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Abstract

Exposure to the agricultural fungicide vinclozolin during gestation promotes a higher incidence of various diseases in the
subsequent unexposed F3 and F4 generations. This phenomenon is termed epigenetic transgenerational inheritance and
has been shown to in part involve alterations in DNA methylation, but the role of other epigenetic mechanisms remains
unknown. The current study investigated the alterations in small noncoding RNA (sncRNA) in the sperm from F3 generation
control and vinclozolin lineage rats. Over 200 differentially expressed sncRNAs were identified and the tRNA-derived
sncRNAs, namely 50 halves of mature tRNAs (50 halves), displayed the most dramatic changes. Gene targets of the altered
miRNAs and tRNA 50 halves revealed associations between the altered sncRNAs and differentially DNA methylated regions.
Dysregulated sncRNAs appear to correlate with mRNA profiles associated with the previously observed vinclozolin-induced
disease phenotypes. Data suggest potential connections between sperm-borne RNAs and the vinclozolin-induced
epigenetic transgenerational inheritance phenomenon.
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Introduction

Over a decade ago, the Skinner lab observed that gestating rats
(F0 generation) transiently exposed during gonadal sex deter-
mination (i.e. embryonic day E8.5–E14.5) to the endocrine dis-
rupter vinclozolin produced offspring (F1 generation) with
higher incidences of various diseases, such as increased sper-
matogenic cell apoptosis and kidney abnormalities, through a
mechanism that did not involve genetic inheritance nor relied

on mutations of DNA sequences [1, 2]. Interestingly, despite the
exposure occurring solely in the parent generation (F0), the dis-
ease phenotype and frequency persisted in rats of the subse-
quent generations, including the great and great–great grand
offspring (F3 and F4, respectively) [1]. Although the F1 gener-
ation embryo and germ cells of the grand offspring (F2 gener-
ation) had been exposed to vinclozolin in utero, the F3
generation rats and their progeny were never directly exposed,
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but maintained the transgenerational phenotype [1, 3, 4]. This
phenomenon is termed “epigenetic transgenerational inherit-
ance,” as the phenotype is transmitted across generations
through altered epigenetic information in the germline, without
continued direct environmental exposure (transgenerational in-
heritance) [1, 3]. Since this initial discovery, a large number of
environmental exposures and other endocrine disruptors [e.g.
dioxin, bisphenol A (BPA), pesticides DDT and methoxychlor,
hydrocarbons, and tributyltin] have also been shown to pro-
mote the epigenetic transgenerational inheritance of disease
phenotypes [5–9]. Although germline DNA methylation has
been investigated as a transgenerational epigenetic mechan-
ism, the role of other epigenetic processes such as ncRNA have
not been thoroughly investigated [4].

The vinclozolin-induced transgenerational inheritance of
abnormal phenotypes is primarily paternally transmitted [1].
Therefore, the sperm of vinclozolin lineage rats transmit the
altered epigenetic information between generations [2].
Differential DNA methylated regions (DMRs) have previously
been identified in the sperm and male primordial germ cells
(PGCs; isolated at E13 and E16) of F3 generation vinclozolin lin-
eage rats [10, 11]. A number of different epigenetic mechanisms
have been suggested to have a role in epigenetic transgenera-
tional inheritance [12]. In addition to transmitting the paternal
genome to the zygote, sperm are known to contain a diverse
population of RNAs, including small noncoding RNAs
(sncRNAs), which are also delivered to the developing embryo
following fertilization [13–17]. Previous studies have demon-
strated that RNAs derived from the sperm of mice with certain
phenotypes (e.g. paramutation induced white tail tip), when in-
jected into a fertilized wildtype oocytes, were sufficient to in-
duce the same phenotype in the next generation [18–21]. A
similar approach was used to show the role of ncRNAs in the
transgenerational inheritance of behavioral phenotypes [21].
These previous studies have suggested a possible role for
sperm-borne ncRNAs in epigenetic transgenerational inherit-
ance [4].

To investigate the relevance of sperm-borne ncRNAs in the
context of vinclozolin-induced epigenetic transgenerational in-
heritance, sncRNA sequencing (sncRNA-Seq) using sperm of
both F3 generation control lineage and vinclozolin lineage rats
was performed. In this study, we identified >200 significantly
differentially expressed sncRNAs in sperm, which belong to sev-
eral different classes of sncRNAs. Notably, tRNA 50 halves, a
class of tRNA-derived sncRNAs (tsRNAs), were dramatically up-
regulated. The gene targets of the altered miRNAs and tRNA 50

halves were determined in silico and compared to previously
observed mRNA transcriptomes associated with vinclozolin-
induced disease phenotypes, as well as the genes proximal to
DMRs found in F3 vinclozolin lineage male PGCs and sperm.
Both the altered miRNAs and tRNA 50 halves were predicted to
target genes relevant to the vinclozolin transgenerational dis-
ease phenotypes, as well as a significant number of genes prox-
imal to the DMRs. Observations suggest a correlation between
sperm-borne ncRNA and the vinclozolin-induced epigenetic
transgenerational inheritance phenomenon.

Results
Transgenerationally Altered sncRNAs in F3 Generation
Sperm

Both the control lineage and vinclozolin lineage F3 generation
sperm possessed diverse populations of sncRNAs, consisting

mainly of miRNAs, tsRNAs, mitochondrial genome-encoded
small RNAs (mitosRNAs), and piRNAs (Fig. 1a). Using DESeq2, a
differential expression analysis software, we compared control
lineage and vinclozolin lineage sncRNA expression levels and
identified 222 sncRNAs with significantly (Padj� 0.1) altered ex-
pression (Fig. 1b, Table 1). The magnitude of the changes (ratio)
is presented in Table S1. Although mostly unchanged, 21 of 251
miRNA observed in sperm (�8%) displayed either up- or down-
regulated expression. Similarly, both piRNAs and rRNA-derived
sncRNAs appeared to be predominantly unaltered, with only
16% and 14% either up- or down-regulated, respectively
(Table 1). In male germ cells piRNAs can be classified as “pre-
pachytene” piRNAs or “pachytene” piRNAs by their length,
timing of expression, and 1st and 10th nucleotide preferences.
Pre-pachytene piRNAs are typically 26–28 nt in length and prefer
uracil and adenine at their 1st and 10th nucleotides, respect-
ively. The pachytene piRNAs, however, expressed after the
pre-pachytene piRNAs, are typically 30 nt long and only have a
preference for uracil at their first nucleotide [22]. The majority
of the dysregulated piRNAs displayed pachytene piRNA charac-
teristics, indicating that they originate during the later stages
of spermatogenesis (Fig. S1). Interestingly, 19 out of 24 (79%)
mitosRNAs were up-regulated in the vinclozolin lineage sperm.
Unlike most other sncRNAs, mitosRNAs do not have a consen-
sus length, and range from 12 to 137 nt depending on the indi-
vidual species [23]. The length distribution of the mitosRNAs
was compared to determine whether the processing of full-
length mitochondrial RNAs in sperm was altered, but no signifi-
cant differences were found (data not shown). Although sperm
tails are generally removed from the preparation, the possibility
that vinclozolin lineage sperm possess more mitochondria than
the typical sperm may explain the uniform up-regulation of the
mitosRNAs, but remains to be investigated.

Numerous tsRNAs were identified in sperm (Table 1), which
is consistent with a previous report showing tsRNAs are abun-
dant relative to other sncRNA classes in sperm [24]. To investi-
gate this further, each sequencing read that aligned to a tRNA
gene during annotation was matched to either the 50 or 30 half
of the each known tRNA. The majority of reads that aligned to
the 50 half of the tRNA was 30–33 nt long, whereas the reads
which aligned to the 30 half had a much wider length distribu-
tion (Fig. 1c). The fragments that were 27 nt or longer were
termed 50 or 30 halves depending on their origin within the
mature tRNA, whereas those less than 26 nt in length were
termed tRNA fragments from the 50 end (tRF-5s) or tRNA frag-
ments from 30 end (tRF-3s) depending on their side preference
(i.e. 50 or 30) [25] (Fig. 1d). Differential expression analysis via
DESeq2 revealed that the 50 halves and tRF-5s were exclusively
up-regulated in F3 generation vinclozolin lineage sperm,
whereas the 30 halves and tRF-3s were predominantly down-
regulated (Table 1). Overall, levels of numerous sncRNAs were
changed in vinclozolin lineage F3 sperm, with tsRNAs and
mitosRNAs being the most altered ones.

miRNA and 50 Halve tsRNA Gene Target Prediction

Due to their potential relevance to the epigenetic transgenera-
tional inheritance phenomenon [26], we mainly focus further
investigations on the 16 altered 50 halves, as well as the 21
altered miRNAs. The miRNAs are known to regulate gene ex-
pression by acting as post-transcriptional regulators [27].
Although less established, various types of tsRNAs, including 50

halves, have also shown post-transcriptional regulatory abilities
[28–33]. To assess whether the targets of these sncRNAs were
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relevant to any of the effects of ancestral vinclozolin exposure
that had been reported previously [1, 2], the putative sncRNA
targets were analyzed in silico. The transgenerationally altered
sperm miRNAs were matched to the 30 untranslated region
(UTR) sequences available for rat, utilizing both RNAhybrid and
miRanda [34–37]. Without an established tRNA halve-mediated
silencing mechanism available for 50 halves, the search was ex-
panded to 50 UTRs and coding sequences (CDS) in addition to 30

UTRs. Only RNAhybrid was used, as it accounts for the length of

the target sequence, which ensured that there would not be a
bias toward the longer (and therefore more prone to random
matches) 30 UTR and CDS over the 50 UTR [35]. The total number
of targets for each transgenerationally altered sperm miRNA
and 50 halves is provided in Table S2. The down-regulated
miRNAs had significantly more predicted targets than the up-
regulated miRNA, suggesting that they may have more func-
tional significance. The 50 UTR sequences were targeted by the
50 halves much more frequently on average than the 30 UTRs
and CDS, with the CDS typically having the fewest putative tar-
gets (Table S2; Fig. 2). Around two-thirds of the predicted gene
targets identified in the 50 halve–50 UTR RNAhybrid analysis
were targeted by more than one 50 halve, whereas roughly 50%
and 25% of the 50 halve–30 UTR and 50 halve–CDS gene target pre-
dictions, respectively, were targeted more than once (Table S3).
This suggests that if sperm 50 halves do possess silencing capa-
bilities, they likely exercise this ability through the 50 UTRs of
their target mRNAs. As little is known about the potential func-
tion of 50 halves, the gene target predictions based on the 30 UTR
and CDS were still considered in our subsequent analyses.

Gene Category and Pathway Analysis

To investigate the putative targets of the transgenerationally
altered sperm miRNAs and 50 halves, a gene ontology (GO) term
enrichment analysis was performed on the genes that were tar-
geted by more than one sncRNA. The miRNA target genes that
had at least two miRNAs were split into redundant up- and
down-regulated miRNA target lists. Searching the Database for

Table 1: differential expressed sncRNAs in vinclozolin lineage F3
sperm

RNA type Up-regulated
genes (no. of
genes)

Down-regulated
genes (no. of
genes)

Unchanged
genes (no. of
genes)

Mature miRNA 13 8 230
rRNA 1 8 54
piRNA 16 68 513
Mitochondrial RNA 19 0 5
50 halves 16 0 14
tRF-5 26 0 25
30 halves 0 2 2
tRF-3 1 43 37

The number of sncRNA species, classified by RNA type, that were significantly

(Padj�0.1) up- or down-regulated in the VL F3 sperm sncRNA-Seq data, relative

to the CL data. SncRNA species with a Padj�0.1 were termed “unchanged”; the

species with “NA” Padj values were not included in this table

Figure 1: Differentially expressed sncRNAs in vinclozolin lineage F3 sperm. (a) The relative amount of each sncRNA class found in the control lineage (CL; left) and

vinclozolin lineage (VL; right) F3 sperm. Sequencing reads which aligned to tRNA genes were classified as 50 halves, tRF-5, 30 halves, or tRF-3 based on their length and tRNA

half preference. Those tRNA-matching reads that did not fall into the aforementioned categories were classified as “Other.” (b) Heatmap of the sncRNA expression changes

in VL F3 sperm relative to CL F3 sperm. The log2 fold changes shown were obtained from DESeq2. Genes with Padj values of “NA” were not included in the heatmap. (c)

tsRNA length distribution. Fragments were separated into the groups 50 half or 30 half depending on which side they matched to on their mature tRNA of origin. (d) tsRNA

types. tsRNA that were approximately half the length of the mature tRNA (left schematic side derived from Ref. [25]) were classified as 50 halves or 30 halves, depending on

the side of the anticodon loop to which they matched. Shorter fragments (>27nt) were classified as tRF-5s or tRF-3s depending on their origins in the mature tRNA
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Annotation, Visualization and Integrated Discovery (DAVID) for
enriched biological process (BP), molecular function (MF), cellu-
lar component (CC), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways revealed several significant
(Benjamini� 0.05) results for the redundant down-regulated
miRNA targets, but none for the up-regulated miRNA (Table S4).
An enrichment map of the significant BP genes (Fig. 3a) shows
that the redundantly targeted genes are relevant to apoptosis,
early development, kinase activity, regulation of transcription,
and the nervous system (i.e. its development and synaptic sig-
naling). Significant CC genes also revealed that many of the
genes localize in various nervous system cells (e.g. “synapse
part”) and the only significant KEGG pathway identified was
“axon guidance” (Table S4).

A similar analysis was performed on the predicted gene tar-
gets of the transgenerationally altered 50 halve tsRNAs using
genes that were targeted by at least three 50 halves. The results
of the 50 UTR–, CDS–, and 30 UTR–50 halve analyses were ana-
lyzed separately. For every GO term category analyzed, the 50

UTR-derived redundant gene targets had the largest number of
significantly enriched terms (Table S5). Apoptosis, neuronal de-
velopment, regulation of metabolic processes, phosphorylation,
cell cycle, and transport were the predominant gene categories
of the significantly enriched BP terms (Fig. 3b). In terms of sig-
nificance, endocytosis, neurotrophin signaling pathway, and
oocyte meiosis were the top enriched KEGG pathways (Table
S5). A portion of the enriched terms for the redundant targets of
the down-regulated miRNAs were also related to apoptosis and
nervous system development, suggesting that the alterations of
miRNAs and 50 halves may play similar roles in vinclozolin-
induced epigenetic transgenerational inheritance.

Correlation with Vinclozolin-Induced Transgenerational
Sperm DNA Methylation Alterations

A correlation between the transgenerationally altered sperm
miRNAs and 50 halves observed was made with the F3

generation vinclozolin sperm differential DMRs previously
described [10, 38]. The majority of transgenerational DMR is not
associated with genes and is intergenic [38]. Of the 21 miRNAs
and 16 50 halves that were found to be differentially expressed,
16 and 14, respectively, originated within 5 Mb of a sperm DMR
(Table 2A, B). Previously the DMR and regulated genes have
been shown to exist within 2–5 Mb regions termed an epigenetic
control region (ECR) [39], so a 5 Mb region was investigated. The
genes proximal (i.e. up to 100 kb up and downstream) to the pro-
moter associated DMRs identified previously in F3 generation
vinclozolin lineage sperm were also investigated [10, 38]. The
correlation between the predicted targets of the altered miRNAs
and 50 halves (50 UTR and 30 UTR matching results only) and
genes proximal to the DMRs was significant (P value< 0.1)
(Table 3). However, the number of actual matches of predicted
gene targets to DMR proximal genes was consistently lower
than the number of expected random matches for the dysregu-
lated miRNA, signifying a negative correlation (Table S6). In con-
trast, the majority of actual matches observed for the putative
50 halve targets (i.e. 50 UTR and 30 UTR only) was above the num-
ber of random matches, suggesting that 50 halves possess the
potential to post-transcriptionally regulate genes proximal
to DMRs present in the sperm of F3 vinclozolin lineage rats
(Table S6).

An additional experiment examined the correlations with
the transgenerational DMRs in the PGCs, which are the stem
cells for the differentiated sperm cell. The previously identified
DMRs in PGCs isolated from F3 generation vinclozolin lineage
fetal testis at embryonic days E13 and E16 of development were
analyzed [11]. Although the transgenerational DMRs in the E13
and E16 PGCs would not be directly relevant to the sperm DMRs,
they are associated with the precursor cells of the sperm so cor-
relations may be present. Initially, we investigated whether any
of the transgenerationally altered miRNAs or 50 halves origi-
nated near the E13 or E16 DMRs, but found very few correl-
ations, relative to the sperm DMRs (Table 2A, B). Next, we
compared the genes proximal to the DMRs and the predicted

Figure 2: Relative numbers of predicted 50 halve gene targets in 50 UTR, CDS, and 30 UTR sequences. The number of predicted gene targets for each differentially ex-

pressed 50 halve species within the 50 UTR, CDS, and 30 UTR was normalized to the number of targets within the 50 UTR, for each 50 halve species. Relative to CDS and 30

UTR, 50 UTR sequences had the highest incidence of RNAhybrid predicted 50 halve binding sites. A P-value �0.01 was used as a cutoff
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Figure 3: GO term analyses of dysregulated sncRNAs in the vinclozolin lineage F3 sperm. (a) Enrichment map of the BP terms associated with redundantly predicted

gene targets of down-regulated miRNAs. The genes which were predicted targets of at least two down-regulated miRNAs were analyzed via DAVID for significantly en-

riched BP terms. The results of the DAVID analysis were used to generate an enrichment map, grouping related BP terms into clusters. The text overlaying each cluster

describes the unifying “theme” of that cluster (chosen by the authors). The individual BP terms are described in more detail in Table S4. (b) Enrichment map of the BP

terms associated with redundantly predicted gene targets of 50 halves. The genes which were predicted targets of at least three dysregulated 50 halves were analyzed

via DAVID for significantly enriched BP terms. A Benjamini value �0.05 was used to define significance. The results of the DAVID analysis were used to generate an

enrichment map, grouping related BP terms into clusters. The text overlaying each cluster describes the unifying “theme” of that cluster (chosen by the authors).

The individual BP terms are described in more detail in Table S5
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gene targets of the altered miRNA and 50 halves. The genes
proximal to the E13 PGC DMRs significantly correlated (P
value< 0.1) with the predicted 50 halve targets, for the predic-
tions from both the 50 UTR and 30 UTR-based matching (Tables
4A and S7A). When we analyzed the E16 PGC DMRs, we again
observed a significant correlation (P value< 0.1) between the 50

halves and proximal genes, this time just for the results of the 50

UTR-based matching (Tables 4B and S7B). There was a less sig-
nificant correlation (P value of 0.070 vs. 0.015 for the 50 halves)
between the predicted targets of the down-regulated miRNAs
and E16 DMR proximal genes as well (Tables 4B and S7B).
Combined observations suggest an association between the
transgenerationally altered DNA methylation regions in F3 gen-
eration male PGCs and sperm with the sperm-borne sncRNA
expression.

Discussion

Our data demonstrate that many sncRNAs were transgenera-
tionally altered in the sperm of F3 generation vinclozolin

lineage rats, tsRNAs in particular. The potential gene targets of
both the altered miRNAs and 50 halves were identified in order
to determine whether the expression changes of these sncRNAs
had any functional significance to the previously observed
pathology of ancestral vinclozolin exposure.

Perhaps, the most striking vinclozolin-induced transgenera-
tional effect on the sperm sncRNA transcriptome was the alter-
ation of the majority of observed tsRNAs. Approximately 82% of
the tsRNAs in the vinclozolin lineage F3 generation sperm were
altered and �93% of the reads were attributed to 50 halves.
Comparing this to the other altered tsRNAs, which accounted
for 81% (30 halves), 65% (tRFs-5), and 49% (tRFs-3) of their re-
spective species, we see that 50 halves were dramatically altered
in the transgenerational vinclozolin lineage sperm. This is espe-
cially noteworthy, given that 50 halves are known to be highly
enriched in mature sperm [24]. In the vinclozolin lineage
sncRNA-Seq results, 50 halves were the most abundant sncRNAs
and accounted for �25% of all the annotated sncRNAs.

The gene categories that were significantly enriched in the
lists of redundantly targeted genes for the down-regulated
miRNA and the 50 halve–50 UTR targets were correlated to several
of the transgenerational disease phenotypes. In the enrichment
maps of both the altered miRNAs and 50 halves, apoptosis was
one of the largest clusters of enriched terms (Fig. 3a and b). An in-
crease in spermatogenic cell apoptosis was observed previously
in 90% of vinclozolin males, regardless of generation [1, 2]. Gene
categories and KEGG pathways related to the development and
regulation of neurons were highly enriched within the lists of
redundantly targeted genes for both the miRNAs and 50 halves
(Fig. 3a and b; Tables S4 and S5). Several of the phenotypes asso-
ciated with vinclozolin-induced epigenetic transgenerational

Table 2: proximity of differential expressed sncRNAs to DMRs

DMRs (cell type) No. of
DMRs

Distance from DMR (Mb)

0 1 2 3 4 5

(A) 50 halves
F3 E13 PGC 23 0 0 0 0 2 2
F3 E16 PGC 13 0 0 2 2 2 2
F3 Sperm 188 0 4 5 11 14 14

(B) miRNA
F3 E13 PGC 23 0 0 2 3 3 3
F3 E16 PGC 13 0 0 0 0 0 0
F3 Sperm 188 0 4 9 10 13 16

The genomic coordinates of the dysregulated (A) 50 halves and (B) miRNA were

compared to the locations of DMRs previously identified in F3 sperm, E13 PGCs,

and E16 PGCs. The genes of sncRNA that were within 1–5 Mb of at least one of

the DMR in its respective cell type were counted above. The sncRNA whose

genes were contained within a DMR (0 Mb) were also counted

Table 3: correlation between genes proximal to F3 sperm DMRs and
predicted gene targets

Distance
from DMR (kb)

No. of
proximal
genes

miRNA–
30 UTR

50 halves–
50 UTR

50 halves–
CDS

50 halves–
30 UTR

0 65 14a 28 15 28
1 74 15a 34 19 29
2 83 16a 36 21 32
5 109 17a 40 30 37
10 129 20a 48 38 43
20 181 26b 66 52 56
50 313 40b 101 85 90
100 532 66c 150 141 139
P-value 0.011 0.064 0.66 0.061

The genes up and downstream of the previously identified F3 sperm DMRs were

compared to the predicted gene targets of the dysregulated miRNA and 50

halves. P-values were determined by a Chi-square test.
aTwo of the matching genes were predicted to be targeted by both up and down-

regulated miRNA.
bThree of the matching genes were predicted to be targeted by both up and

down-regulated miRNA.
cFour of the matching genes were predicted to be targeted by both up and down-

regulated miRNA.

Table 4: correlation between genes proximal to F3 PGC DMRs and
predicted gene targets

Distance from
DMR (kb)

No. of
proximal
genes

miRNA–
30 UTR

50 halves–
50 UTR

50 halves–
CDS

50 halves–
30 UTR

(A) F3 E13 PGC
0 15 2 9 6 6
1 18 2 10 8 6
2 24 4 12 9 10
5 31 5 18 11 12
10 37 5 19 12 12
20 51 8a 24 16 19
50 94 15a 43 22 37
100 148 28a 67 38 62
P-value 0.97 6.79E�05 0.53 0.019

(B) F3 E16 PGC
0 7 2 5 3 2
1 9 3 5 3 4
2 9 3 5 3 4
5 16 6 8 4 6
10 22 9 12 5 8
20 32 9 16 8 8
50 57 11 23 15 15
100 93 19 38 23 26
P-value 0.070 0.015 0.90 0.97

The genes up and downstream of the previously identified F3 E13 (A) and E16 (B)

PGC DMRs were compared to the predicted gene targets of the dysregulated

miRNA and 50 halves. P-values were determined by a Chi-square test.
aOne of the matching genes was predicted to be targeted by both up and down-

regulated miRNA.
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inheritance of disease involve the nervous system and brain de-
velopment, despite no discernable morphological changes to the
brain [2, 12, 40–42]. In a 2008 study by the Skinner lab, many neu-
ral-pathways were found to contain differentially expressed
genes in the amygdala and hippocampus of F3 vinclozolin
lineage male and female rats, including axon guidance, which
was the only significant KEGG pathway identified for the down-
regulated miRNA (Table S4) [12, 40]. In the same study, F3 gener-
ation vinclozolin male and female rats exhibited an increase and
decrease in anxiety-like behaviors, respectively [40]. Other
changes in behavior and the brain transcriptome of F3 vinclozolin
rats have been observed in subsequent studies [12, 41, 42]. It is
possible that aberrant gene targeting by the altered sperm
miRNA and 50 halves during early development could cause alter-
ations in the developing brain and nervous system, ultimately
manifesting as the transgenerational disease phenotypes
described above.

Interestingly, an increase in 50 halve expression has previ-
ously been linked to altered neuron survival and anxiety-related
behaviors. Mice deficient in NSun2 (NSun2�/�), an RNA methyl-
transferase known to modify tRNAs, possessed elevated levels
of 50 halves in their skin and brain. This correlated with embry-
onic brain defects (of the cerebral cortex, hippocampus, and
striatum) and, as was also seen in F3 generation vinclozolin lin-
eage male rats, a reduction in anxiety-related behaviors [40, 43].
NSun2�/� male mice are infertile as well, due to the arrest of
spermatogenesis prior to the meiotic progression into the pachy-
tene stage [44]. Therefore, it should come as no surprise that up-
regulation of 50 halves would correlate to the similar, albeit less
severe, vinclozolin lineage transgenerational disease phenotype.

The ability of 50 halves tsRNA to act as translational suppres-
sors has been demonstrated in other organisms [29–32]. In one
study, certain 50 halves inhibited translation by displacing
eIF4G/eIF4A from the 50 end of mRNAs [29]. Based on the results
of the RNAhybrid analysis, 50 halves appear to preferentially
bind to the 50 UTRs of mRNAs, relative to the CDS and 30 UTRs.
The ability of 50 halves to bind complementary sequences
within mRNAs, and subsequently silence their expression has
also been demonstrated [30, 32]. Therefore, in some cases, the
altered expression of 50 halves could potentially regulate gene
expression by binding to the 50 UTRs and displacing cap-bound
complexes and hindering translation of the target mRNA.

A correlation between the previously identified differential
DMRs in the vinclozolin-induced transgenerational sperm with
the altered sncRNA identified in this study demonstrated that
�88% and �76% of the differentially expressed 50 halves and
miRNAs, respectively, originate within 5 Mb of a sperm DMR
(Table 2A, B). Our correlation analysis also revealed that of the
genes predicted to be targeted by the altered 50 halves via their
50 or 30 UTRs, a significant number were within at least 100 kb of
a sperm DMR (Table 3). Previously, ECRs were identified in som-
atic tissues of vinclozolin lineage rats, spanning 2–5 Mb [39].
Based on these findings, it seems plausible that the altered 50

halves are components of various ECRs, and that their differen-
tial expression is either due to the presence of the DMRs them-
selves, in response to other genes proximal to the DMRs, or a
combination of both. In addition to sperm, a correlation be-
tween the differentially expressed sncRNAs and DMRs previ-
ously found in the E13 and E16 PGCs of vinclozolin lineage rats
was made [11]. Although relatively fewer 50 halves (Table 2A)
and miRNAs (Table 2B) were expressed within 5 Mb of a PGC
DMR, we did observe correlations between the gene targets of
the sncRNAs and genes proximal to the DMRs. There were a sig-
nificant number of putative 50 halve gene targets that were

within 100 kb of an E13 (Table 4A) or E16 (Table 4B) PGC DMR.
A significant number of predicted gene targets of the down-
regulated miRNA also matched genes proximal to the E16 PGC
DMRs (Table 4B). It is possible that the altered expression of
these miRNAs and 50 halves during spermatogenesis is also
influenced by dysregulation of the genes proximal to DMRs in
PGCs. However, based on our observations, it seems that epi-
genetic alterations present at later stages of male germ cell de-
velopment (i.e. sperm) play a potentially greater role in the
differential expression of sperm-borne miRNA and 50 halves.
Future studies that assess the methylation and gene expression
of vinclozolin lineage male germ cells, at several different
stages of development, will be informative.

Observations show that ancestral exposure to vinclozolin
causes transgenerational (i.e. F3 generation) alterations in the
sncRNA expression levels in mature sperm. The altered miRNAs
and 50 halve tsRNA potential target genes were correlated to
several of the previous observed vinclozolin transgenerational
disease phenotypes. Interestingly, a dramatic up-regulation of
50 halves was observed in the vinclozolin lineage sperm (Table
1). In two other examples of epigenetic inheritance, the Kit and
Sox9 paramutations, it was determined that the methyltransfer-
ase Dnmt2 was necessary for the transmission of the phenotype
associated with the paramutation [26]. Dnmt2, like NSun2, con-
fers stability to mature tRNA via cytosine-5 methylation and its
loss affects 50 halve production [43, 45–47]. Because of this,
tsRNAs, specifically 50 halves, have been postulated to be ef-
fectors of epigenetic inheritance [26, 48]. Our discovery that 50

halves were abnormally enriched in transgenerational vinclozo-
lin lineage sperm, and potentially correlated to the vinclozolin
lineage transgenerational disease phenotype, provides add-
itional evidence to the idea that sperm-borne 50 halves act as
epigenetic regulators. A new study in progress will determine
whether similar observations involving an up-regulation of
50 halves develop in another model of environmentally induced
(e.g. DDT-induced) epigenetic transgenerational inheritance of
disease. Overall, our findings highlight the potential importance
of sperm-borne sncRNAs in the mechanism of vinclozolin-
induced epigenetic transgenerational inheritance, as well as
support the proposed role of 50 halves as active epigenetic regu-
lators during early development.

Methods
Animal Studies and Breeding

Female and male rats of an outbred strain Hsd:Sprague Dawley
(Harlan) at 70–100 days of age were fed ad lib with a standard rat
diet and ad lib tap water for drinking. To obtain time-pregnant
females, the female rats in proestrus were pairmated with male
rats. The sperm-positive (Day 0) rats were monitored for dies-
trus and body weight. On Days 8 through 14 of gestation [36],
the six different females per group were administered daily
intraperitoneal injections of vinclozolin (100 mg/kg BW/day) or
dimethyl sulfoxide (vehicle). The vinclozolin was obtained from
Chem Service Inc. (West Chester PA, USA) and was injected in a
200 ml DMSO/sesame oil vehicle as previously described [4].
Treatment lineages are designated “control” or “vinclozolin” lin-
eages. The gestating female rats treated were designated as the
F0 generation. The offspring of the F0 generation rats were the
F1 generation. Nonlittermate females and males aged 70–90
days from F1 generation of control, or vinclozolin lineages were
bred to obtain F2 generation offspring. The F2 generation rats
were bred to obtain F3 generation offspring. As epigenetic
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transgenerational inheritance involves parent of origin germline
epigenetic information, the optimal phenotype is obtained
through breeding within the lineage, so the control and vinclozo-
lin lineages used intrabreeding within the lineage to obtain the
F3 generation. No sibling or cousin breeding was used to avoid
any inbreeding artifacts. Only the F0 generation gestating female
was directly treated transiently with vinclozolin. The control and
vinclozolin lineages were housed in the same room and racks
with lighting, food and water as previously described [36–38].
The epididymal sperm was collected from 1-year-old adult males
and three pools of three males (n¼ 9) used for the analysis, with
all males being from different litters for both the control and vin-
clozolin lineages. All experimental protocols for the procedures
with rats were preapproved by the Washington State University
Animal Care and Use Committee (IACUC approval # 02568).

RNA Isolation

The F3 generation vinclozolin and control lineage male epididy-
mal sperm were collected and processed as previously
described and stored at �70�C until use [10]. The total RNA was
isolated using the mirVana miRNA Isolation Kit (Life
Technologies) following the manufacturer’s instructions with
modifications at the lysis stage. In brief, after addition of lysis
buffer, the frozen sperm pellets were homogenized at low set-
tings for 90 s, followed by a 5-min incubation at 65�C. Samples
were then placed on ice, and the default protocol was resumed.
For quality control, RNA integrity numbers (RIN) were obtained
by RNA 6000 Nano chips run on an Agilent 2100 Bioanalyzer
(Agilent). A RIN of 2–4 indicates good sperm RNA quality.

Sequencing

Prior to library preparation, total sperm RNA samples were en-
riched for small RNAs using the protocol provided in the Ion RNA-
Seq Kit v2 (Life Technologies). Small RNA-enriched samples were
used for small RNA library preparation, using the same kit, and
barcoded with Ion Xpress Barcode Adapters (Life Technologies).
Quality control was performed using Agilent High Sensitivity chips
(Agilent). Libraries were loaded onto the same Ion PI chip via the
Ion PI Template OT2 200 v3 and Ion PI Sequencing 200 v3 kits, and
sequenced on an Ion Proton Sequencer (Life Technologies).

Bioinformatics

The sncRNA-Seq data were annotated as follows: reads shorter
than 15 nt were discarded. The remaining reads were matched to
known rat sncRNA, consisting of mature miRNA (miRBase, release
21), tRNA (Genomic tRNA Database, rn5), piRNA (piRNABank),
rRNA (ENSEMBL, release 76), and mitochondrial RNA (ENSEMBL,
release 76) using Sequery (0–2 mismatches allowed) [34, 49–52].
Unmatched reads were matched to mouse testis [53] and sperm
endo-siRNA (M.K.S., in preparation) with Sequery (0 mismatches
allowed). The remaining unmatched reads were aligned to the rat
genome (rn5) via Bowtie (settings -n 2 -k 3 –best -S –al -q) [54].
Aligned reads were matched to the genomic coordinates of known
rat mature miRNA, tRNA, rRNA, and mitochondrial RNA (same
databases used previously). Read counts were obtained by in-
house Python scripts. Unnormalized read counts were used for
differential expression analysis via DESeq2 (Padj� 0.1) [55].

Reads initially matched to tRNA were extracted and
matched to the 50 and 30 halves of the full length tRNA (split at
the 30 end of the anticodon), via Sequery (0–2 mismatches
allowed) [52]. Reads �27 nt and �26 nt were referred to as halves
and tRFs, respectively, and further classified as 50 halves, tRF-5s,

30 halves, and tRF-3s based on whether the read aligned to the 50

or 30 half of the tRNA (Fig. 1d).
Transgenerationally altered miRNA gene targets were pre-

dicted using RNAhybrid (settings -n 50 -m 50000 -c -d 2.29,0.18
-p 0.05 -e -20) and miRanda (default settings; score� 140 and
energy ��20) against rat 30 UTR sequences (ENSEMBL, release
76), discarding predictions not made by both programs [34–37].
Dysregulated 50 halve gene targets were predicted using
RNAhybrid (settings -n 50 -m 50000 -c -d xi, h -p 0.01 -e -20)
against rat 50 UTR, CDS, and 30 UTR sequences (ENSEMBL,
release 76) using xi,h values (3.07,0.28), (3.00,0.27), and
(2.85,0.25), respectively. The xi,h values were obtained using
RNAcalibrate and known 50 halve sequences (tRFdb) or mature
miRNA (miRBase, release 21) [35, 49, 56].

GO term enrichment analysis was performed using DAVID
and the categories GOTERM_BP_FAT, GOTERM_MF_FAT,
GOTERM_CC_FAT, and KEGG pathways [57]. Benjamini score
�0.05 was used as the significance cutoff.

The significance of the number of observed matches between
the predicted gene targets and genes proximal to DMRs (Tables 2
and 3, Supp. Table 5) was determined using a Chi-square test.
The observed number of matches was compared to the expected
number of random matches, defined as the number of proximal
genes multiplied by the percentage of all known rat coding genes
targeted by the dysregulated sncRNA. The adjusted “Padj” values
are from DESeq2, the differential expression analysis program
which adjusts the P-values to account for multiple testing using
the Benjamini–Hochberg procedure, keeping the amount of Type
I errors under control. The significance threshold was set at 0.1
for the DESeq2 differential expression and Chi-square analyses.
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