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Abstract

A recent study investigated sperm-mediated inheritance of diet induced metabolic phenotypes, reported underlying regula-
tion of the target genes of the endogenous retroelement MERVL and the ribosomal protein genes in embryos, and suggested
that the altered regulation observed may cause placentation defects which can secondarily result in abnormal metabolism.
A reanalysis of available transcriptomic data however shows that MERVL targets and the developmentally altered genes are
themselves enriched for metabolic pathways, thus connecting embryonic gene expression with offspring phenotypes, and
providing an alternative interpretation of the reported findings. This is consistent with a similar study suggesting a contri-
bution of embryonic transcriptional change-induced gene expression reprogramming in altered offspring metabolism.
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Introduction

Accumulating evidence suggests that parental exposure of cer-
tain environmental factors can cause altered phenotypes in
subsequent generation(s). Mechanisms underlying this uncon-
ventional mode of transmission however remain elusive.
Importantly, Sharma et al. [1] demonstrated sperm-mediated
transfer of phenotypic information in a mouse model of pater-
nal Low Protein diet induced metabolic perturbations in the off-
spring. The transgenerational effects that characterize Sharma
et al.’s mouse model include altered levels of cholesterol or cho-
lesterol esters, saturated cardiolipins, saturated free fatty acids,

and saturated and monounsaturated triacylglycerides, and al-
tered expression of genes associated with lipid or cholesterol
biosynthesis and metabolism, steroid biosynthesis, oxidation-
reduction process, and insulin-like growth factor 1 (Igf1) levels
[1, 2]. Upon finding altered small RNA (sRNA) populations in-
cluding increased levels of 50 tRNA fragment (tRF)-Gly-GCC in
sperm obtained from males reared on Low Protein diet, termed
henceforth as Low Protein sperm, the authors examined the
transcriptomic effect of antisense oligos targeting the tRF on
embryonic stem cells and embryos, and obtained evidence sug-
gesting tRF-Gly-GCC regulation of the target genes of the
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endogenous retroelement MERVL. This evidence was further
supported by RNA sequencing (RNA-seq) analysis of embryos
cultured to various stages of development following in vitro fer-
tilization (IVF) with Control or Low Protein sperm, intracytoplas-
mic sperm injection (ICSI), and embryos generated through
zygotic injection of sperm small RNA populations or synthetic
tRF-Gly-GCC oligos. Besides, Sharma et al. also found that al-
tered transcripts in embryos obtained from Low Protein sperm
IVF are enriched for ribosomal protein genes. The authors, in-
stead of examining if a correlation exists between embryonic
gene expression changes and offspring phenotypes, explained
these findings by speculating that regulation of MERVL targets
and ribosomal protein genes may lead to altered placentation
which in turn can cause downstream effects on metabolism.
The present reanalysis of Sharma et al.’s gene expression data
however directly links the altered gene expression in the em-
bryos with the offspring phenotypes, thus providing an alterna-
tive to the authors’ explanation.

Results

First, a gene ontology analysis of the previously identified
MERVL targets [3], that formed the basis of Sharma et al.’s evi-
dence, shows that these targets do overrepresent various pro-
cesses relevant to the offspring phenotypes [1, 2] described for
the mouse model (Fig. 1A). For example, the phospholipid and
the glycerophospholipid metabolic process that are found en-
riched are children of lipid metabolic process in gene ontology.
Likewise, the primary and the regulation of primary metabolic
process are ancestors of lipid metabolic process. Similarly, cel-
lular response to insulin-like growth factor stimulus is a biologi-
cal process term associated with Igf1.

Second, the genes identified by Sharma et al. as differentially
expressed in embryos generated following zygotic microinjec-
tion of antisense tRF-Gly-GCC oligos show enrichment of off-
spring phenotype related processes (Fig. 1B). For example,
response to fatty acid, steroid hormone, or triglyceride are all
children of the enriched process response to lipid, in gene ontol-
ogy. Likewise, lipid metabolic or catabolic process is an ancestor
of phospholipid, glycerophospholipid, glycerolipid, acylglycerol,
neutral lipid, or cellular lipid catabolic process, and regulation
of fatty acid beta-oxidation, terms that show enrichment.
Similarly, response to lipid or steroid hormone is an ancestor of
the enriched process response to estradiol.

Third, the genes showing expression change in embryos ob-
tained from Low Protein sperm IVF at 2-fold cut-off, a criterion
used by the authors for analyzing differential expression in em-
bryos (Fig. 4E of Sharma et al.), enrich several gene ontology cate-
gories relevant in epigenetic inheritance of metabolic phenotypes
(Fig. 2A). These categories include, for example glycerolipid or
phospholipid biosynthetic process, primary metabolic process,
regulation of insulin-like growth factor receptor signaling path-
way, oxidation-reduction process, cholesterol metabolic process,
lipid catabolic or metabolic process, positive regulation of fatty
acid biosynthetic, or metabolic process, regulation of cholesterol
esterification, and steroid metabolic process.

Fourth, enrichment of processes related to offpsring pheno-
types is observed in the genes that show 2-fold or greater ex-
pression change in embryos generated through Low Protein
sperm ICSI, zygotic injection of sperm small RNA population, or
zygotic injection of synthetic tRF-Gly-GCC oligos (Fig. 2B). These
processes include, for example, cardiolipin biosynthetic or met-
abolic process, cardiolipin acyl-chain remodeling, glycerolipid
biosynthetic or catabolic process, lipid or glycerophospholipid

biosynthetic process, oxidation-reduction process, negative reg-
ulation of fatty acid metabolic process, regulation of cholesterol
homeostasis, response to cholesterol, and steroid biosynthetic
process. Cumulatively, the above reanalysis establishes embry-
onic gene expression-offspring phenotype correlation.

Discussion

Like Sharma et al.’s article, a recently published paper separately
reported sperm tRF mediated inheritance of diet induced meta-
bolic disorder [4]. In this study, RNA-seq analysis of 8-cell and
blastocyst stage embryos, generated through zygotic injection of
tRFs obtained from sperm of males reared on High Fat diet, iden-
tified differentially expressed genes that were enriched for gene
ontology processes related to metabolic regulation, besides
others. It was suggested that these transcriptional changes in
the embryos may lead to reprogrammed gene expression and re-
sult in altered offspring phenotypes. The present reanalysis is
consistent with this hypothesis. Besides tRFs, these studies, as
also others reporting recently epigenetic inheritance through the
male line [5–7], also found altered levels of various small non-
coding RNAs including let-7 miRNAs in sperm. Interestingly, a
role of miRNAs, specifically let-7 species, in epigenetic inheri-
tance was predicted previously on the basis of a bioinformatic
analysis [8] that tested the concept [9–11] that small RNAs trans-
fer heritable information from soma to germline and mediate
transmission of environmental effects across generations
through gene networks. Emerging evidence [1, 4–7] seems con-
sistent with this model. First reported in Drosophila as late as
only seven years ago [12], transgenerational spermatogenic in-
heritance of acquired characteristics has now been widely dem-
onstrated in mammals. Given the current pace of discovery in
epigenetics, it seems possible that a fairly reasonable under-
standing of the mechanisms involved in this newly discovered
mode of inheritance will emerge sooner rather than later.

Methods

MERVL target genes were identified from a previous report [3],
the same source that was used in Sharma et al.’s analyses. These
genes, around 320 in number, were used for enrichment analysis
(Fig. 1A). All other genes used in the present reanalysis relate to
the single-embryo RNA-seq data presented by Sharma et al. The
72 genes identified by the authors as differentially expressed in
embryos generated following zygotic microinjection of antisense
tRF-Gly-GCC oligos were used for examining overrepresentation
of gene ontology categories (Fig. 1B). Expression data provided by
the authors for 2-cell, 4-cell, morula and blastocyst stages of Low
Protein sperm IVF embryos, and for 2-cell stage of Low Protein
sperm ICSI embryos, and sperm small RNA or synthetic tRF-Gly-
GCC oligo injected embryos were processed further to identify
differentially expressed genes at a cut-off of 2-fold change, a cri-
terion used by the authors for identifying differential expression
in single-embryo RNA-seq data (Sharma et al.’s, Fig. 4E). The av-
erage gene counts, normalized to sum of expected counts, were
used to identify<0.5- or>2-fold expression in Low Protein diet
associated embryos, as downregulation or upregulation, respec-
tively. The total number of differentially expressed genes identi-
fied were around 345, 525, 610, and 585, for 2-cell, 4-cell, morula
and blastocyst stages associated with IVF, and 170, 80, 45, and
370 for 2-cell stage associated with synthetic tRF-Gly-GCC oligo
injection, and sperm small RNA injection, C. sperm ICSI, and T.
sperm ICSI, in that order. Gene ontology enrichment analysis
[13] was carried out for all differentially expressed genes (Fig. 1)
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Figure 1: Enriched processes in (A) MERVL targets, and (B) tRF-Gly-GCC inhibition induced differentially expressed genes in embryos. Green and orange bars represent

down- and up-regulated genes, in that order. Nominal significance P values (y axis, �log10) for enrichment are shown. Not all enriched processes are shown.
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or for down- and up-regulated genes (Fig. 2), with mouse genes
as reference list, and all biological processes as annotation data-
set, and without Bonferroni correction for multiple testing
(http://geneontology.org/). A subset of enriched processes were
synthetically clustered using 2.5, -2.5, 0, and blank cell values for
enriched gene ontology terms in upregulated genes, downregu-
lated genes, and both upregulated and downregulated genes,
and for no enrichment, in that order (Fig. 2). City-block distance
was used as similarity metric and average linkage as hierarchical
clustering method, in Cluster 3.0 [14]. The results were graphi-
cally represented using Java TreeView 1.1.6r2 [15].

Supplementary data

Supplementary data is available at EnvEpig online.
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