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Summary

Gene regulation mechanisms control the level of transcription of each
gene into RNA and the combination of expressed genes determines
cell identity. Gene regulation is maintained by epigenetic mechanisms
including DNA methylation, histone modifications and non-coding
RNAs. These same mechanisms are responsible for silencing of
transposable elements and heterochromatin formation. Interestingly,
epigenetic mechanisms can transmit the transcriptional state of a
gene to the next generation. Epigenetic inheritance differs from
conventional genetics: it does not follow the law of segregation and
importantly, can transmit acquired traits.

The advent of next generation sequencing (NGS) allows for gene
expression quantification and epigenome profiling, opening the door
to genome wide screenings of epigenetic factors and phenotypes
linked to epigenetic inheritance. Here, | study the role of
heterochromatin and transposable elements in epigenetic
inheritance.

In the first chapter | present how an IAP insertion in the Nocturnin
gene triggers the birth of new piRNA cluster in mouse. We hypothesize
that many piRNA producing loci have evolved from ERV insertions into
germline expressed genes. Last, we identify NXF1 as a key factor in
piRNA biogenesis of IAP-derived piRNA loci.

In the second chapter | test whether the IAP insertion in Nocturnin,
and therefore piRNAs produced from this gene in the male germline,
affect expression of the gene in the embryo. | find that the piRNA-
producing allele of Nocturnin is more highly expressed from the
paternal that the maternal allele in early embryo. Thus, the IAP
insertion in Nocturnin leads to transmission of an altered epigenetic
expression state from parents to progeny, potentially via the
production of piRNAs in the male germline.



In the third chapter of this thesis | describe a model of
intergenerational epigenetic inheritance in flies. My work describes
genome wide changes in gene expression that are direct
consequences of epigenetic inheritance and | identify chromatin
factors related to the transmission and maintenance of the phenotype
in the next generation.

In the fourth chapter of my thesis | use worms exposed to high
temperature to identify endogenous genes that are able to maintain
memory of expression for many generations. Interestingly, | find that
transposable elements that are upregulated by temperature and
repressed by heterochromatin can transmit epigenetic information to
the progeny.

In the fifth chapter of this thesis | study heritable expression of
acquired expression states after epigenetic information loss linked to
impaired DNA replication. My work describes how the loss of
repressive marks during impaired replication in embryos leads to
heritable changes in gene expression of loci regulated by
heterochromatin and polycomb means.
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Introduction

On Genetics and inheritance

The study of heredity has attracted the attention of humankind from
early ages. Already in the 19th century Mendel described the
principles behind basic genetics with the laws of segregation (Mendel
1865). Phenotypic information responsible for the characterization of
an organism is stored within a continuous sequence of nucleotides of
deoxyribonucleic acid (DNA) structured in a characteristic double-
helix structure (Watson and Crick 1953).

The whole genetic information stored in DNA is called the genome and
is the blueprint of all known organisms. The first human genome was
sequenced in the 21st century (Lander et al. 2001). The main discrete,
functional units of the genome are called genes (Mendel 1865). Genes
are transcribed into RNA and RNA is translated into proteins (Crick
1970) according to the genetic code (Nirenberg and Matthaei 1961).
However, genes, and specifically protein-coding genes, make up only
1% of the human genome, and we know very little about the
functionality of the other 99% of the genome.

In sexual reproduction the genome of each parent is copied to
gametes. Gametes (hence genomes) of each sex fuse into a zygote
which features mutations and recombinations of the parental
genomes that make each organism genetically unique. This turns into
phenotypic diversity which allows organisms to increase their fitness
and species to adapt (Darwin 1859).

Yet, during the 20th century a parallel form of inheritance has been
described: the transmission of acquired traits (Waddington 1953).
This paradigm of inheritance different to conventional genetics is not
gene-based and does not follow the law of segregation. This type of
inheritance is called epigenetic (see below). Many attempts have been
made to disentangle the mechanisms behind epigenetic inheritance
in animals (Perez and Lehner 2019). Still, there are many unknowns
(reviewed in (Heard and Martienssen 2014).



The importance of gene regulation

All cells of the same multicellular organism develop from the same
zygote hence share copies of the same genome. However, all cell
lineages behave differently. This is in part because genes are
expressed -transcribed- at different levels in different cell types. Gene
regulation mechanisms control the level of transcription of each gene
into RNA. The specific combination of expressed genes determines
cell identity (reviewed in (Eckersley-Maslin, Alda-Catalinas, and Reik
2018). Gene regulation grants one of the most amazing phenomena
in eukaryotes: the development from a single zygotic cell into
hundreds of highly specialized cell types.

Development is driven mainly by transcription factors that bind
specific DNA sequences -transcription factor binding sites or motifs-
and regulate the expression of lineage-specific genes (reviewed in
(Srivastava and DeWitt 2016). However, a specific expression pattern
needs to be maintained through time after the initial trigger. The
mechanisms by which cells maintain memory of expression after the
initial stimulus is withdrawn are generally called epigenetics.
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Epigenetics: mechanisms of genome regulation

The term epigenetics was coined by the geneticist and developmental
biologist Conrad H. Waddington as the study of the mechanisms that
influence the phenotype given the genotype (Waddington 1942),
albeit the definition has largely evolved in recent years. Nowadays we
refer to epigenetics as the mechanisms that maintain memory of a
phenotype without a change in DNA sequence (Deans and Maggert
2015).

Epigenetic mechanisms include DNA methylation, histone
modifications and non-coding RNA among others. Epigenetic states
are, for example, responsible for the maintenance of gene regulation,
hence cell identity, and also for the repression of transposons. These
states are stably maintained through time and importantly, inherited
after cell division.

Epigenetic states can be influenced by external or environmental
stimuli too, modulating gene expression thus, phenotypes. For
instance, temperature experienced during embryonic development
determines the sex in many reptiles (Charnier 1966; Bull and Vogt
1979; Ferguson and Joanen 1982) and fish (reviewed in (Ospina-
Alvarez and Piferrer 2008) through epigenetics.

Epigenetic states can also be inherited by the next generation.
Observations of inheritance of epigenetic expression states not
following mendelian laws drew the attention of scientists many years
ago (McClintock and Others 1958; McClintock 1961). Interestingly,
most of the genes that are able to transmit memory of expression are
genes regulated by transposable elements (reviewed in (Slotkin and
Martienssen 2007). We call epialleles the heritable, alternative
expression states of a gene not caused by genetic variation (Rakyan et
al. 2002). This epigenetic state can be transmitted to the next
generation through the gametes.

Importantly, the germline epigenome has to display great plasticity so
that environmental perturbations can affect it and it can transmit
acquired phenotypes to the next generation. In contrast to Weisman’s
hypothesis (who suggested that parents only transmit to offspring the
hereditary material from germ cells, not information from somatic or
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body cells) (Weismann 1893), nowadays there is evidence that
plasticity comes in part from soma-to-germline communication that
affects the pool of small RNAs in germ cells (Sharma et al. 2018; Posner
et al. 2019). This opens the door to transmission of inheritance of gene
regulation through small RNAs. Furthermore, there is evidence that
the very same germline nucleosomes with histone modifications can
be inherited (Gaydos, Wang, and Strome 2014; van der Heijden et al.
2006), making them alternative carriers of epigenetic information.
Overall, transgenerational epigenetic inheritance (TEl) is a complex
process that can work on multiple pathways, potentially overlapping,
so hypotheses of small RNA- and chromatin-based epigenetic
inheritance are both feasible. This is visited in far more detail in the
following chapters in the introduction.

Yet, epigenetic information encoded in germline has to endure
genome-wide reprogramming. Repressive histone modifications and
DNA methylation are largely erased (reviewed in (Reik, Dean, and
Walter 2001). Actually, epigenetic reprogramming is the mechanism
that ensures that histone modification and DNA methylation patterns
are mostly erased and not transmitted to the next generation. It is
required so that two gametes, highly differentiated cells, can give rise
to a totipotent embryo (reviewed in (Reik, Dean, and Walter 2001;
Sasaki and Matsui 2008).

12



Chromatin, heterochromatin and histone modifications

DNA has to be highly condensed to fit into a cell nucleus. To achieve
high levels of compaction it is wrapped around proteins into a
complex called chromatin. Chromatin is an architectural structure that
works as a storage solution but is also key for gene regulation.
Chromatin can present different forms, ranging from highly open to
highly compacted, but in general it is separated into two major states:
euchromatin is highly accessible to transcription polymerases and
includes the majority of genes while heterochromatin is highly
compacted and generally associated with repetitive elements and
repressive states.

Chromatin is structured in nucleosomes around which DNA is
wrapped. Nucleosomes are composed of 2 copies of H2A, H2B, H3 and
H4 histone proteins (Luger et al. 1997). Histones can be post-
translationally modified, especifically on lysines residues of histone
H3, to confer gene expression and functional properties to genes in
the DNA sequence wrapped around them. Hence, chromatin is a
major factor in gene regulation as a carrier of epigenetic information.

Histone modifications contribute to developmental gene regulation
by restricting and promoting lineage-specific gene expression.
Importantly, chromatin modifications can be stably maintained after
cell division and in long periods of time. Histones modifications
include methylation and acetylation (among others) and correlate
with enhancer activity (H3K4mel) (Heintzman et al. 2009) active
promoters (H3K4me3) (Hon, Hawkins, and Ren 2009), transcription
(H3K27ac and H3K36me3) (Kolasinska-Zwierz et al. 2009), or silencing
(H3K27me3 and H3K9me3) (Z. Wang et al. 2008) among others.
Propagating active and silent activity states through time contributes
to maintain cell identity.

Chromatin carries epigenetic information through mitosis in many
biological processes. For instance in Drosophila melanogaster position
effect variegation (PEV) is the change in gene expression depending
on the genomic context of the gene. Variegation refers to stochastic
expression of a gene in different cells of the same tissue resulting in a
mosaic pattern and PEV refers to the variegated expression depending
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on chromosomal location, usually through abnormal juxtaposition to
heterochromatin (reviewed in (Elgin and Reuter 2013)). The
phenomenon was first described in 1930 (Muller 1930) in D.
melanogaster. 1t was later discovered that chromosomal
rearrangements can lead to stochastic epigenetic silencing of genes
by spreading of heterochromatin (Schultz 1936). Mutational
screenings of genes disrupting PEV allowed the characterization of
proteins and histone modifications associated with heterochromatin
silencing. A commonly used reporter is the eye-pigment gene white,
which affects the fly’s eyes’ color intensity depending on its epigenetic
state. Through an artificial vector, white is located flanking Fab-7, a
Polycomb-regulated enhancer. Polycomb spreads from Fab-7 to
white, silencing the gene and leading to pale, white eyes (Zink and
Paro 1995), suggesting repression by these proteins and the role of
epigenetics in maintaining gene repression. Such inactive epigenetic
state can be reactivated by an embryonic pulse of transcription,
leading to red eyes again (G. Cavalli and Paro 1998). Activation is
associated with H4 hyperacetylation which points at this histone
modification as the epigenetic mechanism responsible for the
maintenance of the expression state (G. Cavalli and Paro 1999).

Chromatin is also linked to temperature-dependent sex
determination in Trachemys scripta elegans (Ge et al. 2018). KDM6B
is a temperature-sensitive histone demethylase that eliminates the
repressive mark H3K27me3 near the promoter of Dmrt1 -the gene
that determines male sex- causing its transcription (Ge et al. 2018)).
This makes some embryos develop male or female gonads depending
on the growth temperature during embryogenesis.

Of specific interest to us is heterochromatin, that is organized in
transcriptionally repressed domains (reviewed in (Allshire and
Madhani 2018). The repressing capacity of heterochromatin is key to
restrain transcription of mobile elements (Rowe et al. 2010).
Heterochromatin can be divided into constitutive and facultative
heterochromatin (Brown 1966). Constitutive heterochromatin is
mainly characterized by H3K9 methylation. Histone methyl-
transferases that catalyze mono-, di and tri- methylation of H3K9
include suppressor of variegation 3-9 (SUV39) in flies and mammals
and SET-25 in C. elegans. It is usually featured in centromeric or
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pericentric domains. Facultative heterochromatin includes more
dynamic silencing complexes feature by methylation of H3K27.
H3K27me is deposited by the Polycomb repressive com-plex 2 (PRC2)
which recruits a different Polycomb (PRC1). Polycomb repression is
the main mechanism responsible for the X chromosome inactivation
in female mammals (J. Wang et al. 2001).
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DNA methylation and genomic imprinting

DNA methylation, more specifically 5-methylcytosine, is nonexistent
in C. elegans (Simpson, Johnson, and Hammen 1986) and D.
melanogaster (Capuano et al. 2014). DNA methylation acts as another
layer of genome regulation. It is the main DNA modification and it is
typical of CpG dinucleotides. The addition of the methyl group is
catalyzed by DNA methyl-transferases (DNMTs) and can be separated
in maintenance of DNA methylation after replication by DNMT1 and
de-novo DNA methylation by DNMT3A and DNMT3B (Okano et al.
1999).

DNA methylation is key to silence repeats and protect against
transposition (Yoder, Walsh, and Bestor 1997; Walsh, Chaillet, and
Bestor 1998). However, it also plays a role in regulating gene
expression. Gene promoters are enriched in CpG dinucleotides
clusters called CpGislands. In general, 5mC of CpG islands overlapping
promoters is associated with transcription repression, while 5mC is
absent in promoters of transcriptionally active genes.

The most stable pattern of DNA methylation in gene repression is
genomic imprinting (reviewed in (Tucci et al. 2019): a mechanism
responsible for silencing of genes in a parent-of-origin specific
manner. Imprinting is established in the germline and is required for
development and stable during adult life (Barton, Surani, and Norris
1984; Surani, Barton, and Norris 1984; McGrath and Solter 1984).
Imprinted loci are generally regulated by an Imprinting Control
Regions (ICR). These ICRs retain DNA methylation during the post-
fertilization epigenetic reprogramming. To note, it was recently
described a type of genomic imprinting independent of DNA
methylation and based on H3K27me3 (Inoue et al. 2017). Even though
there is a lot known about the epigenetic basis of imprinting, there is
little known about how species evolve to acquire imprinting at a
specific gene to switch off the expression of one parental allele.

Imprinted genes regulate fetal growth and brain function, and
disorders associated with imprinting misregulation are responsible for
many diseases in humans (reviewed in (Butler 2009).
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The PIWI pathway and the role of piRNAs

TE repression is crucial in germ cells, where mutagenic TE insertions
can affect the viability of both germline and offspring. In addition,
germ cells undergo erasure and resetting of DNA methylation and
repressive chromatin creating a window of opportunity for TE
activation. This vulnerability is overcome by the germline specific
PIWI/piRNA pathway (Carmell et al. 2007; A. A. Aravin et al. 2007,
2008; De Fazio et al. 2011; Reuter et al. 2011; Di Giacomo et al. 2013).

The PIWI pathway is in charge of transcriptional and post
transcriptional repression of transposons in mammalian germline
(reviewed in (Czech et al. 2018) and is a key player in flies and
nematodes, where DNA methylation is absent. How the PIWI pathway
responds to the fast changing transposon landscape is largely
unknown. It is also required for spermatogenesis (Deng and Lin 2002;
Kuramochi-Miyagawa et al. 2004; Carmell et al. 2007) and recently,
PIWI proteins have also been involved in maintenance of TEI
(Grentzinger et al. 2012; Moore, Kaletsky, and Murphy 2019;
Brennecke et al. 2008).

PIWI proteins are members of the Argonaute family, proteins
expressed specifically in germ cells (reviewed in (Ernst, Odom, and
Kutter 2017)). In mouse there are three Piwi family members: Piwill
(also known as Miwi), Piwil2 (also known as Mili), and Piwil4 (also
known as Miwi2). MILI and MIWI2 are expressed in the cytoplasm and
nucleus of germ cells respectively during embryogenesis and silence
repetitive elements transcriptionally (Kuramochi-Miyagawa et al.
2008; A. A. Aravin et al. 2008; De Fazio et al. 2011; Carmell et al. 2007).
MILI is expressed throughout spermatogenesis. MILI together with
MIWI targets TE transcripts for degradation and also regulates the
spermatogenic expression program (Reuter et al. 2011; Vourekas et
al. 2012).

PIWI proteins bind a class of small noncoding RNAs called PIWI-
interacting  RNAs (piRNAs). piRNAs are transcribed from long
precursors known as piRNA clusters that are then processed into
multiple 26-31 nucleotide long small RNAs (Girard et al. 2006; A.
Aravin et al. 2006; Grivna et al. 2006; Brennecke et al. 2007; Lau et al.
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2006). Both protein-coding genes and long non-coding RNAs act as
piRNA precursor transcripts. After transcription, precursor transcripts
are exported to the cytoplasm, where they get processed into mature
piRNAs and loaded onto PIWI proteins (Han et al. 2015; Mohn,
Handler, and Brennecke 2015). These primary piRNAs, also called
phased or trailing piRNAs, often start with uridine. Phased slicing is a
mechanism of spreading piRNA sequences and diversity from an
existing RNA (Fig 1A).

Secondary piRNAs are generated after initial cleavage of piRNA
precursors through the ping-pong cycle (Gunawardane et al. 2007;
Brennecke et al. 2007) (Fig 1B). An initiator piRNA guide PIWI proteins
and target RNAs by sequence complementarity, cleaving the target
transcript at the 10th nucleotide after the first nucleotide of the
targeting piRNA generating a responder piRNA. The new responder
piRNA is then loaded into PIWI proteins and can act as an initiator
closing the ping-pong cycle of piRNA biogenesis. These piRNAs often
have an adesonie at position 10 given the reverse complementarity
with a uridine at the first position of the initiator piRNAs. The ping
pong amplification increases the abundance of the same piRNAs by
targeting back identical molecules to the original ones from which
piRNAs were generated.

There are two groups of piRNAs in mice depending on the stage at
which they are expressed. piRNAs expressed before the pachytene
stage of meiosis (pre-pachytene piRNAs) include piRNAs that target
transposons and piRNAs spanning the coding sequence and the 3° UTR
of many genes. Pachytene piRNAs are generated after the
transcription factor A-MYB binds the ~100 piRNA clusters promoting
transcription of these piRNA’s precursors. Importantly, it is not known
how transcripts of protein-coding genes are selected for piRNA
production rather than mRNA translation (reviewed in (Ozata et al.
2019) nor we have a clue about the role of these piRNAs.

piRNAs repress transposons by guiding PIWI proteins to target RNAs
by sequence complementarity (Fig 1C). piRNAs also promote
transposon silencing through heterochromatin assembly in flies (Le
Thomas et al. 2014) and mice (Kojima-Kita et al. 2016; Kuramochi-
Miyagawa et al. 2008). Moreover, the PIWI pathway is a relevant
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player in imprinting in mice: its components are required for de novo
methylation of the ICR of Rasgrfl (Watanabe et al. 2011) controlling
gene expression. Interestingly, piRNAs spanning from a different locus
target a transposable element within the non-coding RNA that spans
the ICR and is associated with imprinting of the locus. Also, a recent
article suggests a role for piRNAs in regulating gene expression (Wu et
al. 2018) and establishes a direct role between pachytene piRNAs,
spermiogenesis and embryo viability.

Q  Phased piRNA p Ping-pong ampilification
biogenesis pathway biogenesis pathway
% % % % PIWI
> initiator piRNA l/\l >
piRNA precursor
u— Uu— Uu—
(stnt %
u— Uu— <
Trailing piRNAs responder piRNA A RNA transcript
Generation of trailing piRNAs (10th nt) |
by phased slicing of a piRNA precursor

initiator piRNAs bind PIWI proteins
and target complementary RNA transcripts
to generate responder piRNAs

C piRNA targeting
mechanism < 7
PIWI
I/\IA initiator piRNA

|~
U % % (10th nt)
(Istnt)

RNA transcript U responder piRNA

A

pIRNA

>
>

(st nt)
Degradation of target RNA responder piRNAs bind PIWI proteins
by sequence complementarity and act as an initiator piRNAs
to increase the abundance of piRNAs

Figure 1. Mechanisms of piRNA generation and transposon targeting. a) Phased
piRNAs are generated by an initial trigger and sequentially after that. b) The ping-
pong amplification cycle starts with an initiator piRNA targeting an RNA molecule by
sequence complementarity and generating piRNAs from it. These responder piRNAs
in turn will guide PIWI proteins to other RNA molecules and generate more
complementary piRNAs. c) piRNAs sort target RNA molecules for degradation by
sequence complementarity.
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Transposable elements and the non-coding genome

Transposable elements (TEs) and other repeats make up
approximately half of the human and mouse genomes (Mouse
Genome Sequencing Consortium 2002) and are the main contributors
to different genomic size between species (Sotero-Caio et al. 2017).
TEs are mobile elements that contribute to mutagenesis and disease
but they are also a source of genomic innovation (reviewed in
(Chuong, Elde, and Feschotte 2017). They were first described in
maize as controlling elements of genes (Mcclintock 1956).

TE need to be silenced to protect genome integrity (Faulkner et al.
2009). Generally, these regions are compacted in high density
chromatin and subjected to a silent state through heterochromatin.
Among the mechanisms responsible for the silencing of transposons
we find DNA methylation and H3K9me3 (Yoder, Walsh, and Bestor
1997; Walsh, Chaillet, and Bestor 1998; Rowe et al. 2010) in both
germline and embryos (reviewed in (Deniz, Frost, and Branco 2019).

Importantly, the genomic context of a gene in terms of potentially
regulatory repetitive elements are likely to play a role in its expression
(reviewed in (Chuong, Elde, and Feschotte 2017). For instance, TE
located 5' of protein-coding loci often act as alternative promoters or
tissue-specific transcription start sites (TSS) in a variety of tissues in
humans and mice (Faulkner et al. 2009).

Endogenous retroviruses (ERVs), a specific type of transposons, are
among the first transcribed sequences during zygotic genome
activation in mouse two-cell embryos (Macfarlan et al. 2012). This has
a widespread impact on embryos. Specifically, ERVs are essential
regulators of development, regulate gene expression networks during
embryogenesis in humans (Kunarso et al. 2010) and mice (Macfarlan
et al. 2012) and are required in stem cells for totipotency (Fort et al.
2014). ERV are also involved in regulating other complex gene
networks of biological processes like dosage-compensation of the X-
chromosome in flies (Ellison and Bachtrog 2013) and mammalian
immunity (Chuong, Elde, and Feschotte 2016).
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Transposon activation can also impact the mammalian transcriptome
by triggering DNA methylation of LTR-initiated transcripts in mouse,
rat, and human oocytes (Brind’Amour et al. 2018). DNA methylation
driven by LTR-initiated transcription, which includes gene promoters,
can endure epigenetic reprogramming post fertilization and is
associated with transcriptional repression of the maternal allele in
adults (Brind’Amour et al. 2018). Hence, variation in LTR insertions can
lead to the generation of new imprinted genes.

Some transposable elements like the mouse intracisternal A particle
(IAP) family of endogenous retroviruses - the youngest and still active
family or ERV-, can transition between active and inactive epigenetic
states and are among the few loci that can maintain such state after
epigenetic reprogramming (reviewed in Takahashi et al, Cold Spring
Harb Symp Quant Biol, 2015). Furthermore, there are examples of IAP-
driven heritable expression states (Morgan et al. 1999). For this
reason, even though IAPs have been suggested as good candidates for
TEl (Lane et al. 2003), a recent study showed most IAPs to reset
epigenetic  information  during embryonic  reprogramming
(Kazachenka et al. 2018).
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Mechanisms of epigenetic inheritance of variable traits
through the germline
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Definitions

Epigenetic reprogramming: Refers to the erasure of epigenetic marks
such as DNA methylation and histone modifications. During the
mammalian life cycle, there are two rounds of reprogramming. In
gametogenesis, there is extensive epigenetic reprogramming that
includes erasure of genomic imprints. In preimplantation embryonic
development there is another round of reprogramming that is linked
to the conversion of highly differentiated gametes to the totipotent
cells of the early embryo (reviewed in (Reik, Dean, and Walter 2001).

Epialleles: Refers to heritable alternative expression states of a gene
that are not caused by genetic variation. Epialleles can often switch
states after one or more generations during epigenetic
reprogramming or in response to a stimulus (Rakyan et al. 2002).

Paramutation: Process by which one allele of a gene interacts with the
other genetically identical allele and affects the latter's expression.
Paramutated epialleles are often heritable and can repress other
alleles. The mechanism was first discovered in maize (Brink 1956).

Introduction

The idea that non-genetic information can be inherited through the
germline was once considered heretical. However, there is a form of
inheritance through the germline non dependent on genetic material
and generally attributed to epigenetics. In many eukaryotic model
organisms, epigenetic information encoded in the germline can
transmit variable traits from parental phenotypes to the next
generation/s. Inheritance of epigenetic information maintained down
to the F2 is considered transgenerational inheritance, while we call it
intergenerational inheritance if the signal is lost in the F1 (Fig 2).
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Nowadays, many systems in multiple species suggest different
pathways involved in the inheritance of acquired traits. To understand
the current state of the field, | review the most striking breakthroughs,
some of the best understood cases and the latest research on the
epigenetic inheritance field. | discuss the identified mechanisms
involved in the transmission of non-genetic information through
germline in plants, nematodes, flies and mammals.

A number of mechanisms have been implicated in the transmission of
phenotypes between generations but, due to space limitations, in this
review we focus only on chromatin, DNA methylation and small non-
coding RNAs. Although broadly speaking epigenetic mechanisms are
conserved in eukaryotes, there are also important differences. For
example, cytosine methylation is widespread in plants and mammals
but not in the model organisms Drosophila melanogaster (Capuano et
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al. 2014) and Caenorhabditis elegans (Simpson, Johnson, and
Hammen 1986). Also, C. elegans spermatozoa, unlike mammalian
spermatozoa, do not package their genome in spermatozoa-specific
proteins called protamines, potentially allowing the transfer of
information between generations through histones (Tabuchi et al.
2018). Therefore, we have organized this review by species. Todate,
there are many reported cases of potential epigenetic inheritance in
animals (Jablonka and Lamb 1999). For most of these, the mechanism
of inheritance is completely unknown. In this review we focus on
examples of non-genetic inheritance of variable traits where there is
at least some evidence for an underlying epigenetic mechanism,
specifically DNA methylation, small RNA or chromatin. We start the
review with an overview of epigenetic inheritance in plants, where
transgenerational epigeneticinheritance appears to be more common
than in animals. We then discuss some of the best-understood models
and mechanisms of epigenetic inheritance in nematodes, flies and
rodents. Last, we briefly review some notable examples of potential
intergenerational responses to environmental exposures in humans.

Models and mechanisms of epigenetic inheritance in plants
Heritable plant epialleles controlled by transposable elements

Vernalization is one of the best-understood examples of how the
environment can affect the epigenome of an organism. In Arabidopsis
thaliana, cold-exposure leads to a progressive deposition of the
repressive histone mark H3K27me3 which, after a few weeks, results
in silencing of the floral repressor gene (FLC). This epigenetic
modification is maintained during multiple cell divisions (Gendall et
al., 2001; Levy et al., 2002) but is not inherited (Crevillén et al. 2014).

Are there heritable epialleles in plants? Yes, there are multiple
(reviewed in (Bond and Baulcombe 2014) and (Quadrana and Colot
2016)). In flowering plants, the germline differentiates from somatic
cells which, after being exposed to a particular environmental
stimulus (such as cold, drought, etc), can maintain memory of the
adaptive response (Gendall et al. 2001; Levy et al. 2002). Also, unlike
mammals, plants maintain CG DNA methylation during their life cycle
(Calarco et al. 2012). The establishment of DNA methylation involves
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small RNAs generated by an RNA dependent RNA polymerase and a
Dicer-like protein targeting complementary genomic sites (Bond and
Baulcombe 2014). DNA methylation can then be maintained
independently of the trigger small RNAs by MET1, the plant
homologue of mammalian DNMT1. Therefore in plants, inherited DNA
methylation at CG sites provides a simple mechanism to transmit
epialleles between generations.

Transposable elements are widespread, can affect gene regulation
and maintain memory of expression between generations (Galindo-
Gonzalez et al. 2017). Already in the late 50s, Barbara McClintock,
observed that some copies of Suppressor-mutator (Spm) transposable
elements in maize can reversibly transition between active and
inactive states and that these states are heritable (McClintock and
Others 1958; McClintock 1961). Transposon activity negatively
correlates with DNA methylation (Fedoroff 1989; Martienssen 1998;
Banks, Masson, and Fedoroff 1988). Since then, heritable epialleles,
often associated with transposable elements, have been identified in
many plant and animal species (reviewed in (Slotkin and Martienssen
2007), including species and phenotypes of agricultural and economic
value such as the colourless and non-ripening phenotype in tomatoes
(Manning et al. 2006), the dwarf phenotype in rice (Miura et al. 2009)
and morning glory flowers (lida et al. 2004).

Association of complex traits with heritable DNA methylation

Is variable DNA methylation the cause of complex, heritable
phenotypes? To address this question, a population of inbred
Arabidopsis plants with highly variable DNA methylation was
generated by crossing plants with mutations in two genes involved in
DNA methylation (met1 and ddm1) with wild type plants, selecting
wild type progeny and then inbreeding (Johannes et al. 2009).
Phenotyping and DNA methylation profiling of the resulting epigenetic
recombinant inbred lines revealed variation in complex traits such as
flowering time and root length associated with the inherited DNA
methylation perturbations (Johannes et al. 2009; Cortijo et al. 2014).
This experiment provided strong evidence that inherited variation in
DNA methylation is causally connected to phenotypic variation in
plants.
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Models and mechanisms of epigenetic inheritance in Caenorhabditis
elegans

The selfing mode of reproduction, which reduces genetic diversity, the
short generation time and the possibility to keep track of phenotypic
changes continuously during many generations makes the nematode
worm Caenorhabditis elegans an excellent model organism, especially
for research on transgenerational epigenetic inheritance. There is no
detectable DNA methylation in this animal but small RNA-associated
mechanisms and chromatin have been mechanistically linked to
transgenerational epigenetic inheritance of gene expression states,
including permanent silencing of RNAi-targeted genes (Vastenhouw et
al. 2006; Shirayama et al. 2012; Luteijn et al. 2012; Ashe et al. 2012).

Heritable silencing of transgenes, transposons and endogenous loci
targeted by small non-coding RNAs

In C. elegans, small RNAs play a central role in the establishment,
maintenance and transgenerational memory of gene expression
(reviewed in (Rechavi and Lev 2017) and (Minkina and Hunter 2018)).
Small RNAs that can induce heritable silencing (RNAI) in the nucleus
include short interfering RNAs (siRNAs) processed from exogenous
double-stranded RNA molecules, endogenous siRNAs and PIWI-
interacting RNAs. Argonaute proteins are involved in gene regulation
in all species but in C. elegans the Argonaute family has massively
expanded (Yigit et al. 2006) generating a great diversity of RNA-
interacting proteins and types of small regulatory RNAs that are
involved in many regulatory mechanisms including epigenetic
inheritance. Several members of the Argonaute family and modifiers
of repressive (H3K9me3) chromatin have been found to be essential
for inter-/trans-generational silencing of transgenes and transposons
as well as for the silencing of endogenous genes by exogenous siRNAs.
For example, the C. elegans PIWI orthologue PRG-1 initiates
permanent silencing of transgenes and transposons (Ashe et al. 2012;
Shirayama et al. 2012; Lee et al. 2012; Luteijn et al. 2012) and the
nuclear Argonaute HRDE-1 is required to transmit memory of gene
silencing to the offspring (Buckley et al. 2012; Ashe et al. 2012). Also,
conserved H3K9me3 methytransferases are involved in stable
silencing of loci targeted by exogenous double-stranded RNA,
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transgenes and transposons (Gu et al. 2012; Ashe et al. 2012;
Shirayama et al. 2012). Although it is well established that in C.
elegans interplay between Argonautes and histone modifiers underly
the mechanism of transgenerational silencing triggered by exogenous
dsRNA as well as the silencing of transgenes and repeats, it remains
debatable whether the molecules that carry the silencing signal in the
germline are the small RNAs, the modified histones or both.

Induced chromatin aberrations cause transgenerational phenotypes

In C. elegans transgenerational epigenetic inheritance is not limited to
RNAi-related repressive mechanisms. Experimentally induced
chromatin changes in the germline can cause increasing frequency of
sterile offspring, known as the ‘mortal germline phenotype’ and also
transgenerational longevity. For example, animals mutant in either an
H3K4 demethylase (Katz et al. 2009) or methyltransferase (Xiao et al.
2011) are initially apparently healthy but give birth to an increasing
percentage of sterile offspring after each generation (Katz et al. 2009).
Mutations in these chromatin modifiers lead to transgenerational
accumulation of chromatin aberrations and increasing gene
misregulation during the germline cycle eventually leading to sterility
(reviewed in (Kelly 2014)). Interestingly, wild-type offspring of worms
mutant in H3K4me3 modifiers have extended longevity for multiple
generations (Greer et al. 2011). These studies have thus revealed that
errors in chromatin reprogramming and resetting of active chromatin
marks during the germline life cycle can have transgenerational
consequences not only in the function of the germline but also of
somatic cells.

Transgenerational responses to environmental stimuli

In recent years, a number of heritable physiologically acquired
epialleles and phenotypes have been discovered in C. elegans,
including transgenerational responses to diet, temperature, man-
made chemicals and inherited behaviours. The mechanisms that have
so far been linked to the transmission of these responses through the
germline include both chromatin and RNAI.

In C. elegans, it has been shown that parental diet affects the
phenotype of the future generations. Starvation in young worms leads
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to extended lifespan in great-grand-offspring (Rechavi et al. 2014).
Inheritance of this phenotype is correlated with differential
expression of endogenous siRNAs antisense to a set of protein-coding
genes. Inheritance of the differentially expressed endo-siRNAs
depends on HRDE-1, a worm specific Argonaute (Rechavi et al. 2014).
The endo-siRNAs that are differentially expressed in response to
starvation are also bound by HRDE-1 which has led to the hypothesis
that endo-siRNAs bound to HRDE-1 carry epigenetic information
between generations (Rechavi et al. 2014). On the other end of the
nutrition spectrum, worms fed glucose enriched diet appear to have
fewer offspring and are resistant to oxidative stress and
neurodegeneration with these phenotypes lasting for 1-2 generations
(Tauffenberger and Parker 2014). Inheritance of this phenotype
requires an intact insulin/IGF-like pathway and components of the
H3K4me3 methylation complex (Tauffenberger and Parker 2014).
Similarly, exposure to various stressful conditions (arsenite,
hyperosmosis and fasting) during development appears to protect
offspring from oxidative stress and proteotoxicity (Kishimoto et al.
2017). This inherited response also requires the H3K4me3 complex for
transmission of the phenotype to the offspring (Kishimoto et al. 2017).
Thus current evidence suggests that inheritance of responses to
different diets depends on different epigenetic mechanisms (nuclear
RNAI or ‘active’ histone modifications).

Temperature is another well studied physiological stimulus that leads
to transgenerational gene expression changes. Growth at high
temperature (25C) for one generation leads to upregulation of
endogenous protein-coding genes, transposons and multi-copy
transgenes for several generations (Klosin et al. 2017; Schott, Yanai,
and Hunter 2014). Endogenous protein-coding genes that maintain a
multi-generational memory of expression in response to heat are
targeted by endogenous siRNAs (Schott, Yanai, and Hunter 2014). In
this model, expression in response to growth in high temperature
occurs only through the female germline (Schott, Yanai, and Hunter
2014). Remarkably, when animals are grown at 25C temperature for
several generations and then returned to 20C, multi-copy transgene
upregulation persists for up to fourteen generations (Klosin et al.
2017). Transgenerational transmission of the active expression state
of a multi-copy transgene is inherited through both the male and the
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female germline, in cis with the locus, is associated with reduced H3K9
methylation at the transgene and requires the worm H3K9
methyltransferase (set-25) (Klosin et al. 2017). Similarly, transposons
that are normally repressed but upregulated by temperature also
maintain memory of temperature-induced activation for several
generations (Klosin et al. 2017). The results of these studies suggest
that expression changes in response to growth at 25C can be inherited
via different mechanisms, depending on the type of gene (transgene,
transposon or endogenous protein-coding gene).

It has been reported that exposure to the chemical Bisphenol A (BPA)
found in plastics is associated with transgenerational phenotypes. This
association was initially observed in rats (Manikkam et al. 2013). In
order to gain insight into the possible epigenetic mechanisms
responding to BPA, C. elegans worms were exposed to BPA and
expression of a transgene was measured for several generations
(Camacho et al. 2018). This experiment in C. elegans revealed that BPA
leads to a heritable alteration of heterochromatin that lasts for five
generations (Camacho et al. 2018). Inheritance of this response
depends on two histone demethylases: the H3K9me3 demethylase
JMJ-2 and the H3K27me3 demethylase JMJ-3 (Camacho et al. 2018).

Last but not least, it was recently reported that behavioural responses
can also be transgenerationally inherited. Learned avoidance of a
bacterial pathogen lasts for four generations (Moore, Kaletsky, and
Murphy 2019). Transgenerational avoidance behaviour requires
PIWI/PRG-1, MUT-7/RNase D, RRF-1 as well as SET-25 and HPL-2 in the
nucleus (Moore, Kaletsky, and Murphy 2019). Especially in the cases
of transgenerational changes in behaviour, an important question is
how neuronal responses are signalled to the germline. In C. elegans,
there are two RNA-binding proteins that have so far been associated
with neuron-to-germline communication: SID-1 (Devanapally,
Ravikumar, and Jose 2015) and RDE-4 (Posner et al. 2019).
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Models and mechanisms of epigenetic inheritance in Drosophila
melanogaster

Epigenetic inheritance of Fab-7-associated epialleles

The polycomb group response element Fab-7 is one of a few loci
known to maintain memory of expression between generations
(Cavalliand Paro 1998). The Polycomb group complex binds Fab-7 and
maintains the downstream protein-coding gene in a repressed state
during mitotic divisions. Temporary induction of transcription through
the Fab-7 element leads to reporter gene activation that is partially
inherited to the offspring (Cavalli and Paro 1998). It was recently
shown that a Fab-7-controlled transgene, with typically variegated
expression, becomes stably active or repressed when one copy of the
endogenous Fab-7 is lost for one generation (Ciabrelli et al. 2017).
Transmission of the active or repressed Fab-7 epiallele for a few
generations leads to loss of inter-individual epiallele variation and the
emergence of a permanently active or repressed epiallele that is
transmitted, unaltered, through the germline (Ciabrelli et al. 2017).
Interestingly, stable Fab-7 epialleles are paramutagenic (Ciabrelli et al.
2017). What is the mechanism of transgenerational transmission of
the Fab-7 epialleles? There is evidence that PRC2 is involved in this
phenomenon. Even before the onset of Fab-7 transgene transcription
in the embryo, there is a higher abundance of H3K27me3 at the
repressed epiallele than the active epiallele and transient reduction of
PRC2 levels leads to faster transition to a stably active epiallele
(Ciabrelli et al. 2017). Also, H3K27me3 is inherited through the
germline (Zenk et al. 2017). Therefore, PRC2 and the histone
modification H3K27me3 are prime candidates for the transmission of
acquired epialleles through the germline in flies.

Epigenetic inheritance of environmentally induced responses

Several years ago, a H3K9me3-linked mechanism of epigenetic
inheritance was reported in flies. Heat-shock and osmotic stress were
shown to lead to disruption of heterochromatin and gene activation
that is inherited (Seong et al. 2011). Specifically, the authors reported
that stress induces phosphorylation and release of ATF-2 from
chromatin, loss of H3K9me2 and activation of a transgene that is
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normally repressed by heterochromatin (Seong et al. 2011). The
derepressed state is transmitted through both the maternal and the
paternal germline, it is paramutagenic and the effect is cumulative (i.e.
the number of generations affected is higher if the embryos are under
stress for multiple generations) (Seong et al. 2011).

More recently it was also shown that paternal diet leads to metabolic
reprogramming in offspring. Specifically, consumption of a high sugar
diet by the father leads to increased susceptibility to adiposity in the
offspring (Ost et al. 2014). The high amount of sugar in the diet leads
to desilencing of a transgene reporter affected by heterochromatin,
as well as genes embedded in repressive chromatin (Ost et al. 2014).
Interestingly, transcriptional changes detected during embryonic
development in the offspring are already forecast in sperm (Ost et al.
2014). Mutant analysis revealed a requirement for an intact
heterochromatin machinery both in sperm and in the embryo for
transmission of the metabolic phenotype (Ost et al. 2014). Notably,
similar transcriptional changes are observed in models of epigenetic
obesity in mice and in humans (Ost et al. 2014).

Intergenerational transposon repression by piRNAs

PIWI-interacting RNAs (piRNAs) and piRNA producing loci (piRNA
clusters) can also transmit epigenetic information between
generations in Drosophila. Maternal piRNAs protect offspring from
transposon activation and sterility in crosses of flies with different
transposon profiles (Brennecke et al. 2008). Maternally deposited
piRNAs targeting transposons in the genome of the offspring are
involved in repression of transposon splicing (Teixeira et al. 2017).
Although not strictly epigenetic inheritance of an epigenetically
variable trait, this demonstrates that maternal small RNAs can affect
a phenotype in the offspring. Furthermore, piRNAs can silence
homologous loci in trans (de Vanssay et al. 2012), akin to
paramutation in plants. The trans-silenced homologous loci also
produce piRNAs, they become paramutagenic themselves and are
heritable across generations (de Vanssay et al. 2012). Furthermore,
expression of some piRNAs can be modified by aging and their
expression state can be transgenerationally inherited via maternal
piRNAs (Grentzinger et al. 2012).
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Models and mechanisms of epigenetic inheritance in mice

Intergenerational responses have been studied in rodents for more
than forty years. Initially, the focus was on phenotypes transmitted to
offspring of female animals exposed to adverse stimuli (e.g. (Cowley
and Griesel 1966; Zamenhof, van Marthens, and Grauel 1971; Chandra
1975). There is still scarce evidence that an environmentally induced
phenotype can be transmitted for more than two generations in
mammals. Nonetheless, by now there is very strong evidence that
non-genetic information transmitted through the gametes can
influence the phenotype of at least the F1 offspring in mice.

Intergenerational inheritance of IAP-associated epialleles

The most extensively studied model of epigenetic inheritance in
mammals is Avy. Avy is a natural allele of the mouse Agouti gene that
arose in the C3H/Hel mouse strain after the insertion of an
intracisternal A particle (IAP) repeat upstream of the gene (Dickies
1962). Agouti is a signalling protein that controls melanin production
in the hair follicle resulting in agouti coat color. When the Avy IAP is in
an active state it acts as a dominant promoter.When the Avy IAP is
repressed, the agouti gene is expressed in specific cell types and
stages of development from its endogenous promoter and mouse
hairs are agouti. When the Avy IAP is active, there is ectopic,
constitutive transcription from the LTR of the transposon causing
yellow hairs as well as affecting other phenotypes such as obesity,
susceptibility to cancer and life expectancy. Thus, the Avy allele exists
in two states determined by the state of the IAP. Avy mice can have
the Avy allele in either state in all, some or none of their cells.
Consequently, genetically identical Avy mice are phenotypically
diverse with their colour ranging from yellow through mottled to
complete yellow, depending on the activity state of the Avy IAP and
the extent of mosaicism.

Avy epialleles are, at least partially, heritable (Wolff et al. 1998; Wolff
1978). Although it was initially thought that transmission of the Avy
agouti phenotype from mother to offspring was due to metabolic
effects in utero (Wolff et al. 1998, Wolff 1978), oocyte transfer
experiments demonstrated that the activity state of the Avy allele
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correlates with the activity state in the biological mother and not the
phenotype of the foster mother (Morgan et al. 1999). Furthermore,
the proportion of Avy mice with agouti colour is higher when both the
mother and the grandmother carry the silent Avy epiallele, suggesting
accumulation of a signal at the locus (Morgan et al. 1999).
Environmental stimuli, in particular maternal diet, can influence the
state of the Avy allele in the offspring. Methyl donor supplementation
of pregnant mothers (that do not carry the Avy allele themselves)
which carry embryos with the Avy allele inherited from the father give
birth to more pups with repressed Avy alleles (Cropley et al. 2006).
The state of the Avy locus is therefore inherited between generations
and responsive to methyl donor supplementation in the diet of the
mother.

For a long time, DNA methylation was considered the most likely
mechanism of epigenetic inheritance at the Avy locus. The activity
state of the Avy epiallele - in both gametes and adult somatic cells -
inversely correlates with DNA methylation of the long terminal repeat
of the IAP (Morgan et al. 1999; Rakyan et al. 2003; Cooney, Dave, and
Wolff 2002; Blewitt et al. 2006). The prevailing hypothesis was that
the IAP escapes reprogramming - something that indeed happens at
many IAPs (Lane et al. 2003). However, methylation at the Avy IAP, in
particular, is erased during mouse preimplantation development
(Blewitt et al. 2006). Consequently, the mechanism of maintenance of
memory is not simply incomplete erasure of DNA methylation. There
is some evidence that polycomb is implicated in intergenerational
transmission of Avy epialleles. Although in the C57BL6 mouse genetic
background there is no epigenetic inheritance of the Avy epialleles
inherited from the father, C57BL6 mice haploinsufficient for Mel18
that inherit the Avy epiallele from an agouti father are more prone to
be pseudoagouti than their wild-type littermates (Blewitt et al. 2006).
All'in all, research on the Avy mouse model has demonstrated strong
evidence for intergenerational inheritance through the germline. It is
now known that expression of the Avy allele is influenced by the
genetic background, the parent from which the allele was inherited,
the maternal epigenotype, methyl donor diet supplementation in
utero, maternal alcohol consumption and even the parents’
untransmitted genotypes (Chong et al. 2007; Daxinger and Whitelaw
2012; Kaminen-Ahola et al. 2010; Daxinger et al. 2016). Still, even for
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this highly studied locus, the mechanism of transmission of
information through the germline remains not fully understood.

Avy is not the only IAP-derived mouse allele with heritable epialleles
(see for example (Rakyan et al. 2003). A widespread assumption has
been that IAPs have intrinsic features that predispose them to
epigenetic metastability. This hypothesis was recently tested using an
unbiased screen for IAPs that are variably methylated in individuals of
inbred mice, associated with the expression of nearby genes and
stably (un)methylated within the same individual (Kazachenka et al.
2018). The results of this screen argue that the activity state of IAPs is
not heritable, with very rare exceptions (Kazachenka et al. 2018).

Intergenerational transmission of information via sperm RNA

Currently, a lot of research on epigenetic inheritance in rodents is
based on transmission through the male germline. This is because in
utero effects can be excluded. Additionally, it is easier to limit the
interaction of the father with the offspring limiting transmission of
phenotypes via altered behaviour. Furthermore, mammalian sperm
cells contain very little RNA in comparison to oocytes, making it
relatively easier to narrow down the candidate signalling molecules.

The first time it was demonstrated that sperm RNA transferred to a
fertilised oocyte can affect an adult phenotype was when sperm RNA
from Kittm1AIlf/+ mutants microinjected into wild type one-cell
embryos was shown to mimic the Kit mutant white-spotted
phenotype (Rassoulzadegan et al. 2006). Interestingly, the Kittm1Alf
allele, which was engineered by inserting LacZ downstream of the
start codon of Kit, can “paramutate” a wild type Kit allele
(Rassoulzadegan et al. 2006). Regarding the mechanism of
transmission, there is evidence that small RNAs are involved.
Microinjection of a variety of RNAs into wild type fertilized oocytes
phenocopies the Kit mutation: sperm RNA from mice carrying the
paramutated Kit epiallele, microRNAs miR-221, miR-222 and a 28nt
oligonucleotide from Kit, all cause embryos to develop white-spots
and abnormal Kit transcripts in adulthood (Rassoulzadegan et al.
2006).
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Since this initial report, multiple other groups published results
showing that microinjections of sperm RNAs into zygotes can induce
different phenotypes. For example, sperm small RNAs from affected
sires delivered to fertilized eggs can mimic paternal phenotypes
including heart hypertrophy (Wagner et al. 2008), general overgrowth
(Grandjean et al. 2009), obesity and metabolic disorder (Grandjean et
al. 2015; Chen et al. 2016), stress reactivity (Rodgers et al. 2015),
enhanced synaptic plasticity (Benito et al. 2018) and traumatic stress
(Gapp et al. 2018). Also, sperm microRNAs appear to be important for
early embryonic development and implantation (Yuan et al. 2016;
Conine et al. 2018). Still, the direct targets of sperm small RNAs in the
early embryo and the subsequent cascade of events that leads to the
development of a phenotype remain to be discovered.

How does the environment affect sperm RNAs? Profiling of small RNAs
from male gametes at different stages of differentiation and
maturation from testis and epididymis has revealed that extracellular
vesicles can transport small RNAs including tRNA fragments and
microRNAs from the epithelium to mature sperm cells (Sharma et al.
2018, 2016). Also high fat diet can induce expression of the RNA
methyltransferase Dnmt2 in epididymis, alter RNA modifications and
the secondary structure of tRNA fragments (Zhang et al. 2018).
Furthermore, DNMT2 is required for epigenetic inheritance and
paramutation at the Kit locus (Kiani et al. 2013) and for inheritance of
high-fat-diet-induced metabolic disorders (Zhang et al. 2018). Thus,
DNMT2 may play a role in encoding external stimuli in the RNA of
mature sperm that could influence gene expression in the offspring.

Evidence of epigenetic inheritance in humans

Evidence of epigenetic inheritance in humans is based on
epidemiological studies. Whether inheritance of human traits is
through epigenetic mechanisms and regulatory signals encoded in
germ cells is nearly impossible to prove. Research is focused on
identifying associations between the phenotype or the environment
of the parents with the phenotype of the offspring. Human sperm cells
are easily accessible, therefore it is also relatively easy to identify
environmental stimuli significantly affecting the sperm “epigenome”
(Casas and Vavouri 2014).
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Intergenerational disease  susceptibility associated  with
environmental perturbations

Population-based studies and experiments in mice have repeatedly
revealed significant associations between the diet of the parents and
metabolic disorders in the offspring (Roseboom and Watson 2012;
Jimenez-Chillaron et al. 2009; Pentinat et al. 2010). For instance,
children of fathers exposed to famine in-utero tend to be heavier and
with a higher body-mass index (BMI) than unexposed relatives
(Veenendaal et al. 2013). Individuals that were on early stages of
gestation during the famine were the most affected. Perhaps this
period of embryonic development is a time when environmental
perturbations can affect the germline most significantly. Similarly,
children who suffered undernutrition in-utero during a big famine in
China were at a higher risk of developing hyperglycemia and type 2
diabetes as adults (Li et al. 2017). These phenotypic differences were
maintained for two generations. Furthermore, a study of three
different Overkalix cohorts in Sweden, revealed intergenerational
effects of starvation during the first three years of life of grandparents
- food shortage correlated with survival in grand-offspring. Strikingly
the phenotype was only transmitted to grand-offspring of the same
sex, in spite of the signal being transmitted through the same parents
(Pembrey et al. 2006).

DNA methylation and small RNA signatures associated with
intergenerational effects

Multiple studies have identified associations between somatic DNA
methylation variation in offspring and parental exposures. These
include methylation variation at the imprinted gene IGF2 associated
with in utero undernutrition in the Dutch famine population (Heijmans
et al. 2008), methylation variation associated with the season of
conception (Waterland et al. 2010; Dominguez-Salas et al. 2014) and
methylation variation of the non-coding VTRNA2-1 transcript
associated with maternal nutrition (Silver et al. 2015). An increasing
body of literature is also revealing associations between the
abundance of methylation state of specific loci and small RNAs in
sperm and the environment experienced by men. For example, DNA
methylation variation and sperm small RNA abundance correlate with
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obesity (Donkin et al. 2016; Soubry et al. 2016) and early life stress
(Dickson et al. 2018). Furthermore, methylation at genes involved in
the control of appetite changes in response to bariatric surgery
(Donkin et al. 2016). It remains to be seen whether these changes in
DNA methylation and RNA molecules in mature sperm have any direct
impact on gene regulation in the human zygote.

Remaining challenges and future perspectives

Carefully performed experiments in model organisms have
demonstrated that non-genetic information can be transmitted
through the germline and affect the phenotype of the offspring.
Epigenetic mechanisms linked to the transmission of information
between generations are DNA methylation, RNAi and chromatin. In
both plants and animals, a recurring theme is that genomic loci that
maintain memory of gene expression state between generations are
associated with transposons.

There is currently a huge research effort into better understanding the
mechanisms involved in epigenetic inheritance. Important challenges
include the dissection of the underlying mechanisms, when
perturbation of the candidate mechanisms affects gametogenesis,
causing sterility or early embryonic death. Also epigenetic pathway
mutant plants or animals often have grossly perturbed epigenomes
making it difficult to dissect direct from indirect effects. The
development of targeted epigenetic editing of gametes and early
embryos, which is starting to become possible (Wei et al. 2019), is
going to transform this field in the near future.
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Abstract

Sperm is a highly differentiated cell type whose function is to deliver
a haploid genome to the oocyte. The sperm “epigenomes” were
traditionally considered to be insignificant - the sperm is
transcriptionally inactive, its genome is packaged in sperm-specific
protamine toroids instead of nucleosomes, and its DNA methylation
profile is erased immediately post-fertilization. Yet, in recent years
there has been an increase in the number of reported cases of
apparent epigenetic inheritance through the male germline,
suggesting that the sperm epigenome may transmit information
between generations. At the same time, technical advances have
made the genome-wide profiling of different layers of the sperm
epigenome feasible. As a result, a large number of datasets have been
recently generated and analyzed with the aim to better understand
what non-genetic material is contained within the sperm and whether
it has any function post-fertilization. Here, we provide an overview of
the current knowledge of the sperm epigenomes as well as the
challenges in analysing them and the opportunities in understanding
the potential non-genetic carriers of information in sperm.

Introduction

Sperm are highly specialized cells that propagate genetic material
from father to offspring. Animal studies suggest that mammalian
sperm can transmit non-genetic information across generations. This
epigenetic information may alter depending upon the father’s
environmental exposures. In recent years, the different sperm
“epigenomes” have been profiled using high throughput sequencing.
Sperm is turning from being one of the most poorly to one of the most
intensely profiled cell types (Fig 3).
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Timeline of landmark studies in sperm epigenomics.

Human sperm nucleosomes Reanalysis of data from Hammoud et Mouse sperm nucleosomes mapped Human and mouse sperm
= | mapped by MNase-Seq. al 2009 reveals very strong correlation by MNase-Seq. H3K4me3, nucleosomes mapped by MNase-Seq
g Nucleosomes found enriched at key || between GC content and nucleosome H3K27me3, H3.3 and H3.1/H3.2 (Samans et al., 2014 and Carone et
= | developmental regulators and retention in sperm explaining their mapped by ChIP-Seq. Sperm al., 2014). Contrary to previous data
é imprinted genes. H3K4me3, 1 with gene p ! found enriched at sets, sperm nucleosomes found
= | H3K27me3 and H2AZ containing and developmental regulators CpG-rich and hypomethylated enriched in gene-poor and
O | nucleosomes mapped by ChIP-Seq. || (Vavouri and Lehner, 2011). regions (Erkek et al., 2013). repeat-rich regions. Promoters and
Modified nucleosomes found developmental regulators found
enriched at key developmental depleted of nucleosomes in human
regulators (Hammoud et al., 2009). and mouse sperm. These reports
reveal how challenging it is to work
Human sperm nuclcosomes mapped with sperm chromatin an(! highlight
by MNase-Seq. Modest enrichment the need for further experiments to
es found at gene start nndcnla_nd the sllruc'lurt" of
chromatin organization in sperm.
|
2009 2010 2011 2012 2013 2014
1 1 1
g Human sperm small RNAs sequenced. Human sperm long RNAs sequenced Human and mouse sperm long RNAs
9 Ribosomal RNAs found in sperm but (Sendler et al., 2013 and Soumillon et al., || as well as human small RNAs isolated
K= fragmented (Johnson et al., 2011). Human 2013). Computational analysis of RNA and sequenced. As reported by Sendler|
5 sperm also found to contain microRNAs integrity reveals that a very small et al., long RNAs found predominantly
2 and piRNAs (Krawetz et al., 2011). minority of molecules are intact while the || related to spermatogenesis. Many
s rest are fragmented or degraded. additional microRNAs and piRNAs
B~ Enriched functional annotations of sperm || found in human sperm
transcripts are related to sper is || ( et al., 2014).
(Sendler et al., 2013).
S DNA methylation of human and chimp DNA methylation of mouse sperm DNA methylation of human sperm
= sperm measured by whole genome measured by RRBS. Genome measured by whole genome
g Bis-Seq. Promoters found found in general hypermethylated and Shme measured by ChIP-Seq
L= hypo-methylated. Most repeats found in comparison to oocytes and (Hammoud et al., 2014). Also, DNA
k51 hyper-methylated, except for some zygotes (Smith et al., 2012). methylation of human sperm, oocyte
g families of SVA repeats, satellites and and preimplantation embryos
< tRNAs (Molaro et al., 2011). measured by RRBS (Guo et al., 2014
7, and Smith et al., 2014). Results agree
a with previous reports that the sperm
genome is in general hypermethylated
in comparison to the oocyte and the
preimplantation embryo. The latter
two studies reveal the dynamic
changes in DNA methylation that
happen post-fertilization.

Figure 3. Timeline of landmark studies in sperm epigenomics. MNase-Seq,
micrococcal nuclease digestion followed by sequencing; ChlIP-Seq, chromatin
immunoprecipitation followed by sequencing; Bis-Seq, bisulfite sequencing; RRBS,
reduced representation bisulfite sequencing.

Here, we review what is currently known about the RNA, chromatin
and DNA methylation profiles of sperm with a focus on human and
mouse. We then discuss the experimental and computational
challenges in the generation and analysis of sperm epigenome data.
Last, we highlight the opportunities raised and the questions that
remain unanswered regarding the contents of sperm, especially those
related to the impact its non-genetic material has postfertilization.
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Sperm transcriptome
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Figure 4. Diagrammatic representation of genes, CpG islands, DNA methylation,
nucleosome retention and small RNAs in mature sperm. (A) Sperm cells contain a
large number of small RNAs that are fragments of spermatogenesis-related genes,
such as the protamine genes. (B) Sperm cells contain piRNAs. (C) GC- and CpG-rich
regions overlapping housekeeping gene promoters are hypomethylated and retain
nucleosomes in sperm. Small RNA fragments of housekeeping genes expressed until
late in sperm development are also present in mature sperm. (D) GC- and CpG-rich
regions overlapping developmental regulators, such as the HOX cluster genes, are
hypomethylated and retain nucleosomes in sperm. *Note that two of the five
genome-wide sperm nucleosome datasets claim that nucleosomes are instead
depleted from promoters and enriched at gene poor regions.



Mature sperm cells are transcriptionally inactive (Grunewald et al.,
2005; Goodrich et al., 2013). Yet, they do contain RNA (Miller et al.,
1994). The vast majority of RNA molecules in sperm are fragments of
longer transcripts (Johnson et al., 2011; Sendler et al., 2013; Soumillon
et al., 2013; Fig 4A). This includes ribosomal RNA as well as testes and
spermatogenesis-specific mMRNAs (Johnson et al., 2011). Cessation of
transcription and fragmentation of existing sperm mRNAs may be one
of the several safety mechanisms that ensure that, upon fertilization,
the highly differentiated sperm gives rise to the totipotent zygote.
Sperm transcript fragments are an easily accessible record of
transcription of the late stages of sperm differentiation and have the
potential to be used as markers of fertility (e.g., Yatsenko et al., 2006;
Platts et al., 2007).

In addition to fragments of longer transcripts, sperm cells contain a
large repertoire of small non-coding RNAs. Like all other cell types,
male germ cells express and require the activity of microRNAs
(Hayashi et al., 2008; Maatouk et al., 2008; Romero et al., 2011; Wu
et al., 2012) and many can still be detected in mature sperm (Amanai
et al., 2006; Krawetz et al., 2011; Hammoud et al., 2014). In
comparison to oocytes, sperm appears to make an almost insignificant
contribution to the total microRNA content of the zygote (Amanai et
al., 2006). Nonetheless, at least two different studies have reported
that inhibition, in the zygote, of sperm-delivered microRNAs leads to
developmental delays (Liu et al., 2012; Hammoud et al., 2014).

Furthermore, dysregulation of at least two different microRNAs (miR-
1 and miR-124) in sperm and their transmission to the egg have been
postulated to be the causes of two cases of intergenerational
inheritance in mouse (Wagner et al., 2008; Grandjean et al., 2009). It
should be noted that similar responses were elicited by
microinjections of transcript fragments through an unknown
mechanism. Also, it was recently shown that traumatic stress in early
life of males alters the sperm microRNA (and PIWI-interacting RNA)
profile and behavioral and metabolic responses in the offspring (Gapp
et al.,, 2014). These experiments therefore provide evidence that
although sperm contains a small quantity of microRNAs in comparison
to the oocyte, it still delivers enough to influence preimplantation
development and the phenotype of the offspring.
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Male germ cells express PIWI-interacting RNAs (piRNAs; Aravin etal.,
2006; Girard etal., 2006; Grivna etal., 2006; Lau et al., 2006; Watanabe
et al., 2006), also essential small non-coding RNAs for sperm (Deng
and Lin, 2002; Kuramochi-Miyagawa et al., 2004; Reuter et al., 2011;
Fig 4B). A lot remains to be understood about their function,
processing and mechanism of action. Their most deeply conserved
function is protection of the germline genome from transposons
(reviewed in O’Donnell and Boeke, 2007; Thomson and Lin, 2009;
Siomi et al, 2011). piRNAs target transposon transcripts for
degradation and silencing when DNA methylation (the “default”
mechanism of transposon repression) is nearly completely depleted
during germ cell development. In addition, a very small number of
piRNAs have been linked to imprinting in mouse (Watanabe et al.,
2011). Later in sperm development, the role of piRNAs is not as clear,
although there is evidence that piRNAs may still protect the genome
from transposons (Di Giacomo et al., 2013). Although initially thought
to be absent from mature spermatozoa, recent small RNA sequencing
studies have revealed more than a thousand known piRNAs from
human and mouse sperm samples (Krawetz etal., 2011; Hammoud et
al., 2014). The role, if any, of piRNAs in mature sperm is currently
unknown. It is also not known whether mature sperm piRNAs are
intact and still bound to functional PIWI proteins and whether they
have any role in transcriptional or post-transcriptional regulation in
the early embryo.

Mature sperm cells contain a plethora of other small RNAs that we
currently know little about. There are tRNA fragments that are 30-34
nt long, i.e., the size of piRNAs (Peng et al., 2012), small RNAs
processed from piRNA clusters that are 20-21 nt long, (instead of the
expected ~30 nt of piRNAs in late spermatogenesis; Kawano etal.,
2012) and fragments of repeats (Krawetz et al., 2011). Short
transcripts derived from LINE-1 elements were recently found to
positively regulate expression of LINE-1 repeats in early mouse
embryos (Fadloun et al., 2013), so it is possible that among these
fragments there are functional regulatory RNAs. Last, RNA molecules
themselves (e.g., tRNAs) can carry modifications (Torres et al., 2014)
that have been postulated to carry epigenetic information from father
to offspring (Kiani et al., 2013).
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Sperm chromatin

Sperm chromatin is highly specialized and is the end product of a
highly complex differentiation program during which an impressive
number of different testis-specific histone variants, histone-to-
protamine transition proteins, and protamine genes are expressed.
The role of many of these histone variants and histone-like proteins
on gene expression during sperm differentiation and on mature sperm
chromatin organization remains to be worked out. Post-fertilization,
protamines are released from the paternal genome and replaced by
maternal histones [for extensive reviews on protamines see (Lewis et
al., 2003; Oliva, 2006; Balhorn, 2007; Rathke et al., 2014)].

In humans, 4-15% of the genome retains histones in sperm
(Gatewood et al., 1987; Hammoud et al., 2009). Since the late eighties,
it has been known that sperm nucleosomes are not randomly
distributed along the genome (Gatewood etal., 1987). Comparing
chromatin organization at the globin and protamine genes in sperm
samples from different individuals, Gardiner-Garden and colleagues
found that it is conserved between individuals (Gardiner-Garden et al.,
1998). Interestingly, they also noted that some genes expressed early
in development are packaged in nucleosomes while others expressed
later are packaged in protamine toroids. Based on these, it was
proposed that nucleosomes retained in sperm likely have a structural
or regulatory role in late spermiogenesis and/or early embryo
development.

Since 2009, several genome-wide sperm nucleosome profiles have
been generated (Arpanahi et al., 2009; Hammoud et al., 2009;
Brykczynska et al., 2010; Carone et al., 2014; Erkek et al., 2014;
Samans et al.,, 2014). These confirmed that indeed the sites that
remain packaged in nucleosomes are not randomly distributed along
the genome. The first two studies (Arpanahi et al., 2009; Hammoud et
al.,, 2009) showed that sperm nucleosomes are highly enriched at
regulatory regions and in particular overrepresented at genes that
regulate embryonic development such as the HOX genes (Hammoud
et al., 2009; Fig 4C, D). This result is in agreement with the pre-existing
notion that histones in sperm facilitate transcription regulation in the
early embryo (Gatewood et al., 1987).
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The availability of genome-wide profiles of histone enriched DNA in
sperm made it possible to begin to dissect the mechanisms that
determine which sites remain packaged by histones and which ones
are replaced by protamines (Vavouri and Lehner, 2011; Erkek et al.,
2014). Promoters of housekeeping genes and developmental
regulators were found to overlap CpG islands, regions with high GC
and CpG-content (reviewed in Deaton and Bird, 2011). Indeed, on a
genome-wide scale and considering the non-repetitive parts of the
genome, that pose problems when dealing with mapping sequenced
reads, GC-content showed very strong correlation with histone
retention in sperm (Vavouri and Lehner, 2011). This would suggest
that the mechanism of nucleosome retention in sperm is tightly
associated with sequence composition. Importantly, GC-content was
more recently also confirmed to be strongly associated with histone
retention in mouse sperm (Erkek et al., 2014). Considering all possible
dinucleotides, Erkek etal. (2014) further found that, in mouse, it is
CpG-dinucleotide composition that correlates best with the sites that
retain histones in sperm. Also, according to both Hammoud et al.
(2009) and Erkek et al. (2014), sites that retain histones in sperm are
in general hypomethylated, however, it is unclear at this point
whether this is due to a direct mechanistic link between DNA
methylation and histone retention or whether they simply co-occur at
CpG-rich regions.

Surprisingly, the two datasets published in 2014 show very different
nucleosome distribution in human and mouse sperm (Carone et al.,
2014; Samans et al., 2014). They show nucleosomes preferentially
enriched at gene-poor/repeat-rich regions of the genome. Clearly, the
six currently available genome-wide datasets of human and mouse
sperm nucleosomes cannot all reflect the chromatin structure of
sperm. Most likely, there is a critical step in sperm chromatin
preparation and even slight variations in the protocol lead to isolation
of very different fractions of the genome. According to Carone et al.
(2014), this crucial step is the concentration of micrococcal nuclease.
However, Samans et al. (2014) apparently used the protocol of
Hammoud et al. (2009) but got the opposite results. A systematic
comparison of the different sperm nucleosome isolation protocols
and comparative analysis of the resulting data remains to be done to
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convincingly show what is really the organization of retained
nucleosomes in mature sperm.

Sperm histones, like somatic histones, carry posttranslational
modifications. Of particular interest, due to their important role in
normal development and link with the maintenance of transcription
patterns are the trithorax mark histone H3 lysine 4 trimethylation
(H3K4me3) and the polycomb mark histone H3 lysine 27
trimethylation (H3K27me3). Sperm chromatin contains both of these
(Hammoud etal., 2009; Brykczynska et al., 2010; Erkek et al., 2014).
H3K4me3 is enriched at promoters of highly expressed genes during
spermatogenesis (Hammoud et al., 2009; Brykczynska et al., 2010). It
has also been reported that H3K4me3 marks some of the HOX cluster
genes and paternally expressed imprinted genes (Hammoud etal.,
2009). H3K27me3 marks primarily developmental regulators such as
the HOX genes (Hammoud et al., 2009).

The genome-wide profiles of two histone variants are currently
available for sperm. The histone variant H2AZ, which is associated
with active regulatory regions in somatic cells, is limited to pericentric
heterochromatin in mature sperm (Hammoud et al., 2009). H2AZ is,
however, present at promoters of expressed genes in round
spermatids (Soboleva et al., 2012; Hammoud et al., 2014). Since
(according to the data from Hammoud et al., 2009 and Erkek et al.,
2014) many promoters retain nucleosomes in sperm, it is unclear
whether H2AZ-containing nucleosomes are lost from promoters in
elongating spermatids before the histone-to-protamine transition, or
whether nucleosomes lacking this histone variant replace existing
nucleosomes during the histone-to-protamine transition. Unlike
H2AZ, the histone variant H3.3 is found at expressed genes in round
spermatids and is retained at the same promoters in mature sperm
(Erkek et al., 2014).

Paternal histones can still be found in the zygote several hours post-
fertilization in both human and mouse (van der Heijden et al., 2006,
2008; Puschendorf et al., 2008). To what extend and how exactly
paternal histones contribute to chromatin organization and gene
expression in the early embryo is not yet clear.
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Sperm DNA methylation

Most of the genome of mature sperm is highly methylated (Molaro et
al., 2011). This is in stark contrast to the globally lowly methylated
oocytes and early embryos (Smallwood et al., 2011; Smith et al.,
2012). However, CpG islands including those overlapping
developmental regulators such as the HOX genes are hypomethylated
(Hammoud et al., 2009; Fig 4). In contrast, promoters of key
pluripotency regulators such as those of Oct4 and Nanog are highly
methylated in human sperm (Hammoud et al., 2009). In light of these
results, the relationship between DNA methylation in sperm and
timing of expression in the early embryo is unclear.

The male germline goes through two waves of nearly complete DNA
methylation erasure. One of these happens in the zygote, shortly after
fertilization. At this stage, DNA methylation is erased specifically from
the paternal genome (Oswald et al., 2000; Smith et al., 2012), affecting
the majority of the genome but sparing paternal imprints (Edwards
and Ferguson-Smith, 2007; Hajkova, 2011; Smith et al., 2012; Hackett
and Surani, 2013). This ensures that DNA methylation gained by germ
cells during the lifetime of the father is removed before the embryo
starts development (Hajkova et al., 2002).

A small number of highly methylated regions, mostly associated with
repeats, do nonetheless escape DNA methylation reprogramming.
The most prominent example is the mouse IAP family of repeats
(Howlett and Reik, 1991; Morgan et al., 1999; Lane et al., 2003; Kim et
al., 2004; Guibert et al.,, 2012; Seisenberger etal., 2012). The
mechanism that allows IAPs to evade DNA demethylation is currently
unknown.

In search for molecular carriers of non-genetic information from
father to offspring, DNA methylation analyses of sperm cells have
featured prominently. At least in one study, changes in DNA
methylation in sperm did indeed correlate with inheritance of a
phenotype (Martinez et al., 2014), although the DNA methylation
variation detected in sperm from different fathers was small and could
be downstream of the cause of transmission of the phenotype. Not
surprisingly, the strongest evidence of DNA methylation variation in
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sperm influencing phenotypic variation in offspring is related to IAP
elements in mice (Morgan et al., 1999; Rakyan et al., 2003; Blewitt et
al., 2006).

Challenges and opportunities lying ahead

Analyzing the sperm transcriptome poses several experimental and
computational challenges. The first challenge is that sperm cells have
very little RNA. It has been estimated that there are only 10-100 fg of
total RNA per human sperm cell (Pessot etal., 1989; Krawetz, 2005),
which is much less than that in somatic cells. Consequently,
contamination of a sperm sample by somatic cells can heavily bias the
resulting RNA profile. The second challenge is the absence of intact
ribosomal RNA (Johnson et al., 2011; Goodrich et al., 2013). Quality
metrics based on the “intactness” of ribosomal RNA (used for somatic
samples) do not apply although they could be used to assess somatic
cell contamination. The third challenge is at the analysis stage.
Transcript abundance quantification assumes that transcripts are
intact. However, in sperm samples, only a tiny fraction (if any) of
sequenced reads mapping to a gene correspond to intact transcripts.

The mechanisms and dynamics of sperm  transcript
fragmentation/degradation are unknown. Until we have a better
understanding of these processes and a systematic assessment of how
accurately different gene expression quantification methods perform
on sperm samples, we need to be cautious interpreting apparent
abundance differences between different genes in the same sample
and between samples. Transcript fragments also complicate the
analysis of small RNAs. Degradation intermediates of ribosomal,
mRNA and other transcripts largely outnumber sequence reads
mapping to microRNAs. Although these reads can easily be identified
and excluded, they also consume a very large proportion of the
sequenced reads. So, if somatic small RNA samples can be profiled
with as few as 5 million reads, sperm samples require several fold
higher numbers of reads to achieve comparable depth of known
regulatory small non-coding RNAs.

Analyzing sperm chromatin also poses great challenges. Because it is
extremely compacted by protamines instead of histones one needs to
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use modified micrococcal nuclease digestion or chromatin
immunoprecipitation protocols (e.g., Hammoud et al., 2009; Hisano et
al., 2013; Carone et al., 2014). And because the different experimental
protocols for protamine-compacted genomes have been less
extensively used than those for histone-compacted genomes, their
biases are also less understood. For example, as mentioned above, the
recent genome-wide profiles of human and mouse sperm
nucleosomes arrived to contradicting conclusions (Hammoud etal.,
2009; Brykczynska etal., 2010; Hisano etal., 2013; Carone et al., 2014;
Samans et al., 2014).

The most fundamental question regarding the transcriptome,
chromatin and DNA methylation of sperm is whether they can
transmit information about the father’s environmental exposures to
the offspring. There are currently many reported cases of epigenetic
inheritance via sperm (reviewed in Rando, 2012). For example, the
father’s diet and traumatic experiences in early life seem to influence
the phenotype of the offspring (Anderson et al., 2006; Carone et al.,
2010; Ng et al.,, 2010; Gapp et al., 2014; Martinez et al., 2014).
Although in some cases candidate carriers of this information have
been identified (e.g., RNA or DNA methylation), the mechanisms are
far from being adequately understood. Until mechanisms of
epigenetic inheritance from father to offspring have been worked out
and genetic inheritance has been definitively ruled out, it will remain
questionable whether transand inter-generational epigenetic
inheritance of phenotypes indeed exists in mammals (Heard and
Martienssen, 2014).

Conclusion

Although small, transcriptionally inert, with extremely compacted
genome and virtually no cytoplasm, the sperm cell contains a plethora
of small RNAs, a large number of DNA sequences packaged by histones
and a distinctive DNA methylation profile. Until recently, the main
purpose for studying the RNA, chromatin and DNA methylation of
sperm (other than scientific curiosity for this highly peculiar cell type)
was to identify potential biomarkers of male infertility. Today, there is
an additional focus and this is to understand whether any of these
“epigenomes” can transmit information from father to offspring.
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Therefore, it is now even more important to understand what
information these epigenomes contain, how they are set, how they
vary between individuals as well as between individual sperm cells,
whether they are delivered to the egg upon fertilization and whether
they have any impact on the development of the embryo and the
phenotype of the offspring. During the past 5 years impressive
advances have been made in describing the non-genetic contents of
human sperm. Great opportunities are now lying ahead to also
understand the mechanisms that set them and whether (and how)
they influence gene and genome regulation in the early embryo.
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Objectives

The general objective of this thesis is to elucidate the role of repetitive
elements and heterochromatin in transmitting epigenetic information
to the next generation. We want to disentangle how genetic elements
(focusing on how transposons affect small RNAs and
heterochromatin) and environmental perturbations (focusing on the
effect that physiological stimuli have on small RNAs and
heterochromatin) modify the germline epigenome in a way that can
transmit epigenetic information between generations in animals.
Specifically, we can summarize the main goals as follows:

Chapters 1 & 2

1. Study inter-individual variation in small RNA expression in
mice.

2. Test the link between polymorphic repetitive elements and
variation in small RNA expression.

3. Find molecular mechanisms and proteins involved in variation
of small RNA expression.

4. Test whether repetitive elements have any consequence on
gene expression in the next generation.

Chapter 3,4 &5

5. Identify genes of epigenetic pathways involved in the
transmission of epigenetic information.

6. Describe genome-wide changes due to inherited epigenetic
alterations.

7. Test the role of heterochromatin in the transmission and
maintenance of differential expression in the next generation.

8. Test the role of repetitive elements in the transmission and
maintenance of differential expression in the next generation.
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Methodology

Chapter 1: Endogenous retrovirus insertions switch genes
into piRNA-producing loci in mouse

Mouse tissue isolation and RNA extraction

ICR mice (ICR-CD1, Envigo) were maintained and used according to the
guidelines of the Universitat de Barcelona Animal Care and Use
Committee. Animals were maintained in a 12-hour light-dark cycle,
under constant conditions of temperature and humidity. Adult 2
month-old mice were sacrificed under a CO2 atmosphere. Testicles
were rapidly dissected, snap-frozen in liquid nitrogen and stored at -
80 C. Total RNA was extracted from previously frozen testes of ICR
mice using TRI Reagent® (Sigma-Aldrich, Madrid, Spain).

For genotyping, DNA extraction from mouse liver tissue was
performed using the Maxwell 16 Tissue DNA Purification kit
(Promega). 20 uL PCR reactions were performed with 50 ng of
genomic DNA using the Phusion High Fidelity DNA Polymerase (2
U/uL) (Life Technologies) following manufacturer’s indications.
Specifically, 0,5 uL of 10 upM Forward primer (5
TACTAATTCCAGACCTCTCTCC 3’) and Reverse primer (5
GCACTGTAGAGTCGACTGGTGC 3’) were used together with 0,4 pL 10
mM dNTPs and 0,4 L of Phusion Polymerase. PCR conditions were as
follows: an activation step at 982C for 3’; 30 x 3-step cycles of
denaturing at 982C for 10”, annealing at 61.22C for 20" and extension
at 72°C for 4’ 15”; followed by a final step at 722C for 5’. Amplicons
were run in 0.8% agarose gels stained with SYBR safe (Life
Technologies). Gel pictures were taken with Molecular Imager® Gel
Doc™ XR+ imaging system (BioRad).

For the isolation of spermatogonial RNA, C57BL/6 and Cast/EiJ mice
were obtained from The Jackson Laboratories and kept in the SPF
animal facility of Max Planck Institute of Immunobiology and
Epigenetics until sacrifice. In order to isolate spermatogonia from
mice, testes were dissected and digested according to the protocol by
Liao et al., Bio. Protocol (2016), with minor modifications. Briefly, we
euthanized 6 weeks old mice with CO, and quickly dissected testes,
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removed the tunica albuginea and loosened the seminiferous tubules.
We then digested these tissues with 1 mg/ml collagenase IV
(Worthington, LS004189) in DMEM (Gibco, 31966-024) supplemented
with 10% FBS, 100 U/ml penicillin-streptomycin (Gibco, 15140-122),
250 ng/ml fungizone (Gibco, 15290-018) and 50 pg/ml gentamycin
(Serva, 4799.01) in a petri dish at 37°C over a Thermoblock, shaking at
600 rpm for 30 minutes. The reaction continued for another 10
minutes after the addition of 0.25% tripsin EDTA (Sigma, T4849) at
37°Cand 600 rpm. We homogenized the digested tissues by pipetting
up and we washed the solution with a double amount of PBS (Gibco,
14190-094) supplemented with 10% FBS. Pieces of remaining,
undigested tissues were filtered with a 40 um strainer (BD Falcon,
352340). The filtered solution was then centrifuged at 300 g for 10
minutes at 4°C. We removed the supernatant and then resuspended
the pellet in 200 pl of FACS buffer (PBS supplemented with 5% BSA
and 5 mM EDTA) supplemented with 1U/ul SUPERase.in (Invitrogen,
AM2696). Spermatogonia were sorted according to (Kanatsu-
Shinohara et al. 2011) for the expression of CD9 (eBioscience, 17-
0091-82, 1ug) and Epcam (eBioscience, 0.125 pg). Sorted cells were
centrifuged at 300g for 10 minutes at 4°C and resuspended in 1 ml of
TRIzol (Invitrogen, 15596018). Spermatogonial RNA was purified
according to the standard TRIzol protocol and contaminant genomic
DNA was digested using the DNA-free kit (Invitrogen, AM1906).

Small RNA-seq library preparation and analysis of data

Libraries were prepared with TruSeq small RNA from illumina with
extended range of size selection. Pippin prep was used for automated
pooled library size selection. Libraries were indexed using Illumina
barcodes and sequenced using a HiSeq2500 (Illumina) as single 50nt
reads. Small RNA libraries corresponding to samples from inbred
strains were sequenced as a single pool on two lanes and the resulting
data (all showing very high correlation between lanes) were merged
for analysis.

We trimmed small RNA reads of the adaptor using cutadapt (Martin
2011) v1.9.1 and mapped them to the mouse genome (version mm10)
using bowtie (Langmead et al. 2009) v1.1.2 with the options -M 1 --
best --strata -v 1 to get the best alignment with up to 1 mismatch. To
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identify piRNAs produced by genic transcripts, we annotated reads
mapping to genes using featureCounts v1.5.1 (Liao, Smyth, and Shi
2014) with the —Q 1 option to remove multi-mapping reads from
bowtie and the -s 1 option to count only reads on the same strand as
the gene. For total RNA or mRNA data we mapped reads to the
genome using TopHat2 v2.1.0 (Kim et al. 2013). We annotated reads
using featureCounts v1.5.1 (Liao, Smyth, and Shi 2014) with the -s 1
option to count only reads on the same strand, the -t exon option to
count only reads on exons and the -B and -p options to count only
templates that had both pairs aligned. We mapped Chip-Seq reads
using bowtie2 (Langmead and Salzberg 2012). We scaled the
abundance of reads of small RNAs and Chip-seq to reads per million
of uniquely mapped reads (RPM). We used the Hartigan’s dip test for
unimodality (Hartigan and Hartigan 1985) to find piRNA clusters with
a multimodal pattern of expression across all ICR samples. For the
analysis of allele-specific expression and chromatin from hybrid
mouse strains we used SNPSplit (Krueger and Andrews 2016) to
quantify each allele separately. Briefly, using SNPSplit we masked the
mouse genome assembly changing all the SNP positions from the
Sanger Institute Mouse Genomes Project to Ns. Reads overlapping
such SNPs get assigned to the corresponding strain according to the
genotype. We used the NCBI RefSeq gene annotation from the
GRCm38 (mm10) genome assembly. For the identification of genic IAP
elements we used the transposable elements annotation across 18
mouse strains from (Nelldker et al. 2012). The coordinates of 214
known mouse piRNA producing loci were retrieved from (Li et al.
2013) and correspond to inbred mouse strain C57BL/6.
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Chapter 2: An IAP element drives parent-of-origin
dependent gene expression

I mapped mRNA data reads to the genome using TopHat2 v2.1.0 (Kim
et al. 2013). | annotated reads using featureCounts v1.5.1 (Liao,
Smyth, and Shi 2014) with the -s 1 option to count only reads on the
same strand, the -t exon option to count only reads on exons and the
-B and -p options to count only templates that had both pairs aligned.
| scaled the abundance of reads to reads per million uniquely mapped
reads (RPM). For the analysis of allele-specific expression and
chromatin from hybrid mouse strains we used SNPSplit (Krueger and
Andrews 2016) to quantify each allele separately. Briefly, using
SNPSplit we masked the mouse genome assembly changing all the
SNP positions from the Sanger Institute Mouse Genomes Project to
Ns. Reads overlapping such SNPs get assigned to the corresponding
strain according to the genotype. We used the NCBI RefSeq gene
annotation from the GRCm38 (mm10) genome assembly. For the
identification of genic IAP elements we used the transposable
elements annotation across 18 mouse strains from (Nellaker et al.
2012).

81



82



Chapter 3: Paternal diet defines offspring chromatin state
and intergenerational obesity

Reads were mapped using TopHat v2.0.8, with -G option against the
Drosophila mel- anogaster genome (assembly BDGP5, Ensembl
release 69). Gene expression values and significantly differentially
expressed genes were calculated using Cuffdiff v2.1.1 with upper-
quartile normalization and weighting multimapping reads (-N -u
options). Gene set enrichment analysis used GSEA 2.0 or
GSEAPreranked with default parameters. Enrichment plots used the
Cytoscape plugin Enrich- ment Map. Analysis of the five chromatin
colors used BedTools (2.16.2). For microarray analyses, normalized
probe values from the authors were mapped using Ensembl Biomart,
and differential analysis against corresponding wild-types were
performed using limma in R. Statistically significant was adjusted p
value < 0.05 and fold change > 2. Enrichment of chromatin and
insulator ChlIP-seq data sets from modENCODE used deep- Tools
1.5.8.1 (Ramirez et al., 2014). Equivalently expressed gene sets were
considered as the mean signal of the two genes ranked above and
below each gene of interest. Distance to insulators was calculated
using BedTools (2.16.2).
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Chapter 4: Transgenerational transmission of
environmental information in C. elegans

Reads were mapped using TopHat v2.1.0 (32) with the options --no-
coverage-search -i 10 -140000 -g 20 to include multi-mapping at all the
possible hits against the C. elegans genome (assembly WS215) from
WormBase. Read counting at different genomic features was
performed using featureCounts v1.5.1 (33) with the option -s 2 -B -p
and the -M --fraction option. Multi mapping reads contribute as
fractional counts towards the loci they map to (a read mapped x times
adds 1/x to each locus). Each copy of a repeat was annotated
separately. Re-analysis of the data using uniquely mapping reads
showed very similar results. Collapsing repeats by subfamily led to the
same conclusions. We used the C. elegans genome annotation from
Ensembl release 70 and the RepeatMakser
(http://www.repeatmasker.org) annotation from the UCSC genome
browser. Pseudogenes overlapping repeats and repeats overlapping
exons were removed. We only considered genes and repeats with a
median of one or more reads (present in at least half the samples).
Data scaling, normalization and tests for differential expression were
performed with DESeq2 version 1.8.1 (34). DESeq2 applies a
shrinkage, or regularization method, on log2 fold changes and these
are the values plotted in the figures. In addition, we processed the
data (using the same filtering of genes with low read counts) using the
standard limma pipeline to estimate the true biological correlation
using the genas function (35). For the transformation of reads to
logCPM counts we used a prior of 1 and for the calculation of
differential expression we used limma-trend. The linear model was
then passed to the genas function to estimate the biological
correlation between the contrast of set25 mutants against the wt
controls at 20°C and the 25°C wt animals against the 20°C wt animals.
Results from a number of different sub-setting methods of the genas
function are shown in Table S4. This analysis confirmed that DNA
transposons and other repeats had a strong positive correlation
between the two different contrasts.
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Chapter 5: Impaired DNA replication derepresses
chromatin and generates a transgenerationally inherited
epigenetic memory

Sequence reads were mapped using TopHat2 version 2.1.0 (41), with
default parameters against a custom genome consisting of the C.
elegans genome assembly WS215 from WormBase and the sequence
of the transgene vector. Reads aligning to different genomic features
were counted using featureCounts version 1.5.0 (42) with the option
-s 2 -M --fraction to include multimapping reads and weighting them
by number of matches. We used the C. elegans genome annotation
from Ensembl Release 70. Data scaling, normalization, and tests for
differen- tial expression were performed using DESeq2 package
version 1.8.1 (43) for R 3.2.0 (R Core Team 2015). Chromatin state
segmentation and description were from modENCODE (15) using the
early-stage embryo chromatin. Each gene was assigned to all
overlapping states.
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Chapter 1: Endogenous retrovirus insertions switch genes
into piRNA-producing loci in mouse

Authors

Eduard Casas, Cristina Moreta, Judith Cebria, llaria Panzeri, J. Andrew
Pospisilik, Josep Jimenez-Chillaron, Sonia Forcales, Tanya Vavouri

Introduction

It is estimated that 10-12% of all spontaneous mutations in mouse are
caused by endogenous retrovirus (ERV) insertions that occur in the
male germline (Maksakova et al. 2006; Nellaker et al. 2012). One of
the most prolific families of murine endogenous retroviruses is the
intracisternal A particle (IAP). IAPs are highly expressed in pre-meiotic
male germ cells (A. Dupressoir and Heidmann 1996) and are
responsible for approximately a third of polymorphic transposable
element insertions in laboratory mouse strains (Nelldker et al. 2012).
There are multiple defence mechanisms against IAPs and other
transposable elements, including the germline-specific PIWI pathway
(Carmell et al. 2007; A. A. Aravin et al. 2007, 2008; De Fazio et al. 2011;
Reuter et al. 2011; Di Giacomo et al. 2013). In mammals and other
animals, long piRNA precursor transcripts, known as piRNA clusters,
are targeted by PIWI proteins and cleaved into multiple 26-31
nucleotide small RNAs (Girard et al. 2006; A. Aravin et al. 2006; Grivna
et al. 2006; Brennecke et al. 2007; Lau et al. 2006). Long non-coding
RNAs, transposon transcripts and protein-coding genes act as piRNA
precursors. In mouse, more than half of of all known piRNA producing
loci correspond to protein-coding genes (A. A. Aravin et al. 2007; Li et
al. 2013). After transcription by RNA polymerase Il, and in some cases
splicing, precursor transcripts are exported by unknown factors to the
cytoplasm, where they are processed into mature piRNAs (reviewed
in (Czech and Hannon 2016)). The dynamic landscape of transposable
element insertions along the genome raises the question of how it
affects the identity and diversity of piRNA producing loci in a species.
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Results

We set out to analyse inter-individual variation in piRNA expression,
aiming to associate piRNA expression with genetic polymorphisms
and ultimately gain insight into mammalian piRNA biogenesis and
evolution (Fig 5A). A similar approach previously led to the discovery
of new transposon-associated piRNA clusters in different Drosophila
strains (Shpiz et al. 2014). To gain insight into the role of genetic
polymorphism in piRNA cluster expression, we performed this study
in mouse, which is the mammalian species where the PIWI pathway is
best described. As a first approach, we studied inter-individual
variation in piRNA expression using genetically diverse mice of the
outbred strain ICR. Using small RNA sequencing, we quantified the
abundance of small RNAs in adult testis of eighteen mice and looked
for known mouse piRNA producing loci (Li et al. 2013) with distinct
patterns of expression across individuals. To our surprise, we found a
piRNA producing locus with binary expression across the population -
it appears as either expressed or silent in any one individual (Fig 5B).
We refer to this cluster as pi-Noct because it maps entirely within the
protein-coding gene Nocturnin (Noct) (Li et al. 2013).

We looked for further evidence that the small RNAs mapping to Noct
are piRNAs. As expected of piRNAs, pi-Noct small RNAs start
predominantly with uridine and are on average 27nt long (Fig 5C). The
average length of these small RNAs suggests they are bound to MILI,
which we confirmed by analysing available data from small RNAs
immunoprecipitated with the two PIWI proteins expressed in adult
testes (Ding et al. 2017) (Fig 5D). With the exception of Drosophila,
polymorphic piRNA clusters have so far not been identified in any
other species. Although some variation in the level of piRNA
abundance has been previously observed between different zebrafish
strains (Kaaij et al. 2013), to our knowledge pi-Noct is the first example
of a naturally occurring locus in any vertebrate genome that produces
piRNAs in some individuals in a population and not in others.
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Figure 5. Inter-individual variation in piRNA expression. A) Experimental design.
BpiRNA producing locus overlapping Noct has bimodal expression among different
mice of the outbred ICR strain. B) In animals with high pi-Noct expression, small
RNAs have the characteristic length and first nucleotide distribution of piRNAs. C)
Single representative sample with low pi-Noct expression (left) and high pi-Noct
expression (right) is shown. D) pi-Noct small RNAs are co-immunoprecipitated with
MILI. MILI and MIWI co-immunoprecipitated small RNA data from testes of wild type
adult C57BL/6J mice (Ding et al. 2017).

To understand the cause of binary expression of the pi-Noct piRNA
cluster, we looked at its DNA sequence. In the reference mouse strain
(C57BL/6), the first intron of this gene contains a 5.3kb endogenous
retrovirus insertion of the IAP IA1 subclass (Fig 6A). The Noct IAP
insertion is polymorphic between different laboratory inbred strains
and therefore most likely occurred during the past approximately 100
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years (Nellaker et al. 2012; Anne Dupressoir et al. 1999). This suggests
two hypotheses: first, that the Noct IAP insertion is also polymorphic
between different individuals of the outbred ICR strain and second,
that there is an association between the IAP insertion and piRNA
production from this locus. To test the first hypothesis we genotyped
mice of the ICR strain (Fig 6B) and confirmed that the Noct IAP
insertion is polymorphic within this outbred strain, with half of the
animals we have interrogated being homozygous negative for the
Noct IAP insertion (Fig 6B, blue samples, lower band). We then tested
whether there is an association between the IAP insertion and pi-Noct
expression in different individuals of the ICR strain. Strikingly, we
found perfect agreement between genotype and pi-Noct expression -
all samples producing piRNAs from Noct are from mice with at least
one allele containing the Noct IAP insertion whereas all samples not
producing piRNAs from Noct are from mice homozygous negative for
the Noct IAP insertion (Fig 6C).

To test the link between the IAP insertion and piRNA production from
Noct in other inbred mouse strains, we sequenced small RNAs from
adult testes of two Noct IAP positive strains (C57BL/6 and NOD) and
two Noct IAP negative strains (129S and C3H) (Fig 6B). In agreement
with our hypothesis, piRNAs are produced from Noct in IAP positive
strains whereas they are not produced from this locus in IAP negative
strains (Fig 6C). We also analysed publicly available data from FVB/NJ
(Sharma et al. 2016) and found a consistent absence of pi-Noct piRNAs
in all datasets from this Noct IAP negative mouse strain
(Supplementary Figure 1A, B). In summary, the IAP insertion perfectly
explains piRNA production from Noct in the mouse germline. These
results suggest that the recent insertion of an endogenous retrovirus
of the IAP family in the Noct intron has triggered the birth of a new
mouse piRNA producing locus.
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Figure 6. pi-Noct overlaps a polymorphic IAP perfectly correlated with piRNA
expression. A) The pi-Noct locus. Black arrows show the location of the primers used
for genotyping: the sequences amplified from the IAP positive allele (red) and the
IAP negative allele (blue) are indicated. Uniquely mapping small RNAs from a
representative ICR mouse sample (with high pi-Noct expression) are shown in red.
All small RNAs map in the sense strand. Multimapping small RNAs on IAP are shown
in Supp. Fig 1F. B) Genotyping PCR. The Noct IAP positive allele corresponds to an
~8kb PCR product (red rectangle) while the Noct IAP negative allele corresponds to
an ~3kb PCR product (blue rectangle). C) Noct IAP negative individuals (shown in
blue) produce no piRNAs from the pi-Noct locus, whereas Noct IAP positive (shown
in red) individuals do.

Next, we assessed the expression of pi-Noct during spermatogenesis.
We analysed available oxidised small RNA data from early postnatal
development (Li et al. 2013) and found that pi-Noct is most highly
expressed at 10.5 days postpartum when the synchronously
developing germ cells reach the primary spermatocyte stage (Fig 7A,
Supp. Fig 1E). pi-Noct expression drops in subsequent developmental
stages, following the trend of the so-called pre-pachytene piRNAs (A.
A. Aravin et al. 2007; Li et al. 2013) (Fig 7A, Supp. Fig 1E). Similar to
other pre-pachytene piRNAs (Li et al. 2013), pi-Noct small RNAs are
processed entirely from the sense strand of the gene (Fig 6A). This
data suggests that the Noct IAP provides signals that turn a protein-
coding gene into a pre-pachytene piRNA-producing locus.
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IAPs can affect gene expression in multiple ways, one of which is by
acting as promoters or enhancers. Thus, we asked whether piRNA
production is explained by IAP-induced ectopic transcriptional
activation of the gene during spermatogenesis. To address this, we
analysed available steady state gene expression data from different
stages of spermatogenesis from mouse hybrids carrying one Noct IAP
positive and one Noct IAP negative allele (Gan et al. 2013) and from
this data we quantified the expression of each allele using exonic
single nucleotide variants linked to the IAP. Throughout
spermatogenesis, Noct is among the most highly expressed genes (Fig
3B) with no evidence of the Noct IAP positive allele being more highly
expressed than the ancestral, Noct IAP negative allele (Fig 7C).
Similarly, we analysed the chromatin state of the Noct promoter using
available H3K4me3 ChiP-seq data from spermatocytes of mouse
hybrids (Baker et al. 2015) and found, again, that the promoter is in
active state independently of the presence of the IAP (Fig 7D). These
results argue that the Noct IAP inserted into a pre-existing germline-
expressed gene and that it did not change the expression of the gene
at the transcriptional level. The simplest explanation of the observed
datais that the Noct IAP carries post-transcriptional regulatory signals
that funnel genic transcripts to the piRNA biogenesis pathway.
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Figure 7. The IAP insertion is not required for Noct transcription during
spermatogenesis. A) pi-Noct piRNA expression during spermatogenesis. Oxidised
small RNA data from testes of C57BL/6 mice from (Li et al. 2013). B) Noct is highly
expressed in spermatogonia, spermatocytes and spermatids from both the Noct
IAP+ and the Noct IAP- allele (129/DBA F1 hybrid strain; data from (Gan et al. 2013))
showing that the IAP insertion is not required for Noct expression during
spermatogenesis. C) Both alleles of Noct are equally expressed in a hybrid strain that
contains a Noct IAP positive and a Noct IAP negative allele. D) pi-Noct expression in
oxidised small RNA data from early spermatocytes of C57BL/6 mice from (Li et al.
2013) on the IAP-containing intron (top) and H3K4me3 in the promoter of Noct in
IAP positive and IAP negative strains (Baker et al. 2015) (bottom).
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To substantiate the association between piRNA production from
genes and IAP insertions, we searched for other examples of genic
piRNA producing loci overlapping polymorphic IAPs. We compared
available spermatid small RNA data from mouse strains C57BL/6
(Gainetdinov et al. 2018) and FVB/NJ (Sharma et al. 2016) and looked
for IAPs that are present in the former strain but are absent from the
latter strain. We identified two genic piRNA producing loci with such
polymorphic IAPs, with the IAP missing from FVB/NJ in both cases. The
two genes with polymorphic IAPs are Noct and Phf20. In both cases,
piRNA production is absent in FVB/NJ which is the strain missing the
IAP (Supp. Fig 2A). Similarly to pi-Noct, pi-Phf20 small RNAs follow the
expression pattern of pre-pachytene piRNAs and are predominantly
bound to MILI (Supp. Fig 2B,C). Phf20 is also highly expressed during
spermatogenesis with no evidence of IAP-dependent expression
(Supp. Fig 2D-F). In summary, we have identified two protein-coding
genes that have independently switched to producing piRNAs at the
pre-pachytene stage following two independent IAP insertions.

Next, we elucidated how IAP insertions cause piRNA production from
genic transcripts. Both at Noct and Phf20, piRNA production is linked
to an IAP insertion in an intron with the vast majority of piRNAs being
processed from the IAP-containing intron (Fig 6A, 3D, Supp. Fig 2F).
IAPs are extremely rare in exons presumably due to strong negative
selection (Nelldker et al. 2012). We therefore focused on
understanding how piRNAs are produced from genes with IAPs
inserted in their introns. piRNA production from introns is unexpected
because precursor transcripts are processed into piRNAs in the
cytoplasm (A. A. Aravin et al. 2008) while introns are typically retained
in the nucleus. Consequently, the first requirement for piRNA
production from introns is export of introns or intron-retaining
transcripts to the cytoplasm. As part of their life cycle, retroviruses
have evolved mechanisms to transport their unspliced primary
transcripts to the cytoplasm. One way that IAP retroviruses are
thought to achieve this is by tethering their transcripts to the RNA
export factor NXF1 (Floyd et al. 2003; Concepcion et al. 2015; Lindtner
et al. 2006). We therefore reasoned that piRNA production from IAP-
containing introns likely depends on NXF1. NXF1 has been implicated
in euchromatic piRNA precursor transport in Drosophila (Handler et
al. 2013; Dennis et al. 2016)) making it a potential evolutionarily
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conserved component of the piRNA biogenesis pathway. To test this
hypothesis, we turned to the inbred mouse strain Cast/EiJ which
carries a natural allele of Nxfl previously shown to suppress
phenotypes linked to IAP insertional mutations (Floyd et al. 2003;
Concepcion et al. 2015).

Hypothesizing that the Cast/Ei) Nxf1 allele blocks piRNA production
from 1AP-containing piRNA clusters, we sequenced and analysed
spermatogonial small RNAs from Cast/EiJ mice and from C57BL/6 for
comparison. First, we compared the proportion of reads mapping to
PiRNA clusters in the two mouse strains and found them to be very
similar (Fig 8A,B). Thus the Cast Nxf1 allele does not overtly affect
piRNA production. We then looked at the two IAP-associated
polymorphic piRNA clusters that we previously identified. In Cast/EiJ,
there is complete absence of piRNA from the first Noct intron (Fig 8A,
2nd panel and Supp. Fig 1C-D). As Cast/EiJ is missing the Noct IAP
insertion, this result can be explained by either the absence of the IAP
or by the presence of the Cast/EiJ Nxf1 allele. On the other hand, the
Phf20 IAP insertion is present in Cast/Eil, yet piRNA production from
this gene is reduced in the strain carrying the mutant Nxf1 allele (Fig
8A, 3rd panel). Loss of pi-Phf20 small RNAs in the Cast/EiJ strain is
specific to the IAP-containing intron (Fig 8C) supporting the hypothesis
that IAPs flag intron transcripts for nuclear export and piRNA
processing in an NXF1-dependent manner.

Collectively, these data suggest that other IAP-containing introns of
expressed genes (including introns not previously annotated as piRNA
producing loci) produce piRNAs and that piRNA production from these
loci requires the activity of a wild type Nxf1. We therefore compared
piRNA production in IAP-containing introns against all other introns of
spermatogonia expressed genes in the two mouse strains. We found
that, in strain C57BL/6, IAP-containing introns produce significantly
more piRNAs than other introns (Fig 8D). And that in agreement with
our hypothesis, in the Cast/Ei) strain, there is suppression of piRNA
production from IAP containing introns (Fig 8D). For example, gene
Zfp69 contains an IAP insertion in its intron in C57BL/6 and produces
piRNAs from the same intron (even though it was not included in the
“gold standard” set of piRNA producing loci) (Fig 8A, 4th panel, 8E). In
Cast/EiJ strain, which also carries the IAP insertion piRNA production
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Conclusions

To sum up, through the analysis of piRNA expression in different
mouse strains we identified piRNA producing loci that are private to
different individuals and strains. The presented evidence supports the
idea that new piRNA producing loci emerge from germline-expressed
protein-coding genes. These are triggered by the insertion of
endogenous retroviruses in introns, in particular IAP transposons that
have greatly expanded in laboratory mouse strains during the past 100
years. The findings presented here substantiate previous observations
that protein-coding transcripts producing piRNAs from their 3’ UTRs
frequently contain repetitive sequences (A. A. Aravin et al. 2007).
Moreover, we present how a mouse strain carrying a natural mutant
allele of the RNA nuclear export factor NXF1 suppresses production of
piRNAs associated with intronic IAP insertions. This suggests that a
fully functional NXF1 protein is required for piRNA production from
IAP-associated piRNA precursors, implicating it in the piRNA pathway
in mouse for the first time (Fig 9).
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Figure 9. Mechanistic model of piRNA biogenesis. A spliced IAP-containing intron is
exported to the cytoplasm by NXF1 and is recognized by PIWI as a piRNA precursor
transcript, selecting it for piRNA biogenesis.
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Supplementary figure 1. A) pi-Noct is expressed in germline tissue of C57BL/6 (Noct
IAP+) but not in germline tissue of FVB (Noct IAP-). B) The small RNAs spanning pi-
Noct in oocytes are also piRNAs. C) piRNAs from Noct first intron in C57BL/6 (Noct-
IAP positive) and CAST/EiJ (Noct-IAP negative). In Cast/EiJ, the Noct intron does not
contain the IAP insertion and does not generate any piRNAs. D) piRNAs mapping to
the gene body of Noct separated by introns (circles) and exons (triangles). There is
a big difference in piRNAs generated from the intron (in black) that contains the IAP
in C57BL/6 between such strain (Noct-IAP positive) and CAST/EiJ (Noct-IAP negative)
mice, while small RNAs from the rest of introns and exons remain equally abundant.
E) piRNA expression in CAST vs C57BL/6 from hybrid loci, pre-pachytene loci and
pachytene loci. F) IAP elements are targeted by thousands of piRNAs both sense and
antisense.
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Supplementary figure 2. pi-Phf20 is another polymorphic piRNA cluster with
piRNA expression linked to the IAP presence. A) The pi-Phf20 cluster is not
expressed in the male germline of inbred mouse strain FVB/NJ which lacks the IAP
insertion (Sharma et al. 2016) while it is expressed in C57BL/6 (Yuan et al. 2016). B)
pi-Phf20 small RNAs start with a U and range between 25 and 28 nucleotides long
suggesting they are likely piRNAs. C) pi-Phf20 small RNAs are also preferentially
bound by MILI (data from (Ding et al. 2017)). D) pi-Phf20 piRNA expression during
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spermatogenesis. Oxidised small RNA data from testes of C57BL/6 mice from (Li et
al. 2013). E) Phf20 is highly expressed from both the Phf20 IAP+ and the Phf20 IAP-
allele in spermatogonia, spermatocytes and spermatids IAP+/- hybrids (data from
(Gan et al. 2013)) showing that the IAP insertion is not required for Phf20 expression
during spermatogenesis. F) pi-Phf20 expression in small RNA data from early
spermatocytes of C57BL/6 mice (Li et al. 2013) and FVB mice (Sharma et al. 2016)
on the IAP-containing intron (top) and H3K4me3 in the promoter of Phf20 in IAP+
and IAP- strains (Baker et al. 2015) (bottom).
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Chapter 2: An IAP element drives parent-of-origin
dependent gene expression

Authors
Eduard Casas and Tanya Vavouri
Introduction

Imprinting is an epigenetic mechanism that ensures that some genes
are only expressed from the maternal or the paternal allele. There are
notable imprinting differences in mammals yet it is unknown how
imprinted genes evolve.

ERVs are enriched around imprinted genes (Luedi, Hartemink, and
Jirtle 2005; Ke et al. 2002). IAPs are the youngest type of ERVs and
they are still active in the mouse genome. ERVs regulate gene
expression in embryos, for instance by driving H3K4mel- and
H3K27ac-defined enhancers, (Chuong et al. 2013) and by leading to a
reduction of non-terminated transcripts when inherited from the
father but not from the mother at the Slc15a2 locus (Li et al. 2012).

Interestingly, the PIWI pathway is a relevant player in imprinting in
mice. For instance, its components are required for de novo
methylation of the ICR of Rasgrfl (Watanabe et al. 2011). In this case,
piRNAs contribute to the methylation of the ICR leading to Rasgrfl
expression. My previous observation (reported on Chapter 1) links a
polymorphic IAP to piRNA expression of a protein-coding gene. Based
on the role of piRNAs in methylating ICRs and the described role of
ERVs in regulating gene expression in embryos, | wondered whether
Noct could be an example of gene regulated by ERV during
embryogenesis. The hypothesis is that a recent IAP insertion leads to
the emergence of imprinted expression from Nocturnin.
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Results

Imprinted genes are usually discovered using F1 hybrids of reciprocal
crosses of two different strains (Xie et al. 2012). In contrast to allele-
specific expression, where two different alleles of the same gene are
expressed at different levels, imprinted genes have the same allele
differently expressed dependent on the parent of origin.

Hence, to identify potential regulatory effects of the IAP element
during embryogenesis | seek to compare the expression dynamics of
Noct IAP+ and IAP- alleles in two different contexts: when inherited
from the father and when inherited from the mother. To do so, |
analyze single-embryo mRNA sequencing datasets from F1 hybrids of
IAP+ and IAP- inbred mouse strains. Through a catalog of SNPs from
the Mouse Genomes Project (Keane et al. 2011) | am able to separate
reads coming from the maternal or paternal strain, hence to
accurately profile the expression of each allele.

Using data from single-cell embryo sequencing of CAST (IAP- strain)
mothers and C57BL/6 (IAP+ strain) fathers (Deng et al. 2014) we show
that the maternal allele is inherited from the oocytes but the RNA
abundance is diluted after each cell division. However, during
development the paternal allele increases in abundance, suggesting it
is being specifically transcribed (Fig 10A). | confirmed that there is
transcription of the Nocturnin locus at 2-cell stage is using
androgenetic (AG) and gynogenetic (GG) embryos treated with a-
amanitin-treated. A-amanitin is an inhibitor of RNA polymerase Il and
[ll, hence treated embryos do not have de novo transcription. AG and
GG embryos are developed from a starting zygote with 2 nuclei from
either the father of the mother respectively. Data from this
experiment (Inoue et al. 2017) allows us to identify parental-specific
gene expression by having expression of two paternal alleles in
androgenetic embryos and of two maternal alleles in gynogenetic
embryos. Consistent with the onset of transcription at 2-cell stage, a-
amanitin-treated embryos show a depletion of Noct at 2-cell stage (Fig
10B), but we observe no differences between AG and GG embryos.
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Figure 10. Allelic expression of Nocturnin gene depending on the IAP presence and
the parent of origin. A) In the CAST (mother, IAP-) x C57BL/6 (father, IAP+) cross,
the maternal allele (IAP-, blue boxplots) is highly abundant at the zygote stage due
to the maternal load in oocytes and decreases during development. On the contrary,
on the zygote the paternal allele (IAP+, red boxplots) is negligible due to the lesser
sperm but is actively transcribed during development. B) a-amanitin treated
embryos show a lower amount of Noct transcript due to hampered transcription. C)
and D). Y-axis shows ratio. When the IAP+ allele is inherited from the mother both
alleles have the same level of expression. When the IAP+ allele is inherited from the

father it dominates the expression level of the Noct gene.
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At the blastocyst stage the paternal allele dominates the expression
of the gene. This suggests that either the increased expression is due
to the paternal allele containing the IAP or that Noct is a novel
paternally expressed gene. | test so using a dataset (Borensztein et al.
2017) that provides an excellent resource of mRNA expression of
single embryos coming from reciprocal crosses of C57BL/6 x CAST.
Allele-specific expression profiling of these hybrids shows that in
blastocyst stage the IAP+ allele is expressed at the same level as the
IAP- when inherited from the mother (Fig 10C) but it is much more
expressed when it is inherited from the father (Fig 10D). In summary,
the paternal allele starts being transcribed at late 2-cell stage
independently of the IAP variation but when it is inherited from the
father becomes the only active allele. Thus, it behaves in a parent-of-
origin specific manner consistent with imprinted loci.
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Figure 11. Nocturnin is imprinted when the IAP+ allele is inherited from the
mother. A) In an IAP+ strain, Nocturnin is more expressed in two different tissues at
the blastocyst stage in androgenetic embryos (those with 2 paternal nuclei)
compared to gynogenetic embryos (those with 2 maternal nuclei). B) In visceral
endoderm at embryonic day 6.5, the IAP+ allele is always the most transcribed. Also,
when the IAP+ allele is inherited from the father it is much more expressed.
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To further show this phenomenon | use AG versus GG blastocysts (Fig
11A) and visceral endoderm from 6.5 day-old embryos (Fig 11B)
(Inoue et al. 2017). Here, we have embryos further developed from
two paternal (AG) or maternal (GG) pronuclei. At this stage, imprinting
expression should be clearly biased. Interestingly, we find that the
IAP+ allele is more highly expressed when inherited from the father
consistent with previous results and proving that the gene is imprinted
with epigenetic modifications associated with increased expression.
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Figure 12. Nocturnin expression in extraembryonic endoderm and placental tissue
shows a specific IAP-driven expression regardless of the parent of origin. In both
A) and B) we see similar expression and similar allelic frequency (IAP+ dominated)
of the reciprocal cross.

In extraembryonic ectoderm at E6.5 and placental tissue at E9.5 there
is predominantly IAP+ allellic expression (data from (Inoue et al. 2017)
(Fig 12 A,B). This is a clear biased allelic expression in cis regardless of
the parent of origin indicating that the IAP may be what triggers the
expression of this gene in placenta.
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Conclusions

In conclusion, | find that the IAP plays a key role in Noct gene
regulation in embryo development. In cis, hence as a mechanism
linked to the gene locus, there is only expression of the IAP+ allele in
placenta and extraembryonic ectoderm. Moreover, a parent-of-origin
dependent expression in embryos means that there is inheritance of
the epigenetic state, suggesting that the IAP leads to the imprinting of
the gene in males. The predominantly paternal expression of the Noct
allele with the IAP insertion is consistent in RNA-seq expression data
from two independent sources. Confirming this, Noct IAP+ expression
is higher in embryos derived from two paternal pronuclei
(androgenetic embryos) than from two maternal pronuclei
(parthenogenetic embryos).

Bibliography

Borensztein, Maud, Lauréne Syx, Katia Ancelin, Patricia Diabangouaya,
Christel Picard, Tao Liu, Jun-Bin Liang, et al. 2017. “Xist-Dependent
Imprinted X Inactivation and the Early Developmental Consequences
of Its Failure.” Nature Structural & Molecular Biology 24 (3): 226-33.

Chuong, Edward B., M. A. Karim Rumi, Michael J. Soares, and Julie C. Baker.
2013. “Endogenous Retroviruses Function as Species-Specific
Enhancer Elements in the Placenta.” Nature Genetics 45 (3): 325-29.

Deng, Qiaolin, Daniel Ramskéld, Bjorn Reinius, and Rickard Sandberg. 2014.
“Single-Cell RNA-Seq Reveals Dynamic, Random Monoallelic Gene
Expression in Mammalian Cells.” Science 343 (6167): 193-96.

Inoue, Azusa, Lan Jiang, Falong Lu, Tsukasa Suzuki, and Yi Zhang. 2017.
“Maternal H3K27me3 Controls DNA Methylation-Independent
Imprinting.” Nature 547 (7664): 419-24.

Keane, Thomas M., Leo Goodstadt, Petr Danecek, Michael A. White, Kim
Wong, Binnaz Yalcin, Andreas Heger, et al. 2011. “Mouse Genomic
Variation and Its Effect on Phenotypes and Gene Regulation.” Nature
477 (7364): 289-94.

Ke, Xiayi, N. Simon Thomas, David O. Robinson, and Andrew Collins. 2002.
“The Distinguishing Sequence Characteristics of Mouse Imprinted

116



Genes.” Mammalian Genome: Official Journal of the International
Mammalian Genome Society 13 (11): 639-45.

Kim, Daehwan, Geo Pertea, Cole Trapnell, Harold Pimentel, Ryan Kelley,
and Steven L. Salzberg. 2013. “TopHat2: Accurate Alignment of
Transcriptomes in the Presence of Insertions, Deletions and Gene
Fusions.” Genome Biology 14 (4): R36.

Krueger, Felix, and Simon R. Andrews. 2016. “SNPsplit: Allele-Specific
Splitting of Alignments between Genomes with Known SNP
Genotypes.” F1000Research 5 (June): 1479.

Liao, Yang, Gordon K. Smyth, and Wei Shi. 2014. “featureCounts: An
Efficient General Purpose Program for Assigning Sequence Reads to
Genomic Features.” Bioinformatics 30 (7): 923-30.

Li, Jingfeng, Keiko Akagi, Yongjun Hu, Anna L. Trivett, Christopher J. W.
Hlynialuk, Deborah A. Swing, Natalia Volfovsky, et al. 2012. “Mouse
Endogenous Retroviruses Can Trigger Premature Transcriptional
Termination at a Distance.” Genome Research 22 (5): 870-84.

Luedi, Philippe P., Alexander J. Hartemink, and Randy L. Jirtle. 2005.
“Genome-Wide Prediction of Imprinted Murine Genes.” Genome
Research 15 (6): 875-84.

Nellaker, Christoffer, Thomas M. Keane, Binnaz Yalcin, Kim Wong, Avigail
Agam, T. Grant Belgard, Jonathan Flint, David J. Adams, Wayne N.
Frankel, and Chris P. Ponting. 2012. “The Genomic Landscape Shaped
by Selection on Transposable Elements across 18 Mouse Strains.”
Genome Biology 13 (6): R45.

Watanabe, Toshiaki, Shin-Ichi Tomizawa, Kohzoh Mitsuya, Yasushi Totoki,
Yasuhiro Yamamoto, Satomi Kuramochi-Miyagawa, Naoko lida, et al.
2011. “Role for piRNAs and Noncoding RNA in de Novo DNA
Methylation of the Imprinted Mouse Rasgrfl Locus.” Science 332
(6031): 848-52.

Xie, Wei, Cathy L. Barr, Audrey Kim, Feng Yue, Ah Young Lee, James
Eubanks, Emma L. Dempster, and Bing Ren. 2012. “Base-Resolution
Analyses of Sequence and Parent-of-Origin Dependent DNA
Methylation in the Mouse Genome.” Cell 148 (4): 816—31.

117



118



Chapter 3: Paternal diet defines offspring chromatin state
and intergenerational obesity

In this work, we describe the molecular basis behind a model of
InterGenerational Metabolic Reprogramming (IGMR) based on
epigenetic inheritance in D. melanogaster. The tasks included in this
thesis comprise the bioinformatic analyses presented in the published
article. By analyzing next-generation sequencing data | describe gene
expression changes that are a consequence of parental exposure a
dietary intervention and correlate them with chromatin architecture.

To describe changes in gene regulation given by parental diet | analyze
embryos sired from flies that were fed either a medium-sugar or a
high-sugar diet (3 replicates of each diet). | identify changes in gene
expression consistent with a de-silencing of heterochromatin. Using
Gene Set Enrichment Analyses (GSEA) | identify overexpressed
metabolic pathways related to energetic metabolism and lipid
storage, consistent with the increased adiposity of these flies. | also
identify a downregulation of pathways related to chromatin silencing.

To test chromatin association with the metabolic response | intersect
our gene expression data with the genomic segmentation (Filion et al.
2010) into 5 chromatin types classified as colors. | find an enrichment
of overexpressed genes in the “black” lamin- and H1- associated
heterochromatin and “blue” polycomb-associated chromatin. | also
observe a depletion for “yellow” chromatin, associated with highly
expressed, house-keeping genes.

For a more in depth analysis of the mechanism involved in this
dysregulation | compare our embryonic IGMR RNA-seq data with gene
expression datasets of H3K9me3 mutant [Su(var) 3-9, SetDB1, and
HP1] embryos (Lundberg et al., 2013) and Polycomb- and Pho-RNAi
knockdown embryos (Goodliffe et al., 2007). Our IGMR model
showed a 70% overlap of upregulated transcripts with Su(var)3-9,
SetDB1 and HP1 mutants and Polycomb--insufficient animals.
Moreover, similar metabolic pathways appeared dysregulated in the
mutants’ datasets when compared to wild-type. This data indicates
that intergenerational metabolic responses are chromatin-state
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dependent and that Polycomb- and H3K9me3- chromatin regulators
are required for paternal diet induced intergenerational obesity.

Next, | analyze RNA-seq from sperm of flies fed either of the two diets
(2 replicates of each diet). Consistent with our previous results, |
identify dysregulation of genes embedded in “black” chromatin,
suggesting that the chromatin-dependent signatures of IGMR are
forecast in the paternal germline.

To further validate this hypothesis, | use modEncode H3K9me3 and
H3K27me3 profiles from the same stage embryos (16-20h) and from
an earlier time point (12--16h) (Negre et al. 2011). This allowed us to
profile the gain of each histone modification during this highly
dynamic period in the embryo: the bodies of our IGMR genes are
unmarked in 12--16hr embryos but exhibit strong H3K9me3 and
H3K27me3 just 4 hours later. Thus, genes undergoing highly dynamic
H3K9me3 and H3K27me3 dependent silencing are specifically
targeted for IGMR de-repression.

Last, | scan the context of insulator occupancy (Negre et al. 2010) of
our IGMR- dysregulated genes. | find that these genes are on average
farther than expected from class | insulators (CTCF, CP190, and BEAF-
associated) and somewhat closer to class Il (SuHw-associated)
insulators.

Altogether, these findings support a model of reprogramming based
on a redistribution of heterochromatin in the sperm and zygote. We
conclude that IGMR is characterized by H3K9me3- and Polycomb-
dependent dysregulation.
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Paternal sugar alters offspring heterochromatin

Paternal IGMR appeared phenotypically “silent” through the
complexities of development. We therefore hypothesized that the
phenotype was encoded in chromatin. Position-effect varie- gation
(PEV) is a genetic phenomenon that has been used as a quantitative
readout of locus-specific chromatin state silencing in vivo. The most
common PEV reporters in Drosophila reflect chromatin desilencing
through increased expression of a red- eye-pigment-coding reporter
gene. Screening a library of PEV strains, Phalke and colleagues
recently defined at least five functionally distinct chromatin silencing
subtypes in the living fly (Phalke et al., 2009). Intriguingly, when
testing w™" a reporter for peri-centric heterochromatin on ChrX, we
observed a reproducible U-shaped intergenerational eye color
phenotype. In support of a mechanistic link between the IGMR obesity
and PEV results, triglyceride accumulation and eye color correlated
positively; redder-eyed flies were more obese. No correlation was
observed in the remaining four strains. These data show that acute
paternal diet targets select chromatin subtypes in offspring.

At this point, we focused on medium- versus high-sugar IGMR and
tested whether IGMR affected all or only select individuals in the
population. Measuring pigment from single wm4h fly heads as a direct
readout of the IGMR response, we observed that paternal IGMR red-
shifted the entire distribution (Fig. 13A and 13B). Thus, high paternal
sugar induces wmh desilencing population-wide, indicating that each
paternal gamete carries an equivalent intergenerational signal.
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High paternal sugar controls heterochromatin-embedded gene expression
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Figure 13. Paternal IGMR alters select chromatin states in offspring. A)
Interindividual variation of eye color of w™" flies from fathers fed high (300 g/I) or
medium (30 g/l) sugar food. B) Representative heads from wm4h offspring. Shown
are heads representative of light, medium, and dark red eyes of each respective
cohort. (C—H) RNA-sequencing results of medium (30 g/l) and high-sugar (300 g/I)
sired stage 17 embryos. C) FPKM plot. D) Volcano plot. E) Cytoscape enrichment map
(p cutoff: 0.005, FDR Q-value cutoff: 0.025, overlap cutoff: 0.2) of gene set
enrichment analysis (GSEA). (Orange) Gene sets enriched; (blue) gene sets depleted,
in high-sugar IGMR. Color intensity reflects degree of enrichment. Major clusters are
circled. (F and G) (F) Rank and (G) absolute IGMR expression changes. Genes are
allocated to one of five chromatin states (colors) according to their TSS (Filion et al.,
2010). Plotted are (F) ranks for all genes and (G) absolute expression changes of the
top 1,000 IGMR up and downregulated genes. H) Chromatin color annotation of all
significantly up- and downregulated IGMR genes.
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We performed rRNA-depleted RNA-sequencing of hand-picked stage
17 embryo F1 offspring from medium- and high-sugar challenged
fathers (Pearson corr. = 0.97, ~15 million reads/sample; Fig. 13C). In
support of a selective chromatin state desilencing mechanism, gene
expression broadly increased, with many more up- than
downregulated transcripts. Sixty-eight protein-coding genes were
significantly upregulated in high-sugar sired embryos (mean AFPKM =
54.9) and only ten downregulated (mean AFPKM = 7.0; Fig. 13D and
Table S1). Of note, upregulated transcripts tended to be genes highly
expressed during late embryo and early larval stages, including 27
(40%) related to biogenesis of the sugar-based cuticle. Of the
remaining 42 genes, 30 were of unknown function, 5 had peptidase
activity, and interestingly, 4 were metabolic genes, including fatty
acyl-CoA reductase and fatty acid elongase.

Analysis using gene set enrichment analysis (GSEA) revealed two
clearly upregulated clusters containing chitin and cuticle constituent
and mitochondrial and primary energy metabolism pathways (Fig.
13E). Included and consistent with the heightened adiposity of IGMR,
pathways for lipid particle, the electron transport chain complexes |,
IV, and V, glycolysis, TCA cycle, and fatty acid metabolism were all
upregulated. These changes are consistent with energetics of
enhanced lipid storage. Three downregulated clusters were also
detected, including cell cycle and mitosis, body patterning, and
intriguingly, a cluster of chromatin regulation pathways. Consistent
with sensitivity of the pericentric wmh reporter to IGMR chromosome,
“centromeric region” was ranked second in the chromatin cluster and
“chromatin silencing” ranked third. Examination of genes annotated
as PEV suppressing, also known as Su(var)’s, revealed a concerted
~10%-20% downregulation, including members of most well-
documented silencing pathways. Thus, the IGMR embryo is
characterized by gene expression favoring primary energy metabolism
over chromatin control.

We next compared our data with chromatin mapping data sets from
the community. Filion et al. used DamID to annotate five ma-or
chromatin types, three repressive (black, blue, and green) and two
active (red and yellow) (Filion et al.,, 2010). When intersecting our
IGMR embryo data with their chromatin state maps, strong
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enrichment was observed in high-sugar sired embryos for genes
embedded in “black” lamin/H1-associated heterochromatin and
“blue” polycomb-associated chromatin, and relative depletion was
observed for those annotated as “yellow”, or housekeeping-type
chromatin (Fig. 13F and 13G). These findings were verified using rank-
order (Fig. 13F) and differential expression analyses (Fig. 13G). No
global effect was observed on “red” or “green” chromatin embedded
genes. Consistent with these global indications of chromatin state
dependency, the 68 significantly upregulated genes were almost
exclusively found in “black” or “blue” chromatin while the 10
significantly downregulated transcripts were randomly distributed
(Fig. 13H). These data identify high paternal sugar as a chromatin-
state-selective physiological Su(var) and identify IGMR as chromatin
state dependent.

Polycomb and core heterochromatin machinery mediate paternal
IGMR

To genetically validate chromatin state regulation as a mechanistic
underpinning of our model, we began systematically testing IGMR
potential in mutants known to modify wmh variegation. We started
with Su(var)3-906, a homozygous dominant suppressor allele of the
H3K9 histone methyltransferase Su(var)3-9.

Medium- and high-sugar-challenged Su(var)3-9% fathers were mated
with standardized w1118 females, and the resulting het- erozygote
offspring were monitored for adiposity (Fig. 14A). Whereas witie
animals reproducibly exhibited a ~10%—-15% increase in adiposity
upon high-sugar IGMR, F1 adult male offspring of Su(var)3-9°° fathers
showed no intergenerational obesity response (Fig. 14A). This
provides genetic evidence that Su(var)3-9 is required for IGMR.

We also tested a second H3K9 methyltransferase, SetDB1. As
heterozygotes, SetDB1'*’? fathers gave both wild-type and mutant
offspring. Intriguingly, both mutant (Fig. 14B, red) and wild-type
SetDB1'"? fathered offspring (Fig. 14B, black) completely failed to
mount an IGMR obesity response (Fig. 14B). Drosophila sperm
develop as a syncytium, and therefore both mutant and wild-type
sperm in such a cross will share a SetDB1'*”®> mutant cytosolic
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compartment for most of their development. These findings therefore
indicate that SetDB1 in the male germline is necessary for proper
IGMR.

H4K20me3 deposition follows H3K9me3 in the establishment of
heterochromatin (Schotta et al., 2004). We therefore also tested
Su(var)4-20>", a mutant for the H4K20 methyltransferase Su(var)4-20.
As Su(var)4-20> is on Chr X, all male offspring from our crosses are
wild-type. Again though, wild-type offspring will reflect the mutant
heterozygosity of spermatogenesis. Su(var)4- 20> fathers failed to
transmit paternal IGMR to the F1 (Fig. 14C). Thus, uncompromised
expression of Su(var)3-9, SetDB1, and Su(var)4-20 are absolutely
required for IGMR. Of note, not all wm4h suppressor alleles were
IGMR incompetent. Su(var)3-1%* and Su(var)3-3'2, also known as Jil1
kinase and dLSD1, respectively, generated completely normal IGMR
obesity responses (Fig. 14D), thus indicating that IGMR is not directly
linked to the wm4h insertion locus itself. These findings identify one
of the first gene networks known to be absolutely required for proper
intergenerational metabolic reprogramming. Given the observed
derepression in blue embedded genes (polycomb-associated; Fig. 13),
we tested IGMR potential in polycomb and trithorax group mutants.
We found that, although Ash1?* mutants were fully IGMR competent,
Enhancer of zeste, E(z)* and Polycomb, Pc® mutant males completely
failed to elicit a response in the next generation (Fig. 14E). Thus,
polycomb- and H3K9me3-centric chromatin regulators are absolutely
required for paternal diet-induced intergenerational obesity.

The IGMR program is chromatin encoded

To corroborate these findings, we compared our embryonic IGMR
RNA-seq data with profiles from H3K9me3- and poly- comb-
insufficient mutants. We examined profiles from Su(var) 3-9°%/¢*°,
SetDB1'%?, and HP1%%% mutant first-instar larvae (Lundberg et al.,
2013) and Pc- and Pho-RNAi knockdown em- bryos (Goodliffe et al.,

2007).
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Figure 14. A Su(var)/PcG axis essential for paternal IGMR. (A-E) Adiposity of
offspring (triglycerides/weight) of mutant fathers challenged with medium (30 g/I;
closed circles) or high sugar (300 g/I; open circles). Gray dashed line indicates normal

w'®IGMR response IGMR adiposity responses are shown for offsprlng of (A) wllls,
wm , and Su(var)3- 9% , (B) SetDBll473, (C) Su(var)4- -20%" , (D) Su(var)3- 1% , Su(var)3-
312, (E) E(z)63, Pc3, and Ash1®® mutant (red) and wild-type (black) offspring. Results
are mean = SEM of n= 3-8 experiments each with multiple replicates. F) FPKM values
of RNAseq data from medium and high-sugar-fathered embryos. 200 most
upregulated genes from HP1 (yellow), Su(var)3-9 (cayenne), and SetDB1 (orange)
mutant first-instar larvae from Lundberg et al. and Pc-RNAi (blue) experiment from
Goodliffe et al. G) Heatmap of expression changes of significantly changed genes in
our paternal IGMR offspring embryo data set and in the Lundberg et al. HP1,
Su(var)3-9, and SetDB1 mutants and the Goodliffe et al. Pc-, Pho-RNAi data sets. H)
Enrichment plot for gene sets upregulated in HP1°”®® (yellow), Su(var)3-9°*/**°
(cayenne), and SetDB1'%* (orange) mutants and Pc- (light blue) and Pho-RNAi (dark
blue) in our stage 17 paternal IGMR offspring embryos. (I-L) Violin plots of
expression change distributions relative to all genes of stage 17 paternal IGMR
offspring embryos for gene sets from HP1°Y% Su(var)3-9°°"°, and SetDB1'*’
mutants (Lundberg et al.) and from Pc and Pho-RNAi embryos (Goodliffe et al.).
IGMR relative rank is plotted for all available of the (I) 200 genes most upregulated
and (J) 200 genes most downregulated by each mutant / RNAi line; (K) intersects of
the 200 most up- or downregulated genes of the indicated pairs of mutants; and (L)
genes in the 200 most upregulated gene sets unique to each respective mutant. M)
Heatmap comparison of GSEA results from mutant and IGMR data. Plotted are the
50 most up- and downregulated pathways from paternal IGMR and respective
scores from the mutant data sets. Colored bars left of the heatmap indicate clusters
in Figure 13E.
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Intriguingly, ~70% overlap was observed between our significantly
dysregulated IGMR genes and those responsive to H3K9-centric or
polycomb insufficiency (Fig. 14F and 14G). The converse was equally
true; each of the top 200 Su(var)3-9°%/¢°, setDB1'%, HP1%¥%, Pho-
RNAI, and Pc-RNAi dysregulated gene sets showed strong enrichment
in our high-sugar-sired F1 embryos (Fig. 14H). Subgrouping confirmed
specificity of these signals. First, transcripts upre- gulated by Su(var)3-
g0/eve setpB11%, HP1%/%, Pho, and Pc insufficiency (likely direct
targets) showed clear coordinate in- creases in expression (Fig. 14l)
compared to apparently randomly distributed signals for transcripts
downregulated by mutation (Fig. 14J). Transcripts upregulated by
both HP1%%% and either Su(var)3-9°%¢"° or SetDB1°! (Fig. 14K)
showed much stronger signatures than transcripts significantly
regulated by any one Su(var) mutant alone (Fig. 14L). Thus, paternal
IGMR mimics H3K9me3- and polycomb-dependent transcriptional
dysregulation.

To test whether these signatures might directly contribute to
metabolic reprogramming, we performed GSEA analysis of the
Lundberg et al. (2013) and Goodliffe et al. (2007) data sets. Coordinate
overlapping enrichment signatures were observed for key pathways
of all five major IGMR clusters (Fig. 14M), including most chromatin
and primary energy modules. Of note, the most significantly enriched
pathways in our data set were those regulated by both silencing
systems together (Fig. 14M). Thus, IGMR is characterized by
H3K9me3-/PcG- dependent dysregulation.

Sperm and Zygote Chromatin Plasticity Define IGMR

To gain further insight into IGMR transmission, we performed RNA
sequencing from manually dissected and purified mature sperm of
high- and medium-sugar-fed w'**® males.
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Figure 15. IGMR signatures are forecast in the PO germline, and IGMR changed
genes show K9/K27me3 dynamic context. (A-D) RNA-sequencing results of sperm
from medium- (30 g/l) and high-sugar (300 g/I) fed fathers; significantly changed genes
are depicted in red. A) FPKM plot. B) Volcano plot. C and D) IGMR expression changes in
sperm of high- relative to medium-sugar-fed fathers (C) for the five chromatin colors
according to Filion et al. and (D) for 200 most up- or downregulated genes from Su(var)3-
9%/®° mutants from Lundberg et al. E) Relative adiposity of male offspring
(triglycerides/weight) (top row) from crosses of mutant fathers challenged with medium-
or high-sugar diet, with w'**® mothers and (bottom row) of crosses of w'**® fathers with
mutant mothers. The normal w'**® IGMR response is also shown (top row). Results are
mean = SEM of n= 3-8 experiments each with multiple replicates. F) ChIP/input signal
from modENCODE data sets for leading-edge H3K9me3- and polycomb-dependent
genes (red in top panels, blue in bottom panels) in our IGMR offspring embryo RNA-seq.
H3K9me3 (top) and H3K27me3 (bottom) enrichment of 12- to 16-hr-old and 16- to 20-
hr-old embryos (left) and the difference between the two stages (right). Black lines
present the average for all genes. G) Box plots of distance to nearest class | and class Il
insulators. Shown are distances for leading-edge Su(var) and PcG upregulated genes in
our IGMR offspring embryo RNA-seq. Grey boxes represent a control set of equally
expressed genes. The boxes indicate the first and third quartiles, and the central line
indicates the median. Whiskers extend to the most extreme data point, which is no more
than 1.5 times the quartile range. H) Distance to nearest class | (orange) and class Il
(green) insulator plotted according to ranked expression change from IGMR RNA-seq
results (high versus medium sugar). Values are sliding window averages of 500 genes. 1)
H3K9me3 staining of fat body cell nuclei from offspring of medium (30 g/I) and high-
sugar (300 g/l) fed fathers. Results are mean +SEM of n = 7 experiments, each with
multiple replicates. Quantification of fat body cell nucleus H3K9me3 staining.

128



Intriguingly, we again observed clear evidence of (1) broad
transcriptional derepression in sperm of high-sugar-fed males (Fig.
15A and 15B), (2) selective upregulation of black chro- matin-
embedded genes (Fig. 15C), and (3) upregulation of Su(var)3-9%/¢"°-
sensitive genes (Fig. 15D). These data indicate that transcriptional
dysregulation in mature IGMR sperm is also chromatin state defined.
In contrast to the embryo data, blue and yellow embedded genes
appeared largely unaffected in the sperm transcriptome. Thus,
chromatin-dependent signa- tures of IGMR are forecast in the PO
paternal germline.

Dysregulation of black embedded genes in both the sperm and zygote
suggested potentially overlapping mechanisms for generation of the
intergenerational signal in the germline and for hardwiring the IGMR
phenotype in the offspring. To probe this idea genetically, we
compared the effect of maternal versus paternal mutant allele
contribution on IGMR. As described above, offspring of Su(var) and
Polycomb mutant fathers were incapable of mounting an IGMR
response (Fig. 14A-14E and 15E, top row). In crosses in which
Su(var)3-9°%/¢°,  setDB1'®!, or Su(var)4-20° mutations were
contributed by the oocyte, IGMR-competent wild-type sperm were no
longer able to evoke an intergenerational response (Fig. 15E, bottom
row). Su(var)3-1°* and Su(var)3-3'? mutants, unremarkable in the
male germline, completely abrogated the response when contributed
maternally (Fig. 15E, bottom row). In contrast, oocytes contributing
Pc’ and E(z)63 mutations, whose constitutive heterochromatin would
not be predicted to be directly perturbed, mounted completely
normal IGMR responses. Collectively, these data support a model in
which IGMR results from and requires a permissive range of
heterochromatin plasticity in the zygote.

To validate the idea, we intersected our embryo RNA-seq data with
modENCODE H3K9me3 and H3K27me3 ChlIP-seq profiles from same-
stage embryos (16—20 hr) and from those isolated one time point
earlier in development (12—-16 hr), enabling us to gauge the dynamics
of K9me3/K27me3 gain and loss (Negre et al., 2011). We made several
observations. First, IGMR-dysregulated genes represented a class
undergoing highly dynamic H3K9 and H3K27 trimethylation (Fig. 15F).
This was true for our significantly changed IGMR genes, as well as the
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leading edge H3K9me3- and polycomb-dependent IGMR gene sets
from Fig. 141 (Fig. 15F and data not shown). The bodies of these genes
in particular were unmarked in 12-16 hr embryos and exhibit strong
H3K9me3 and H3K27me3 just 4 hr later. Importantly, we observed the
same signature when analyzing leading-edge genes of metabolic
pathways upregulated in our obese IGMR phenotype. Thus, genes
undergoing highly dynamic H3K9me3- and H3K27me3-dependent
silencing are specifically targeted for IGMR derepression.

Because repressive marks correlate with the higher-order chromatin
structure and cis-regulatory domain organization, we also examined
our gene sets in the context of insulator occupancy (Negre et al.,
2010). Analysis revealed that all three IGMR- dysregulated gene sets
were on average far from class | (CTCF, CP190, and BEAF-associated)
and were somewhat closer to class Il (SuHw-associated) insulators
(Fig. 15G). These signatures were specific when compared to similarly
expressed genes or to the entire transcriptome (Fig. 15H, left).
Intriguingly, the same signature was again evident in our most up- and
downregulated sperm transcripts (Fig. 15H, right). Thus, IGMR impacts
spatially and chromatin-context-defined transcriptional units in
fathers and in offspring.

Collectively, our data suggest that IGMR results from global al-
terations in chromatin state integrity within a permissive window,
where obesity susceptibility results from reduced stage-specific
epigenetic regulation of H3K27me3- and H3K9me3-defined domains.
Our observations of wmdh eye color desilencing (Fig. 13) and
reductions in H3K9me3 immunofluorescence in adult IGMR offspring
fat bodies (Fig. 151) indicate that this chromatin state reprogramming
is stable lifelong in the offspring.
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Chapter 4: Transgenerational transmission of
environmental information in C. elegans

Here, we describe a model of transgenerational epigenetic
inheritance based on elevated expression of a multicopy transgene in
C. elegans. The transgene is normally silenced by SET25-dependent
H3K9me3, which is inhibited after exposure to 25C. After high-
temperature exposure the transgene remains upregulated for many
generations even when brought back to 20C. Notably, we find
endogenous genes that behave in a similar way.

The tasks included in this thesis comprise the bioinformatic analyses
presented in the published article. By analyzing next-generation
sequencing data | describe gene and transposon expression changes
that are a consequence of parental growth at high temperature and
suggest a role for heterochromatin in transgenerational epigenetic
inheritance.

| analyze total RNA sequencing data from worms grown at 25C and at
20C (P0O) to identify genes that show elevated expression after
environmental growth at high temperature. | analyze total RNA
sequencing data from the 3rd generation (F3) progeny of these
worms, all maintained at 20C for the 3 generations, and | identify
several pseudogenes and DNA transposons that maintain memory of
elevated expression after environmental growth at high temperature.

To prove the hypothesis that genes that maintain memory of
upregulation in the 3rd generation are also normally repressed by
H3K9me3 | analyze total RNA sequencing data from set25 mutant
worms. | identify the same pseudogenes and DNA transposons that
are upregulated after exposure to high temperature in set25 mutants.
The significant overlap, correlation and prediction value between
memory of expression after 3 generations and lack of H3K9me3
suggest a role for this histone modification in maintaining
transgenerational epigenetic information of gene expression.
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Figure 16. Epigenetic expression memory of endogenous loci repressed by SET-25.
A) DNA transposon expression change in set-25 mutants and at high temperature.
Odds ratio quantifies the overlap (red loci, “both”) between log2 fold change (FC) >
0. B) FC expression three generations after a reduction in temperature from 25° to
20°C. Kolmogorov—-Smirnov (KS) test statistic and P value are shown. See figs. S11 to
S14 and table S4 for other repeats, protein coding genes, and analysis methods. C)
Expression of two DNA transposons at 25°C (FO) and for six generations after
decreasing the temperature to 20°C determined by quantitative PCR (table S3). cdc-
42 is a housekeeping gene as control. Expression is relative to animals grown at 20°C
in parallel. D) Expression of the same DNA transposons is increased in set-25
mutants. **P < 0.01; ***P < 0.001; ns, not significant.
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Our results suggest a simple model for how the transgene array shows
memory of high-temperature exposure that endures for many
generations. High temperature inhibits SET-25-mediated repression in
the germ line, causing loss of H3K9me3 from the array. This
derepressed chromatin is transmitted to subsequent generations,
resulting in increased expression when transcription initiates in
somatic lineages. Over multiple generations of growth at low
temperature, repression is gradually restored by heterochromatin
remodeling in each germline cycle. This is consistent with previously
reported gradual quantitative intergenerational changes in H3K9me3
following a temperature change at some loci (14).

We tested whether this model predicts the behavior of endogenous
loci in the genome by sequencing RNA from set-25 mutants and WT
animals at 20° and 25°C and from WT animals three generations after
a change from 25° to 20°C. For protein-coding genes, derepression in
set-25 mutants provided weak prediction of increased expression at
high temperature, consistent with a larger contribution from other
regulators, such as specific transcription factors. Derepression in set-
25 mutants was, however, a better predictor of increased expression
at high temperature for multiple classes of repetitive elements and
also for pseudogenes (Fig. 16A), consistent with impaired SET-25
activity’s making an important contribution to the increased expres-
sion of many loci at high temperature. Moreover, the increased
expression of loci repressed by SET-25 with increased expression at
high temperature was still detectable three generations after a return
to low temperature (Fig. 16, A and B). Quantifying the expression of
two DNA transposons by quantitative real-time polymerase chain
reaction (PCR) in independent samples confirmed that their
expression remained elevated for five generations after a return to
20°C (Fig. 16C). Their expression was also confirmed as SET-25-
dependent (Fig. 16D).

These results support the mechanistic model: At high temperature,
SET-25 pathway activity is reduced, resulting in the derepression of
many loci in the genome. After a return to low temperature, SET-25
activity is restored, but it takes multiple generations for repression to
be reestablished. Expression from SET-25-repressed repeats transmits
information about a prior environmental exposure in this species.
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Chapter 5: Impaired DNA replication derepresses
chromatin and generates a transgenerationally inherited
epigenetic memory

In this chapter | describe a model of transgenerational epigenetic
inheritance based on upregulation of a multicopy transgene in C.
elegans. The transgene is normally silenced by H3K27me3 and
H3K9me3. These histone modifications are lost during impaired DNA
replication and as a consequence the transgene is overexpressed. The
modified chromatin is transmitted for many generations before fully
resetting. Many endogenous genes repressed by heterochromatin
also see their expression highly increased after impaired replication
during embryonic development.

The tasks included in this thesis comprise the bioinformatic analyses
presented in the published article. By analyzing next-generation
sequencing data | describe gene expression changes consequence of
heterochromatin loss after impaired DNA replication. | use chromatin
datasets from modEncode to map the gene expression changes to
chromatin subtypes and identify an enrichment of upregulation in the
4 heterochromatin subtypes. Specifically, | intersect the coordinates
of all genes with the coordinates of the chromatin segmentation for
the same stage in modEncode data. | use the chromatin state that
covers the largest fraction of the gene. However, using the chromatin
state that spans the gene promoter doesn’t change the outcome.
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Figure 17. Impaired DNA replication globally derepresses chromatin. Fold change
in expression of genes mapping to different modENCODE chromatin states between
div-1 and wt L1 larvae. The number of genes assigned to each state is indicated.

To test whether loci other than the transgene array also have altered
expression when replication is impaired, we sequenced RNA from WT
and div-1 L1 stage larvae. Consistent with the response of the
transgene array, many more genes had increased compared to de-
creased expression in the div-1 mutants [493 up-regulated genes
versus 9 down-regulated genes at a false discovery rate (FDR) of
<0.05].

To relate changes in expression to the normal chromatin state of each
gene, we used data from the modENCODE consortium (15). Consistent
with the response of the array, this revealed widespread up-
regulation of genes with normally repressed chromatin states (Fig.
17). This derepression was observed for genes normally characterized
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by states defined by either high H3K9me2/3 or high H3K27me3 (Fig.
17). In contrast, genes without repressive chromatin states (15) in WT
animals were not up-regulated as a group in div-1 mutants (Fig. 17).
Together, these results show that impaired DNA replication during
early development has a major impact on chromatin and gene expres-
sion, globally reducing the levels of repressive histone modifications
and causing widespread up-regulation of heterochromatic genes in
the resulting animals.
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Discussion

Repetitive elements are present in the vast proportion of the genome
that does not belong to protein coding genes and that is usually
considered ‘junk’. TE have to be repressed to maintain genome
integrity. Cells usually achieve TE silencing by DNA methylation and
histone modifications among other epigenetic mechanisms, which we
know can be affected by environmental cues contributing to
phenotypic diversity.

In the first chapter of this thesis | analyse inter-individual variation in
piRNA expression, aiming to associate piRNA expression with genetic
polymorphisms and ultimately gain insight into mammalian piRNA
biogenesis and evolution. The data and experimental results are
generated in collaboration with J. Jimenez-Chillaron lab (from
Fundacid Sant Joan de Déu) and Sonia Forcales lab (from the IGTP).

To do so, | analyze small RNA sequencing data from testes of different
mouse individuals from an outbred mouse strain, and | compare
expression of each piRNA cluster between each individual. Here, | find
one piRNA cluster with bimodal expression: it is expressed in some
animals and silent in some others. Interestingly, this piRNA cluster
overlaps a protein-coding gene, Noct, that is expressed in germline
tissue and with a known polymorphic IAP insertion.

| associate the expression of the piRNA cluster with animals that have
the IAP element. To substantiate our findings | analyse testis small
RNA data from inbred mouse strains that are either IAP- (FVB, C3H and
129S mouse strains) or IAP+ (C57BL/6 and NOD mouse strains), and in
all cases the presence of the IAP matches the expression of the piRNA
cluster. According to our hypothesis, the IAP casts the transcript into
the piRNA biogenesis pathway. Specifically, it is the IAP-containing
intron that is recognized as a repetitive element and cleaved into
piRNAs. Thus, | present a novel function of IAP elements: they can
switch a protein coding gene into a piRNA cluster. | describe a model
where a genomic integration of a naturally occurring IAP element
directs an intron into piRNA processing.
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Importantly, other intronic IAP insertions in germline-expressed
protein-coding genes are also associated with piRNA production from
intronic transcripts. The massive expansion of IAP endogenous
retroviruses in laboratory mouse strains has thus triggered the birth
of new piRNA producing loci, some of which are not yet fixed in the
species. Our work reveals how genetic variants shape the piRNA
repertoire in a mammalian species.

Last, | identify a nuclear export factor, NXF1, required for the
expression of some |AP-containing piRNA clusters. Mus musculus
castaneus (CAST) mice contain a natural mutant allele of the NXF1
gene that suppresses phenotypes associated with |IAP insertional
mutagenesis and the level of IAP-induced aberrant genic transcripts,
although how this is achieved remains unclear (Concepcion et al.
2015). NXF1 is involved in piRNA production in flies (Dennis et al.
2016). I notice that some IAP-derived piRNA clusters are silent in CAST,
suggesting that a fully functional NXF1 protein is required for piRNA
production from |AP-associated piRNA precursors. This is the first time
that NXF1 is involved in piRNA biogenesis in any vertebrate.

However, the exact mechanism by which RNA transcripts including the
IAP (introns) manage to hijack NXF1 to be exported to the cytoplasm
still remains a mystery. One plausible hypothesis is that an ancient
export motif from the IAP is specifically recognized by NXF1.

In summary, | hypothesize that new piRNA producing loci appear from
germline-expressed genes that are designated for piRNA biogenesis
after an IAP insertion. This is consistent with previous observations
that protein-coding transcripts producing piRNAs from their 3’ UTRs
frequently contain repetitive sequences (A. A. Aravin et al. 2007).
piRNA-producing loci are therefore dynamic and reflect private
transposable elements and other genetic variants present in the
different individuals of this species. It is tempting to speculate that
piRNA producing loci evolved from transposable element insertions in
germline-expressed genomic loci.

The known function of piRNAs is to repress transposons. And the
expression of the overlapping gene is not affected in male germline.
So, what is the role of the piRNAs from a newly evolved piRNA cluster?
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And more importantly, can the inheritance of Noct piRNAs lead to a
differential expression of this gene in offspring? In fact, it is known
that maternally inherited piRNAs confer immunity to repetitive
elements in a chromatin-independent way in flies (Brennecke et al.
2008; Grentzinger et al. 2012). Moreover, inherited piRNAs can also
trigger expression of more piRNAs by changing the chromatin state of
piRNA clusters (Le Thomas et al. 2014).

Furthermore, IAP and other transposons positively regulate gene
expression in embryos by driving histone modifications associated
with transcription (Chuong et al. 2013). Moreover, ERVs can lead to a
huge reduction of non-terminated transcripts when inherited from
the father but not from the mother, thus depending on the parent of
origin (Li et al. 2012).

In the second chapter of this thesis | show how an IAP element can
regulate gene expression in embryos. Comparing allelic expression of
hybrids for the Nocturnin IAP, | show that the IAP drives expression of
Noct in placenta. This can be due to the global hypomethylation
features in placenta in comparison to other embryonary tissues. ERV
variation was already suggested as a potential mechanism of
enhancer polymorphism in placenta. This allows for different
developmental phenotypes and acts as an evolutionary mechanism of
placental diversification via gene regulation (Chuong et al. 2013).

Then, | present an IAP-driven parent-of-origin dependent expression
of the Noct gene. While the ancestral Nocturnin mouse allele is
equally expressed from both the maternally and paternally inherited
copy, the derived allele that carries the IAP insertion is predominantly
expressed from the paternal copy at the blastocyst stage of mouse
embryonic development.

Considering how recent this IAP insertion is (~100 years, Nelldker et
al. 2012) it is extremely unlikely that another variant linked to the IAP
insertion is responsible for the emergence of this parent-of-origin
dependent expression pattern, these results strongly suggest that the
IAP itself is the sequence element responsible for acquisition of
imprinted expression at this mouse locus. The observation that an IAP
insertion in mouse gene has led to the emergence of a novel imprinted
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gene matches previous associations between ERVs and imprinting in
both human and mouse (Luedi, Hartemink, and Jirtle 2005). To note,
LTR transcription is known to drive species-specific DNA methylation
in oocytes, specifically in promoters overlapping CpG islands, in
patterns that can be heritable in blastocysts and placenta
(Brind’Amour et al. 2018). Yet, the described mechanism does not
explain our observations since we find that the imprinted IAP is
inherited from the father and not from the mother. Our results
suggest that there is an additional mechanism that links IAPs with
imprinting independent of oocyte LTR-initiated DNA methylation.

Interestingly, there are examples of piRNAs contributing to imprinting
and gene regulation. In the Rasgrf1 locus, piRNAs drive methylation of
the ICR leading to gene activation (Watanabe et al. 2011). In the Igf2
locus, imprinted expression is controlled by a regulatory element
downstream of the gene. When this imprinting control element (ICE)
is not methylated, it is bound by CTCF which blocks the interaction of
a downstream enhancer with the promoter of Igf2 (Bell and Felsenfeld
2000). So, the unmethylated ICE causes repression of Igf2. When the
ICE is methylated, CTCF does not bind and the downstream enhancer
can activate the gene. In summary, methylation at the ICE leads to
expression of Igf2. In this case, the methylated and expressed Igf2
allele is also inherited from the father.

Last, it is worth mentioning that a recent study shows that deleting a
natural ERV (Bogutz et al., n.d.) from upstream of two genes erases
imprinting in offspring and leads to biallelic expression, proving a role
for repetitive elements in imprinting and epigenetic inheritance.
Moreover, it was shown that ERVs contribute to 3D chromatin
architecture and drive gene expression at 2-cell stage embryos (Kruse
et al., n.d.) as well as in human totipotent stem cells (Zhang et al.
2019). It will be interesting to test if lineage-specific polymorphic
transposons are generally associated with emergence of parent-of-
origin dependent expression in mouse and in humans. Importantly,
these ERV can act as evolutionary mechanisms by regulating gene
expression during early development.
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In the following three chapters of the thesis | aim to describe the
molecular mechanisms responsible for epigenetic inheritance. To do
so, | analyse two different animal models with the goal of
understanding the epigenetic basis behind the transmission of
physiological environmental stimuli to the next generation(s).

The goal of the third chapter of this thesis is to identify a paradigm of
TEl in D. melanogaster and describe the mechanisms behind the
inheritance of the acquired complex traits. In order to do so, we design
an experiment in collaboration with Pospisilik lab at the Max-Planck
Institute in Freiburg, Germany and we find that these flies show
predisposition to increased adiposity and obesity, with a significant
gain in body weight, when challenged with a high sugar diet (Ost et al.
2014). We call this response intergenerational metabolic
reprogramming (IGMR). Interestingly, the phenotype is transmitted
after an acute stimulus of only two days. However, the transmission
can be abolished after a heat-shock just one hour before mating,
meaning that the sperm epigenome is plastic and rapidly affected. We
find that fruit flies mutants for genes that are key factors of
heterochromatin and small RNA pathways fail to transmit the
response to their offspring. Also, polycomb- and H3K9me3-regulators
are absolutely required in germline and in the zygote to control IGMR.
Hence, | study the phenotypes of F1 embryos of males fed with high-
sugar diet by analyzing genome-wide RNA-Seq. | identify changes in
expression of genes normally embedded in repressive chromatin
states, suggesting a role for heterochromatin in transgenerational
epigenetic inheritance.

In the fourth chapter of this thesis | switch the animal model of
transgenerational epigenetic inheritance to C. elegans. Here, in
collaboration with the Lehner lab at the Centre de Regulacié
Genomica (CRG, Barcelona), we show that growing worms at a high
temperature for five generations increases the expression of a
transgene for fourteen generations (Klosin, Casas, et al. 2017). We
find that the inheritance happens in cis with the locus, consistent with
chromatin as a potential carrier of the epigenetic information. The
change in expression correlates with loss of H3K9me3 at the locus
already before the onset of transcription, suggesting that the
difference is inherited and not a secondary effect of higher
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transcription. There are no differences observed in H3K27me3 in the
locus. The repression of the transgene requires the H3K9
methyltransferase SET25, and so does the inheritance of altered
expression.

Our mechanistic explanation for the model is that high temperature
inhibits SET25 deposition of H3K9me3 on the transgene and this active
epigenetic state is stably transmitted to the next generation. When
worms are put back in normal temperature, the acquired change in
expression is gradually lost after each generation until it is finally reset
to normal levels consistent with a rescue of the SET25 activity. Last,
we generate RNA-Seq data to study expression of endogenous genes
that can behave like the transgene. Interestingly, | find that
transposons that are also upregulated by temperature and repressed
by SET25 also maintain memory of temperature-induced activation
for several generations. Hence, transposable elements are able to
keep and transmit transgenerational epigenetic modifications after
environmental stimuli.

In the fifth chapter of this thesis | study heritable repression of a
heterochromatic transgene in C. elegans in collaboration with the
Lehner lab at the CRG. In a genome-wide screening done by members
of this lab we find that RNAi targeting of many components of the core
replication machinery leads to loss of silencing of the transgene. Based
on this observation, we use div-1 mutants (the gene encoding the B
subunit of DNA polymerase alpha-primase) to show that impaired
DNA replication during embryonic development leads to upregulation
of a transgene (Klosin, Reis, et al. 2017). Since the transgene array is
repressed by heterochromatin we test the effect of impaired DNA
replication on animals lacking H3K27me3 and H3K39mel/2/3.
Surprisingly, replication impairment upregulates expression in
animals lacking any of the tested modifications, but the impact is
highly reduced in animals lacking both H3K27me3 and
H3K39me1/2/3. This is associated with a global reduction in these
histone modifications genome-wide.
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To test if the global effects of chromatin dysregulation correlate with
changes in gene expression genome-wide we generate RNA-Seq data.
Strikingly, | find a clear trend of endogenous genes regulated by
polycomb and heterochromatin that are highly upregulated genome-
wide. Since modified histones are inherited by the zygote but need to
be maintained after each cell division, | quantify the loss of histones
marked with H3K27me3 during embryo development and associate
the lack of retention with impaired replication. The loss of repressive
histone modifications causes an epigenetic state of higher expression
that behaves as an epiallele and is inherited for many generations. We
conclude that impaired DNA replication not only causes genetic
damage but also stable epigenetic changes.

In conclusion, | show in different models that environmental stimuli
can affect the epigenome of the germline and regulate gene
expression in the next generation. First, | suggest that IAP insertions
are enough to trigger the birth of piRNA clusters, presenting a new
role of transposable elements in modifying the sperm small RNA pool.
Also, | present a role of IAP insertions in regulating gene expression in
embryos, suggesting that there is epigenetic inheritance of the IAP
state linked to gene activation in the next generation.

Then, | also provide strong evidence of inter- and trans-generational
epigenetic inheritance through the germline in flies and worms.
Importantly, | have linked epigenetic inheritance to transposable
elements and different epigenetic factors such as polycomb and
heterochromatin. | showed that some repeat families are able to
maintain acquired expression patterns for many generations and |
have described inherited changes in gene expression mediated by
chromatin modifications such as H3K9me3 and H3K27me3. The
common epigenetic alterations in these studies are heterochromatin
factors, usually bound to repetitive elements, but also relevant in
gene regulation. | hypothesize that the ‘junk’ of the genome and its
repressive mechanism play a big role in epigenetic inheritance.

Finally, although the evidence of TEl in mammals is still scarce and the
mechanistic conservation in humans remains debatable, the
realization that epigenetic inheritance is possible in animals and that
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acute and physiological stimuli can affect the life of the progeny for
their whole life has considerable implications.

To note, epigenetic alterations are common in many diseases, such as
cancer, but they are also driver alterations of some important diseases
in humans (reviewed in (Feinberg 2018). Hence, a perturbed inherited
epigenome can have severe consequences in the life of an organism.
It will therefore be very important to clarify the relationship between
environmental cues, the epigenetic machinery involved, the
consequent epigenetic alteration and the resulting phenotypes.

Which parts of the genome are able to maintain parental information
and which are fully reset? This is one of the most interesting enigmas
in the field of epigenetic inheritance.
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Conclusions

Chapters 1 & 2

1.

The pi-Noct piRNA cluster is the first known polymorphism in
piRNA expression in mouse.

The pi-Noct polymorphism is associated with the presence of
an IAP element in an intron of the Nocturnin gene.

Other IAP insertions in germline-expressed genes are also
associated with piRNA production from intronic transcripts.

The mechanism of piRNA biogenesis from these precursors
consists of a post-transcriptional processing of the Nocturnin
first intron as a piRNA precursor.

NXF1, the nuclear RNA export factor, is required to select the
Nocturnin spliced first exon for piRNA biogenesis, implicating
this protein in piRNA biogenesis in mouse for the first time.

There is biased expression of the IAP+ allele of the Nocturnin
gene in mouse embryos.

There is parent-of-origin specific expression of the Nocturnin
gene in mouse embryos, suggesting there is maintenance of
epigenetic information.
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Chapter3,4 &5

1.

Changes in expression in the F1 after paternal high-sugar diet
in flies are associated with heterochromatin-regulated genes.

Heterochromatin-regulated changes in gene expression after
high-sugar diet are already forecast in sperm of the FO.

Repetitive elements maintain memory of expression after
high-temperature exposure if they are repressed by
heterochromatin.

Endogenous genes that lose heterochromatin-associated
histone modifications maintain memory of upregulation.

Heterochromatin and transposable elements play a key role in
the transmission and maintenance of differential expression in
the next generation in flies and worms.
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SUMMARY

The global rise in obesity has revitalized a search
for genetic and epigenetic factors underlying the
disease. We present a Drosophila model of pater-
nal-diet-induced intergenerational metabolic reprog-
ramming (IGMR) and identify genes required for its
encoding in offspring. Intriguingly, we find that as lit-
tle as 2 days of dietary intervention in fathers elicits
obesity in offspring. Paternal sugar acts as a physio-
logical suppressor of variegation, desilencing chro-
matin-state-defined domains in both mature sperm
and in offspring embryos. We identify requirements
for H3K9/K27me3-dependent reprogramming of me-
tabolic genes in two distinct germline and zygotic
windows. Critically, we find evidence that a similar
system may regulate obesity susceptibility and
phenotype variation in mice and humans. The find-
ings provide insight into the mechanisms underlying
intergenerational metabolic reprogramming and
carry profound implications for our understanding
of phenotypic variation and evolution.

INTRODUCTION

Global incidence of obesity is approaching 1 billion humans.
Though poorly understood, parental and fetal nutritional states
have been shown to generate reproducible offspring phenotypes,
including obesity. Studies in multiple model organisms have been
used to examine intergenerational metabolic effects (Braunsch-
weig et al.,, 2012; Ozanne et al., 1999; Morgan et al., 1999;
Buescher etal., 2013; Rechavi et al., 2014). Maternal and paternal
induction of intergenerational responses have been reported, and
a variety of macronutrient and timing interventions have been

1352 Cell 159, 1352-1364, December 4, 2014 ©2014 Elsevier Inc.

used, including short- and long-term fasting (Anderson et al.,
2006), calorie restriction (Blondeau et al., 2002; Jimenez-Chillaron
et al., 2009), and modulation of dietary protein (Ozanne et al.,
1999), fat (Gniuli et al., 2008; Dunn and Bale, 2009), and methyl-
donor content (Wolff et al., 1998; Waterland et al., 2006; reviewed
|nDaxmgerand Whitelaw, 2012 Pam 2018). Of note, although not
dive an prompt similar
offspnng phenotypes, so called “U-shaped” responses.
Intergenerational effects transmitted via the male germlme
have received recent ion. Because father-to-off
transmission excludes difficult to control oocyte and gestational
effects, mechanistic dissections are simplified. Studies have de-
monstrated paternal transmission of tumor susceptibility (Anway
etal., 2005; Xing et al., 2007), of heat-shock-induced epigenetic
memory (Seong et al., 2011), of olfaction-dependent behavioral
and neural phenotypes (Dias and Ressler, 2014), and of meta-
bolic control (Anderson et al., 2006; Fullston et al., 2013; Carone
etal., 2010; Ng et al., 2010; reviewed in Rando, 2012).
Mechanistically, imprinting, altered DNA 1, histone
modifications, and noncodlng RNA transcripts have been impli-
cated in inter/trar ional p Y ion. Adi-
posity of genetically identical agoun mouse siblings correlates
with IAP DNA methylation (Morgan et al., 1999); DNA methylation
correlates with endocrine disruptor and nutrient induced inter/
transgenerational phenotypes (Anway et al., 2005; Carone
et al., 2010; Radford et al., 2014), and there is evidence of
RNA-dependent transmission (Gapp et al., 2014; Rechavi
et al., 2014; Kiani et al., 2013; Rassoulzadegan et al., 2006). In
C. elegans and Drosophila, research has focused on small non-
coding RNAs and chromatin organization (Seong et al., 2011;
Shirayama et al., 2012; Lee et al., 2012; Greer et al., 2011;
Ashe et al., 2012). Despite these advances, however, our under-
standing of the initiation, transmission, and stabilization of trans/
intergenerational phenotypes remains largely a black box.
Hers, we present a Drosophila model of paternal interge-
ing (IGMR) and identify
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germline and zygotic gene networks that are necessary for its
manifestation. Mechanistically, paternal sugar modifies offspring

i and transcription in a Poly . E(z)-, SetDB1-,
Su(var)3-9-, and HP1-sensitive manner. Intriguingly, these
changes are forecast in the sperm. Data from highly defined hu-
man and mouse obesity cohorts suggest that these processes
are conserved. These data provide evidence for a conserved
chromatin-state-encoded program that defines phenotypic vari-
ation and thus carry profound implications for our understanding
of phenotypic diversity and evolution.

RESULTS

AD,
State Control

We sought to understand whether normal fluctuations in diet
might impact next-generation phenotypes. We chose to focus
on the male germline and, for simplicity, on male progeny.

To minimize genetic variation, we performed ten generations
of single-fly, brother-sister inbreeding of our population inbred
w''"® Drosophila melanogaster strain. To identify an optimal di-
etary intervention for PO fathers, we challenged 4- to 5-day-old
males with progressively increasing dietary sugar and protein
and assessed whole-fly fat storage after 2 days. Whereas dietary
protein showed minimal effects (Figure 1A; horizontal axis), die-
tary sugar evoked a 3-fold increase in whole-fly triglyceride
storage (Figure 1A; vertical axis). Of note, the sugar concentra-
tions used approximate natural food sources (ripened banana
~300 g/1). These responses agreed with published data (Skorupa
et al., 2008) and highlighted the rapid metabolic regulatory po-
tential of dietary sugar in the fly.

To test for ir i effects, we the experi-
ment, this time varying only sugar, and mated the males to stan-
dardized w'’™® female virgins (Figure 1B). After 2 hr of mating,
females were left to lay eggs for 10 hr, removed, and the F1
offspring were left to develop unimpeded. Importantly, ancestral
(more than ten generations), parental, and F1 generations were
highly controlled with respect to male:female mating ratio, larval
density, diet, and environmental conditions. One week after ec-
closure, adult male offspring were weighed and sacrificed, and
triglyceride levels were measured in whole-fly lysates. Interest-
ingly, although the paternal intervention showed no effect on
F1 kept on normal food (Figure 1C, top, open circles), adult prog-
eny fed an obesogenic high-sugar diet exhibited a U-shaped
obesity response (Figure 1C, top closed circles) with low- and
high-sugar sired individuals showing exaggerated triglycerides
(Figure 1C and 1D). This phenotype was significant by both
ANOVA and comparison of linear versus polynomial regressions.
Thus, paternal sugar outside of the physiological optimum alters
metabolic control in the F1.

The IGMR phenotype comprised two features. F1 offspring
body weight increased with paternal sugar (Figure 1C, middle),
and weight-normalized triglyceride levels increased toward
both paternal extremes (Figure 1Cand 1D). ic phenotyp-

Model of

intake (Figure 1G). Together with increased starvation sensitivity
(Figure S1D), unaltered activity and CO, production measures
(Figures S1B and S1C), as well as unaltered trehalose and
glucose levels (Figures S1E and S1F), these findings suggest
that the observed excess triglyceride reserves resulted from
poor lipid store mobilization and possibly hyperphagia. Impor-
tantly, we found no evidence of altered ecclosure timing (Fig-
ure 1H) or wing size (Figure 11, top), or in F1 offspring number
(Figure 11, middle) or male:female ratio per brood (Figure 1l, bot-
tom). Thus, acute paternal dietary sugar reprograms offspring
metabolism, leaving growth and development intact. Our data
conclusively provide evidence that acute paternal diet repro-
grams offspring metabolism in Drosophila.

Paternal IGMR Is Rapid, Stable, and Stress Sensitive

The short 2 day intervention implied that mature Drosophila
sperm are capable of continuously transmitting environmental
cues to their offspring. To understand the minimum dietary inter-
vention required to elicit paternal IGMR, w'’® males were
subject to dietary interventions lasting 1, 2, 5, or 7 days prior to
mating (Figure 2A). Measurements of adiposity indicated a
maximal F1 phenotypic response within just 2 days of paternal
challenge (Figures 2B and 2C), suggesting that paternal IGMR
might be detectable within a single day. Female flies store sperm
upon mating, allowing them to fertilize eggs for days or even
weeks after a single insemination event. We asked how stable
the IGMR phenotype would be with sperm storage. Males
were subject to a 2 day paternal dietary intervention and mated,
and the recipient females were allowed to lay three consecutive
batches of fertilized eggs over 60 hr. Importantly, offspring of all
three consecutive batches exhibited clear U-shaped obesity
phenotypes (Figures 2D and 2E), indicating that IGMR is stable
with sperm storage. Further, heat shock is known to modulate
epigenetically controlled phenotypes, even across generations
(Seong et al., 2011). Interestingly, a 1 hr heat shock of diet-
treated fathers ly before g bi

the paternal IGMR obesity response (Figures 2F and 2G). This is
consistent with the requirement for highly controlled environ-
mental conditions (sound, odor, vibration) when using this
model. Finally, we found no evidence that the IGMR phenotype
is transmitted to subsequent generations (Figure 2H). Thus,
paternal IGMR is rapid, stable, and acutely stress sensitive.

Paternal Sugar Alters Offspring Heterochromatin

Paternal IGMR appeared phenotypically “silent” through the
complexities of development. We therefore hypothesized that
the phenotype was encoded in chromatin. Position-effect varie-
gation (PEV) is a genetic phenomenon that has been used as a
quantitative readout of | pecific chromatin state silencing
in vivo. The most common PEV reporters in Drosophila reflect
chromatin desilencing through increased expression of a red-
eye-pigment-coding reporter gene. Screening a library of PEV
strains, Phalke and colleagues recently defined at least five

ing revealed that obesity-susceptible IGMR progeny exhibited
increased adipose area (Figure 1E and 1F) and lipid droplet
size (Figure 1E and Figure S1A available online). Measures of
feeding behavior showed a tendency toward increased food

functi distinct in silencing in the living
fly (Phalke et al., 2009). Using identical or comparable PEV lines,
we tested whether paternal dietary sugar could alter offspring
eye color and thus stably alter chromatin state in F1 (Figures
3A-3E). We observed no overt effect of paternal diet on offspring
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Figure 1. A Fly Model of Paternally Induced Obesity
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(A) Triglyceride levels in founder males after 2 days of diet intervention with increasing sugar (sucrose) and protein (soy).

(B) Schematic of the IGMR experimental design.

(C) Triglycerides (top), body weight (middie), and weight normalized triglycerides (bottom) of F1 males raised on normal (open circles) and on high-sugar food

(closed circles).

(D) Binomial regression of F1 male weight normalized triglycerides (95% Cl, p < 0.01).
(E) Representative section of anterior fly fat body stained with oil red O and DAPI.

(F) Lipid droplet area/section.
(G) Food intake of F1 males by CAFE assay.
(H) Ecclosure timing of F1 offspring as percent of total.

() (Top) Relative wing area of F1 males. (Middle) Total number of ecclosed offspring per vial. (Bottom) Number of male offspring per vial (% of total flies).
Results are mean = SEM ('p < 0.05) of n = 3-8 experiments each with multiple replicates. See also Figure S1.

PEV in four of the lines tested (A,gz; Figures 3A-3D), including
reporters for telomeric (ChrX; HA-1902) (Figure 3A), retro-
transposon-type (Chr3R; HA-1992) (Figure 3B), pericentric
(Chr4;39c-12) (Figure 3C), and repeat-associated chromatin
(Chr2:3;92E) (Figure 3D). Notably, all four lines generated
U-shaped paternal IGMR obesity (Figure 3F). Thus, IGMR occurs

1354 Cell 159, 1352-1364, December 4, 2014 ©2014 Elsevier Inc.

on independent genetic backgrounds and leaves HA-1902-, HA-
1992-, 39¢-12-, and 92E-type chromatin largely unaltered.
Intriguingly, when testing w™*", a reporter for peri-centric het-
erochromatin on ChrX, we observed a reproducible U-shaped
intergenerational eye color phenotype (Figures 3E and 3G). In
support of a mechanistic link between the IGMR obesity and
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Figure 2. Acute Paternal Nutritional State Is Reflected in Offspring Obesity
(A and B) (A) Schematic and (B) offspring adiposity from tests of progressively increasing paternal dietary intervention.

(C) Mean change in offspring adiposity
square curve fitting (slope = 1, R® = 0.95).

gl

for low- and high-

igar-sired adult males relative to medium sugar for each time point. Least

(Dand (E) (D) Schematic and (E) F1 male adult adiposity from tests of consecutive offspring cohorts from the same mating event. After mating, females were kept
on standard food, and three consecutive batches of embryos were collected and assessed at adulthood.

(F) and (G) (F) Schematic and (G) offspring adiposity for tests of stress sensitivity. A 1 hr 37 degree heat-shock was applied to males just before mating.

(H) F2 adult male adiposity. F1 males were kept on standard food prior to mating.

Results are mean = SEM of n = 3-8 experiments each with multiple replicates.

PEV results, triglyceride accumulation and eye color correlated
positively; redder-eyed flies were more obese (Figure 3H). No
correlation was observed in the remaining four strains (data not
shown). These data show that acute paternal diet targets select
chromatin subtypes in offspring.

High Paternal Sugar Controls

Gene Expi

At this point, we focused on medium- versus high-sugar IGMR
and tested whether IGMR affected all or only select individuals
in the population. Measuring pigment from single w™ fly heads
as a direct readout of the IGMR response, we observed that
paternal IGMR red-shifted the entire distribution (Figures 4A
and 4B). Thus, high paternal sugar induces w™" desilencing
population-wide, indicating that each paternal gamete carries
an equivalent intergenerational signal

sugar challenged fathers (Pearson corr. = 0.97, ~15 million
reads/sample; Figure 4C). In support of a selective chromatin
state desilencing mechanism, gene expression broadly in-
creased, with many more up- than downregulated transcripts.
Sixty-eight protein-coding genes were significantly upregulated
in high-sugar sired embryos (mean AFPKM = 54.9) and only ten
downregulated (mean AFPKM = —7.0; Figure 4D and Table S1).
Of note, upregulated transcripts tended to be genes highly ex-
pressed during late embryo and early larval stages, including
27 (40%) related to biogenesis of the sugar-based cuticle. Of
the remaining 42 genes, 30 were of unknown function, 5 had
peptidase activity, and interestingly, 4 were metabolic genes,
including fatty acyl-CoA reductase and fatty acid elongase.
Analysis using gene set enrichment analysis (GSEA) revealed
two clearly upregulated clusters containing chitin and cuticle
constituent and mitochondrial and primary energy metabolism

Next, we performed rRNA d RNA ing of hand-
picked stage 17 embryo F1 offspring from medium- and high-

(Figures 4E and S2A and Table S2). Included and
consistent with the heightened adiposity of IGMR, pathways
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Figure 3. High Paternal Sugar Is a Physiological Su(var)

(A-E) (Top) Schematics of (A) pP{RS5}5-HA-1902, (B) pP{RSS)5-HA-1992, (C) 39C-12, (D) T(2:3)V21ePlacW (92E), (E) In(1)w/™" PEV reporters. (Bottom) Eye
pigment absorption (A.sc) from heads of aduit males, normalized to offspring of paternal 30 g/l sugar.

(F) Heatmap of paternal IGMR offspring from the PEV lines in (A-E). Triglyceride/weight normalized to paternal 30 ¢/l sugar.

(G) Representative median eye-colored w™ fly heads from 3, 30, and 300 g/l sugar-sired offspring.

(H) Correlation of eye color (heads) and offspring triglyceride/weight (carcass rest) of w™ flies measured in the same individuals.

Results are mean = SEM of n = 3-8 experiments each with multiple replicates.

for lipid particle, the electron transport chain complexes |, IV, and
V, glycolysis, TCA cycle, and fatty acid metabolism were all upre-
gulated. These changes are consistent with energetics of
enhanced lipid storage (Figure S2B). Three downregulated clus-
ters were also detected, including cell cycle and mitosis, body
patterning, and intriguingly, a cluster of chromatin regulation
pathways. Consistent with sensitivity of the pericentric w™"" re-
porter to IGMR chromosome, “centromeric region™ was ranked

embedded in “black” lamin/H1-associated heterochromatin and
“blue” polycomb-associated chromatin, and relative depletion
was observed for those annotated as “yellow,” or housekeeping-
type chromatin (Figures 4F and 4G). These findings were verified
using rank-order (Figure 4F) and differential expression analyses
(Figure 4G). No global effect was observed on “red” or “green”
chromatin embedded genes. Consistent with these global
indications of in state the 68 significantly

second in the chromatin cluster and
ranked third. Examination of genes annotated as PEV suppress-
ing, also known as Su(var)'s, revealed a concerted ~10%-20%
lation, including of most well-documented
silencing pathways (Figure S2C and Tables S2 and S3). Thus,
the IGMR embryo is characterized by gene expression favoring
primary energy metabolism over chromatin control.
We next compared our data with chromatin data sets

L genes were almost exclusively found in “black” or
“blue” chromatin while the 10 significantly downregulated tran-
scripts were randomly distributed (Figure 4H). These data identify
high paternal sugar as a in-state-selectit iologi
Su(var) and identify IGMR as chromatin state dependent.

from the community. Filion et al. used Dam-ID to annotate five ma-
jor chromatin types, three repressive (black, blue, and green) and
two active (red and yellow) (Filion et al., 2010). When intersecting
our IGMR embryo data with their chromatin state maps, strong
enrichment was observed in high-sugar sired embryos for genes

1356 Cell 159, 1352-1364, December 4, 2014 ©2014 Elsevier Inc.

and Core i inery
IGMR
To validate in state as a mecha-

nistic underpinning of our model, we began systematically
testing IGMR potential in mutants known to modify w™*" variega-
tion. We started with Su(var)3-9°, a homozygous dominant sup-
pressor allele of the H3K9 histone methyltransferase Su(var)3-9.
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(A) Interindividual variation of eye color of w™*" fiies from fathers fed high (300
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(B) Representative heads from w™" offspring. Shown are heads representative of light, medium, and dark red eyes of each respective cohort.

(C-H) RNA-sequencing results of medium (30 ¢/ and high-sugar (300 g/) sired stage 17 embryos. (C) FPKM plot. (D) Voicano plot.

(E) Cytoscape enrichment map (p cutoff: 0.005, FDR Q-value cutoff: 0.025, overlap cutoff: 0.2) of gene set enrichment analysis (GSEA). (Orange) Gene sets
enriched; (blue) gene sets depleted, in high-sugar IGMR. Color intensity reflects degree of enrichment. Major clusters are circled.

(F and G) (F) Rank and (G) absolute IGMR expression changes. Genes are allocated to one of five chromatin states (colors) according to their TSS (Filion et al.,
2010). Plotted are (F) ranks for all genes and (G) absolute expression changes of the top 1,000 IGMR up and downregulated genes.

(H) Chromatin color
See also Figure S2.

of all sig

up-and

Medium- and high-sugar-challenged Su(var)3-9% fathers were
mated with standardized w’’’® females, and the resulting het-

offspring were i for adiposity (Figure 5A).
Whereas w'’"® animals reproducibly exhibited a ~10%-15%
increase in adiposity upon high-sugar IGMR, F1 adult male
offspring of Su(var)3-9° fathers showed no intergenerational

IGMR genes.

obesity response (Figure 5A). This provides genetic evidence
that Su(var)3-9 is required for IGMR.

We also tested a second H3KS methyltransferase, SetDB1.
As heterozygotes, SetDB1'#” fathers gave both wild-type
and mutant offspring. Intriguingly, both mutant (Figure 5B, red)
and wild-type SetDB1'*” fathered offspring (Figure 5B, black)
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Figure 5. A Su(var)/PcG Axis Essential for Paternal IGMR

(A-E) Adiposity of offspring (triglycerides/weight) of mutant fathers challenged with medium (30 g/1; closed circles) or high sugar (300 g/; open circles). Gray
dashed line indicates normal w'"*® IGMR response. IGMR adiposity responses are shown for offspring of (A) w’"", w™, and Su(var)3-9°, (B) SetDB1"*, (C)
Sufvar)4-20°, (D) Sufvar)3-1%¢, Sufvar)3-3'%, (E) E(z)**, Pc”, and Ash1** mutant (red) and wild-type (black) offspring. Results are mean = SEM of n = 3-8
experiments each with multiple replicates.

(F) FPKM values of RNaseq data from medium and high-sugar-fathered embryos. 200 most upregulated genes from HP1 (open yellow), Sufvar)3-9 (closed
cayenne), and SetDBT (closed orange) mumm first-instar larvae from Lundberg et al. (2013) and Pc-RNAI (open blue) experiment from Goodliffe et al (2007).
[(©} p i ‘paternal IGMR offsprit Yy the Lu al. HP1, Sufvar)3-9, and
SetDB1 mutants and the Goodiiffe et al (2007) Pc-, Pho-RNAi data sets.

(H) Enrichment plot for gene sets upregulated in HP1%'* (yellow), Sufvar)3-8°**° (cayenne), and SetDB1'®  (orange) mutants and Pc- (light blue) and Pho-RNA
(dark blue) in our stage 17 patemal IGMR offspring embryos.

(I-L) Violin plots of Il g of stage 17 paternal IGMR offspring embryos for gene sets from HP1%%, Sufvarj3-9%5/#,
and SetDB1"®’ mmants (Lundberg etal) ) and from Pc and Pho-RNAi embryos (Goodiiffe et al.). IGMR relative rank is plotted for all available of the (1) 200 genes
most /RNAi line; (K) intersects of the 200 most up- or downregulated genes of the indicated
pairs of mutants; and (L) genes in the 200 most upregulated gene sets unique to each respective mutant.

(M) Heatmap comparison of GSEA results from mutant and IGMR data. Plotted are the 50 most up- and downregulated pathways from paternal IGMR and
respective scores from the mutant data sets. Colored bars left of the heatmap indicate ciusters in Figure 4E.

completely failed to mount an IGMR obesity response (Figure 5B).
Drosophila sperm develop as a syncytium, and therefore both
mutant and wild-type sperm in such a cross will share a
SetDB1'*7* mutant cytosolic compartment for most of their
development. These findings therefore indicate that SetDB1 in
the male germline is necessary for proper IGMR.

H4K20me3 deposition follows H3K9me3 in the establishment
of heterochromatin (Schotta et al., 2004). We therefore also
tested Su(var)4-2057, a mutant for the H4K20 methyltransferase
Su(var)4-20. As Su(var)4-205" is on Chr X, all male offspring from

1358 Cell 159, 13521364, December 4, 2014 ©2014 Elsevier Inc.

our crosses are wild-type. Agam though, wild-type oﬂspnng will
reflect the mutant h of \esis. Sufvar)4-

20" fathers failed to transmit paternal IGMR to the F1 (Fig-
ure 5C). Thus, uncompromised expression of Sufvar)3-9,
SetDB1, and Su(var)4-20 are absolutely required for IGMR. Of
note, not all w™ suppressor alleles were IGMR incompetent.

Su(var)a-1"‘ and Su(valjad'z, also known as Jil1 kinase and
dLsD1, normal IGMR
obesity responses (Figure 5D), thus indicating that IGMR is not
directly linked to the w™" insertion locus itself. These findings
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identify one of the first gene networks known to be absolutely
required for proper intergenerational metabolic reprogramming.
Given the observed derep 1in blue genes

the sperm transcriptome. Thus, chromatin-dependent signa-
tures of IGMR are forecast in the PO paternal germline.

(polycomb-associated; Figure 4), we tested IGMR potential in
polycomb and trithorax group mutants. We found that, although
Ash1? mutants were fully IGMR competent, Enhancer of zeste,
E(z)* and f Pc® mutant male: failed to elicit
aresponse in the next generation (Figure 5E). Thus, polycomb-
and H3K9me3-centric chromatin regulators are absolutely
required for paternal diet-induced intergenerational obesity.

The IGMR Prog Is Cl

To corroborate these findings, we compared our embryonic
IGMR RNA-seq data with profiles from H3K9me3- and poly-
comb-insufficient mutants. We examined profiles from Su(var)
3-9°%, SetDB1'®’, and HP1°“* mutant first-instar larvae
(Lundberg et al., 2018) and Pc- and Pho-RNAi knockdown em-
bryos (Goodliffe et al., 2007). Intriguingly, ~70% overlap was
observed between our significantly dysregulated IGMR genes

ysregulation of black genes in both the sperm
and zygote suggested potentially overlapping mechanisms for
ion of the interger i signal in the germline and

for hardwiring the IGMR phenotype in the offspring. To probe
this idea genetically, we compared the effect of maternal versus
paternal mutant allele contribution on IGMR. As described
above, offspring of Su(var) and Polycomb mutant fathers were
incapable of mounting an IGMR response (Figures 5A-5E and
6E, top row). In crosses in which Su(var)3-9°°°, SetDB1'%,
or Su(var)4-205" mutations were contributed by the oocyte,
IGMR-competent wild-type sperm were no longer able to evoke
an intergenerational response (Figure 6E, bottom row). Su(var)3-
19 and Su(var)3-3'2 mutants, unremarkable in the male germ-
line, completely abrogated the response when contributed
maternally (Figure 6E, bottom row). In contrast, oocytes contrib-
uting Pc® and E(z)*® mutations, whose constitutive heterochro-
matin would not be predicted to be dlrectly perturbed, mounted

and those responsive to H3K9-centric or
(Figures 5F and 5G). The converse was equally true; each of the
top 200 Su(var)3-9°**°, SetDB1'®', HP1°*%, Pho-RNAI, and
Pc-RNAI dysregulated gene sets showed strong enrichment in
our high-sugar-sired F1 embryos (Figure 5H). Subgrouping
confirmed specificity of these signals. First, upre-

normal IGMR , these data

support a model in which IGMR resuhs from and requires a
permissive range of heterochromatin plasticity in the zygote.

To validate the idea, we intersected our embryo RNA-seq data

with modENCODE H3K9me3 and H3K27me3 ChlIP-seq profiles

from stage embryos (16-20 hr) and from those isolated

gulated by Sufvar)3-9°°#*°, SetDB1'%", HP1°*/%, Pho, and Pc
insufficiency (likely direct targets) showed clear coordinate in-
creases in exp ion (Figure 5I) to apparently
randomly distributed signals for transcripts downregulated by
mutation (Figure 5J). Transcripts upregulated by both HP19%/%
and either Sufvar)3-9°**° or SetDB1'% (Figure 5K) showed
much stronger signatures than transcripts significantly regulated
by any one Su(var) mutant alone (Figure 5L). Thus, paternal IGMR
mimics H3K9me3- and polycomb-dependent transcriptional
dysregulation.

To test whether these signatures might directly contribute to
metabolic reprogramming, we performed GSEA analysis of the
Lundberg et al. (2013) and Goodhﬂ‘e et al. (2007) data sets. Co-
ordinate er were observed for
key pathways of all five major IGMR clusters (Figure 5M and Ta-
ble S2), including most chromatin and primary energy modules.
Of note, the most significantly enriched pathways in our data
set were those regulated by both silencing systems together
(Figure 5M). Thus, IGMR is characterized by H3KSme3-/PcG-
dependent dysregulation.

Sperm and Zygote Chromatin Plasticity Define IGMR

To gain further insight into IGMR transmission, we performed
RNA sequencing from manually dissected and purified mature
sperm of high- and medium-sugar-fed w”"’ males (Table S4).
Ir we again clear of (1) broad
transcriptional derepression in sperm of high-sugar-fed males
(Figures 6A and 6B), (2) selective upregulation of black chro-
matin-embedded genes (Figure 6C), and (3) upregulation of
Su(var)3-9°¢**°-sensitive genes (Figure 6D). These data indicate
that transcriptional dysregulation in mature IGMR sperm is also
chromatin state defined. In contrast to the embryo data, blue
and yellow embedded genes appeared largely unaffected in

one time point earlier in development (12-16 hr), enabling us to
gauge the dynamics of K9me3/K27me3 gain and loss (Négre
etal., 2011). We made several observations. First, IGMR-dysre-
gulated genes represented a class undergoing highly dynamic
H3K9 and H3K27 trimethylation (Figure 6F). This was true for
our significantly changed IGMR genes, as well as the leading
edge H3KSme3- and polycomb-dependent IGMR gene sets
from Figure 5l (Figure 6F and data not shown). The bodies of
these genes in particular were unmarked in 12-16 hr embryos
and exhibit strong H3K9me3 and H3K27me3 just 4 hr later.
Importantly, we observed the same signature when analyzing
leading-edge genes of metabolic pathways upregulated in our
obese IGMR phenotype (Figure S3A). Thus, genes undergoing
highly dynamic H3K9me3- and H3K27me3-dependent silencing
are specifically targeted for IGMR derepression.

Becauss repressive marks correlate with the higher-order

and cis-reg y domain organization,
we also examined our gene sets in the context of insulator occu-
pancy (Négre et al., 2010). Analysis revealed that all three IGMR-
dysregulated gene sets were on average far from class | (CTCF,
CP190, and BEAF- i and were closer to
class Il (SuHw-associated) insulators (Figure 6G). These signa-
tures were specific when compared to similarly expressed genes
or to the entire transcriptome (Figure 6H, left). Intriguingly, the
same signature was again evident in our most up- and downre-
gulated sperm transcripts (Figure 6H, right). Thus, IGMR impacts
spatially and chromatin-context-defined transcriptional units in
fathers and in offspring.

Collectively, our data suggest that IGMR results from global al-
terations in chromatin state integrity within a permissive window,
where obesity susceptibility results from reduced stage-specific
epigenetic regulation of H3K27me3- and H3KSme3-defined do-
mains. Our observations of w™*" eye color desilencing (Figures 3
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(E) Relative adiposity of male offspring (triglycerides/weight) (top row) from crosses of mutant fathers challenged with medium- or high-sugar diet, with w'’’®
mothers and (bottom row) of crosses of w’ '’ fathers with mutant mothers. The normal v’ "’® IGMR response is also shown (top row). Results are mean = SEM of
n = 3-8 experiments each with multiple replicates.

(F) ChiP/input signal from modENCODE data sets for ling:

dge H3KSme3- and p genes (red in top panels, blue in bottom pﬂnels] in our

IGMR offspring embryo RNA-seq. and (bott tof 12-to 16-hr-0ld and 16- o 20-h yos (left) and

between the two stages (ight). Biack lines present the average for all genes.

(G)Box plots of distance to nearest class | and class Il insulators. ing-edge Sufvar) and PcG nes in our IGMR offspring
q.Grey of equally expressed genes. The boxes indicate the first and third quartiles, and the central line indicates the

median. Whiskers extend to the most extreme data point, which i no more than 1.5 times the quartle range.
{H) Distance to nearest class | (orange) and class Il (green) insulator plotted according to ranked expression change from IGMR RNA-seq results (high versus
medium sugar). Values are sliding window averages of 500 genes.

() (Left) H3KSme3 staining of fat body cell nuclei from offspring of medium (30 ¢/ and high-sugar (300 o/} fed fathers. Results are mean =SEM of n = 7 ex-
periments, each with multiple replicates. (Right) Quantification of fat body cell nucleus H3K9me3 staining.

See also Figure S3.

and 4) and reductions in H3KSme3 immunofluorescence in adult
IGMR offspring fat bodies (Figure 6l and Figure S3B) indicate that
this chromatin state reprogramming is stable lifelong in the
offspring.

State-A iatad

To probe potential conservation of such processes, we searched
for similar signatures in data sets from mouse and man. We
examined two murine and three human microarray data sets
focusing on adipose tissue from lean and obese individuals, first
defining mouse and human ortholog pathways to all Flybase-an-

A Conserved for Cl i
Phenotypic Variation
More fundamentally, the above data identify a mechanism that

directionally controls phenotypic variation within a population.
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notated D Su(var)’'s and then by using GSEA to test for
dysregulatlon (Figures 7A-7D). Intriguingly, we observed clear

ig! of Su(var) in obese individuals in two of
the most highly genetically controlled human adiposity data
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sets available: first in a study of 19 obese versus 20 non-obese
Pima Indians (Lee et al., 2005) and then, even more compelling,
in a collection of 13 monoz) ic twin pairs, each with one
normal and one obese co-twin (Pietildinen et al., 2008) (Fig-
ure 7A). Examination of the first figure in the latter study reveals
clear also of transcriptome-wide ing, with
~5-fold more up- versus downregulated genes in the obese
co-twins. Further, similar signatures appear to predict murine
obesity susceptibility. In an elegant study, Koza et al. isolated
adipose tissue from young C57BL6/J mice prior to treatment
with high-fat diet (Koza et al., 2006). Profiling the pretreatment
samples from the lowest and highest weight gainers of the 107
animal strong cohort, the authors were able to establish predic-
tive signatures for obesity susceptibility. Reanalyzing these data,
we found clear evidence that Su(var) pathway depletion predicts
obesity susceptibility (Figure 7B).

Leading-edge analysis of all three data sets revealed orthologs
of our IGMR defining Su(var)3-9, Setdb1, Su(var)4-20, and E(z)
regulators as driving the GSEA signal (Figures 7A and 7B, high-
lighted genes). Importantly, no obvious signatures were ob-
served in an independent “typical” human obesity cohort in
which the obesity is most likely driven by assorted genetic fac-
tors (Figure 7A) (Klimcdkova et al., 2011), nor were they observed
in diet-induced obese C57BL6/J mice (Figure 7B) (Voigt et al.,
2013). Thus, Su(var) suppression characterizes obesity suscep-
tibility on defined human and mouse genetic backgrounds.

These data identify conserved gene signatures for epigeneti-
cally defined phenotypic variation from fly to mouse to man.

DISCUSSION

Control of Cl

State

and Obesity

Here, we show that acute dietary interventions, as short as 24 hr,
have the capacity to modify F1 offspring phenotype via the male
germline. We show that ing occurs in resp to
dietary manipulations over a physiological range and that pheno-
typic outcomes require polycomb- and H3KSme3-centric plas-
ticity in spatially and chromatin-state-defined regions of the

=0= High vs low weight gainers
=0~ WD vs. LFD

Mouse Figure 7. An IGMR Signature Conserved
from Fly to Man

Ezh2, Suvaen, GSEA of mouse and human ortholog pathways

Suwaaon2 for all Flybase-annotated Drosophila Su(var)'s

(A) in three human adiposity data sets: 19 obese
versus 20 non-obese Pima Indians by Lee
et al. (2005); 13 human monozygotic (M2) twin
pairs, each discordant for obesity by Pietildinen
et al. (2008); and a human cohort for “typical”
obesity by Kiimcakova et al. (2011) and (B) in
two murine obesity samples: surgically isolated
adipose tissue of future high and low weight
gainers from CS7BL6/J mice biopsied prior to
treatment with high-fat diet by Kozak et al. and
diet-induced obesity comparing high- versus
low-fat-diet-treated C57BL6/J animals by Voigt
et al (2013).

05
Rank

1.0

genome. The eye color shifts in w™" offspring (Figures 2E, 2G,
and 2H) and the reduced fat body H3KSme3 staining in adult
IGMR offspring (Figure 6l) supports the conclusions, first, that
there are chromatin state changes and, second, that these are
stable lifelong. These data are corroborated by selective dere-
pression of Sufvar)3-9, SETBD1, Su(var)4-20, and polycomb-
sensitive transcripts (Figures 5F-5M); chromatin-state-associ-
ated transcriptional rearrangements genome wide (Figures 4F
and 6C); selective reprogramming of highly dynamic histone-
mark-defined regions (Figure 6F); and the fact that IGMR itself
is sensitive to a string of distinct H3KSme3-centric and polycomb
mutants (Figures 5A-5E). Although nontrivial, ChIP-seq compar-
isons of repressive chromatin architecture in mature sperm and
multiple defined offspring tissues will be important to establish-
ing the ubiquitousness of these regulatory events and the nature
of intergenerational signal itself. These data highlight how acutely
sensitive intergenerational control can be to even normal physio-
logical changes, and they identify some of the first genes abso-
lutely required for transmission.

Paternal Diet Regulates Chromatin-Defined Genes in

the Germline and Offspring

First categorized simply as heterochromatin versus euchro-
matin, multiple empirical models now divide the genome into §
to 51 chromatin states, depending on the analysis (Filion et al.,
2010; Kharchenko et al., 2011; Emst and Kellis, 2010). We find
that paternal high sugar increases gene expression preferentially
of omati genes in embryos. ifi A
these genes are by active ition of
H3K9me3 and H3K27me3, by long distance from class | insula-
tors, and by sensitivity to fully intact expression of Su(var)3-9,
Su(var)4-20, SetDB1, Pc, and Efz). The data support a model
where has been i il ded directly into
the chromatin state of relevant loci. Specifically, an abundance
of genes important to both cytosolic and mitochondrial meta-
bolism appear to be embedded into H3KSme3- and distinct
polycomb-dependent control regions. Indeed, our own GO anal-
ysis of the five chromatin colors from Filion et. al. (2010) indicate
alargely mutually exclusive picture, in which functional pathways
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are not randomly distributed across chromatin states (data not
shown). Our paternal IGMR data set revealed clear and strong

EXPERIMENTAL PROCEDURES

Fly

overlaps with pathways of black (: and blue
(polycomb) chromatin and included many key metabolic path-
ways, including glycolysis, TCA cycle, mitochondrial OxPhos,
chitin, and polysaccharide metabolism, changes that could well
prime the system for altered functionality given the appropriate
stimulus. Indeed, our paternal IGMR phenotype is a susceptibil-
ity to diet-induced obesity and is most readily observable upon
high-sugar diet challenge.

Chromatin state coding of functional gene sets would provide
a simple mechanism for transgenerational environmental res-
ponse capable of rewiring even the earliest events of zygotic
genome activation. The idea is also consistent with parallel ave-
nues of research already in the literature. rRNA genes, for in-
stance, are not only sensitive to the same Su(var)'s but are
also known to influence metabolic gene expression and growth
(Paredes et al., 2011). Flies with fewer rRNA genes (rDNA) exhibit
a phenotype called bobbed (bb), which results in smaller bristles,
a reduced growth rate, and a thinner chitinous cuticle (Ritossa
et al., 1966). These phenotypes are intriguingly similar to the
top GSEA enrichment clusters that we observed for IGMR,
namely cell cycle, body morphogenesis, chitin deposition, and
metabolism. Interestingly, the very same pathways (chitin syn-
thesis, TCA cycle, carbohydrate, and lipid metabolism) are regu-
lated by nutritional status in third-instar larva (Teleman et al.,
2008), suggesting that the paternal IGMR signal acts to prime
offspring for metabolic challenge.

Our data support a trans-acting mechanism. In the w™*" exper-
iments, male offspring inherited their X chromosome and thus the
reporter from their unchallenged mothers, i.e., the reporter allele
never encounters the initial signal but is reproducibly reprog-
rammed. Further, the failure of Sufvar}4-20°" and SetDB1"*"* mu-
tants to elicit IGMR responses in their wild-type offspring indicate
that wild-type haploid sperm carry the same insufficient reprog-
ramming template as their syncytial mutant counterparts. cis-
and trans-acting mechanisms are not mutually exclusive though.
Signals via paternal though likely
transmitted in cis, may be manifest via expression of paternal
transcripts, which then act in trans. Paternal reductions of
Su(var)3-9, SetDB1, and Hp1, for instance, would affect the
maternal genome in trans.

One Genotype, Multiple Paternally Directed Phenotypes
Despite their genetic similarity, isogenic or congenic animals
reared under controlled conditions exhibit measurable variation
in essentially all phenotypes. Such variability in genome output
is thought to arise largely from probabilistic or chance develop-
mental events in early life (Burga et al., 2011) (review in Whitelaw
et al., 2010). Here, we map a mechanism that couples acute
paternal feeding and zygotic chromatin state integrity directly
to phenotypic output of the next generation. We find that
these same signatures predict obesity susceptibility in isogenic
mouse and human obesity cohorts. Because acute circadian
fluctuations in feeding are essentially constant over evolutionary
timescales, they are the perfect mechanistic input upon which a
system could evolve to ensure defined phenotypic variation
within a given population.

1362 Cell 159, 1352-1364, December 4, 2014 ©2014 Elsevier Inc.

Fly stocks were maintained on standard diet at 25°C on a 2 week generation
cycle, ensuring a constant ancestral larva denstty. w’'"® flies were single-sib-
ling inbred for ten generations and maintained at a fixed fly density for another
ten generations before experimental start. Fly strains used: In(1)w”*" (w”*),
PPIRSS5}5-HA-1902 (HA-1902), pP(RS5)5-HA-1992 (HA-1992), and pP{RS5}
5-HA-1925 (HA-1925) and T(2;3)V21ePlacW (92E), Sufvar)3-9%, Sufvar2-5°,
Sufvan)3-1%, SetDB1'“7, Sufvar)3-3' from (Phalke et al., 2008). 39C-12
from Sarah Elgin, Pc® and Efz)*? from Leonie Ringrose. PEV lines were sin-
gle-sibling inbred for ten generations.

Standard diet: Agar 12 g/, yeast 18 g/l, soy flour 10 /I, yellow cornmeal
80 g/, molasses 22 g/l, malt extract 80 ¢/l, Nipagin 24 oI, propionic acid
6,25 ml/l. Patenal diet intervention: Agar 12 /I, yeast 10 /I, propionic acid
4,5 mif, soy flour 30 ¢/l and white sugar as indicated.

Phenotyping
Body weight of five 7- to 12-day-old males flies was measured on a micro-
balance. Wing area determinations were made using Image.. Triglycerides
(GPO Trinder, Sigma) and glucose and trehalose (Sigma; GAGO-20) were
measured on centrifuged cleared lysates from groups of five flies crushed
and sonicated in 100 ul RIPA buffer or TB buffer with or without trehalase
(Sigma; T8778-1UN). “Café” assay was performed according to standard
procedures. CO, production was quantified using a modification of Ku-
cherenko et al. (2011). Eye pigment (Asso) was measured in centrifuge-
cleared sonicates of one or five fly heads in 20/100 ul RIPA buffer,
respectively. Fat body cryosections were fixed for 10 min in 2% formalde-
hyde in PBS, washed four times for 5 min each in PBS followed by im-
munofiuorescence staining using rabbit anti-H3KSme3 (1:1000, upstate
07-442) and anti-Rabbit Alexa Fluor 488 (1:500; Molecular Probes).
Confocal microscopy (LSM 700, Zeiss) analysis used Volocity 5.5 software
(Perkin Elmer).

Sperm Dissection
Sperm dissection was modified from Dorus et al. (2006). See additional details
in Extended Experimental Prodedures.

RNA Segencing
Trizol-purified RNA was treated with Ribo-Zero (Epicenter) and libraries pre-
pared with a TruSeq stranded kit (llumina). > 15 million reads per sample
were mapped using TopHat v2.0.8, with -G option against the Drosophila mel-
anogaster genome (assembly BDGPS, Ensembl release 68). Gene expression
values and significantly differentially expressed genes were calculated using
Cuffdiff v2.1.1 with upper-quartile normalization and weighting multimapping
reads (-N -u options).

Bioinformatic Analysis
Gene set enrichment analysis used GSEA 2.0 or GSEAPreranked with
default parameters. Enrichment plots used the Cytoscape plugin Enrich-
ment Map. Analysis of the five chromatin colors used BedTools (2.16.2).
For microarray analyses, normalized probe values from the authors were
mapped using Ensembl Biomart, and differential analysis against corre-
sponding wild-types were performed using limma in R. Statistically sig-
nificant was adjusted p value < 0.05 and fold change > 2. Enrichment of
chromatin and insulator ChiP-seq data sets from modENCODE used deep-
Tools 1.5.8.1 (Ramirez et al., 2014). Equivalently expressed gene sets were
considered as the mean signal of the two genes ranked above and below
each gene of interest. Distance to insulators was calculated using BedTools
(2.162).

Statistical Analysis

Results are presented as means = SEM. Statistical tests were performed
using one-way ANOVA with a Newman-Keuls posttest. Statistical analy-
sis of chromatin color data sets was a chi-square two-tailed analysis. All
statistical analysis was done in with GraphPad Prism, unless otherwise
noted.
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EPIGENETIC INHERITANCE

Transgenerational

transmission

of environmental information

in C. elegans

Adam Klosin,* Eduard Casas,*
Tanya Vavouri,*** Ben Lehner" "

The environment experienced by an animal

Cristina Hidalgo-Carcedo,"*

can

gene
for one or a few subsequent generations. Here, we report the observation that a

(Fig.2,Aand B).\Io djﬁemuceﬂwere observedm
the P
tnmelhylamed histone 3 lysine 27 (H3K27me3) or
and two

Mmdmmmvechmmmn(hg.ﬂ!amﬁg
S5). The di in

in late embryos after the onset of transcription
(fig. S6).

No mRNA expression from the array was de-
tected in the adult germ line (fig. S7). However,
H3K9me3 was reduced on the array in the germ-
line nuclei of adults that had been transferred
from 16° to 25°C as embryos (Fig. 2, C and D,
and fig. S8). Therefore, high temperature dur-
ing germline development results in depletion
of H3K9me3 from the array, even though there
is no production of stable transcripts in this
tissue.

The putative histone methyltransferase, SET-

induced change in exp

froma C:

is elegans

gene array can endure for at least 14 generations. Inheritance is primarily in cis with the
locus, occurs through both oocytes and sperm, and is associated with altered
trimethylation of histone H3 lysine 9 (H3K9me3) before the onset of zygotic transcription.

Expression profiling reveals that
repressed repeats can also be inherited for
memory of envil change is

from
multiple generations. Long-lasting epigenetic

esident animals are not the only ones sub-
Jject to their environment; their progeny
can also be affected (Z-11). For example, star-
vation or exposure to high temperature in
Caenorhabditis elegans can lead to altered
small RNA transmission and putative target mRNA
expression for up to three generations (12, 13), and
a few temperature-induced expression changes
have been detected for two generations in ani-
mals with an inactive nuclear RNA interference
(RNAI) pathway (14). In contrast, gene silenc-
ing initiated by exogenous double-stranded RNA
(dsRNA) or piwi-interacting RNAs (piRNAs) can
sometimes be stably inherited between genera-
tions (15-19).
When we subjected C. elegans to high tem-
perature (25°C), expression from daf-21 (Hsp90)

possible in this animal.

25,is for all in
C. elegans embryos (22) (fig. S5B), colocalizes with
H3K9me3-enriched transgenic arrays within em-
‘bryonic nuclei (22), and is required for the main-
tenance of piRNA-initiated stable gene silencing
(15). Inactivating set-25 increased expression from
the array, with no difference in expression be-
tween animals maintained at 20° or 25°C (Fig. 3,
A and B). Hence, the repression of the array at

increased (fig. SIC).
P P

low requires SET-25. Moreover, no

and a transgene-dependent phenotype was also
observed with other high-copy arrays (table S1).
mRNA transcribed from a daf-21 promoter ar-
ray is first detected in wild-type (WT) worms at
the 16-cell stage of development; this confirms
no maternal supply of mRNA to the embryo (fig.
$2) (20). Expression differences inherited from
parents at dxﬁmut temperatures or sorted
ing to their from
the onset of zygunc transcription (Hg. 1B and fig.
$3),and
through both oocytes (Fig. 1C) and sperm (Fig. 1D).
‘The array is therefore inherited in an inactive state
but poised for a specific level of activation that
reﬂects expresslon in the previous generation.

were observed between
the F, oﬁspnng of set-25 hermaphrodites mated
with male animals transmitting an array with
either high or low expression (Fig. 3B). In con-
trast, the inactivation of seven other small RNA
pathway or chromatin components (including
a Polycomb mutant mes-2) showed no obvious de-
fects in the transmission of the expression memory
(fig. S9). Even after >20 generations of growth at
a constant temperature, substantial variation in
transgene expression is observed in both WT
and set-25 mutant populations (Fig. 3C). In WT
animals, these differences are transmitted to the
next generation (Fig. 3C), but this is not the case
in set-25 mutants (Fig. 3C).

Our results suggest a simple model for how the

protein

To ish whether i oceurs in

ly elevated (fig. ). Expression from a single-copy
transgene was still elevated in the progeny of
animals transferred to 20°C after five genera-
tions at 25°C but not in their descendants (fig.
SIA). In contrast, expression from an integrated
multicopy array took 14 generations to return to
basal levels after the temperature was reduced
after 5 generations at 25°C (Fig. 1A and fig. S1).
A single generation of growth at 25°C was suffi-
cient to generate a seven-generation memory of

cis with the DNA locus or in trans—for example,
in the cytoplasm—we crossed worms with high
and low expression to each other and then crossed
the resulting F; male progeny to WT hermaph-
rodites (fig. $4) (20). The bimodal distribution of
expression in the F, progeny indicates that the
major mode of inheritance is in cis with the locus
(Fig. 1E) (21).

To investigate chromatin modifications as po-
tential mediators of this inheritance, we quanti-
fied histone modlﬁumons on the array in early
embryos at20°C

of high
exposure that endures for many generations
(fig. S10). High temperature inhibits SET-25-
mediated repression in the germ line, causing
loss of H3K9me'9 from Lhe a.rmy This dere-
pressed is
resulting in i

when transcription initiates in somatic lineages.
Over multiple generations of growth at low tem-
perature, repression is gradually restored by
heterochromatin remodeling in each germline
cycle. This is mnssent with prevm\ls]y reported

'EMBL-CRG Systems Biology Unit. Centre for Genomic
Regulation (CRG). Europezn Molecular Biology Organization,
08003 Barcelona, Spain. “Universitat Pompey Fabra. 08003
Barcelona. Spain. *Program for Predictive and Personalized
Medicine of Cancer, Institute Germans Trias | Pujol, Campus
Can Ruti, 08916 Badalona. Barcelona. Spain. “Josep Carreras
Leukzemia Research Institute, 08916 Badalona, Barcelona,
Spain. “Institucio Catalana de Recerca i Estudis Avangats.
08010 Barcelona, Spain.
*Corresponding author. Email: ben.Jehner@crg.eu (B.L);
tvavouri@carrerasresearch.org (T.V.)

had developed at either 16° or 25°C (Fig. 24).
Embryos whose grandparents developed at 25°C
had less of the repressive histone modification
H3K9me3 on the array than embryos whose
grandparents developed at 16°C (Fig. 2, A and B).
This difference was apparent in early embryos

gradual changes
in H3K9me3 following a temperature change at
some loci (14).

‘We tested whether this model predicts the be-
havior of endogenous loci in the genome by se-
quencing RNA from set-25 mutants and WT
animals at 20° and 25°C and from WT animals

before the onset of zygotic indicat-

three after a change from 25° to 20°C.

ing that the altered inisnota
response to altered transcription in the embryo
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Fig. 1. Fourteen-
generation memory of

high temperature. 0

—
df-21p mCHERRY

Integrated MULTI COPY
dat.-21p-mCHERRY wransgene

(A) Adult expression of a (
daf-21p:mCHERRY 1
integrated multicopy trans-
gene at 20°C after five F
generations at

25°C. Scale bar, 0.1 mm.
Stage-matched worms at F7
20°Care used as 2
reference for normalization
(black). False-discovery F18
rates (FDR) g values:

*xxg < 0.0001; ¥¥*q <

0.00L ns, g > 0.05 B
(Wilcoxon test). Sample

size indicated. (B) Expres-

sion in embryos from

animals transferred to

20°C at the L4 larval stage

(inset: quantification at

Relative daf-21p- mCHERRY
Fluorescence Intensity

500 min). Arrowhead indi- z s D
cates start of zygotic §¥_
transcription of the trans- 3 :f “ ¢
gene. Transmission occurs ag” -
through oocytes (C) and 38 /
sperm (D) and in cis with H § 7
the locus (E). See fig. S4 %K ,/' Z
for experimental design, @ e
intensities normalized to w %o
the "low” (low-expression) -
population; sample size
and P value for Hartigans’
dip test for unimodality.
(8) (inset). (C). and (D), ****P < 0.0001.
A B

H3K9Me3

HIK27Tme3

HIKImed
Transgene
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ol

HIKImed
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%

HIKImed

Antibody Enrichment on the Transgene

iF 8

Fig. 2. Changes in H3K9me3. (A and B) H3K9me3 is depleted from the
transgene locus in the F descendants of animals grown at 25°C. L4 larvae
from populations grown at 16° or 25°C were transferred to 20°C and
cultivated until the following F; generation reached aduithood. The F; embryos
were extracted and histone modifications guantified on the array by im-
munofiuorescence combined with DNA fluorescence in situ hybridization
(DNA FISH). (A) Representative two-cell-stage embryos stained with 4'6-
diamidino-2-phenylindole (DAPI) (blue), antibody against H3KSme3 (anti-
H3K9me3) (pink). and a DNA FISH probe complementary to mCHERRY

Klosin et al., Seience 356, 320-323 (2017) 21 April 2017

Relative Log2 Mean Fluorescence

c ~ D

proximal gonads

HIKOmed

HIK9med

HIKOmed

n=222

H3K9me3 Enrichment on the Transgene

S80 000
seeopH

(green). Arrows indicate transgene loci. See fig. S5. (B) Quantification of
histone modifications in early embryos. (C and D) Development at high
temperature from embryo to adult results in reduced H3K9me3 on the array in
the germline nuclei of adults. Gonads were extracted from adult worms shifted
from 16° to 25°C during embryonic development, fixed, stained, and compared
with those from animals kept constantly at 16°C. (C) Representative gonads
stained with DAPI (blue), anti-H3K9me3 (pink), and a DNA FISH probe com-
plementary to mCHERRY (green). (D) Each boxplot quantifies the nuclei of 2
single gonad (see also fig. S8). (B) and (D). ****P < 0.0001; (B) ns, not significant.
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Fig. 3. Requirement A
for SET-25. (A)
Quantification of

set-25

wt set-25

F1 progeny

daf-21p::mCHERRY
expression in L4
larvae at 20° and 25°C
in WT and set-25
mutants. (B) Expres-
sion of a paternally
derived transgene in
the adult progeny of
WT and set-25 mutant
mothers. A common
batch of low- and
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transgene expression

°c 2
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not significant. (A)
and (B) Scale bars,
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Fig. 4. memory of loci

by SET-25. (A) DNA transposon expression change in set-25 mutants
and at high temperature. Odds ratio quantifies the overlap (red loci, "both™)
between log: fold change (FC) > 0. (B) FC expression three generations after a
reduction in temperature from 25° to 20°C. Kolmogorov-Smirnov (KS) test
statistic and P value are shown. See figs. S11 to S14 and table S4 for other

expression at high temperature (fig. S11), consis-

2C 3C

multiple classes of repetitive elements and also

Relatvie daf-21p::mCherry Fluorescence

MCHERRY in F1

wt set-25

Q,
3

Relatvie daf-21p:mCherry Fluorescence

24
14 1
2 u
PO = F1 PO - F1
——T T
¢ & ¢ &
& & ot
c D

Fold change in set-25
relative to wild type

Fold difference relative to reference
C population

0.1
o3 gy
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repeats, protein coding genes, and analysis methods. (C) Expression of
two DNA transposons at 25°C (F) and for six generations after decreasing
the temperature to 20°C determined by quantitative PCR (table S3). cdc-42 is
a housekeeping gene as control. Expression is relative to animals grown at
20°C in parallel. (D) Expression of the same DNA transposons is increased
in set-25 mutants. **P < 0.01; ***P < 0.00L ns, not significant.

Moreover, the increased expression of loci

tentwitha! from other for (Fig. 4A and figs. S11 to S14), | repressed by SET-25 with increased expression
such i iption factors. D ‘with impaired SET-25 activity's making | at high temperature was, although small, still
in set-25 mutants was, however, a better predictor | an important contribution to the increased expres- | detectable three generations after a return to
of increased expression at high temperature for | sion of many loci at high low (Fig. 4, A and B, and figs. S11 to
Klosin et al., Science 356, 320-323 (2017) 21 April 2017 3o0f4
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S14). Quantifying the exp:&ion of two DNA
by real-time

chain reaction (PCR) in im:lependem sa.mples

that their ele-

‘mation between gmmmns. Il. is interesting to

21. 5. Berry M. Hartiy, . S. Osson, C. Dean, M. Howard, elfe 4,

speculate that the i
mggemdchmgesinqumonﬁummpmssed

vated for four and five generations after a return
to 20°C (Fig. 4C and fig. S15). Their expres-
sion was also confirmed as SET-25-dependent
(Fig. 4D).

Taken together, these results support the mech-
anistic model: At high temperature, SET-25
pathway activity is reduced, resulting in the
derepression of many loci in the genome. After a
return to low temperature, SET-25 activity is re-
stored, but it takes multiple gmemnons for repres-
sion to be
from SET-25-1 repressed repeats themfore tran-

Smits i about a prior
exposure in this species.
In repressed itive el

also escape epigenetic reprogramming (23, M)
with variation in the expression of both individ-

ual repeats (25) and multicopy heterochromatic
transgenes (26) being transmitted between gen-
erations. In flies, diet- (6) and stress-induced (5)
changes in heterochromatin can also be trans-
mitted for at least one generation. It is possible,
therefore, that environmentally triggered changes
in heterochromatin may provide a general mech-
anism for the epigenetic transmission of infor-

may have been coopted to provide
adaptive benefits to an organism.
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DEVELOPMENTAL GENETICS

Impaired DNA replication derepresses chromatin
and generates a transgenerationally inherited
epigenetic memory

Adam Klosin,"* Kadri Reis,"* Cristina Hidalgo-Carcedo,"? Eduard Casas,
Tanya Vavouri,>* Ben Lehner'5*

Impaired DNA replication is a hallmark of cancer and a cause of genomic instability. We report that, in addition to
causing genetic change, impaired DNA replication during embryonic development can have major epigenetic
consequences for a genome. In a genome-wide screen, we identified impaired DNA replication as a cause of
increased expression from a in Ce rhabditis elegans. The acquired expression state be-
haved as an “epiallele,” being inherited for multipl i before fully ing. Derepression was not
restricted to the transgene but was caused by a global ion in heter i histone mod-
ifications due to the impaired retention of modified histones on DNA during replication in the early embryo.

paired DNA during can globally p c creating new inter-

i i i ic expression states.
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INTRODUCTION

Multicopy transgene arrays are subject to epigenetic repression in the
Caenorhabditis elegans germ line by the polycomb repressive complex 2
(PRC2) (1) and additional chromatin- and small RNA-related path-
ways (2-4). In C. elegans, modified histones and small RNAs are
transmitted across generations (5, 6), acting as carriers of epigenetic
information (7-10). In addition to germline silencing, multicopy trans-
gene arrays also show variation in their somatic expression level, which,
at least in some cases, can be epigenetically inherited between genera-
tions (11, 12).

RESULTS

To identify regulators of the heritable somatic repression of a
daf-21::mCherry multicopy transgene array, we performed a genome-
wide RNA interference (RNAI) screen (Fig. 1A). First-stage larval
animals were fed in 96-well plates with bacteria expressing double-
stranded RNA (dsRNA) targeting ~17,000 protein-coding genes, and
expression from the array was scored in the adult worms of the same

generatmn and i in their larval progeny. Multiple RNAI clones that
from the of

targeted core comp
the DNA rephcat\on machinery: DNA polymerase epsilon (pole-1 or
pole-2), the polymerase a-primase complex (div-1, pri-2, or YA7D3A.29/
POLAL), replication factor C (rfc-1 or rfc-3), and repli protein A

delayed embryonic division due to prolonged S phase at 20°C and le-
thality at 25°C (13).

In C. elegans, the early stages of embryonic development are under
maternal control (14). To test whether u'npan'ed DNA replication dur-
ing embryonic devel is to d the array, we
crossed male animals mrrymg a daf-21p:GFP mulncopy array to her-
maphrodites carrying the div-1 mutation (Fig. 1C). In this way, the array
is delivered from a wild-type (wt) father into an egg produced by mutant
div-1 mothers, that is, containing mutant maternal div-1 mRNA and
DIV-1 protein. Expression in the resulting progeny was strongly up-
regulated from the onset of zygotic transcription (Fig. 1, D to F). In con-
trast, crossing mutant div-1 fathers to wt hermaphrodites carrying the
array did not result in array derepression (fig. $3). Thus, impaired DNA
replication during very early embryonic development results in
increased expression from the start of zygotic transcription.

As in mammals, repressed chromatin in C. elegans is associated with
specific histone modifications: trimethylation of histone H3 at lysine 27
(H3K27me3) and di- and trimethylation of H3 lysine 9 (H3K9me2/3)
(15). In C. elegans, addition of H3K27me3 is catalyzed by the PRC2
(MES-2/3/6) complex (16) Inactivation of mes-2 (Fig. 2, A and B)
strongly i from the array. Similarly, in-
activation of MET-2, a putative histone methyltransferase required
for mono- and dimethylation of H3K9 (3, 17), also strongly increased
ion from the array (Fig. 2, A and B), as did inactivation of the

(pa-2) (Fig. 1B, fig. S1, and table S1).

The core replication machinery is mostly encoded by essential genes,
but we could confirm the RNAi phenotypes using a hypomorphic al-
lele, 0r148, of the gene encoding the B subunit of DNA polymerase
a-primase, div-1 (fig. $2) (13). Thisallele is a point mutation that causes

"European Molecular Biology Laboratory-Centre for Genomic Regulation (EMBL-CRG)
Systems Biology Unit, CRG, the Barcelona Institute of Science and Technology, 08003
Barcelona, Spain. “Universitat Pompeu Fabra, 08003 Barcelona, Spain. *Program of Pre-
dictive and Personalized Medicine of Cancer- Institute Germans Trias i Pujol, Can Ruti
Campus, Ctra de Can Ruti, Cami e les Escoles s/n, Badalona, 08916 Barcelona, Spain.

putauve H3K9me3 methyltransferase SET-25 (Fig. 2, A and B) (3). The
very strong reduction in H3K9 methylation in a met-2;set-25 double
mutant (3, 18) increased expression more than either single mutant
(Fig. 2, A and B), and expression was highest in animals lacking
H3K27me3 and H3K9mel/2/3 (mes-2;met-2;set-25 triple mutants;
Fig. 2, A and B), consistent with multiple repressive pathways being par-
tially redundantly involved in repression of the array.

We tested the effects of impaired DNA repllcanon in embryos
lacking these histone modifications al

lication still resulted in a strong increase in expression in animals

“Josep Carreras Leukaemia Research Institute (UC), Can Ruti Campus, Ctra de Can Ruti,
Cami de les Escoles s/n, Badalona, 08916 Barcelona, Spain. *Institucié Catalana de
Recerca | Estudis Avangats, 08010 Barcelona, Spain.

*Co-first authors.

1 ing author. Email: ben eu

Klosin et al, Sci. Adv. 2017;3:e1701143 16 August 2017

lackmg H3K27me3 (Fig. 2, C and D), indicating that the effects
of impaired replication are not simply due to altered inclusion of this
modification. Similarly, the array was still strongly up-regulated when
replication was impaired in animals lacking all H3K9 methylation
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Fig. 1. Impaired DNA during es array. (A) ide RNAI screen to identify repressors of expres-

sion from a multicopy transgene array. (B) Expression of the daf-21p:mCherry transgene in F1 progeny when the indicated genes are inhibited by RNAi. (C) Male worms
carrying a daf-21p:GFP multicopy transgene were crossed to wt or div-1(or148) mutant hermaphrodites. (D to F) Expression was quantified in F1 embryos by time-lapse
microscopy. Quantification in (F) is at ¢ = 300, indicated by the dashed line in (€) (6.2-fold difference, P = 1.4 x 107, two-sided t test; n = 33 and 42 for progeny of wt
and div-1 hermaphrodites, respectively]. Crossing male div-1 animals to hermaphrodites carrying the daf-21p:zmCherry did not result in an elevated transgene expres-
sion in the progeny (fig. S3), that div-1(or148) in the progeny does not affect transgene expression during embyrogenesis. Effects on

additional transgenes are summarized in table S4.

(Fig. 2, Cand D). Thus, the impact of impaired DNA replication can-
not be due to alterations in just one of these repressive chromatin
pathways. In contrast, the impact of impaired replication was strongly
reduced in animals lacking both H3K27me3 and H3K9me1/2/3 (Fig. 2,

(H3K27me3 and H3K9me1/2/3). In the absence of these modifications,
impaired replication has a reduced effect on expression.

To characterize how the chromatin marks of the array are altered
when rephcatlon is impaired, we first used chromatin immuno-

Cand D). This is not due to RNAI i or any
because inhibition of the chaperone HSP-1, which triggers a stress re-

P (ChIP) to compare the levels of H3K27me3 in wt animals
andin dw-l ‘mutants. H3K27me3 was reduced on the array in animals

sponse and drives expression through the daf-21 still strongly
increased expression from the array (Fig. 2, Cand D). d expres-

with impaired replication (~3- and ~4-fold in the gene body and the
P ly) (P < 0.01) (fig. S5). Impaired replication there-

sion from the array after pole-2(RNAi) treatment was also partially sup-
pressed in mes-2;met-2;set-25 triple-mutant animals (fig. $4). This is
consistent with impaired replication altering expression from the array
by interfering with repression by multiple histone modifications

Klosin et al, Sci. Adv. 2017;3:€1701143 16 August 2017

1

fore interferes with the maintenance of H3K27me3 on the array. How-
ever, H3K27me3 levels changed umlaﬂy on four addmonal regions of
the genome (fig. $5), i g that the all i in are not
restricted to the high-copy amy
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Fig. 2. The absence of hi the effect of

impaired replication on expression. (A) Quantification of daf-21p:mCherry fluores-
cence intensity in adult worms with the indicated genotypes. Sample size: wt, 34;
set-25, 37; met-2, 32; mes-2, 43; met-2;set-25, 32; mes-2;met-2;set-25, 29. (B) Repre-
sentative images of mCherry fluorescence. BF, bright field. (C) Quantification of
daf-21pzmCherry fluorescence intensity in L1 larvae with the indicated genotypes
when either div-1 or hsp-1 is inhibited by RNAi. Each dot represents one worm.
The y axis is in log scale. P values were calculated by two-sided t test. Sample size:
wt (control, 153; div-1, 203; hsp-1, 180), mes-2 (control, 173; div-1, 32; hsp-1, 58),
met-2;set-25 (control, 145; div-1, 73; hsp-1, 153), mes-2;met-2;set-25 (control, 55;
div-1,112; hsp-1,97). (D) Representative images of mCherry fluorescence. Bottom:
The contrast is adjusted for each genotype so that the change in expression rel-
ative to the control RNAI can be visualized. Ctrl, control.
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To investigate this further, we quantified the global levels of
H3K27me3 in wt and div-1 chromatin from embryonic nuclei using
immunofluorescence. Consistent with the ChIP results, H3K27me3
levels were globally reduced in the nuclei of early div-1 mutant embryos
(Fig. 3A; 1.35-fold, P = 0.022). We used the same technique to quantify
the levels of H3K9me3 and found that they were also globally depleted
in the chromatin of div-1 embryos (Fig. 3B; 1.4-fold, P = 0.025). In con-
trast, the levels of a transcription activation-associated histone modifi-
cation, H3K4me3, were increased in the div-1 embryos (Fig. 3C; 1.4-fold,
P=0.0055). All the embryos quantified were from the 2- to 10-cell stage,
which is before the onset of major zygotic transcription, indicating that
the changes in chromatin are not a secondary consequence of any
changes in transcription. We also observed similar changes in late-stage
div-1(RNAi) embryos (fig. $6), indicating that the changes in chromatin
are maintained after the onset of transcription and during development.
Depleting pole-2 confirmed the results obtained w1th div-1(RNAi) (fig.
S7). The globally reduced levels of H3K27me3 and H3K9me3 were also
confirmed by Western blomng (Fig. 3D and fig. S8). Impaired DNA repli-
cation therefore globally hi modification levels in chromatin,
including those before the onset of widespread zygotic transcription (19).

To test whether loci other than the transgene array also have
altered exp when replication is impaired, we seq d RNA
from wt and div-1 L1 stage larvae. Consistent with the response of the
transgene array, many more genes had increased compared to de-
creased expression in the div-1 mutants [493 up-regulated genes versus
9 down-regulated genes at a false discovery rate (FDR) of <0.05].

To relate changes in to the normal ch in state of
each gene, we used data from the modENCODE consortium (15).
Consistent with the response of the array, this revealed widespread up-
regulation of genes with normally repressed chromatin states (Fig. 4).
This derepression was observed for genes normally characterized by
states defined by either high H3K9me2/3 or high H3K27me3 (Fig.
4). In contrast, genes without repressive chromatin states (15) in wt
animals were not up-regulated as a group in div-1 mutants (Fig. 4).
Together, these results show that impaired DNA replication during
early development has a major impact on chromatin and gene expres-
sion, globally rcducmg the levels of repressive histone modifications
and causing widesp p- ofh h ic genes in the
resulting animals.

A recent study demonstrated that paternal histones marked with
H3K27me3 are transmitted from C. elegans sperm chromatin to the zy-
gote (5). These paternally inherited histones marked with H3K27me3
are then recycled during replication and deposited on the two daughter
DNA strands during each of the early embryonic divisions, even in the
absence of a functional PRC2 complex (5). We hypothesized that the
loss of heterochromatin-associated histone marks might result from re-
duced retention of heterochromatic histones on the genome during the
embryonic cell divisions. To test this, we quantified the decay of pater-
nally inherited histones marked with H3K27me3 in control and div-1
(RNAi) embryos that were PRC2-deficient (Fig. 5). In this assay, there is
no PRC2 activity in the early embryos because of the maternal mes-2
genotype, and only the paternal genome contributes H3K27me3-
marked histones to the zygote. The dilution of these modified histones
during the early embryonic cell divisions therefore quantifies the extent
to which they are successfully transmitted to and retained on the DNA
daughter strands during each replication cycle. Compared to in control
embryos, the decay of H3K27me3-modified histones during the early
cell cycles was accelerated in div-1(RNAi) animals (Fig. 5, B and C).
Thus, impaired DNA replication induces the loss of H3K27me3 by
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Chromatin type

impairing the retention of modified histones on the genome during
the replication cycles of the early embryo. However, it is important
to note that this assay does not exclude the possibility that impaired
replication may also interfere with histone methyltransferase activity.
An important qucstlon in eplgencncs isthe extentto which acquu'ed
ic states are d between (20). We fc
tsted what happens to the expression from the d
array after normal DNA replication is restored. Ifthee epigenetic state of
the locus is not transmitted between generations, then restoration of
normal DNA replication would result in the reestablishment of repres-
sion. In contrast, if the derepressed state is transmitted from parent to

Log, i change in exprossion div-1 vorsus wl

-104 offspring, then expression would remain high in subsequent genera-
PR B EALS D B & AR tions with normal replication.
* s FELEEFLETIS ST FLTE

) m.mmgm FRSFF é”;’;’ i f'w,“ FF ;-& fid To distinguish between these possibilities, we crossed wt males to
b }3 PN SEFFLe LS div-1(or148) hermaphrodnes (both carrying the daf 21p:: mCheny

& ;ffef. ;f@?f §5§5§55a & and d mCherry
&l E DR 8 \/f ;’ & g"a for multiple generations (Fig. 6A) We found that Lhe expresxon from
FET TEFEEL the array was elevated for five generations after returning to the situation
Fig. 4. Impaired DNA h Fold changein i which both animals and their parents had a wt div-1 genotype (Fig. 6B).

expression of genes mapping to different modENCODE chromatin states between  Moreover, introducing the div-1(or148) mutation for a single genera-
div-1 and wt L1 larvae. The number of genes assigned to each state is indicated.  tion before outcrossing was sufficient to induce transgenerationally
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mhented elevamd expression (fig. $9). Thus, impaired DNA replication

P gene array, and this d ion takes multiple
generations to completely reset after normal replication is restored.
The return of the transgene expression to the basal level further dem-
onstrates that the effect is epigenetic and not caused by genetic
changes.
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DISCUSSION

Together, our results show that impaired DNA replication can have a
major and directional epigenetic impact on a genome, resulting in a
global loss of heterochromauc histone nwd.l.ﬁcatlons, increased levels
ions, and i pression from many
normally ic genes. The mechani derlying this is
likely to be the impaired retention of modified histones on DNA during
the early embryonic DNA replication cycles, as we have demonstrated
for H3K27me3 (Fig. 7). Morwver. we have shown that the acquired
pression changes followi ion impairment can behave as
“epialleles,” persisting for muluple generations before resetting (Fig.
7). The contribution of the individual histone marks affected by the per-
turbed replication to the pmcas of inheritance remams to be mmn—

gated. The observanon that i g several
also i changes in gene exprsslon and pheno-
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types in C. elegans suggests that perturbed chromatin states may fre-
quently be transmitted between generations in this species (8, 12, 21).
Transient overexpression of a histone demethylase during mouse
sperm development lmds to reduced survival and developmental ab-

ies for th ions (22), suggesting that sim-
ilar phenomena might occur in mammals.

Impaired replication is common in tumor cells (23) and also occurs
during in vitro epigenetic reprogramming (24). Stalled replication forks
can result in epigeneticalterations in chicken cells when repair pathways
are inactivated (25), and persistent replication stress in Drosophila can
generate polycomb-like phenotypes (26). In yeast, impaired DNA poly-
merase funcnon (2n and deoxynucleotide triphosphate supply (28) can

of daf-21p:mCherry fluorescence intensity in wt (black) and div-1(or148) (red) animals
and in their wt descendants following outcrossing of the or148 allele. At each generation,
expresslon was normalized and compared to the control sample that was generated
using th h of in parallel
in an analogous way. The y axis is in log scale. Sample size is indicated below each box
plot. ****P < 0.0001; *P < 0.05; ns (not significant), P > 0.05 (Wilcoxon rank test).

Normal replication

also have epigs and replication stress in mammalian
cells alters the modxﬁcanons detected on the pool of histones bound to
the histone chaperone Asfl (29). In future work, it will therefore be im-
portant to investigate the extent to which the rapid divisions and im-
paired cell cycle checkpoints (30-32) of early embryonic cells make their
chromatin particularly vulnerable to impaired DNA replication, resulting
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in the global and directional changes in chromatin reported here. More-
over, it will be important to directly test the extent to which new epige-
netic states in other species are transmitted through cell divisions and
across generations, particularly given the limited transmission of mod-
ified histones to early embryos in mammals (33). Finally, we note that
tumor cells also normally have impaired cell cycle checkpoints, suggest-
ing that impaired DNA replication not only may be a driver of genomic
instability but also perhaps may be a causal and directional driver of
epigenetic alterations in cancer (34).

MATERIALS AND METHODS

Worm strains and culture conditions

All C. elegans strains used in this study are listed in table S2. Bristol N2

strain was used as the wt, and all other strains used were derived from it.

‘Worms were cultured using standard conditions using NGM (nema-

tode growth media) plates seeded with Escherichia coli OP-50 strain

and grown at 20°C, including the div-1(or148) mutant strain, which is

temperature-sensitive and exhibits 100% embryonic Iethahty at 25°C
d by b

hsp-1 RNAI bacteria were diluted with three parts of control RNAi
strain for one part of hsp-1 RNAI to reduce the severity of the phe-
notype and allow examination of expression in F1 progeny.

Time-lapse microscopy and expression quantification

When the goal was to analyze the progeny after the cross, the crosses
were carried out at 20°C by picking about one male per hermaphrodite
(L4 larvae). After 24 hours, for each cross, 60 fertilized hermaphrodites
were transferred to a well of concave glass slide containing 50 pl of
phosphate-buffered saline (PBS). The embryos were released by cutting
the worms with surgical needles. The embryos were washed briefly with
an equal volume of 5% hypochlorite solution followed by four ds of
washing with 2 volumes of PBS. Four-cell stage were collected with a
mouth pipette, washed twice in 200 pl of PBS and transferred to the
96-well plates (optical bottom; Nunc) with 100 pl of PBS. The embryos
were carefully moved with an eyelash pick to the center of the field view
and imaged with a Leica DMI6000 B microscope. The two biological
samples were processed in parallel, each on a separate slide. The selec-
tion of staged embryos was done within 5 min for each sample to ensure

h

The daf-21p:mCherry ic strain was g

the of the embryos. For time lapse, the images were taken

ment in an unc-119(ed3) background (35).

Genome-wide RNAi screen

The screen was carried out in high-throughput liquid feeding format in
96-well plates (36) using the Ahringer RNAi library (37). For the screen,
a large number of embryos were harvested by bleaching, and the worms
were hatched overnight in M9 to acquire a population of synchronized
L1s. In the feeding plates, every well contained culture of one transformed
E. coli lone, grown in 800 pul of LB + ampicillin (Amp) overnight at 37°C
at 220 rpm. To set up the feeding, the worms were counted and diluted to
have 5 worms/pul, and 10 pl of worms was dispensed into each well to have
50 to 75 worms per well. One hour before adding the E. coli cultures to the
wel]s, double strandedRNAsynthcsxswasmducedbyaddmg4 ulof 1M
de (IPTG) to the cultures, which were
then gmwn for 1 hour at 37°C at 220 rpm. The bacteria were pelleted at
2500g for 5 min and resuspended in 100 ul of NGM + Amp and IPTG.

A total of 40 pl of the resuspended bacteria was added to each well of 50
to 75 worms. The worms were allowed to grow until most of the food
had been consumed and the worms were gravid with some LI larvae
around (88 to 90 hours). Each 96-well plate included several wells of
feeding with control RNAI to be used as a reference well for screening.
The primary screen was carried out by eye with a Leica DMI6000 B
microscope with a Lumen 200 metal arc lamp, observing the intensity
of the ion under the pe with x10 magnifi

with a 10x objective every 10 min for 16 hours in bright field and green
(green fluorescent protein) channels. The images were analyzed with
Image] where the embryos were first selected in bright field, and the
selection was transferred to the fluorescent images, from where the level
of expression was quantified. For each embryo, a d area was
selected from close proximity to which the intensity (“integrated inten-
sity” in image]) was then normalized. The same process was carried out
for all the time points, giving a transgene expression intensity curve that
was visualized with R (version 2.15.3). All subsequent analysis was
carried out with R.

ChlP-quantitative polymerase chain reaction

Synchronized worms were grown on OP50 feeding plates to obtain
gravid adults (about 65 to 70 hours after L1) that were collected in
M9. The samples were fixed in 1.5% formaldehyde at room temp

for 30 min and quenched with 0.25 M glycine at room temperature for
15 min. The samples were washed twice with M9 and once with FA
buffer [50 mM Hepes-KOH (pH 7.5), 1 mM EDTA, 1% Triton X-100,
0.1% sodium deoxycholate, and 150 mM NaCl] with protease inhib-
itors (Mini EDTA-free, Roche cOmplete). The worm pellet was snap-
frozen, and FA buffer (+ protease inhibitors) was added to the samples
and sonicated using the Bioruptor Sonication System Diagenode ver-
sxon L1, at 4°C for 20 cycles (high power, 30 s on + 30 s off) to achieve
sizes of 200 to 600 base pairs (bp) and was cen-

tion. The se‘::ondary more stringent screen was carried out feeding the
worms in triplicate with all the primary hits.

Additional RNAi experiments

The control RNAI strain used for all experiments produces dsRNA that
does not map to any expressed sequence of the genome (Y9SB8A_84.g).
For the experiment in Fig. 2, the RNAi bacteria were spotted on NGM
plates containing Amp and IPTG (38). Synchronized L4 worms were
then transferred from OP50 plates and grown at 20°C for 24 hours.
The F1 embryos were extracted from gravid animals through hy-
pochloride treatment and allowed to hatch overnight in M9 buffer. Suc-
cessfully hatched L1 animals were examined for expression of mCherry.
For the mes-2 and met-2;mes-2;set-25 mutants, PO worms showing a
clear uncoordinated phenotype (hence homozygous for mes-2 mu-
tation) were picked to ensure the correct genotype of the mothers.

Klosin et al, Sci. Adv. 2017;3:e1701143 16 August 2017

trifuged for 25 min at 4°C at 13,000 rpm. Protein (0.1 mg) was added
into the primary antibody reaction in FA buffer (+ protease inhibitors)
up to 500 pl with 2 pl of H3K27me3 (Millipore 07-449) antibody.
From each experiment, 1% of the volume was stored as an input con-
trol at ~20°C before adding the antibody. The first antibody reaction
was rotated at 4°C overnight. The next day, 30 ul of unblocked protein
A beads (Diagenode catalog no. kch-503-880) was washed with 500 l
of FA buffer. The chromatin/first antibody mix was added to the
beads, followed by 2-hour rotation at 4°C. The beads were washed
thrice with 1 ml of low-salt buffer [50 mM Hepes-KOH (pH 7.5),
150 mM NaCl, 1% Triton X-100] and once with 1 ml of high-salt
buffer [50 mM Hepes-KOH (pH 7.5), 500 mM NaCl, and 1% Triton
X-100]. All centrifugations were carried out for 3 min at 4°C at 3000 rpm.
After the last wash, the beads were left to dry, and the samples were
eluted along with the input samples in 100 ul of fresh elution buffer
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(1% SDS with 0.1 M NaHCO3) for 3 hours at 65°C at 1100 rpm. The
beads were centrifuged at 3000 rpm, the supernatant was purified
with QIAquick PCR Purification Kit (#28104), and the samples were
eluted in 200 pl of polymerase chain reaction (PCR)-grade water.
Quantitative PCR (QPCR) reactions were run in LightCycler 480 Multi-
well Plate 384, each well containing 2 ul of the sample, 5 pl of the 2x
LightCycler 480 SYBR Green I Master Mix, and 1 uM of reverse and
forward primers.

From the gPCR analysis, the cycle threshold was first normalized to
the input and with the A-A method (39), and the percent input was
calculated. For each antibody, this value was then normalized to the per-
cent input value of H3 total histone. For each biological replicate, two
technical replicates were analyzed.

Immunoﬂuorexence

rformed using a method adapted from the
approach of the Seydoux labomtory (40). Gravid worms were picked
into 5 pl of M9 on top of a polylysine-coated slide. A coverslip was
placed, and the worms were gently squashed to allow embryos to ex-
trude. The embryos were immediately freeze-cracked on liquid nitrogen
and fixed with methanol for 10 min, followed by acetone for an addi-
tional 10 min. After three washes in PBS containing 0.25% Triton X-100
(PBS-T), slides were blocked in PBS-T with 0.5% bovine serum albumin
(BSA) before overnight incubation with primary antibody [H3K9me3
(#61013, Active Motif), H3K4me3 (#ab8580, Abcam), or H3K27me3
(#07-449, Millipore)] at 4°C. The slides were then washed with PBS-T
and incubated for 2 hours with secondary antibody (Alexa 555, Invitrogen)
at room temperature. After three washes in PBS-T, the samples were
‘mounted in Fluoroshield with DAPI mounting medium (Sigma). Images
were taken using a Leica DMI6000 B microscope. Quantification was
performed using Image]. Chromatin masks for each nucleus were
created using the DAPI channel. Using these masks, histone modification
fluorescence for each embryo was measured as the average of all the
nuclei in the embryo. For each embryo, a background area with no
nuclei was selected to which the intensity was then normalized.
Embryo average fluorescence after subtracting the background was
plotted. Metaphase nuclei were not taken into account for quantifica-
tion. Considering only interphase nuclei did not change these results
(fig. S10).

Western blotting

Synchronized L1 animals were obtained by bleaching gravid adults,
followed by three washes and an overnight hatch in M9. Worms were
counted, resuspended in sample buffer [2.36% SDS, 9.43% glycerol, 5%
B-mercaptoethanol, 0.0945 M tris-HCI (pH 6.8), 0.001% bromophenol
blue], snap-frozen in liquid nitrogen, and sonicated three times for 30 s
at 15 W. Samples were then boiled for 2 min and loaded on a precast
SDS-polyacrylamide gel electrophoresis (15%) gel (I ). Trans-
fer to nitrocellulose membranes was done using iBlot (Thermo Fisher)
system. The membranes were incubated with primary antibodies for
1 hour [H3K27me3 (#07-449, Millipore), H3 (ab1791, Abcam), and
H3K9me3 (ab8898, Abcam)] and washed six times with PBS-T +
BSA, followed by an incubation with horseradish peroxidase-
conjugated anti-rabbit secondary antibody. For Fig. 3, I were

RNA sequencing

L1 wt and div-1 larvae were harvested in triplicate, and RNA was
extracted using TRIzol and freeze-cracking. Libraries were prepared
using TruSeq Stranded mRNA Sample Prep Kit version 3 (reference
no. RS-122-2101/2, Illumina) according to the manufacturer’s protocol.
Briefly, 1 ug of total RNA was used for poly(A)-mRNA selection using
streptavidin-coated magnetic beads and was subsequently fragmented
to approximately 300 bp. Compl y DNA (cDNA) was synthe-
sized using reverse transcriptase (SuperScript I, reference no. 18064-014,
Invitrogen) and random primers. The second strand of the cDNA
incorporated deoxyuridine triphosphate in place of d hymidi
triphosphate. Double-stranded DNA was further used for library
preparation and was subjected to A-tailing and ligation of the barcoded
TruSeq adapters. Library amplification was performed by PCR using
the primer cocktail supplied in the kit. All purification steps were per-
formed using AMPure XP Beads (reference no. A63880, Beckman
Coulter). Final libraries were analyzed using an Agilent DNA 1000 chip
to estimate the quantity and to check size distribution and were then
quantified by qPCR using the KAPA Library Quantification Kit
(reference no. KK4835, Kapa Biosystems) before amplification with
Tllumina’s cBot. Indexed libraries were loaded at a concentration of 2 pM
onto the flow cell (12 pM per lane) and were sequenced 1 x 50 on
Tllumina’s HiSeq 2000.

Sequence reads were mapped using TopHat2 version 2.1.0 (41), with
default parameters against a custom genome consisting of the C. elegans
genome assembly WS215 from WormBase and the sequence of the
transgene vector. Reads aligning to different genomic features were
counted using featureCounts version 1.5.0 (42) with the option -s
2 -M --fraction to include multimapping reads and weighting them
by number of matches. We used the C. elegans genome annotation from
Ensembl Release 70. Data scaling, normalization, and tests for differen-
tial expression were performed using DESeq2 package version 1.8.1 (43)
for R 3.2.0 (R Core Team 2015). Chromatin state segmentation and de-
scription were from modENCODE (15) using the early-stage embryo
chromatin. Each gene was assigned to all overlapping states.

e of changes
Male PO worms homozygous for the daf-21p::mCherry array where
crossed to PO hermaphrodites carrying the daf-21p:mCherry array in
addition to elther awt [denoted as div-1 (+)] or mutznt div- 1(07148)
allele. was ified in these PO her dites. F1 her-
maphrodite progeny were picked at the L4 stage to separate plates
and allowed to self. After 3 days, single F2 progeny L4 hermaphrodites
were transferred to separate wells. Two days later, the adult worms were
removed (leaving multiple laid F3 embryos and larvae in the well) and
genotyped using PCR (forward primer, gaacggagcacttgggaaga; reverse
primer, tgttcgtgggaccaatgaga), followed by 1-hour restriction digest with
Bsr GI (New England Biolabs), cutting only the div-1(or148) allele pro-
duct. F3 progeny of F2 worms identified as wt were subsequently
followed and analyzed for expression of mCherry for several genera-
tions. All worms were picked and handled at a standard dissecting mi-
croscope with no fluorescence to avoid any biases. At each generation,
mean fluorescence intensity in day-1 adults was used as a readout. We
lized the ion of div-1 d dants to the median expres-

stripped after exposure to H3K27me3 antibody. Secondary antibody in-
cubation after stripping confirmed that H3K27me3 antibody had been
completely removed before probing for total H3 as loading control.
Images were taken with Amersham Imager 600, and quantification
was performed with Image].
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sion of d dants of wt worms propagated in parallel.

Statistical analyses
Unless otherwise stated, all statistical analyses were performed using R
(version 2.15.3). Box plots in all figure plots indicate median and first
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and third quartiles. Lower and upper whiskers extend to 1.5x the inter-
quartile range (IQR) from the first and third quartiles, respectively.
Notches, where present, extend 1.57 x IQR/y/7. Sample size depended
on the ease of preparation and was larger for L1 animals that were treated,
imaged, and analyzed in bulk, in contrast to adult animals that were
picked manually under a dissecting scope before imaging, resulting in
a relatively smaller sample size. No animals were excluded from the
analysis. No blinding or randomization was used.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http/advancessciencemag.org/cgi/
content/full’3/8/e1701143/DC1

fig. S1. Expression of the daf-21pzmChery reporter in the progeny of animals treated with
RNAI targeting different subunits of the DNA polymerase complex and its associated proteins.
fig. S2. Increased transgene expression in div-1 mutants.

fig. 3. Maternal div-1 deficiency results in elevated transgene expression n the offspring.

14. T.C. Evans, C. P. Hunter, Translational control of maternal RNAs. WormBook 10, 1-11
(2005).

15. LW.K Ho, Y.L Jung, T. Liu, B.H Alver, 5. Lee, K.Ikegami K-A. Sohn, A. Minoda, M. Y. Tolstoruko,

A Appert, 5. C. . Parker, T. Gu, A, Kundaje, N. C Ricdle, E. Bishop, T. A Egelhofer, S.S. Hu,

A. A Alekseyenko, A, Rechtsteiner, D. Asker, J. A. Belsky, S. K. Bowman, Q. B. Chen, R. A-J. Chen,

D.5. Day, Y. Dong, A C Dose, X. Duan, . B. Epstein, S. Ercan, E. A, Feingold, F. Ferrari,

1. M. Garrigues, N. Gehlenborg, P. J. Good, P. Haseley, D. He, M. Hermann, M. M. Hoffman,

T.E. Jeffers,P.V. Kharchenko, P. Kolasinska-Zwierz, C.V. N.Kumar, 5. A Langley,

E.N. Larschan, I Latorre, M. W. Libbrecht, X. Lin, R. Park, M. J. Pazin, H. N. Pham,

A.Plachetka, B.Qin, Y. B. Schwartz, N. Shoresh, P. Stempor, A. Vielle, C. Wang, C. M. Whittle,

H. Xue, R E. Kingston, J. H. Kim, B. E. Berstein, A. F. Dernburg, V. Pirrotta, M. 1. Kuroda,

W. 5. Noble, T. D. Tullius, M. Kellis, D. M. MacAlpine, S. Strome, S. C. R. Elgin, X. 5. Liu,

1.D.Lieb, J. Ahringer, G, H. Karpen, P. . Park, Comparative analysis of metazoan chromatin

organization. Nature 512, 449-452 (2014).

L. 8. Bender, R Cao, Y. Zhang, S. Strome, The MES-2/MES-3/MES-6 complex and

regulation of histone H3 methylation in C. elegans. Curr. Siol. 14, 1639-1643 (2004).

. E.C. Andersen, H. R. Horvitz, Two C. elegans histone methylransferases repress
lin-3 EGF ion to inhibit vulval 134, 2991-2999

(2007).

1. M. Garrigues, S. Sidoli, 8. A Garcia, S. Strome, Defining heterochromatin in C. elegans

&

=]

H

fig. $4. Transgene up-regulation following pole-2 knockd
set-25 triple-mutant background.

fig. S5. Impaired DNA replication reduces H3K27me3 levels on multiple loci.

fig. 56. Global reduction of repressive histone marks and a gain of activating histone marks in
late div-1(or148) embryos.

fig. $7. Knockdown of pole-2 results in reduction of H3K27me3 mark and increase in H3Kéme3
in early embryonic chromatin.

fig. $8. Reduction in H3K9me3 mark in div-1(0r148) mutant L1s detected by Western blot.
fig. 59. Passage of the transgenic array through impaired replication for a single generation is
sufficient to trigger a multigenerational effect.

fig. $10. Quantification of H3K27me3 in interphase nucei.
table S1. List of genes whose knockdown results in upregulation of daf- 21p:mCherry transgene.
table 52. C. elegans strains used in this study.

table $3. Primers used in QPCR analyses.

table S¢. Transgenes tested for derepression with div-(RNAI.
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