kif’* paramutant mice. Assays were developed for three distinct
regions covering the Ait promoter, exon 2 and exon 14,
respectively (Figure 2A). The results indicated only background
levels of methylation in the promoter, and substantial methylation
in the two intragenic regions (Figure 2B). This pattern was
observed for all three genotypes (Figure 2B), indicating that the Kit
paramutation is not associated with altered DNA methylation
profiles of the locus — although we cannot exclude a localized
change in an unknown element at a distance, as described for the
b1 paramutation of maize [21]. In parallel experiments, we also
used this approach to determine the DNA hydroxymethylation
status of the locus and found that hydroxymethylation levels were
invariably low in all genotypes and regions tested (Figure 2B). The
meDIP findings were subsequently validated by DNA bisulfite
sequencing of testis DNA. The results demonstrated that the Kit
promoter was completely unmethylated and that the exon 14
region was completely methylated (Figure 2C). This pattern was
again observed for all three genotypes (Figure 2C), which further
suggests that paramutation is not associated with an altered DNA
methylation profile of the Ait locus.

Cytosine methylation analysis of Kit RNA molecules

We also used RINA bisulfite sequencing to analyze the possibility
that Dnmt2 might methylate Ait transcripts. To this end, we
induced the Kit paramutation by microinjection of an oligor-
ibonucleotide (Kit2123-2150) into fertilized eggs obtained from
either two Dumt2™"~ or two wild-type parents. In parallel, we also
prepared control embryos that were injected with buffer. RNA
was prepared from E9.5 embryos and methylation analysis was
performed on the 45 cytosines of a region amplified from Aizt RNA
(nt 2100-2336) that covers the inducer oligoribonucleotide (nt
2123-2150) and overlaps the exon 14:15:16 junctions. The results
revealed two closely associated cytosines (cytosines #4 and #8,
Figure 3) that remained unconverted in a higher fraction of reads,
specifically in the microinjected Dnmt2*’* embryos. Methylation of
mRNA by Dnmt2 has not been reported so far and it is possible
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that our results have been influenced by deamination artifacts.
However, the same two methylation sites were identified in three
independent biological replicates and were not observed in the
control embryos or in the oligoribonucleotide-treated Dnmt2™ /™
embryos (Figure 3), which suggests that they might represent
genuine methylation marks. Contamination by DNA was excluded
by the spliced structure of the sequence. Furthermore, we also
tested the methylation pattern of the corresponding genomic
sequence. The results showed methylated CpG sites that were
clearly distinct from the sites detected in RNA and that were not
dependent on the Dnmt2 genotype (Figure S5).

Discussion

The physiological role of the RNA methyltransferase activity of
Dnmt2 has been enigmatic for a long period of time. Dnmt2-
mediated tRNA methylation has recently been linked to tRNA
stability [17,18]. However, the widespread occurrence of 5-
methylcytosine in RNA [22] may reflect a variety of functions,
most of which still remain to be identified. The recurrent general
considerations on a regulatory role of noncoding RNAs [reviewed
in refs 23,24 led us to consider a possible physiological function of
the methyltransferase in epigenetic regulation. The three instances
of RNA-mediated hereditary variation that we reported as
paramutations provided suitable experimental models.

We now report that Dnmt2 is required for establishment and
hereditary transmission of the epigenetic variation at the Kit and
Sox9 loci. This was first revealed for the visible color phenotype of
the Ait variants, a most classical approach in genetics. It was
further confirmed and extended to Sox9 by microinjection
experiments. Our data show that the parental RNAs and synthetic
oligoribonucleotide inducers of the epigenetic variations were
inefficient in Dnmt2-negative embryos. Evidence for RNA
methylation in the inducer oligonucleotide sequence was observed
in embryos undergoing the Kit paramutation. Furthermore, while
the modified Kit phenotype was never observed in Damt2 ~—/~
homozygotes born from two parents with the same genotype, it
was, however, expressed by genetically identical homozygotes
when at least one of their parents was a Dnmt2-positive
heterozygote (Table 2). We concluded that the protein is required
only during the parental gametogenesis or in the early embryo and
not at later developmental stages — except for subsequent
transgenerational transfer.

At least two general explanatory models can be considered for
the absolute requirement in Dnmt2 in the establishment of the
epigenetic change. One model would be based on the knowledge
that tRNAs are bona fide substrates of Dnmt2, and that tRNA
fragments are highly abundant in mouse sperm [25]. Our data
show that at least two tRNAs are methylated in mouse sperm in a
Dnmt2-dependent manner (Figure S4), which raises the possibility
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Table 3. RNA of Dnmt2 ~/~ Kit™Af1”* heterozygotes does not induce paramutation in the wild-type one-cell embryo.

Kit ™Al Dnmt2 genotype Injected Kit"* embryos Litters Total births White-tailed*
Testis RNA +/+ 44 3 21 10

Brain RNA +/+ 51 4 23 11

Testis RNA == 56 4 27 1

Brain RNA —/= 59 4 29 0

*p<<0.05 between RNAs of Dnmt2-positive and negative animals.
doi:10.1371/journal.pgen.1003498.t003

Table 4. Induction of paramutation by a fragment of the Kit mRNA sequence is increased after methylation but requires Dnmt2
expression.

Embryo genotype Oligoribonucleotide Injected embryos Total births (litters)  White-tailed mice
Dnmt2 ** Kit 2123-2150 80 28 (7) 4

Dnmt2 ** Kit2123-2150met 80 38 (8) 138

Dnmt2 /= Kit2123-2150met 100 45 (9) 0

Dnmt2 ** buffer 39 19 (4) 1

Dnmt2 ** miR-124 50 28 (3) 1

Dnmt2 ** miR-29b 40 21 (3) 1

Microinjection assays were performed comparatively on wild type fertilized eggs and eggs recovered after mating two Dnmt2 ~/~ parents. Controls received either
buffer only. Sequence of the Kit oligoribonucleotide is shown in Table S2. MetKit2 is identical to Kit2123-2150 but with all 8 cytosines methylated.

$p<0.05 between the methylated and the non methylated RNAs.

doi:10.1371/journal.pgen.1003498.t004
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Figure 2. DNA methylation analysis. A. Structure of the Kit transcription unit on mouse chromosome 5. Regions analyzed by (h)meDIP are
indicated as black boxes, the promoter-associated CpG island is shown as a green box and the transgene insertion site of the Kit™*"* allele is
marked by an asterisk. B. (h)meDIP analysis of genomic DNA from mouse testes. Immunoprecipitated DNA was amplified by locus-specific gPCR and
enrichments were calculated relative to the unmethylated actin control. 5mC values are shown as red bars and 5hmC values as blue bars. Diagrams
show the results of at least three independent experiments, standard errors of the mean are indicated by error bars. C. Bisulfite sequencing analysis of
genomic DNA from testes. Methylation maps show 454 sequencing reads (rows) and the methylation status of 9 CpGs (columns) within the Kit
promoter and 4 CpGs from the Kit exon 14 region. Methylated CpGs are shown in red, unmethylated CpGs in cyan and gaps in white. Numbers in
methylation maps indicate the number of sequencing reads.

doi:10.1371/journal.pgen.1003498.g002
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Figure 3. RNA methylation analysis. A. Single-cell embryos were collected after mating of either two wild-type or two Dnmt2~’~ B6/D2 parents.
After microinjection of the Kit2123-2150 oligoribonucleotide (representing 28 nt of the mRNA sequence) or buffer, the embryos were transferred to
foster mothers (2 for each condition and 10 embryos per foster). At embryonic day E9.5, 6 to 8 embryos were obtained from each foster. Total RNA
was prepared separately from each embryo and processed for Kit RNA methylation analysis. RNA bisulfite sequencing maps are shown for 45 cytosine
residues from the Kit exon 14 region in microinjected wild-type and Dnmt2 ™/~ embryos. Each row represents one sequence read, each column a
cytosine residue. Yellow boxes represent unmethylated cytosine residues, blue boxes indicate methylated cytosine residues, sequencing gaps are
shown in white. Results are shown for three independent biological replicates, numbers in methylation maps indicate the total number of
sequencing reads. Arrows mark two putative cytosine methylation sites, numbers below arrows indicate the site-specific methylation levels. B.
Schematic drawing of the sequenced region of Kit mRNA. Position of the microinjected oligoribo-nucleotide is shown in red and underlined in the

nucleotides sequence.
doi:10.1371/journal.pgen.1003498.9g003

that methylation-dependent processing of tRNAs [17] could result
in the generation of paramutation-inducing sncRNAs. However,
we have so far been unable to detect any recognizable phenotypes
after microinjection of various tRNAs and tRNA fragments (data
not shown). A second model would consider that the inducer
small RNAs are maintained only in the Dnnmut2™"* genotype,
possibly because they are methylated or complexed with
methylated tRNAs. Such a model would also account for the
increased efficiency of the methylated synthetic oligoribonucleo-
tides (Table 4). Current preliminary results suggest that exoge-
nous small RNAs introduced in the early embryo are stably
maintained only in Dnmt2-positive embryos, leading us to the
hypothesis of a protection against endonucleolytic cleavage by
methylation in a manner analogous to tRNAs [17]. A control of

PLOS Genetics | www.plosgenetics.org

the maintenance of parental small RNAs at the maternal-zygotic
transition would be reminiscent of the mechanisms that, at the
same developmental stages, eliminate part of the parental
mRNAs [26]. In such a model, the new individual would actively
constitute its own set of functional RNAs, both large and small,
from the parental stocks.

Materials and Methods

Mice and genotyping

The experiments here described were carried out in compliance
with the relevant institutional and French animal welfare laws,
guidelines and policies. They have been approved by the French
ethics committee (Comité Institutionnel d’Ethique Pour I’Animal

May 2013 | Volume 9 | Issue 5 | e1003498



de Laboratoire; number NCE/2012-54). Kit"™“/"’* heterozygotes
were maintained in parallel in the original 129/Sv genetic
background and in C57BL/6xDBA/2 F1 hybrids (B6D2). The
Dumt2~"~ homozygote [16] was kindly provided by T. Bestor.
Originally maintained on a mixed genetic background, the
mutation was backcrossed onto 129/Sv, C57BL/6 and B6D2
genetic backgrounds, in each case for more than ten generations.
Genotypes were determined by PCR analysis of Neo and Lacg
expression and by Southern blot hybridization using a genomic
probe.

RNA microinjection

Total brain and testis RNA and oligoribonucleotides with Kit
and miRNA sequences were adjusted to a concentration of 1 ug/
ml and microinjected into B6D2 fertilized eggs according to
established methods of transgenesis [27]. Quality of RNA
preparations from the mouse organs was checked by spectroscopic
analysis using the Bioanalyzer 2100 apparatus (Agilent Technol-
ogies, Santa Clara, CA) (Figure S2). Oligoribonucleotides were
obtained from Sigma-Prolabo (sequences provided in Table S2).

Northern blot

Northern blot analysis was performed by standard methods
[28]. For analysis, RNA was extracted with Trizol Reagent
(Invitrogen).

Western blot analysis

Protein extracts for Dnmt2 Western blot were prepared from
snap-frozen enriched germ cell populations obtained by homog-
enization in RIPA Buffer. Testicular fractions were purified by
elutriation as described [29]. 20 pg of protein was fractionated
onto a 15% denaturing SDS-polyacrylamide gel and transferred to
nitrocellulose. The following antibodies were used for immuno-
detection: rabbit anti-Dnmt2 antibody (Santa-Cruz, Rabbit
polyclonal IgH sc-20702, lot: B1903) 1:100 and rabbit anti-B-
actin antibody (Santa-Cruz, sc-47778, lot: D0907) 1: 250 with
peroxidase-coupled goat anti-rabbit secondary antibody (Santa
Cruz Biotechnology) 1:10,000.

DNA methylation analysis

Methylated DNA immunoprecipitation was performed as
described previously [30]. Sequences of PCR primers are shown
in Table S3. DNA bisulfite sequencing analysis was performed by
using the EpiTect Bisulfite Kit (Qiagen), in combination with 454
sequencing technology (Roche). Sequences of 454 bisulfite
sequencing primers are shown in Table S3 and S4. Methylation
maps were generated by BISMA [31].

RNA methylation analysis

Analysis of cytosine methylation in Kit RNA was performed as
described [32], with minor modifications. RNA isolated using
TRIzol (Invitrogen) was digested with DNase (Promega). An
aliquot of 6 pg of RNA dissolved in 20 pl of RNase-free water was
mixed with 42.5 ul of “Bisulfite Mix” and 17.5 pl of “DNA
Protect” buffer. The RNA was denatured at 70°C for 5 min,
followed by 1 h incubation at 60°C. This cycle was repeated 5
times. RNA was isolated from the bisulfite reaction mix using the
RNeasy Purification Kit (Qiagen) and treated with 0.5 M Tris-
HCI, pH 9 at 37°C for 1 h. Finally, RNA was precipitated and
further processed for sequencing, as described previously [32].
This included random barcoding during the reverse transcrip-
tion reaction to confirm that the sequenced DNA molecules
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represented different RNA molecules. Sequences of PCR primers
are shown in Table S3 and S4. Sperm RNA was prepared as
described [10] and analyzed as described previously [18].

Statistics
Data are expressed as means * s.e.m. A p-value of less than
0.05 was considered statistically significant.

Supporting Information

Figure S1 Generation of Dwmi2 '~ Kit heterozygotes and
crosses with Kif"”* partners. A. The phenotypes of the genetically
Kt offsprings are indicated by colors, green for the wild type
(full tail color) and red for the paramutants (white tail). B. Crosses
between Dumt2*’ ™~ parents generate a non heritable, paramutant,
phenotype with Dumt2~ '~ genotype. Number of crosses and mice

analyzed in a representative series are shown in Table 1.

(PDF)

Figure S2 Gel and electropherogram profiles of mouse total
RNA samples using Bioanalyzer 2100. Total RNA from brain and
testes of different genotypes was isolated using Trizol (Invitrogen)
and RNA was loaded in the 2100 RNA Bioanalyzer (Agilent,
Santa Clara, CA). Lane L: size markers. Sharp bands of 28S and
18S ribosomal RNA are quality control of isolated total RNA.

(PDF)

Figure 83 Dnmt2 is expressed up to the late spermatogenic
stages. Expression was analyzed by Northern (A) and by Western
blotting (B) in testis cells purified by elutriation as described [32].
(PDE)

Figure S4 (RNA methylation heatmaps for tRNA®P and
(RNAY in wild-type and Dnmt2~’~ sperm. Numbers indicate
the number of sequencing reads, arrowheads indicate the Dnmt2
target position (C38).

JrPG)

Figure 85 Cytosine methylation in exon 14 of the Kit RNA
sequence does not correspond to the sites methylated in the
genomic sequence. Bisulfite assays of C-methylation. Empty circles
show the position of unmethylated cytosines, filled circles that of
methylated cytosines. Top: reverse transcribed-amplified RNA
sequences. Bottom: the corresponding sequence in genomic DNA.
Each line corresponds to the common pattern of 30 sequences
rcad for cach genotype. 1: Dumt2 ™% embryos, 2: Dumt2™ '~
embryos after microinjection of the Kit oligoribonucleotide.
(PDI)

Table S1 Scgregation of phenotypes in Dnmt2~ '~ Kit heterozy-
gote crosses in the B6D2 F1 hybrid and C57BL/6 genetic

backgrounds.
(DOCX)

Table 82 Oligoribonucleotides for microinjection experiments

DOCX)
Table 83 Primers for PCR amplification.

DOCX)

Table $4 Primers for bisulfite sequencing.
DOCX)

Acknowledgments

We are indebted to T. Bestor for the gift of the Dumt2™’~ mouse. We thank
M. Radjkumar, J. Menardo, J. Paput, F. Paput, M. Bossert , C. Bettache,
and T. Musch for skilled technical assistance and A. Breiling for help with
(h)me-DIP.

May 2013 | Volume 9 | Issue 5 | 1003498



Author Contributions

Conceived and designed the experiments: MR FL. Performed the
experiments: MR JK VG RL FT HG. Analyzed the data: MR JK VG

References

1.

Ashe A, Sapetschnig A, Weick EM, Mitchell J, Bagijn MP, et al. (2012) piRNAs
can trigger a multigenerational epigenetic memory in the germline of C. elegans.
Jell 150: 88-99.

. Chong S, Whitelaw E (2004) Epigenetic germline inheritance. Current opinion

in genetics & development 14: 692-696.

. de Vanssay A, Bouge AL, Boivin A, Hermant C, Teysset L, et al. (2012)

Paramutation in Drosophila linked to emergence of a piRNA-producing locus.
Nature 490: 112-115.

Grandjean V, Gounon P, Wagner N, Martin L, Wagner KD, et al. (2009) The
miR-124-Sox9 paramutation: RNA-mediated epigenetic control of embryonic
and adult growth. Development 136: 3647-3655.

Greer EL, Maures TJ, Ucar D, Hauswirth AG, Mancini E, et al. (2011)
Transgenerational epigenetic inheritance of longevity in Caenorhabditis elegans.
Nature 479: 365-371.

. Johnson CL, Spence AM (2011) Epigenetic licensing of germline gene expression

by maternal RNA in C. elegans. Science 333: 1311-1314.

. Nadeau JH (2009) Transgenerational genetic effects on phenotypic variation and

disease risk. Hum Mol Genet 18: R202-210.

. Rassoulzadegan M, Grandjean V, Gounon P, Vincent S, Gillot I, et al. (2006)

RNA-mediated non-mendelian inheritance of an epigenetic change in the
mouse. Nature 441: 469-474.

Shirayama M, Seth M, Lee HC, Gu W, Ishidate T, et al. (2012) piRNAs initiate
an epigenetic memory of nonself RNA in the C. elegans germline. Cell 150: 65
77.

. Wagner KD, Wagner N, Ghanbarian H, Grandjean V, Gounon P, et al. (2008)

RNA induction and inheritance of epigenetic cardiac hypertrophy in the mouse.
Dev Cell 14: 962-969.

Gluckman PD, Hanson MA, Beedle AS (2007) Non-genomic transgenerational
inheritance of disease risk. BioEssays 29: 145-154.

. Hemminki K, Forsti A, Bermejo JL (2008) Estimating risks of common complex

diseases: familial and population risks. ] Med Genet 45: 126-127.

. Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K, et al. (2006)

Sex-specific, male-line transgenerational responses in humans. Eur ] Hum Genet
14: 159-166.

. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorfl' LA, et al. (2009)

Finding the missing heritability of complex diseases. Nature 461: 747-753.

. Ostermeier GC, Miller D, Huntriss JD, Diamond MP, Krawetz SA (2004)

Reproductive biology: delivering spermatozoan RNA to the oocyte. Nature 429:
154.

Goll MG, Kirpekar F, Maggert KA, Yoder JA, Hsich CL, et al. (2006)
Methylation of tRNAAsp by the DNA methyltransferase homolog Dnmt2.
Science 311: 395-398.

PLOS Genetics | www.plosgenetics.org

RNA Methylation in Epigenetic Heredity

FC FL RL FT. Contributed reagents/materials/analysis tools: MR JK VG
FL RL FT. Wrote the paper: MR FC VG FL.

20.

21.

22.

23.

24.

27.

28.

29.

30.

31.

32.

Schaefer M, Pollex T, Hanna K, Tuorto F, Meusburger M, et al. (2010) RNA
methylation by Dnmt2 protects transfer RNAs against stress-induced cleavage.
Genes & development 24: 1590-1595.

. Tuorto F, Liebers R, Musch T, Schaefer M, Hofmann S, et al. (2012) RNA

cytosine methylation by Dnmt2 and NSun2 promotes tRNA stability and
protein synthesis. Nature structural & molecular biology 19: 900-905.

. Vassena R, Dee Schramm R, Latham KE (2005) Species-dependent expression

patterns of DNA methyltransferase genes in mammalian oocytes and
preimplantation embryos. Mol Reprod Dev 72: 430-436.

Suzuki MM, Bird A (2008) DNA methylation landscapes: provocative insights
from epigenomics. Nature reviews Genetics 9: 465-476.

Stam M, Belele C, Dorweiler JE, Chandler VL (2002) Differential chromatin
structure within a tandem array 100 kb upstream of the maize bl locus is
associated with paramutation. Genes Dev 16: 1906-1918.

Squires JE, Patel HR, Nousch M, Sibbritt T, Humphreys DT, et al. (2012)
Widespread occurrence of 5-methylcytosine in human coding and non-coding
RNA. Nucleic acids research 40: 5023-5033.

Mattick JS, Amaral PP, Dinger ME, Mercer TR, Mechler MF (2009) RNA
regulation of epigenetic processes. Bioessays 31: 51-59.

Mattick JS, Taft RJ, Faulkner GJ (2010) A global view of genomic information
moving beyond the gene and the master regulator. Trends in genetics 26: 21-28.

. Peng H, Shi J, Zhang Y, Zhang H, Liao S, et al. (2012) A novel class of tRNA-

derived small RNAs extremely enriched in mature mouse sperm. Cell research

22: 1609-1612.

. Lykke-Andersen K, Gilchrist MJ, Grabarek JB, Das P, Miska E, et al. (2008)

Maternal Argonaute 2 is essential for early mouse development at the maternal-
zygotic transition. Molecular biology of the cell 19: 4383-4392.

Hogan B, Costantini F, Lacy L (1994) Manipulating the mouse embryo -
a laboratory manual. Cold Spring Harbor, NY: Second edition, Cold Spring
Harbor Laboratory.

Sambrook J, Russell DW (2001) Molecular cloning : a laboratory manual. Cold
Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press. 3 v. p.

Olive V, Wagner N, Chan S, Kastner P, Vannetti C, et al. (2007) PU.1 (Sfpil), a
pleiotropic regulator expressed from the first embryonic stages with a crucial
function in germinal progenitors. Development 134: 3815-3825.

Bocker MT, Tuorto F, Raddatz G, Musch T, Yang FC, et al. (2012)
Hydroxylation of 5-methyleytosine by TET2 maintains the active state of the
mammalian HOXA cluster. Nature communications 3: 818.

Rohde C, Zhang Y, Reinhardt R, Jeltsch A (2010) BISMA-fast and accurate
bisulfite sequencing data analysis of individual clones from unique and repetitive
sequences. BMC Bioinformatics 11: 230.

Schaefer M, Pollex T, Hanna K, Lyko F (2009) RNA cytosine methylation
analysis by bisulfite sequencing. Nucleic Acids Res 37: el12.

May 2013 | Volume 9 | Issue 5 | e1003498



