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Abstract

A large proportion of the genome of most higher eukaryotes
consists of transcriptionally-repressed repetitive DNA. To
better understand how repressed chromatin states are
inherited from one generation to the next, we performed a
genome-wide RNA interference screen in Caenorhabditis
elegans to identify genes required for the quantitative
repression of an integrated multicopy transgene array in
somatic cells. This revealed that inhibition of many
components of the DNA replication machinery during early
embryonic development leads to a global reduction in levels
of the repressive histone post-translational modification
H3K27me3 across the genome and a global increase in the
levels of the active modifications H3K4me3 and H3K36me3.
These results contribute to our understanding of inheritance
of chromatin states.






Resumen

Una gran proporcidon del genoma de la mayoria de
eucariotas superiores estd formado por secuencias
repetitivas de DNA que contienen sefiales de represion de
la transcripcion. Para entender mejor como funciona la
herencia de una generacion a otra de esta cromatina
reprimida, llevamos a cabo un screening genomico de RNA
de interferencia usando Caernorhabditis elegans con el
objetivo de identificar los genes responsables de la
represion cuantitativa de una secuencia integrada en el
genoma de células somaticas formada por multiples copias
de un transgén. Asi encontramos que la inhibicion de
muchos componentes de la maquinaria de replicacion del
DNA durante los primeros pasos del desarrollo embrionario
lleva a una reduccidén de los niveles de metilacién post-
transcripcional de la histona 3 en su lisina 27 (H3K27me3)
a lo largo de todo el genoma y a un aumento también
global de los niveles de H3K4me3 y H3K36me3, que son
modificaciones de la histona 3 relacionadas con un estado
de cromatina activada. Estos resultados contribuyen a
conocer mejor la herencia de los distintos estados de la

cromatina.






Prologue

In this thesis | present my work carried out with the model
organism C. elegans to understand how repressed
chromatin states are inherited between generations. The
main finding is that interfering with DNA replication in an
early embryo results in global changes in the levels of
histone modifications across the genome. C. elegans is a
good model for this kind of study, because it is relatively
straightforward to perform a genome wide RNA interference
screen to identify genes and pathways required for a
process. Using an increase in expression from a
quantitatively repressed multicopy transgene array as a
reporter we discovered that many components of the DNA
replication machinery are required for the inheritance of a
repressed chromatin state. Using chromatin
immunoprecipitation  (ChIP) and immunofluorescence
revealed global changes in the levels of histone post-
translational modifications in embryos after the inhibition of
DNA replication with a global reduction in the levels of
modifications associated with transcriptional repression and
a global increase in the levels of modifications associated
with transcription activation. This indicates that the
inheritance of repressed chromatin between generations is

tightly coupled to DNA replication in this species.
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1 - INTRODUCTION

With advances in techniques in biology and genetics, we
keep rethinking and relearning about some historically well-
established concepts and questions in evolutionary biology
such as neo-Darwinian and Lamarckian theories of
inheritance [1]. Lamarck proposed in 1802 [2] that the
environment can directly alter phenotypes in a heritable
manner. Since A. Weismann formulated the distinction
between innate and acquired characteristics at the end of
the 19" century, there has been continuous debate about
the plausibility of the inheritance of acquired ftraits.
Weismann argued that even though the environment can
provoke adaptive responses in the somatic lineage, they
could not be communicated to the germline (Weismann,
1891).

Evidence is accumulating, however, that epigenetic states
can, at least in some cases, be inherited across generations
(reviewed in [3]). In the following introduction | will review
what is known about transgenerational epigenetic
inheritance of gene expression states in different
organisms, and in particular in the nematode

Caenorhabditis elegans.



1.1. Epigenetics and the ‘histone code’

Over time the consensus definition of “epigenetics” has
transformed from describing the production of phenotypes
from a particular genotype into the more concise “a stably
heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence” as
suggested by Berger, et al. [4]. Kelly et al. discuss that the
current epigenetic definition containing the term “heritable”
can encompass mitotic stability, meiotic stability or both [3].
They argue that as most mechanisms involved in epigenetic
processes influence chromatin structure, it is an indication
that chromatin structure (the “epigenome”) like DNA
sequence itself contains information that guides gene
activity and is heritable.

In eukaryotes, DNA and the associated proteins form
chromatin, which has to be compacted to fit in the nucleus.
The basic repeating unit of chromatin, the nucleosome
contains two copies of each of the four histones, H3, H4,
H2A, H2B [5]. Nucleosomes are themselves further
packaged into higher-order chromatin structures. Chromatin
organization protects the genetic information and at the
same time provides means for the cell to regulate gene
activity The DNA itself and nucleosomal histones are
considered the main building blocks of the epigenome. Both
DNA and histones can be chemically modified. DNA can be
methylated, primarily at CpG sites, which is considered an

important epigenetic mechanism in mammals and other



species [6]. However, as in many invertebrates, CpG
methylation levels are extremely low in C. elegans [7] so it
is not considered further in this thesis. Post-translational
modifications of amino acids in the N-terminal tails of the
core histones (H2A, H2B, H3 and H4) are highly conserved
and can obtain number of post-translational modifications
[8], such as acetylation and methylation of Lysines (K), and
Arginines (R), phosphorylation of Serines (S) and
Threonines (T), ubiquitylation and sumolyation of lysines,
and ribosylation (Figure 1). These “guidance” modifications
are carried out by various chromatin-modifying complexes
containing histone modification enzymes, such as histone
acetyltransferase (HAT), histone deacetylase (HDAC),
histone methyltransferase (HMT) and histone kinase [9, 10],
reviewed at [11, 12]. These modifications serve as
recognition sites for effector proteins and are able to
influence the accessibility of DNA to other multi-protein
complexes such as DNA and RNA polymerases. It is
suggested that this ‘histone code’ both contributes to and

reflects transcription and repression across the genome [9].



l Transcription possible l

T Transcription impeded T

Figure 1. Chromatin remodeling complexes as players in transcriptional
regulation, adapted from Luong, P., “Basic Principles of Genetics”. In the
“Transcription possible” scenario, through the interplay between the
SWI/SNF (SWItch/Sucrose Non-Fermentable), HAT (histone
acetyltransferase), HMT (histone methyltransferase) and HDAC (histone
deacetylase)-mediated modifications, chromatin is loosely packaged and
opens DNA regions where transcription machinery (RNA Pol II, transcription
factors and co-activators) can bind for gene transcription to occur. In the
“Transcription impeded” scenario, the chromatin is packaged more tightly
and the transcription machinery is not associated to the chromatin and no
transcription occurs.

1.1.1 Histone methylation in transcription repression
and activation

In the context of epigenetic memory and changes in
chromatin structure, the methylation patterns of the core
histone H3 appear to be particularly important. The lysines
whose methylation patterns are mostly associated with

transcriptional activity and its heritability are H3K4, H3KO9,



H3K27 and H3K36 [3]. Most of these lysine residues can be
methylated to a different degree (mono-, bi-, trimethylation).
For example, in the case of methylation levels at H3 on
lysine 4, the mono-methylation is enriched at enhancers, bi-
and tri-methylation more at the 5 end of the genes [13].
More importantly, methylation patterns at different lysines in
H3 correlate with either activation or repression of
transcription. In mice, for example, the transcriptionally
inactive pericentric heterochromatin is enriched for the
H3K9me3 mark [14-16]. The methylation status recruits
specific methyl-binding proteins with specific
activation/deactivation functions, for example HP1 proteins
that specifically recognize H3K9me2 and H3K9me3 [17,
18]. The HP1 chromo domain is required for both targeting
and transcriptional repression. In fission yeast the
localization of Swi6, the ortholog of HP1, is dependent on
the histone methylase CIr4, the ortholog of mammalian
SUV39H1 suggesting a stepwise model for heterochromatin
formation where SUV39H1 deposits specific methyl marks
on histone H3 that are then recognized by the chromo
domain of HP1 [17].

Many current models propose that the initial HP1 protein
recruitment is independent of H3K9 methylation, but further
spreading is H3K9 methylation-dependent [19-21].
Interestingly, it was recently shown that the distribution of
the C. elegans HP1 ortholog HPL-2 can be achieved in an
H3K9me2-independent manner [22] as HPL-2 persists on



chromatin in mutant embryos lacking H3K9me. This
suggests that either the pattern of worm HPL-2 is already
established by recruitment and does not involve significant
spreading, or the spreading pattern itself is H3K9me1/2/3-
independent. This work was done in C. elegans mutant
strains lacking MET-2 and SET-25, the two H3K9 histone
methyltransferases whose role in the heterochromatin
formation and function is reviewed in the following chapter.
Additional histone H3 lysine methylations (e.g. mono-, di-
and trimethylation of K4, K36 and K79) have been shown to
correlate with transcriptional activation, and the enzymes
responsible for H3K4me3 and H3K36me3 methylations are
physically associated with RNA polymerase Il (RNAPII)
during elongation [23-25].

1.1.2 Histone variants and nucleosomal occupancy in
the dynamics of gene expression

The use of alternate histones provides another level of
chromatin modification. For example, Drosophila encodes
three variants of histone H3, Cid is a structural component
of centromeric chromatin, and two of them, H3 and H3.3
differ only at four amino acids [26]. While the major H3 is
incorporated only during DNA replication, the variant H3.3 is
deposited at particular active loci, is replication-
independent, and the inclusion of these histone variants is
expected to alter the functional properties [27-29].



Incorporation of H3.3 occurs in the dimer with H4 [30] and
this might profoundly change chromatin state of the
nucleosome as it brings along the enrichment in post-
translational modifications associated with active chromatin
and depletion in silent chromatin modifications [31, 32].
H3.3 is also incorporated during the decondensation of the
sperm pronucleus in Drosophila, suggesting a direct role in

chromatin remodeling before fertilization [33].

1.1.3 Histone modifying enzymes in C. elegans

The amino acid sequences of C. elegans H3 (CeHIS3) and
H4 (CeHIS4) proteins are both 97-98% identical to their
human counterparts and C. elegans has homologs of the
mammalian histone modification enzymes, some of which
have been studied with genetic and biochemical
methodology [34, 35]. C. elegans has several chromatin
modifiers with human orthologs, such as MES-2 (ortholog of
human EZH2), histone methyltransferase (HMT) of histone
H3 lysine 27 [34]. In yeast, all H3K36 methylation is carried
out by one SET domain-containing protein Set2 [36],
whereas in more complex eukaryotes, two different groups
of enzymes are involved. One group includes MES-4-
related proteins containing SET domain (NSD1,
NSD2/WHSC1/MMSET, and NSD3/WHSC1L1 in
mammals), with methyltransferase activity in vitro. In C.

elegans, the transcription-independent MES-4 is required



for H3K36 bimethylation in germline nuclei (both in mitotic
and early meiotic germline) [37] and contributes significantly
to H3K36me3 as well [38]. The other group is Set2-related
proteins, the transcription-dependent MET-1 in C. elegans
(HYPB/Setd2 in mammals), that participates in
transcription-dependent H3K36 methylation in embryos [39]
and probably methylates H3K36 on newly expressed
genes.

In C. elegans the MES proteins are the key chromatin
regulators of the germline, where MES-4 participates in
silencing of the X-linked genes [37], as in mes-4
background several X-linked genes even in M+Z- (F2
progeny with maternal load but no expression from the
zygotic genome) were up-regulated. They postulate that in
wild type worms, MES-4 activates expression of an
autosomal repressor that selectively represses genes on
the X chromosome. Alternatively, the amount of MES-
4/H3K36me2 mark repels a global repressor, thereby
concentrating repression action on the X chromosome.
H3K36 methylations are incorporated during transcription in
the parental germ cells where it is enriched in autosomes
but depleted from X chromatin, correlating with the low
levels of transcription on the X in the germ cells [37].
Immunofluorescence of MES-4 itself shows comparable
distribution.

The maintenance of epigenetic marks is especially relevant

to transmission through the germline, as this information



can potentially regulate the activity of genes across multiple
generations. In primordial C. elegans germ cells, where
transcriptional activity is dependent of H3K36 methylation
levels, MES-4 appears to rather maintain than establish the
specific H3K36 methylation pattern, that is itself
independent on their transcriptional status. In the absence
of MES-4 the introduced gametic H3K36me3 is rapidly
diluted out. The MES-4 activity pattern in the embryo might
reflect the maintenance of H3K36me3 at genetic loci that
had been marked by transcription-coupled H3K36
methylation in the preceding generations [40].

Another possible role for MES-4 is to limit the spreading of
the repressive modifications, such as H3K27me3 [41].
PRC2, a C. elegans Polycomb group repression complex 2
(including MES-2/-3/-6) is the main mediator of H3K27
methylation patterns [34]. ChIP-chip analysis of H3K36me3
and H3K27me3 patterns in early embryonic chromatin
reveals that these inherited marks are in large scale
mutually exclusive [41].

Another important component of epigenetic regulation is
methylation of histone 3 lysine 4 (mono-, di-, trimethylation
of H3K4me), that is a mark of transcriptional activity, but is
also shown to participate in “epigenetic memory” — it can
pass on the transcriptional memory of the loci to
subsequent cell descendants or lineages [3]. There are
several multi-protein complexes described in different
organisms that control the H3K4me/me2/me3 patterns. In



yeast, the enzyme responsible for all H3K4 methylation is
Set1 that is in the COMPASS (complex proteins associated
with Set1p) complex [42]. Homologous proteins are found in
C. elegans, referred to as Set1/MLL (after mixed-lineage
leukemia from COMPASS mammal complex) [43], [44],
[45]. As in mammals, the loss of Set1 homolog in C.
elegans results in decrease in H3K4me3 [44]. In the
germline, the maintenance of H3K4me2/me3 is dependent
on the Set1/MLL complex components WDR-5.1 and
RBBP-5 and it is proposed that H3K4 methylation is
required to maintain the totipotent epigenome when passed

through the germ line between generations [44].

1.1.4 Transgenerational epigenetic memory

Epigenetic information is by nature metastable and requires
mechanisms to persist within and between generations.
During germline development, chromatin structure
undergoes changes as observed in meiotic chromosomes
and during spermatogenesis. Also, as the gamete genomes
are met by epigenetic reprogramming mechanisms upon
fertilization, active mechanisms are required in order for the
information from the parental epigenomes to persist in the

germline and some of the offspring (Figure 2) [46].
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Figure 2. Methylations of histone H3 seem to play the key role in epigenetic
memory and chromatin structural alterations. The methylation on one lysine
can influence the modification on other lysines, resulting in a regulatory
network. The main antagonistic relationships between histone H3
methylation on Lys4, Lys9, Lys27, and Lys 36 are depicted. In C. elegans, the
antagonism between methylation levels of H3K36 and H3K27 (red lines) has
been shown [41], whereas the antagonism between methylations of H3K4
and H3K9/H3K27 has been studied in many model organisms. The straight
green arrows indicate mechanisms for establishment; the curved green
arrows show mechanisms of maintenance (figure from [3]).

As argued in [3], the opposing activities of MES-4 and PRC
might be in charge of maintaining heritable epigenomic
patterns. When active repression is missing, germline-
expressed genes might become active in any tissue. This
line of reasoning suggests that the heritable epigenetic
patterns are mainly generated by transcription-dependent
H3K36 methylation in adult germ cells and can persist in the
chromatin of the gametes and are maintained in the zygote
by MES-4. The H3K36 methylation marks are also able to

prevent invasion.



In this light, it is somewhat surprising that neither H3K36me
nor H3K27me marks patterned by the opposing activities of
MES-4/PRC2 are considerably affected by reprogramming
mechanisms. It is possible that these modifications are
resistant to the reprogramming or are continuously re-
established.  Another epigenetic memory-associated
modification, H3K4 trimethylation is noticeably depleted
during Z2/Z3 reprogramming [47] and the methylation
patterns of H3K4 have been implicated in contributing to
transgenerational phenotypes.

Similar to H3K36me3, the transcription-dependent H3K4-
methylation requires mechanisms for its maintenance. As
mentioned before, C. elegans has homologues of the
complexes responsible for H3K4 methylation, such as
COMPASS responsible for all H3K4 methylation in yeast,
and MLL (mixed-linage leukemia) in mammals. Mutations in
components of these complexes cause a substantial
depletion of H3K4me2/me3 in the early embryo [43, 44].
H3K4 methylation in the early blastomeres appears to be
largely transcription-independent as depletion of RNA Pol I
does not cause a significant reduction in H3K4me2/me3
levels in early embryos [44], suggesting that H3K4
methylation in these early stages is rather due to the
maintenance of this modification. Similar to MES-4
H3K36me3 patterns, the MLL-dependent H3K4me patterns
in embryos seem to be inherited and maintained through
gametes [44, 48].



The substantial MLL-dependent and transcription-
independent H3K4 methylation is contributing to epigenetic
information and is inherited by the offspring, as readily
observable in sex-specific X-chromosome epigenetic
profiles. In C. elegans, there is a clear X chromosome bias;
genes that are expressed in germ cells of both sexes are
not found on the X chromosome [49, 50]. The X
chromosome is transcriptionally inactive during meiosis in
both germlines, but becomes active during female
gametogenesis, female germ cells showing a significant
increase in H3K4me levels during oogenesis [50]. This
chromatin memory is persistently transmitted to the next
generation.

Although the components of the pathways covered here are
highly conserved between organisms, their precise
relevance in understanding transgenerational phenomena
in other species remains unclear. All metazoans have MES-
4 and PRC-2 related enzymes and MLL type complexes
exist in all eukaryotes.

1.1.5 Transgenerational inheritance of acquired
transcriptional patterns

In principle, germline reprogramming and epigenetic
inheritance are two opposite phenomena. Reprogramming
in the germline allows totipotency of the zygote, required to
remove epigenetic signatures that have been acquired



during development. If the germline reprogramming does
not occur, the epigenetic marks can be transmitted to the
next generation, whereas these epialleles can be potentially
neutral, deleterious or adaptive. For example, induced
expression of a transgene expressing DNA from the Flock
House virus in the C. elegans soma results in transmission
of the silencing of the viral genome for many subsequent

generations [51].

1.2. Inheritance of gene silencing and activation
by small RNA pathways across generations in C.
elegans

1.2.1 Small RNAs in C. elegans

C. elegans produces thousands of small RNAs that target
coding genes, pseudogenes and other non-coding RNAs.
These endogenous small RNAs are categorized into three
main classes: microRNAs, endogenous small interfering
RNAs (endo-siRNAs) and Piwi-acting RNAs (piRNAs). All of
these bind Argonautes, effector proteins that regulate their
bound targets mainly by inhibition. The antisense RNAs are
able to silence genes very effectively. Already in 1991 [52]
it was determined that the interfering agent is double-
stranded RNA (dsRNA) from that gene, acting through
degradation of targeted mRNA and that there is probably a



catalytic or amplification method that would explain its vast
silencing potential and heritability. dsRNA, the trigger for
RNAI is substrate for DICER, RNase Ill enzyme [53] that
cleaves the dsRNA into primary short interfering RNAs
(siRNA). Loss of DCR-1, the only ortholog of Dicer in C.
elegans, leads to severe cell fate specification defects and
germline abnormalities resulting in sterility and lethality [54],
[55]. In addition to the primary siRNAs, the production of
secondary siRNAs by RNA-dependent RNA polymerase
(RdRP) directs the silencing to its target sequences [56].
The C. elegans RARP EGO-1 is required for germline
development [57]. These secondary RNAs interact with a
number of Argonaute (AGO) proteins [58, 59].

Exogenous RNAI (exo-RNAi) may have a role as an anti-
viral silencing response [60, 61]. The silencing mechanisms
initiated by exo-RNAi engage a downstream endo-RNAi
amplification pathway that is also shared with endogenous
siRNAs (endo-siRNAs) and piwi-interacting siRNAs
(piRNAs) (summarized in Figure 4). Before the discovery of
endogenous silencing pathways, isolation of C. elegans
mutants defective in both exo-RNAi and endogenous
silencing phenomena (e.g. transposon silencing) suggested
a shared mechanism [62], [63], [64]. There have been many
studies investigating mechanisms of RNAI (reviewed in [65-
68]) and many of the pathways are highly conserved
between species.



1.2.1.1 Endogenous and exogenous small RNAs

The C. elegans small RNAs fall into three main classes,
based on their size and function (Table 1) [65]:

(1) siRNAs (endo- and exo-siRNAs for endogenous and
exogenous RNAs, respectively) that are 22-26 nucleotide
sequences. The exo-siRNAs are induced by long dsRNA
originating from virus-derived RNA, cellular transfections,
microinjections or feeding with bacteria expressing dsRNA.
The endo-siRNAs on the other hand, target RNAs produced
by the worm genome itself and modify gene expression by
degrading the transcripts by translational inhibition or
chromatin modifications that will be discussed later.

(2) miRNAs that are also 22nt RNAs regulating gene
expression during the development, differentiation and
antiviral responses by altering the expression of other RNAs
but are genomically encoded [69].

(3) PIWI-interacting RNAs (piRNAs), 21 and 22nt small
RNAs, expressed in the germline that regulate germline
development and transposon silencing during
gametogenesis in order to protect genomic integrity and
have been associated with transgenerational silencing [3,
69].



Small RNA Argonautes Biogenesis
cona1;gnReI:tcs: factors
ERGO-1 26G ERGO-1 DRH-3, ERI-5,
DCR-1,
ERI-1b, ERI-3,
RDE-4
ALG-3/-4 26G ALG-3/-4 DRH-3, ERI-5,
DCR-1,
ERI-1b, ERI-3,
RDE-4
WAGO 22G WAGOs RRF-1/EGO-1,
DRH-3, EKL-1
HRDE-1 22G HRDE-1, NRDE-
1,2,4
CSR-1 22G CDE-1 EGO-1
21U/piRNAs PRG-1 | FKH-3/-4/-5, UNC-
130, PRDE-1
miRNAs ALG-1/-2, AIN- DCR-1, DRSH-1,
1/-2, PASH-1
NHL-2, CGH-1,
TSN-1, VIG-1

Table 1 Table showing different classes of C. elegans small RNAs based on the
size and function, showing only a subset of their diversity and biogenesis
factors.

Interestingly studies have shown that the mechanisms
through which these miRNAs, siRNAs and piRNAs act are
very different in terms of their biogenesis, their protein co-
factors and effector function [65]. All these classes of small



RNAs interact with Argonaute proteins to recognize their
specific RNA transcript targets and through often-imperfect
complementarity regulate their expression, usually though
inhibition. In C. elegans 27 different Argonautes are
described that are generally grouped into three classes: the
Argonaute-like proteins, the PIWI-like proteins and worm-
specific Argonautes (WAGO) [3]. What distinguishes the
cytoplasmic siRNA pathway from that of the nuclear in
somatic cells, is the Argonaute proteins involved: the 22
nucleotide siRNAs associated with WAGOs target mRNAs
in the cytoplasm, and the siRNAs associated with NRDE-3
(in the soma [70]) or HRDE-1 (in the germline [59])
Argonaute function in the nucleus where they regulate
silencing of their cytoplasmic targets through transcription
inhibition or chromatin remodeling. The nuclear pathways

will be discussed in the following chapters in more detail.

1.2.1.2 Diversity of small RNAs in C. elegans, the 26G, 22G, 21U
RNAs

Thanks to the advances in deep sequencing techniques we
can distinguish diverse sub-populations among the C.
elegans small RNAs [71]. The pools identified dispose
distinct 5" nucleotide bias and are categorized into different
subpopulations depending on their length (22nt and 26nt).
These subgroups are divided into smaller groups with
overlapping requirements for biogenesis but different
engagement pathways determined by the Argonautes to



which they are bound. There are 27 Argonaute proteins
encoded in C. elegans, about half of them being worm-
specific Argonautes (WAGOs) that bind the 22-nt RNAs.
Another subgroup of small RNAs identified are the 21nt
RNAs, later determined as the piRNAs (Piwi-interacting
RNAs) of C. elegans. The next subsections will briefly cover
these subgroups, their biogenesis and function.

1.2.1.2.1 26G RNAs

The distinct population of 26G RNAs was revealed by deep
sequencing [71], these RNAs are anti-sense to annotated
genes and carry a 5’ guanosine bias. These 26G RNAs are
enriched in male and female germline and are bound by
Argonautes ALG-3 and ALG-4 in the spermatogenic gonad,
while in oogenic gonad they are bound by the ERGO-1
Argonaute [72], [73], [74] that are also abundant in
embryos. The biogenesis of the 26G RNAs is mediated by
the ERI (enhanced RNAI) complex with a core RARP (RNA-
dependent polymerase) module consisting of RRF-3 (RNA-
dependent RNA polymerase family), DRH-3 (Dicer Related
Helicase) and ERI-5, with DCR-1 association as well. This
ERI complex shares DCR-1 and RDE-4 with the RDE
(exogenous RNAi defective) complex that mediates
processing the exo-RNAi pathway dsRNAs (Figure 3).
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Figure 3. ERGO-1 and ALG-3/-4 siRNA pathways. The templates for the 26G
siRNAs are mRNAs and lincRNAs. These 26G siRNAs, generated by the
complex containing an RNA-dependent RNA polymerase (RdRP) and DCR-1
(C. elegans ortholog of Dicer) in both the oocytes/embryos and
spermatocytes/sperm, associate with the Argonautes ERGO-1 and ALG-3/-4,
respectively. This triggers the generation of the 22G siRNAs by another RARP
complex that then associate with WAGOs to silence their targets in the soma
through nuclear cytoplasmic silencing pathways. Different colors denote the
function of the proteins, the key players Argonautes in blue, RdRPs in red
(adapted from Wormbook).

Even though during biogenesis of these 26G RNAs, DCR-1
catalyzes the cleavage of the mRNA template and reduces
its levels by generating the dsRNA intermediate [75], the
WAGO 22G RNAs triggered by 26G RNAs are the major
effectors of the 26G RNA endo-RNAi pathway. So these
secondary siRNAs are strictly required for 26G RNA target
silencing [73], [74].



1.2.1.2.2 22G RNAs

In C. elegans, exo-RNAi and endo-RNAi converge at a
common downstream pathway in silencing their targets, the
WAGO 22G RNA pathway (Figure 4). The 22G RNAs are
22 nucleotide long RNAs showing 5’ prominent guanosine
bias [76], [71]. These 22G RNAs map antisense to mRNA
[58], whereas most 22G RNAs are germline expressed and
deposited into embryo. There are two distinct classes of
small RNAs that engage unique pathways mediated by
specific Argonautes to effect distinct outcomes. The
WAGO-binding 22G RNAs mediate silencing of certain
protein-coding genes, transposons, pseudogenes, and
cryptic loci through transcriptional and post-transcriptional
mechanisms [77], [58], [78], [79], [80], [59], [81], [82]. CSR-
1, the other WAGO binds RNAs targeting germline-
expressed genes promoting chromosome segregation, a
specific role of these 22G RNAs that will be discussed later
in more detail [69].

Two RdRPs, RRF-1 and EGO-1 contribute to the
biogenesis of 22G RNAs that serves as an amplification
pathway upon which most of the primary small RNAs in C.
elegans converge. WAGO 22G RNAs with &’ triphosphate
are generated downstream of the 26G RNA, primary exo-
siRNA, RDE-1 small RNA and 21U RNA pathways.
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Figure 4 Different classes of small RNAs that trigger secondary siRNA
generation. 26G siRNAs and 21U/piRNAs trigger the secondary 22G siRNA
generation by the RARPs RRF-1 and EGO-1 with the helicase DRH-3 and the
Tudor domain protein EKL-1. The MUTator proteins are required for 22G
siRNA production in the germline and the RDE-10/-11 complex is required to
promote secondary 22G siRNA amplification in the soma. These secondary
siRNAs are then able to destabilize mRNA, inhibit transcription and modify
chromatin. Blue balloons depict the main Argonautes in these pathways
(Adapted from Wormbook).

1.2.1.2.3 21U RNAs

Deep sequencing identified a third pool of small RNAs, the
21nt length small RNAs with 5’ Uridine bias without further
common sequence features [71]. Unlike endo-siRNAs, the
21U RNAs are not generated from mRNA templates but
rather transcribed directly from genomic loci [71], [81] and
are mostly depleted for overlap with exons and these 21U
RNAs show no sequence conservation [71], [83]. These



RNAs are highly abundant in the germline and in embryos,
with declining levels across development [84], [85], [86] and
distinct subpopulations in the male and female germline.
These 21U RNAs target transcripts by directing Argonuate
PRG-1 to their targets that are depleted of protein-coding
transcripts [87]. The 21U RNA targeting triggers production
of WAGO 22G RNAs and these 21U RNAs are capable of
triggering transgenerational silencing [80], [88]. The 21U
RNAs are encoded as independent Pol Il transcriptional
units [81], [89] and associate with the Piwi protein PRG-1 to
trigger secondary 22G siRNA production.

1.3. WAGO 22G RNA transcriptional silencing,
the nuclear RNAi pathway

There appears to be two distinct forms of inherited RNA.:
inheritance of somatic RNAIi for one or a few generations
and inheritance of germline RNAI, over multiple generations
(Figure 5).

The WAGO Argonaute NRDE-3 (Nuclear RNAi defective)
pathway is the sole mediator of transcriptional gene
silencing in the soma. NRDE-3, which contains a nuclear
localization signal (NLS) is triggered by WAGO 22G RNA
binding to enter the nucleus and to bind its targets. Loss of



nrde-3 leads to accumulation of pre-mRNA and mRNA
levels of its targets [77]. NRDE-3 is required for the
inheritance of somatic silencing triggered by exo-RNAi for a
single generation and in the progeny NRDE-3 is responsible
for the accumulation of secondary WAGO 22G RNAs to re-
establish H3K9me3 marks [79].

somatic targets germline targets

transposon RNA, other germline targets
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Figure 5 Nuclear RNAi pathways for trans-generational silencing. The
somatic (left) and germline (right) silencing pathways converge on the same
NRDE proteins but require distinct nuclear Argonautes (in blue): the NRDE-3
in the soma and HRDE-1 in the germline, both of which associate with the
cytoplasmic secondary 22G siRNAs. In the nucleus the complex of Argonaute
and siRNAs locate to the nascent pre-mRNA. NRDE-1 together with NRDE-4
promote H3K9 trimethylation (H3K9 HMT, in grey) and thus inhibit
transcription. The NRDE proteins are also able inhibit RNA Polymerase IIL
This nuclear RNAi is heritable across generations: silencing signals are
inherited (e.g. siRNAs generated in the germline of the parent) are inherited
and direct the H3K9 trimethylation in the offspring (mod. from [65]).



We now have accumulating evidence that some epigenetic
phenomena involving RNA, histone modifications and/or
DNA methylation that suggests that silenced allele could act
in trans on a homologous sequence and cause a stable and
heritable silencing, an example of paramutation. Several
studies have now reported inheritance of environmental
RNAi beyond the F1 generation [90], [91], [92], [93], [81].
Already the first experiments introducing foreign double
stranded RNA into C. elegans showed effects of inference
in both injected animals and their progeny [90]. It was
especially surprising that this interference can persist into
the next generation, even though many of the endogenous
RNA transcripts are degraded in the early embryo [94].

In contrast to NRDE-3, HRDE-1 engages the nuclear RNAI
pathway in the germ cells to direct the silencing inheritable
across multiple generations (also called RNAe for RNA
induced epigenetic silencing) [80], [87], [59], [95] [88], [82].
This transgenerational silencing can be triggered by exo-
RNAi to establish transcript silencing that is stable for
several succeeding generations without the necessity of the
initial trigger exposure [80], [59], [95]. Endogenous small
RNA pathway engage the germline nuclear RNAi as well,
22G RNAs that are bound by HRDE-1 and WAGO-1
overlap to a large extent [82], suggesting that nuclear and
cytoplasmic WAGO Argonautes share common siRNA
targets and cofactors. For example, the WAGO 22G RNAs



triggered by 21U RNAs and 26G RNAs that are in charge of
maintaining germline integrity. These 21U RNAs encode
fertility-promoting small RNAs that associate with HRDE-1
and are hypothesized to encode an epigenetic memory of
‘non-self’ required for genome surveillance [80], [87], [96],
[82]. Loss of HRDE-1 results in progressive sterility — a
moral germline (Mrt) phenotype [59].

Early experiments suggested that the exo-RNAi pathway
acts mainly through post-transcriptional silencing, as
injection of dsRNAs corresponding to introns or promoters
did not result in efficient silencing [90]. Grishok et al. [91]
examined the properties of inheritance associated with
long-lasting effects of RNAi phenomenon triggered by
exogenous double-stranded RNA. In the study they
describe two different classes of genes, one of which
involves genes needed for the production of the heritable
factor of RNAIi. A previous study had identified these two
sets of C. elegans genes as requirement for RNAI [62], one
class containing rde-1 (an Argonaute protein of the PAZ-
PIWI family) and rde-4 (a dsRNA binding protein), that are
deficient in RNAIi but do not display other phenotypes. The
second class, with rde-2, rde-3, mut-2, mut-7 is essential for
the response to the heritable component of RNA and show
transposon mobilization, reduced fertility, and high
incidence of chromosome loss. mut-7 was already identified
before [63], along with the first genetic screen for exo-RNAI-
defective (Rde) mutants [62]. As rde-1 and rde-4 are



dispensable for the inheritance of the RNAI effects, RNAI
itself does not seem to underlie the mechanism of
inheritance. Another study using a candidate gene RNAI
screen identified hda-4 (a class Il histone deacetylase),
K03D10.3 (a histone acetyltransferase of the MYST family),
isw-1  (yeast chromatin-remodeling ATPase ISW1
homologue) and mrg-1 (a chromo-domain protein) as genes
affecting the maintenance of silencing [92]. Importantly, as
these genes are all implicated in chromatin remodeling, the
inheritance of RNAi-induced changes occurs at the
transcriptional level.

Ashe et al. [80] (and others [59, 97, 98]) report how
transgenerational inheritance of environmental RNAi and
the piRNA pathway converge at one germline nuclear
RNAi/chromatin pathway, whereas the nuclear RNAi factors
and chromatin regulators are both essential for silencing
(Figure 6). This epigenetic memory can last for many
generations and once established, the initial silencing
trigger in not required. They argue that as chromatin factors
such as HPL-2 and the putative H3K9me3
methylatransferases SET-25 and SET-32 are required for
the silencing, the chromatin changes observed in the

transgenerational silencing are not merely correlative.
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Figure 6 Model of transgenerational silencing in the C. elegans germline.
Environmental RNAi and endogenous piRNAs establish a nuclear
RNAi/chromatin pathway (in P0). Maintenance of the silencing depends on
nuclear RNAIi factors, such as germline-specific Argonaute HRDE-1/WAGO-9,
and chromatin proteins, HPL-2 and histone methyltransferases SET-25/-32.
Silencing can be transferred to many subsequent generations (F1, F2, Fn) via
heritable silencing signal. Or it can become epi-allelic or multigenerational
stochastic inheritance. Silencing can me suppressed by germline licensing
pathway that recognizes germline transcripts (see the CSR-1 licensing
chapter) [80].



1.3.1 Stable silencing through PIWI-interacting RNAs
(piRNA)

Highly conserved PIWI-associated small RNAs (piRNAs)
are suggested to be key players in the transmission of the
repressive epigenetic memory across multiple generations.
piRNAs in C. elegans are associated with orthologs of the
Drosophila PIWI protein, an Argonaute mediating small
RNA-associated processes [99]. PIWI proteins are a group
of Argonaute family, mostly expressed in the germline [100,
101] that identify their targets by base-pairing. Some PIWI
proteins function mostly in the cytoplasm and involve
degradation of mMRNAs [102-104] while others translocate to
the nucleus, suggesting a transcriptional silencing similar to
non-piRNA pathways described previously in fission yeast.
C. elegans PIWI homolog prg-1 mutants lack all detectable
piRNAs, 21-nucleotide RNAs with 5’'U (21U RNAs). piRNAs
with known targets generate secondary 22G-RNAs (22-
nucleotide small RNAs with 5'G) [96], produced by endo-
siRNA pathways. PIWI pathway can affect the chromatin
structure of its target loci [80, 82, 88]. Small secondary
RNAs (22G RNAs) are synthesized by RNA-dependent
RNA polymerases (RdRPs) that are then loaded onto
worm-specific Argonautes as WAGO-9/HRDE-1 and
transported together to the nucleus. With the help of nuclear
RNAi factors NRDE-1/-2/-4 proteins they can trigger
transcriptional silencing [59, 78-80, 82], followed by
trimethylation of H3K9 at the target genomic loci [80, 82,



88]. This silenced state can be stably inherited across
generations, process called RNA-induced epigenetic
silencing (RNAe). This transgenerational effect has been
shown to be dependent on the WAGO-9 and NRDE factors
to be transmitted through meiosis [80, 82, 88]. Also,
WAGO-9 mutants become sterile after several generations,
a sign of germ cells losing their characteristic immortality,
accompanied by the loss of H3K9me3 patterns at the target
sites [59, 79].

The piRNA pathway overlaps with pathways that are
essential for stable silencing of single copy transgenes in
the germline across generations [80, 82, 88, 96]. Small
RNAs are shown to be essential for the initiation of the
silencing, but not for the heritable maintenance of the
repression. Rather, nuclear RNAi pathway and chromatin
modifying factors are essential for the stable
multigenerational  repression  [88].  Regulation  of
transcriptional repression through chromatin structure is
shown to involve RNAi mechanisms in many organisms
[105, 106], initiating targeting of the repressive chromatin
machinery to genomic loci and defects in these
mechanisms often lead to derepression of transposons and
repetitive elements. The model of transcriptional silencing
guided by small-RNAs in C. elegans is summarized in
Figure 7 [107].
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Figure 7 Transcriptional silencing guided by small RNAs in C. elegans, A)
exogenous dsRNA is processed into primary small interfering RNAs (siRNAs)
that are loaded onto Argonaute RDE-1 and amplified by RdRPs to generate
secondary siRNAs, the 22G-RNAs. The somatic AGO NRDE-3 loads the 22G
RNAs and translocates to the nucleus where with the silencing factor NRDE-2,
it can silence the genes through targeting the nascent RNA transcripts. Gene
expression is paused by NRDE-2 during transcriptional elongation and
silencing is involving H3K9me3 and recruitment of heterochromatin-
protein-like HPL-2. B) In the germ line, small RNA-guided transcriptional
silencing is mediated by HRDE-1, an Argonaute that also acts with NRDE-2,
H3K9me3 and HPL-2 in the nucleus. HRDE-1 receives 22G-RNA from both,
the exogenous dsRNA pathway and from the PIWI- or 21U-RNA (piRNA)
pathway. 21U RNAs with PRG-1 promote the RARP-dependent generation of
22G-RNAs that are then loaded onto HRDE-1, that is then able to maintain a
persistent transgenerational memory of silenced genes in the germline.
Another Argonaute, the CSR-1 binds 22G RNAs that are complement to
endogenous RNAs and protects the corresponding loci from silencing by
HRDE-1. Thus, the 22G-RNAs with CSR-1 and HRDE-1 transmit a germline
memory of ‘self and ‘non-self RNAs, to be silenced or licensed for expression
(figure adapted from [107]).



1.3.2 Licensing of genetic activity by maternal
transcripts

Whereas most of the described regulatory roles of RNA
involve down-regulation, there is an alternative role for
maternal transcripts in promoting zygotic activity of that
gene, termed gene licensing. Maternal mMRNA can regulate
the expression of its cognate gene in the germline of the
zygote independent of translation [108]. Maternal transcript
of C. elegans fem-1, a messenger in the sex determination
pathway, is essential to license the expression of the fem-1
gene in the germline of the zygote [108]. Heterozygous
offspring from the homozygous fem-1 mutant mothers show
reduced fem-1 activity, and injection of fem-1 RNA is
capable of rescuing the defect in the progeny without
previous translation into the protein in the maternal
germline. As the defect of the zygotic fem-1 expression is
heritable, the fem-1 gene requires prevention from

epigenetic silencing by maternal fem-1 transcripts.

1.3.2.1 Licensing of germline transcripts

It appears that C. elegans the germline is labeling most of
the DNA as “bad” and only actively licensed genes are
expressed. Small RNAs are proposed to be used as
molecular memory for both the bad and the good. As

mentioned previously, the foreign unwanted transcripts are



recognized by the Argonaute PRG-1 via Piwi-interacting
RNAs that guide identifying its own targets. PRG-1 pathway
triggers the recruitment of the RNA-dependent RNA
Polymerase that generates a new population of small RNAs
(22G RNAs) that are loaded on further Argonaute proteins
WAGO-9/HRDE-1 and WAGO-10. This type of silencing is
very stable and maintained for many generations as
explained previously. This process is initiated by PRG-1
and then maintained by HRDE-1 [80, 82, 88]. There are
more than 30,000 annotated piRNAs [81] and they are
thought to be able to trigger repression via partial
complementarity to mRNA targets. As such, almost any
foreign sequence can be recognized. This raises an
obvious problem, as this complex would be able to target
most of C. elegan’s own genes. What is the mechanism
that allows endogenous germline transcripts to avoid
silencing by the piRNA-mediated germline surveillance
pathway that has such a vast silencing potential? One likely
candidate is the Argonaute CSR-1 that interacts with 22G-
RNAs antisense to most of the germline-expressed genes.
While Seth et al. [97] showed that CSR-1, but not WAGO-1
or HRDE-1 was found to bind 22G RNAs from active
transgenes, the experiments were more suggestive and
correlative. Wedeles et al. [98] showed that the licensing
recruitment of CSR-1 to a transcript protects it from piRNA-
mediated silencing. They tethered CSR-1 onto a transcript,
triggering its activation. In addition, this tethering of CSR-1



results in the buildup of a diffusible agent that targets CSR-
1 to another homologous transgene. This heritable
transcriptional licensing is able to protect germline

transcripts from being silenced.

1.3.3 Extended lifespan in C. elegans

Greer et al. reported inheritance of lifespan extension in the
descendants of worms deficient for complex depositing
H3K4me3. There had been previous reports linking
chromatin and aging, mostly through histone deacetylation
by the Sir2 family [109, 110]. They looked at histone
methylations for their role in development and maintenance
of stem cell pluripotency in mammals. They showed that
ASH-2 trithorax complex [111], trimethylating H3 at Lys4, is
regulating C. elegans lifespan, and the extended longevity
following trithorax complex depletion is inherited for several
generations. Mutations in the ASH-2 complex (WDR-5,
SET-2 and ASH-2 itself) extend the lifespan of the worms,
with inhibition of the H3K4 demethylase RBR-2 suppressing
this. So, the transgenerational inheritance of longevity could
result from heritable depletion of H3K4me3 at some gene
loci responsible for regulating aging. Interestingly,
chromatin modifiers that regulate longevity via other

pathways than H3K4 methylation or outside of the germline



(UTX-1, SET-9, SET-15) have effects on longevity that are
not transgenerationally inherited.

1.3.4 The Immortal germline phenotype

Epigenetic modifications are able to limit the developmental
potential of tissues during differentiation. During early
embryogenesis the C. elegans germline (the P lineage),
contains high levels of the “active” mark H3K4me2 [112],
until dividing into two primordial germ cells (PGCs) Z2 and
Z3. After the PGCs are generated and committed to the
germ cell fate, the chromatin quickly loses the H3K4me2
marks, possibly to protect and maintain PGC fate via
transcriptional repression. The erasure of the H3K4
methylation could include active processing by histone
demethylases, three homologous of the mammalian
LSD1/KDM1 demethylase being found in C. elegans.
Mutants of spr-5, the C. elegans ortholog of LSD1, leads to
germline mortality with the incidence of sterility increasing
over generations (Mrt phenotype) [113]. This sterility
correlates with the mis-regulation of genes expressed
during spermatogenesis due to the stable accumulation of
H3K4me2 mark at these loci, resulting in inappropriate
maintenance of H3K4me2 in the PGCs and faulty
oogenesis and spermatogenesis. This together suggests
that the spr-5 demethylase is required for removing



epigenetic information acquired from the parental germline
and the failing to do so lead to accumulation of epigenetic
memory [11]. The ability to epigenetically reprogram the
germ cells’ genome to maintain the totipotency might be the
main distinction between the “mortal” soma and the
‘immortal” germline. Though the role of RNAi inheritance in
transgenerational epigenetic inheritance is evident in many
species [114], these RNAIi pathways do not seem to play a
role in the spr-5-induced epigenetic inheritance. The
Argonautes needed for the main RNAi pathways in C.
elegans, RDE-1 (exogenous RNAi pathway) [91] and
ERGO-1 (endogenous) [115], are not required for the
transgenerational inheritance of sterility of spr-5 mutants
[116].

Similar transgenerational replicative aging of germ cells was
also observed with prg-1 mutants [117], suggesting that
PRG-1 and associated piRNAs possibly function upstream
of nuclear RNAI factors promoting germ cell immortality and
that prg-1 is required for silencing of some endogenous loci.

1.4. RNA inheritance in other model organisms

Another common model organism for studying RNA
interference is fission yeast, S. pombe, with single copies of
the RNAI pathway components such as Argonaute, Dicer
and RNA-dependent polymerase RdRP. The
heterochromatic centromeres of fission yeast are a good



model for heterochromatic silencing studies [118] being
subject to epigenetic regulation, involving the propagation of
meta-stable chromatin states. The acetylation state of the
histones may serve as a platform for the assembly of the
centromeric factors in S. pombe. Already in 1977 Ekwall et
al. [119] showed that treating the S. pombe cells with
deacetylase inhibitor trichostatin A (TSA) results in
hyperacetylated centromeric heterochromatin. This also
correlated with derepressed marker genes at the
centromeric  heterochromatin  and  with  defective
chromosomal segregation. This highly acetylated state and
defective repression was maintained up to 80-100
generations after the TSA was removed. Therefore, the
acetylated histone state may act as a platform for the
centromeric factors in the fission yeast and this state my act
as a chromosomal imprint for its inheritance of the normal
hypo-acetylated state of heterochromatin, both telomeric
and centromeric. In addition to acetylation, other types of
covalent modifications (phosphorylation of H3 at Ser10, H3-
S10, and methylation of H3 and H4) support the histone
code hypothesis through the interplay between these
different covalent modifications [9]. This hypothesis
suggests that a pre-existing modification affects subsequent
modifications on histone tails and these consequently act as
marks for the recruitment of protein complexes to regulate
the chromatin functions such as gene expression, DNA
replication, and chromosome segregation [11].



Deletions of the Argonaute (ago7), Dicer (dcr1), and RNA-
dependent RNA polymerase (RdRP) (rdr?) in fission yeast
exposed that centromeric silencing requires RNAI, resulting
in accumulation of heterochromatic centromeric repeat
transcripts [120]. This is accompanied by transcriptional de-
repression of centromeric transgenes and reduction of H3
Lys9 methylation. Based on this, Volpe et al. proposed that
dsRNAs from centromeric repeats target the formation and
maintenance of heterochromatin via RNAi [120].

1.5. Other possible mechanisms of
transcriptional inheritance

Even though there is clear evidence for the existence of the
inheritance of epigenetic information, many questions
regarding the extent and mechanisms of this inheritance
remain open. Aside from the attractive hypotheses involving
chromatin modifications and non-coding RNAs, other non-
genetic models — such as prions, metabolites, and
transcriptional loops - should be considered.

For example, several yeast strains have proteins that can
behave as prions and aid these strains adapt to various
environmental stresses such as osmotic, oxidative, pH
stress and DNA damaging agents [121]. This suggests a
possibility that endogenous prions could be transmitted
through meiosis and thus be transgenerationally inherited.



Another possible mechanism for transgenerational
epigenetic inheritance involves metabolites or other small
molecules functioning as the reservoirs for the information.
These metabolite level changes can either affect the
chromatin states that could then be inherited over the
generations [122, 123] or the metabolites in the oocyte
cytoplasm could directly be inherited to the zygote and then
directly affect the chromatin states or cellular physiology.
Or, the inheritance mechanisms might involve
transcriptional feedback loops that are independent of
histone modifications or other epigenetic players [124]. In
this model, an extracellular signal activates transcription
factor that then upregulates its own gene. Once activated,
this feedback loop could alter gene expression persisting
even in the absence of the initial activator [125].

1.6. DNA replication and inheritance of gene
expression states

The multiple levels of chromatin regulations (histone
modifications, histone variants, DNA modifications, non-
coding RNAs) are the basis for the chromatin classification
into heterochromatin and euchromatin. During mitotic cell
division, in addition to the DNA replication, the chromatin
structure as well must be propagated for transmission of

epigenetic information [126].



1.6.1 Histone modifications can be inherited

Modifications of histones, called the ‘histone code’ can be
coupled with specific transcriptional states that can at times
carry the long-term transcriptional memory. Some of the
modifications are mediating only short-term signaling
function and are not able to carry epigenetic memory [127].
The marks that are able to carry this memory must be
stable, and maintainable during the cell cycle, and they also
have to be copied appropriately onto the new chromatin
after the DNA replication cycle. It is therefore important to
understand how these marks are propagated and dealt with
by the replication machinery to maintain the stability of the
epigenetic memory of the transcriptional states. Evidence
that some histone modifications can be inherited during cell
division comes from epigenetic model systems, such as
Drosophila. During the development of the fruit fly, some
proteins can switch on and off the expression of some
genes (such as conserved Hox genes) responsible for its
segment patterns in different regions of the embryo, and
this expression can be maintained throughout the lifespan,
without the initial signal [128]. The Drosophila HP1
homologue Su(var)2-5 has a role in transcriptional memory
as loss of this gene results in loss of silencing. HP1 is able
bind the H3K9 methylation and through its dimerization
contributing to the compaction of chromatin [129]. HP1 can



also interact with the H3K9 methyltransferase SUV39,
providing a spreading mechanism of the chromatin mark
and supports the “self-recruitment” mechanism.

Next to Drosophila, fission yeast Schizosaccharomyces
pombe and budding yeast Saccharomyces cerevisiae are
other systems that has provided support that the chromatin
modifications play a role in heritable gene expression
states, through the studies with the mating type loci. In both
of these yeasts, the mating type is determined by the
expression of one of the two alleles of the mating factor,
maintaining the other copy silent and inheriting this silent
state during cell division [130, 131]. The Swi6, an essential
structural component in the mating type locus of S.pombe
[132] is involved in imprinting at the mating-type locus and
contributes to the maintenance of the silenced state.
Whereas in S. cerevisiae, the NAD*-dependent deacetylase
Sir2 is required for the maintenance of the silencing of the
mating type loci [133, 134].

1.6.1.1 Histone dynamics during DNA replication

When DNA is replicated during S phase, the number of
nucleosomes needs to be doubled as well and the new
histones need to be deposited onto the DNA. At the same
time, nucleosomes act as a barrier for the DNA replication
machinery, so they need to be disassembled ahead of the
DNA replication fork. After DNA replication, the new



nucleosomes are assembled, using both new and parental
histones [135]. Failure to correctly assemble the newly
synthesized DNA into chromatin following the replication
fork leads to genomic instability and cell cycle arrest [136]).
The new histones need then to carry the locus-specific
information form the parental histones [137].

Several histone chaperones are described that assist the
deposition of the new histones, such as chromatin
assembly factor 1 (CAF-1), a conserved protein complex of
three subunits [138]. CAF-1 binds H3-H4 and in interaction
with PCNA assembles replicating DNA into nucleosomes.
Mutations in CAF-1 result in challenged transcriptional
silencing from yeast to mammals [139-142]. For example, in
Drosophila, reduction of the largest subunit of CAF-1, p180,
suppresses heterochromatic gene silencing [142],
accompanied by the decrease in H3K9 methylation marks
at pericentric heterochromatin and reduced recruitment of
HP1. As well in mice, loss of CAF-1 p150 alters the
structure of constitutive heterochromatin, implying CAF-1
role in heterochromatin silencing through preventing the
spreading of heterochromatin. In yeast, the spreading of Sir
(Silent Information Regulator, involved in organizing
heterochromatin) proteins is challenged in CAF-1 knock-
downs [143]. At the same time, CAF-1 interacts with
proteins that are involved in heterochromatin silencing and
maintenance and may be directly needed during the DNA
replication to recruit these proteins. For example, CAF-1



interacts with HP1 in mammalian cells and HP1 on
euchromatin leads to recruitment of Drosophila CAF-1 p180
at this site as well [142]. In addition, CAF-1 is suggested to
recruit SETDB1 methyltransferase complex onto new
histones and in complex with other proteins promotes
trimethylation of H3K9me [144]. In summary, the model
suggests that CAF-1 couples de novo nucleosome
assembly with the recruitment of HP1/Swi6 and histone
methyltransferase complexes for proper inheritance of the
heterochromatic states.

Another well-studied histone chaperone involved in
nucleosome assembly is anti-silencing factor 1 (Asf1), first
identified in budding yeast where over-expression leads to
gene de-silencing [145]. Asf1 in complex with HIRA (histone
regulatory homolog A) spread the heterochromatin through
the interaction with Swi6/HP1 [146]. MNase-Chip
(micrococcal nuclease digestion with microarray analysis) in
S. pombe showed that deletion of ASF1 results in reduced
nucleosome occupancy at the heterochromatin, supporting
the idea that Asf1 is regulating the silencing through
ensuring proper occupancy at the heterochromatin loci.
Yamane, K. et al. looked more specifically at the role of
Asf1 in heterochromatic silencing and protective functions
of chromatin in S. pombe [146]. They show that Asf1
functions in a parallel pathway with SHREC (Snf2/HDAC
repressor complex that mediates heterochromatic

transcriptional gene silencing), impacting nucleosome



occupancy at heterochromatic loci. As SHREC is promoting
transcriptional gene silencing through H3K9me3-bound
HP1 proteins [147], they wondered whether Asf1 affects the
nucleosome occupancy at heterochromatic loci. They used
microarrays  containing probes from the major
heterochromatin domains probed with mononucleosomal
(MNase digested) DNA to measure nucleosome occupancy
at heterochromatic loci.

In summary, while the precise function of any of these
proteins in heterochromatin silencing is not clear, proposed
roles include that these proteins facilitate DNA replication
and nucleosome assembly of the newly replicated regions
into heterochromatin, thus only effecting inheritance
indirectly. These proteins also recruit factors that are
needed for the establishment and maintenance of the
heterochromatin and the corresponding modifications.
Finally, these proteins may interact with siRNA machinery in
the maintenance of the heterochromatin and ensure
inheritance.

The main remaining question to answer is how these cell-
specific gene-expression patterns are maintained and
transferred through DNA replication cycles.

1.6.2 Epigenetic silencing of tumor suppressor genes

Tumor suppressor genes (TSGs) that inhibit normal cellular
growth are shown to be frequently silenced epigenetically in



cancer [148]. It is generally thought to involve DNA cytosine
methylation, histone modifications and the compaction of
chromatin. Lin, J.C., et al. showed that silencing of the three
transcription start sites of the MLH1 promoter CpG island is
regulated by differential nucleosomal occupancy [149].
They showed that three nucleosomes that in normal cells
are missing from the start sites are present on the silenced
methylated promoter. This suggests that locating the
nucleosomes to previously vacant positions regulates this

epigenetic silencing.

1.7 Transgenesis in C. elegans

1.7.1 C. elegans as a model organism

All the work described in this thesis was performed using
the model organism C. elegans [150] (Figure 8), a

nematode worm that is about 1mm long in adulthood.
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Figure 8 Drawing of C. elegans adult hermaphrodite anatomy (modified from
figure by Altun and Hall, Wormatlas.org), left lateral side.

C. elegans has many characteristics that make it an
attractive model organism, its strains are cheap and easy to



keep, the only requirements are humid environment,
oxygen, cholesterol and bacteria as food. The strains are
readily available to order from the Caenorhabditis Cenetics
Center (CGC) and can be maintained on agar Petri dishes
seeded with bacteria, most commonly with E. coli [150].
Another favorable characteristic beneficial for this particular
study is the fact that the life cycle of C. elegans is about 3
days at 25C to 6 days at 15C [151], enabling us to study the
phenotypes across many generations is short time. C.
elegans has two sexes, a self-fertilizing hermaphrodite (XX)
and male (X0). The nematode C. elegans is readily suitable
for following gene expression, due to its well annotated and
sequenced genome [152] and its transparency, allowing
imagining during any developmental stage of the worm.
The most commonly used strain is the wild type strain
called N2, isolated from Bristol, UK [153].

1.7.2 Objectives for using transgenic worms

Transgenic DNA can be introduced into the worms via
microinjection or microparticle bombardment and can be
either integrated into the genomic DNA or inherited as an
extrachromosomal array. Historically, there has been two
main reporter constructs in C. elegans, transcriptional and
translational. The more simple, transcriptional reporter
consists only of a promoter fragment from the gene of
interest, driving the reporter (e.g. LacZ or GFP). This



construct usually includes a portion of the cis-regulatory
sequence of an endogenous gene. In the case of the more
complex translational reporter, the whole genomic locus can

be included.

1.7.2.1 Single copy and multi copy transgenes

DNA can be introduced into the C. elegans germline by
microinjection [154], whereas the injected supercoiled DNA
molecules form an extrachromosomal array composed of
tandem repeats of the sequence. These repetitive arrays
are usually unstable through cell division and can become
heritable even without integrating into the chromosome.
Expression of these transgenes in the lines created by
germline injection is often mosaic due to uneven loss of the
repetitive  extrachromosomal arrays through mitotic
instability [154]. Expression of these microinjected
transgene sequences may not mimic the endogenous
expression of the gene, as these tandemly repeated
sequences can trigger gene silencing mechanisms (RNAi-
like effects), especially in the C. elegans germline, where
the arrays are rapidly silenced after a few generations [155],
though remaining physically present in both soma and
germline. “Loss” of the signal can be either due to the loss
of the multicopy extrachromosomal array or the organism’s
response to transgenic repetitive integrated arrays. Next |
will cover different transgene silencing patterns, both for



single copy and multi copy transgenes and in germline

tissue as well as in somatic tissue.

1.7.2.2 Germline transgene silencing

Non-integrated transgenes are transmitted as heritable
linear extrachromosomal arrays and studies suggest that
soma/germline “view” these transgenes differently and that
gene expression may be uniquely repressed in the
postembryonic germline. Many reporter gene constructs,
e.g. LacZ, and GFP-tagged have been shown to be
efficiently expressed in most somatic tissues, whereas
these arrays are usually silenced in the germline [156, 157].
In addition, poor transgenic rescue of maternal effect
mutations is common [158]. Kelly et al. first demonstrated
that the C. elegans germline is able to silence the
expression of genes in simple repetitive arrays [158]. This
might be a way for the germline to control its gene
expression - by preserving generalized silencing of DNA, it
can prevent expression of somatic genes and suppress
differentiation into specific somatic pathways to ensure the
maintenance of the undifferentiated germline. Potentially,
these prevalent silencing mechanisms in germline could
help preventing proliferation of viruses and transposons.
Heterochromatin, a highly repressive structure to prevent
expression and activation of transposable elements and
other possibly deleterious sequences is a classical cell



mechanism to control RNA polymerase. Stable inheritance
of the silenced heterochromatic state requires specific
protein complexes, such as Polycomb systems that will be
discussed later in more detail.

This suggests that global silencing mechanisms play the
key role in the maintenance and specification of germ line
tissue. The degree of silencing can be measured with
transgene arrays containing fluorescent reporter genes
under the control of ubiquitous promoters. Transgenes are
silenced in the germ cells and reactivated in the soma of
each generation and the germline silencing is dependent on
the MES proteins (maternal effect sterile) [159]. In
particular, involvement of transcriptional repression in
transgene silencing was shown with immunostaining
experiments, where the silenced arrays are detectable with
heterochromatin-specific antibodies, (e.g. histone H3
methylation on Lys9), while not detectable with antibodies
specific for euchromatin (e.g. H3 methylation on Lys 4) [50].
Genes involved in this process are players in transcriptional
regulation and include mes-2, mes-6, his-24 (C. elegans
linker histone variant H.1) [160, 161], hpl-2 (one of the C.
elegans heterochromatin 1 homologues) [162]. mes-2 and
mes-6 encode worm homologs of the Drosophila Polycomb
Group proteins, Enhancer of Zeste and Extra Sex Combs,
respectively. Polycomb proteins are responsible for the
maintenance of transcriptional repression of

developmentally regulated genes through chromatin



conformation and both homologues of the Polycomb family
of transcriptional repressors and histone H1.1 have been
shown to be required for silencing repetitive transgene
arrays in the germline [163]. Kelly and Fire [159] looked at
the effects of maternal genotype on silencing of the
ubiquitously expressed /et-858 tandem transgene array and
showed that mes-2, mes-3, mes-4 and mes-6 mutant
background results in desilencing of the transgene array.
Additionally, the reporter construct was efficiently expressed
in the soma but silenced in the germline lineage. Both mes-
2 and mes-6 also contain a SET domain - known feature of
chromatin-interacting proteins, supporting the view that
gene silencing occurs through the regulation of chromatin
conformation. The HP1 proteins have been implicated in
somatic position-effect silencing in Drosophila and
mammals [164], Couteau, F. et al. [162] tested the role of
HPL-2 in the germline silencing. They showed that hpl-2-
RNAi-fed worms failed to silence the afore-mentioned
reporter /et-858 construct, concluding that as the MES
proteins, HPL-2 is required for germline silencing. Silencing
of the repetitive transgenic arrays in the germline is a stable
phenomenon, the characteristics of which will be discussed
in detail later.



1.7.2.3 Complex arrays

Germline expression of several transgenes has been
reported when using more complex arrays where the
linearized construct is mixed with C. elegans digested
genomic DNA [158], this however could not be applied to all
tested transgenes. The complex array approach attempts to
minimize the effect of repetitive arrays on gene expression
in the germline. In the complex arrays the construct could
become dispersed and be imbedded into high sequence
complexity, resembling euchromatin. Kelly, W.G et al.
tested several transgenic lines from co-injecting gfp-tagged
let-858 with cleaved genomic DNA and obtained several
lines showing robust expression in both soma and germline.
However, not all tested transgenes could be desilenced
using complex arrays and transgene germline silencing has
been a re-occurring problem in studies involving expressing
tagged proteins in germ cells and early embryos. Another
group [165] reported successful germline de-silencing by
combining the complex arrays with vector containing
regulatory sequences from genes normally expressed in the
germline such as pie-1. They reported successful robust
germline expression of fusion genes encoding GFP-tagged
versions of y-tubulin, B-tubulin, and histone H2B.



1.7.2.4 Co-suppression

Interestingly, it was observed that when the repetitive
transgenic DNA was similar to the endogenous germline
genes, these endogenous loci were silenced as well, a
phenomenon called co-suppression [166], [167], [168], [64].
Dernburg et al. [168] asked how do high-copy transgene
arrays repress the endogenous chromosomal copies of the
gene. Whereas in Drosophila, physical association between
repetitive heterochromatic DNA and euchromatic gene can
silence the gene expression [169], FISH experiments with
spo-11 loci failed to detect similar paring with the transgene
and chromosomal loci in C. elegans. Furthermore, they
suggest that cosuppression may involve a diffusible
mediator instead, that transcription from the array is
required for repression of the endogenous genes and that
RNA molecules are involved in this process, relating the
cosuppression mechanistically to RNAi. They show that
although rde-1, the primary C. elegans Argonaute required
for RNAI is not required for cosuppression, rde-2 (novel C.
elegans protein, functioning downstream of rde-1 in the
RNAIi pathway) and mut-7 (homolog of RnaseD repressing
transposition of the main know transposons in C. elegans
Tc1, Tc3, Tc4, Tch,) are essential. Identifying key players in
co-suppression facilitated linking the phenomenon to
previously described post-transcriptional gene-silencing
(PTGS) processes, transposon silencing and RNA
interference [168], [64], [170]. These studies suggest that



yet unknown RNA mediators are required to establish

and/or maintain co-suppression.

1.7.3 Integrated single copy transgenes

As we have learned, germ cells are much more efficient in
silencing multicopy transgene arrays than somatic cells and
that silencing also expands to endogenous loci of the same
sequence. This silencing primarily affects expression in the
germ cells, but also of early embryos that mostly depend on
maternal mRNAs and proteins synthesized during
oogenesis. Using strains with low-copy transgenes (or
transgenes in complex arrays) helps overcome the potent
germline silencing in some occasions. The transgene can
be integrated into the genome, either at a random site by
microparticle bombardment [171] that produces single- and
low copy chromosomal insertions, providing stable
transmission of the transgenic DNA over many generations.
Using this microparticle bombardment method, Praitis et al.
generated C. elegans lines that express GFP transgenes in
reproducibly consistent patterns in somatic tissues as
compared to extrachromosomal array lines that exhibit
varying expression patterns across animals due to mosaic
loss of the array [154]. They propose that in these low-copy
transgenic lines, the number of transgene copies is
insufficient to activate context-dependent gene silencing in
soma. The microparticle bombardment technology has also



facilitated expressing the transgenes in the C. elegans
germline. Out of five lines tested in the Praitis et al
pioneering microparticle bombardment study, they showed
continuous expression of pie-1.:GFP construct in the
germline for >20 generations. Though this is obvious
improvement, 2 out of 5 lines were still reported to silence
the transgene expression in the germline, emphasizing the
sensitivity of the germline to these exogenous transgenes.
The ability to generate stable lines with consistent germline
expression was an obvious improvement, but far from
perfect.

Yet another improvement was introduced with the Mos1-
mediated Single Copy Insertion (MosSCI) method [172] that
inserts a single copy of a transgene into a defined locus
(Figure 9, left panel). Mos1, is a Drosophila class Il
transposon and its mobilization generates a double strand
break that is repaired through copying DNA from an
extrachromosomal template into the chromosomal site. The
insertions are likely to proceed via synthesis-dependent
strand annealing (SDSA) [173]. The mechanism of MosSClI
uses ‘cut-and-paste’ system and can be experimentally
mobilized in the C. elegans germline [174]. In addition to
facilitating transgene expression in the germline, the
MosSCI technique also eliminates variability between
different strains as the copy number and DNA context can
be designed to be identical.



One of the most recent tools in genetics adapted for use in
C. elegans is the ability to edit the worm genome using
clustered, regularly interspersed short palindromic repeats
(CRISPR) RNA-guided Cas9 nuclease and homologous
recombination [175, 176], (Figure 9, right panel). In
prokaryotes, the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and CRISPR-associated
(Cas) systems are an adaptive immune response against
viruses and plasmids, where cells use RNA to guide
cleavage of foreign DNA sequences. In genome editing, the
synthetic single guide RNA (sgRNA) is used to target the
DNA sequence, after which Cas9 introduces the double-
stranded breaks that are efficiently repaired by homologous
recombination. Goldstein et al. [177] were able to generate
GFP knock-ins and targeted mutations that were previously
impossible for C. elegans researchers. Generation of the
sgRNA is relatively simple and transgenes can be
assembled using Gibson cloning technique [178].
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Figure 9 Newer and more precise genome modifying methods in C. elegans
rely on homologous repair of double-strand breaks methods. (Left)
Homologous recombination mediated by Mos1 transposon excision. The
chromosome is broken at a chosen location by excising Mos1 transposon. In
the presence of a DNA template with homology to the breakpoint the DNA
from repair template is incorporated into the genome. Usually a positive
selection marker (here unc-119) is used to select for successful events.
(Right) Genome editing in C. elegans mediated by Cas9, a method using the
clustered regularly interspersed short palindromic repeats (CRISPR) RNA-
guided Cas9 nuclease and homologous recombination. The method relies on
double-strand break repair using an engineered homologous template
similar to Mos1 transposon. Cas9 is able to induce DNA double-strand breaks
with specificity for targeted sites and these breaks are repaired with high
efficiency by homologous recombination [177].

1.7.4 Somatic expression and silencing

Heterochromatin often includes highly repetitive DNA. In
many cases, the sequence that is active as a single copy
locus in the genome can become inactivated when
repeated, stronger effects with repeats at a single genomic
site and in tandem repeat. Two models that could direct
specific sequence for silencing are discussed next. In the
first case, a weak cis-silencing element is present in each

segment of the tandem repeat and the repetitive nature



would be the key to induce silencing by positioning several
copies of the weak cis-silencing element in repetition. In the
other model, the organism is simply able to recognize the
repetitiveness and not any specific sequence.

In C. elegans the transgenes that are often maintained as
long tandem extrachromosomal structures, and though
expressed, there is a clear difference in transcriptional
activity compared to the endogenous loci. The activity is
often mosaic and expression level per copy commonly
lower than for endogenous genes [179]. This difference
cannot just be attributed to the extrachromosomal nature of
these arrays, as integrated arrays producing stable
transgenic lines can show variable expression as well [180].
This is consistent with the complex array approach
discussed previously, where the expression of several
germline and somatic constructs is relieved when the
transgenic DNA is cotransformed with genomic DNA carrier,
producing more complex array.

Hsieh, J. et al. [181] looked at context-dependent gene
silencing, often used by organisms to stably modulate gene
activity within large chromosomal regions. By using tandem
array transgenes to screen for mutants in C. elegans that
affect (trans)gene silencing in somatic tissues in context-
dependent manner, they identified loss-of-function
mutations in tam-1 gene (tandem-array-modifier) that
repressed the activity of several highly repetitive

transgenes, whereas non-repetitive transgenes retained



their activity in the fam-1 mutant background. They
classified the previously uncharacterized tam-1 as one of
the synMuv class B genes. Synthetic multivulva class B
proteins are a conserved group of transcriptional repressors
that belong to the larger ABC SynMuv group of genes [182].
Some mutations in genes affecting vulval cell induction
cause Multivulva phenotype (Muv) and in some cases two
mutations at two discrete locations in the genome are
required for the Muv phenotype to occur — synthetic
multivulva (SynMuv) (Figure 10). Mutations in either class of
SynMuv genes alone does not cause a Muv phenotype but

a combination of any of the two groups does [183].
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Figure 10 Model for the molecular basis of how SynMuv A and SynMuv B
genes regulate vulval induction (modified from Cui et al, 2006) within the
hyp7 syncytium [184]. (A) In wild type the LIN-3 inhibited redundantly by
SynMuv A and B genes, so three of the vulval precursor cells (VPCs) not
receiving the signal divide to generate part of the hypodermis (H, yellow)
while others (V, green) acquire the proper vulval cell fate. (B) In SynMuv A (-
); SynMuv B (-) double mutants the de-repression of lin-3 and hyp-7 leads to
the activation of RTK/RAS/MPK (Receptor Tyrosine Kinase Ras GTPase, MAP
kinase) pathway (not shown) in all six VPCs (V, green), resulting in a Muv
(multivulva) phenotype.

In tam-1 mutants the silencing of tandem transgenes was
enhanced and this silencing appeared to be specific to
transgenes as expression of the corresponding endogenous



loci of myo-3 locus were not altered. Also, they show that
transgenes in complex array context were significantly less
susceptible to silencing in tam-1 null mutants [181].

The SynMuv class B genes have been shown to be
important in the modulation of the EGFR-RAS pathway
during vulval specification (Figure 10). But the class-B
synMuv mutants have also been shown to exhibit defects in
growth and fertility, suggesting additional roles for these
genes in addition to vulval development [183]. In the Fire
lab they also observed effects of other SynMuv class B
genes (lin-9, lin-15B, lin-35, lin-51 and lin-52) on transgene
expression levels in mesoderm, it is likely that this gene
family acts in most tissues of the animal, supported by the
broad expression patterns of several SynMuv class B genes
[182]. They suggest that the effects of the SynMuvB genes
include changes in the acetylation level of the histones in
the chromatin, supported by the observation that it is
possible to induce SynMuvB phenotype by disrupting the
function of histone deacetylase-1 (hda-1) [182], and histone
deacetylase complexes are suggested to be negative
regulators of gene expression [185]. Another possibility is
that the synMuv genes act to direct silencing factors to sets
of targets including tandem array transgenes.

Lehner et al. [186] analyzed the mutations in /in-35 (the
worm ortholog of the tumor suppressor gene p705Rb) and
other related synMuv B family of chromatin-modifying
genes, and reported enhanced somatic transgene silencing



via an RNAi-dependent pathway, in addition to higher
penetrance of many RNAIi phenotypes. They show that a
subset of synMuv B genes negatively regulates RNAi and
inactivation of those genes also results in somatic
transgene silencing. As the observed somatic transgene
silencing in these synMuv genes can be suppressed by
inactivation of components of the RNAiI machinery, they
conclude that inactivation of these synMuv genes is
inducing somatic transgene silencing via increasing RNA..
This is inconsistent with the data obtained with previously
mentioned tam-1 mutants, as in the latter case the somatic
transgene silencing is enhanced without any observable
changes in RNAI sensitivity.

Several of the multivulva-suppressing clones are annotated
as chromatin factors. For example, MES-4 (homologous to
the human MLL protein and Drosophila homologues of
MES-4 interact with SWI/SNF and NuRD complexes and
antagonize Polycomb complexes [187]). MES-4 coats the
autosomes in the C. elegans germline and is retained from
the X chromosome in the germline [188]. Wang et al. [189]
discussed that in the absence of antagonistic pathways of
MES-4 chromatin remodeling complex is active in the soma
and activates several inappropriate genes such as P
granule genes, including pie-1. Also, mes-4 RNAI is able to
suppress transgene silencing, vulval sell lineage defect and
somatic expression of PGL-1 in the /in-35 mutant that is one



of the C. elegans homologous of the retinoblastoma (Rb)
tumor suppressor complex.

Wu et al. [190] looked more in depth into the somatic
misexpression of germline-specific genes in synMuv B
mutant animals and characterized three distinct chromatin
complexes that prevent misexpression, including LIN-
35/Rb-containing core complex (DRM), the SUMO-
mediated Mec complex and synMuv B heterochromatin
complex. The proteins of those three classes function to
repress overlapping sets of P granule and RNAi genes,
whereas misexpression can lead to different results. This
contradicts the predicted possible positive correlation
between RNAi efficiency and the ability to silence
transgenes where enhanced RNAi leads to enhanced
transgene silencing. The heterochromatin class of synMuv
B genes seems to be required for transgene silencing, likely
downstream or parallel to their effects on the efficiency of
RNA..

Whereas most of the gene silencing in the soma occurs at
the post-transcriptional level, Grishok et al. [67] reported an
example where silencing of transgene expression in the
soma occurred at the level on transcription in C. elegans.
This transgenic silencing is mediated through RNAi-
dependent pathway [63], [62] and depends on several RNAI
pathway genes such as dcr-1, rde-1, rde-4, rrf-1. In their
study Grishok et al. showed that elt-2::gfp/LacZ transgene
was silenced when the worms were fed with RNA produced



from the commonly used L4440 vector that shares the
backbone sequence with the transgene. Different from
previously described post-transcriptional gene silencing,
this process is dependent on PAZ-PIWI protein ALG-1 and
on the HP1 homolog HPL-2, a chromatin-silencing factor.
The inhibition of transgene is occurring at the precursor
mMRNA level and is accompanied by a decrease in the
acetylation of histones associated with the transgene. This
silencing is distinguishable from transgene silencing in the
germline as it cannot be stably transmitted to the next
generation and it is dependent on the rde-1 gene, the
primary Argonaute protein in RNAIi pathway in C. elegans
[62]. They identified additional chromatin-modifying
components affecting this RNAi-induced Transcriptional
Gene Silencing (RNAI-TGS).

Involvement of RNAIi pathways in gene silencing is most
extensively studied in fission yeast where the small
interfering RNAs corresponding to centromere repeats have
been shown [191] and genes from the RNAIi pathway (e.g.
dicer, argonaute, RNA-dependent Polymerase) have been
implicated in silencing at the centromeres [120]. The
hallmark of the silenced chromatin is Histone 3 Lys 9
(H3K9) methylation and association of H3K9 with Swi6, a
homologue of Heterochromatin Protein 1 (HP1). A
connection between RNAI, histone methylation and DNA
methylation has been shown in the context of transgene

and transposon silencing in plants, and members of gene



RNAi-associated gene, such as argonuate4 (ago4), dicer-
like3 (dcl3), RNA-dependent RNA polymerase2 (rdr2) have
been shown to be important for initiation of the silencing on
the transcriptional level [192, 193].

As well in Drosophila, the role of the RNAi pathway for
silencing of transgenes at the chromatin level has been
shown. More specifically, mutations in the PAZ-PIWI
proteins (piwi and aubergine) and spindle-E encoding
DEAD-motif RNA helicase result in the reduction of H3K9
methylation and delocalization of HP1 and HP2 [194].



Aim of the thesis

The objective of this thesis was to use a genome-wide RNAI
screen as the starting point to better understand how
repressed chromatin is inherited in C. elegans.



2 - RESULTS

The project started with an interest in inter-individual
phenotypic variation in isogenic organisms that live in the
same shared environment, as in the case with C. elegans
grown in the laboratory in the same conditions [195].
Especially interesting to explore is the case with mutations
that show incomplete penetrance within an isogenic
population. These processes are often described as an
outcome of stochastic events in the expression of buffering
systems that are able to influence the expression of these
inherited mutations [196], [197]. Many mutations have
outcomes that are dependent on the activity of molecular
chaperones, a group of proteins whose main function is
helping other proteins to fold that are involved in specific
molecular mechanisms able to promote environmental
robustness. Chaperone systems are suggested to be
mediating the link between environment and genetic
robustness [196], [197].

Chaperones can be either inducible, responding to the
stress in the cell and functioning to help for example with
the misfolded or aggregated proteins; or they can be
constitutively expressed, and needed throughout the
development, as for example Hsp90. The capacity of Hsp90
to buffer mutations was first demonstrated with Drosophila

melanogaster: homozygous mutants are not viable but



heterozygotes are viable with a myriad of different
phenotypic abnormalities [196].

Initially we decided to focus on chaperone systems and
designed a screen to find regulators of Hsp90, a
constitutively expressed chaperone whose function is
important throughout development. It was shown previously
that variation in the stress response relates to pre-existing
variation in chaperone levels in C. elegans [198]. It was
shown that pre-existing molecular variation in a population
might lead to inter-individual variation in the heat stress

response.

An RNAI screen was designed to find regulators of Hsp90,
taking advantage of a fluorescent reporter for the daf-21
gene that is the gene for Hsp90 in C. elegans. The level of
Hsp90 could be assessed with the pdaf-21.:mCherry
multicopy reporter through the intensity of the fluorescence
expressed in the worm. The expression of the reporter is
highly variable even in isogenic individual worms reflecting
the variation in the levels of Hsp90 in normal conditions.
The screen was designed to detect both positive and
negative regulators of Hsp90, identifiable by changes in the
daf-21::mCherry expression readout.



2.1. An RNAi screen to identify regulators for
Hsp90, using a high copy transcriptional
pdaf-21::mCherry reporter

The RNAI screen was designed to identify regulators of
zygotic Hsp90 expression using the pdaf-21::mCherry
transgene where pdaf-21 is the reporter for the C. elegans
gene for HSP90. The transgene of the multi-copy pdaf-
21::mCherry transgenic line used (Figure 11) is integrated
somewhere into the 4™ chromosome and gqPCR of the
genomic DNA from the different integrants of the same
transgene estimated the copy number of the multi-copy
transgene to be around 115-200 copies (Figure 12), the
huge variation possibly indicating rearrangements that have
occurred within the transgene The screen was designed to
take advantage of the RNAI library with transformed E. coli
for about 15,000 C. elegans genes that can be used to
silence genes in worms [199]. The screen was performed in
high throughput, feeding worms in liquid and in 96-well
plates. This setup allowed the expression of the reporter
gene to be monitored in the progeny of the RNAi-containing
bacteria fed animals up to 96 treatments per plate after 4-5

days of feeding.
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Figure 11 The pdaf-21::mCherry transcriptional reporter construct used in
this study (left panel), generated previously in the lab by A. Burga [200]. The
1.9kb daf-21 promoter region was amplified from N2 genomic DNA. The 3’
entry vector pCM5.37 contains the unc-54 3’'UTR, AmpR, C. briggsae unc-119
rescuing fragment. The C. elegans strain was generated by bombardment in
an unc-119(ed3) background [171, 201]. (Middle panel) Upon insertion, the
transgenes are often reassembled into tandem arrays containing fragments
of the transgene construct in inverted and dispersed organization (shown
with arrows), daf-21 promoter depicted green and mCherry in red, as in the
vector. Whereas the precise location of the transgene insertion in the strain
used is unknown, it is estimated to be somewhere in the 4th chromosome (I-V
C. elegans autosomes, X - C. elegans sex chromosome).



o
& 7 N2 pdaf-21::gfp SC pdaf-21::gfo MC pdaf—21::810heny MC
[
o
S |
o
°
°
9]
2 o ® daf-21
E oo
2 ° ® pdaf-21 ([ ] [
§ ® reporter [ ]
o (GFP/MCHERRY)
2 g °
% - % ° (]
o
0
°
°
o [ 4 ® P [ ) & o L) o0

Figure 12 Transgene copy number in the pdaf-21 reporter strains used in
this study, measured in the pdaf-21::gfp SC (single copy) and MC (multi copy),
and pdaf-21::mCherry MC strains. DNA from these three strains with the pdaf-
21-reporter construct was analyzed by qPCR analysis to estimate the copy
number of these transgenes. The results were normalized to a reference gene
cdc-42 and each point represents one biological replicate. The two different
sizes of the dots represent two different primer pairs for that gene in the
multi copy strains. For the N2 (wild type) strain, the primer pairs for the
mCherry and GFP did not yield a detectable amplicon. For N2 the primers for
daf-21 exonic region and daf-21 reporter region estimated similar value
(average 2.84 with 6=0.8). That is comparable to pdaf-21::gfp SC and MC, as
well as pdaf21::mCherry MC strain (average 2.64, 6=0.39) with the primer
pair for the exonic daf-21. In the pdaf-21::gfp single copy strain the pdaf-21
promoter primer pair estimated daf-21 about 2x higher as the primer pair
for the daf-21 exonic region (6.59 (6=1.22) to 2.64 (6=0.38)), and the GFP
primer pair 3.1 (6=0.5). The transgene copy number estimated for the pdaf-
21:gfp MC strain is 105.51 (6=13.74), averaged over the promoter and
reporter primer pairs of the transgene; and for the pdaf-21::mCherry MC the
estimated copy number is 115.84 (averaging over the promoter and
mCherry, 6=96), promoter region estimating 198.14 (6=18.3) and mCHERRY
primer pair estimating 33.55 (0=3.74).

The primary screen was done by eye, possibly leading to a
high number of false positives and false negatives. Also,
due to the highly variable level of the expression of the
reporter, it was not possible to identify positive regulators of
the pdaf-21::mCherry reporter. Nevertheless, the initial



screen enabled us to identify 339 primary hits and these
primary hits were subjected to a secondary more stringent
screen, where a clone was called a confirmed hit when it
was scored in 2 out of 3 replicates as up-regulating the
expression of the transgene, resulting in 56 confirmed hits

(Table 2).

Gene Function/complex pdaf-21::mCherry|
‘phenotype’
rpl-22 Large ribosomal subunit L22 High L4/adult Ste
rps-5 Small ribosomal subunit S5 High L3/L4
rps-11 Small ribosomal subunit S11 High L4
rpl-12 Large ribosomal subunit L12 High sick L3/L4|
rpl-18 Large ribosomal subunit L18 High L4
rpl-39 Large ribosomal subunit L39 High L4
rpl-20 Large ribosomal subunit L18a High L3
rps-8 Small ribosomal subunit S8 High L3/L4
rpl-13 Large ribosomal subunit L13 High Ste L3/L4|
pl-25.2 Large ribosomal subunit L23a High Ste L3/L4|
pl-3 Large ribosomal subunit L3 High L3
rpl-23 Large ribosomal subunit L23 High L3
pl-9 Large ribosomal subunit L9 High L3
rps-24 Small ribosomal subunit S24 High L3/L4
rpl-25.1 Large ribosomal subunit L23a High PO, 50% Ste|
R186.8 Ortholog of MRPL33 (mitochondrial High Ste PQ

ribosomal protein)
C15H11.9 rrbs-1, ortholog of RRS1 (ribosome High Ste PQ

biogenesis regulator)
rnr-1 Large subunit of ribonucleotide reductase High PO, F1, 75% Ste
pri-2 Homolog of the DNA polymerase a-primase div-1-like|

rnr-2
Irr-1

div-1

subunit C

Small subunit of ribonucleotide reductase
Leucine rich repeat-containing, with BC/Cul-
2 box.

Homolog of the B subunit of the DNA
polymerase a-primase complex

High F1, 75% Emb

div-1-like

High F1; 30% Emb|

Y47D3A.29 DNA pol. a catalytic subunit div-1-like|

ama-1 RNA Pol Il subunit 75% Ste High PO, High|

F1

mel-47 Ortholog of SLIRP (SRA stem-loop div-1-like|
interacting RNA binding protein)

mes-6 Member of Polycomb-like chromatin High F1
repressive complex (MES-2/MES-3/MES-6)

polh-1 DNA polymerase eta High F1

pole-2 Ortholog of POLE2 (polymerase-X 2 High PO, F1
accessory subunit)

rpa-2 Homolog of replication protein A (RPA) High F1
subunit

polh-1 DNA polymerase n High F1

F33H2.5 Ortholog of POLE (polymerase %) catalytic High F1

(pole-1)

subunit




Histones Nucleosome components High L1, PQ
(his-1,-5,-10,-
14,-18,-26,-
28,-31,-37,-
38,-46,-50,-
56,-60,-64,-
67)
rfc-1/-3 Ortholog of RFC1 (replication factor C High PO (L4
(activator 1)
cdc-42 RHO GTPase High L1
C08B11.1 Leucine rich repeat-containing, CUL-2 High L1
zyg-11 associated
hel-1 Ortholog of UAP56 High L4/adults (75%Ste
T13H5.4  Ortholog of SF3A3 (splicing factor subunit) High L4/adult, Ste|
M28.5 phi-9; ortholog of NHP2L1 (NHP2 non- High PO, Ste
histone chromosome protein 2-like 1)
nhr-61 DNA binding transcription factor High PO, 50% Ste|
F40G9.1 sec-20 High PQ
unc-45 Muscle-specific chaperone for type |l High PO, Ste|
myosins, HSP90 co-chaperone
C35D10.7 - High F1
rpb-2 Ortholog of POLR2B High L3
madt-15 Ortholog of MED15 High PO Ste
npp-10 nucleoporin ortholog, nuclear core complex High PO (L3/L4
snr-5 Ortholog of ribonucleoprotein SmF High PO (L3
F58A4.5 clec-1, ortholog of MRC1 High PO, F1
W09G12.5 ->F38A1.8 High PO (L4
F38A1.8 Ortholog of SRPR (signal recognition High PO L3/L4
particle receptor)
pbs-1 Protease  subunit, affecting fertility, Sick bright spotty PO
embryonic/larval viability
srz-23 Serpentine receptor clas Z High Ste PQ
EO04A4.5 Ortholog of TIMM17B (intracellular High Ste PO
transmembrane protein transport)
icl-1 lIsocitrate lyase, downstream of DAF-16 High spotty PO, F1
influencing lifespan
vha-17 ATPase subunit e High PO (L3, L4
WO08D2.7/mtr- RNA helicase homologue High Ste PQ
4
let-70 Class | E2 ubiquitination enzyme High PO L4/adulf
spt-5 Ortholog of SUPT5H, SPT transcription High PO Ste/Emb
factor
smo-1 Ortholog of SUMO High PO, F1 not
C18E3.1 - High PO, F1
H19N07.1  erfa-3, ortholog of human GSPT2&GSPT1 High Ste PQ
syn-3 SYNtaxin family High PQ
snr-4 Ortholog of SNRPD2 (small nuclear High PQ
ribonucleoprotein)
his-74 Ortholog of H3F3A High PO, F1
B0250.7 - High Ste PQ

Table 2 Hits from the secondary stringent screen with the 56 confirmed hits.
The 339 hits from the primary RNAi screen were subjected to a more
stringent screen where all these E. coli dsRNA clones were screened in
triplicates and a clone was called a ‘true hit’ only when 2/3 wells showed
increased up-regulation as compared to control RNAi-fed worms. The screen
was carried out as for the primary screen, where in every well of the 96-well
plate about 75 L1 larval worms were fed with RNAi bacteria in liquid for 88-
90 hours and then screened by eye observing the mCherry expression (at 10x



magnification). The columns in the table show the gene, its function/complex
and the arbitrary pdaf-21::mCherry phenotype, where ‘High’ means the
expression of the reporter compared to the control levels. PO - parental
generation, F1 - first offspring generation. Ste - sterility phenotype, Emb -
embryonic lethal, div-1-like - upregulation of the reporter as in div-1 RNAi
fed worms. The colors in the table indicate: yellow - ribosomal genes, cyan -
genes involved in DNA replication, orange - other genes.

After classifying the hits into groups by the level of the
expression of the pdaf-21::mCherry reporter and their
function, a subgroup of genes involved in DNA replication
was apparent observable by eye during the screen and
most of them are components of the DNA replication
machinery (Table 2, Figure 13 and 14).

Other groups of genes identified as regulators of the
transcriptional ~ pdaf-21::mCherry ~ reporter  included
proteasomal subunits and ribosomal proteins, most of which
were inducing the reporter expression already in the PO
parental generation. The ribosomal genes included large
ribosomal subunits (such as rpl-22, rpl-12, rpl-23, rpl-9) or
small ribosomal subunits (rps-5, rps-8, rps-24) Many of the
RNAI clones of the ribosomal subunits were causing highly
penetrant Ste (sterile), Emb (embryonic lethal) and
phenotypes or arresting the larval development at a very
early stage, suggesting that the induction of the reporter
was promoter-specific (daf-21 encodes for Hsp90 in C.
elegans), a response to disrupted proteostasis. In addition,
some transcription factors were identified, often producing

sick PO animals, such as nhr-61 and spt-95).
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Figure 13 Field views observed during the screen depicting the hits from the
DNA replication machinery category. The transgenic animals were subjected
to genome wide RNAi screen, where the worms were fed for 88-90 hours
with dsRNA-expressing E. coli in a 96 well plate after which the plate was
subjected directly to screening by eye under fluorescent microscope
(magnification 10x), when most of the worms were gravid adults with some
wells with F1 L1 larvae. Only images of the DNA replication pathway category
are shown. Control is E. coli RNAi strain HT115 expressing non-targeting
dsRNA.
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Figure 14 Many components of the DNA replication machinery were
identified in the RNAi screen as causing up-regulation of the transcriptional
pdaf-21::mCherry reporter when inhibited (See Figure 13). Most of the DNA
replication category hits are components of the replication machinery,
except for rnr-1 and rnr-2 that code for subunits of the ribonucleotide
reductase complex catalyzing the biosynthesis of deoxyribonucleotides.
Another exception not directly a component of the replication machinery is
the polh-1, that encodes a DNA polymerase eta orthologous to human POLH,
required for lesion bypass during DNA replication after DNA damage [202,
203]. The genes are shown on the model of an eukaryotic replication
machinery, and listed on the right with their mammalian equivalents in
brackets (Replication machinery adapted from [204]).

From the subgroup of replication machinery components,
one of the hits, div-1 (a homolog of the B subunit of the
DNA polymerase alpha-primase complex), caused a very
strong and consistent up-regulation of the pdaf-21::mCherry
and was used in later experiments as a representative of
the category of hits. To validate that div-7 knockdown
causes up-regulation of the transgene, we used the div-1
hypomorphic mutant strain EU548 div-1(or148). Indeed,
when the pdaf-21::mCherry transgene was crossed into the
div-1 mutant background, the transgene became induced



and displayed developmental delay as with the div-17 RNAI
feeding (Figure 15).

Control

Figure 15 The pdaf-21::mCherry multi-copy transgene expression in the wild
type background and in div-1(or148) background. The transgene in the div-1
mutant is upregulated as seen before with the div-1 RNAi fed worms (Figure
13). The worms were synchronized and images taken 400 min after the 2-
cell stage. This synchronization also allows appreciation of the
developmental delay in div-1(or148) worms, as the wild type worms at the
chosen time-point are already at the 3 fold (Pretzel) stage, while in the div-
1(or148) background many embryos are still at the comma/1.5 fold
(Tadpole) stage. Also, the Ts sensitive allele of the div-1(or148) strain
introduces up to 30% of embryonic lethality and penetrance of the
phenotype increases with higher temperature. The images show brightfield
(left) and the DsR (right, showing mCherry) channels with the same exposure
and are adjusted to the same brightness for the comparison.



Importantly, there was no change in the copy number of the
transgene in the worms fed with div-7 RNAi compared to
control RNAi fed worms in the second generation (Figure
16), suggesting that the increase in the expression of the
transgene array was not due to increased repetition in the

genome.

10

p.value = 0.7

1,05

1,00

relative change in copy number of the transgene

0.95

control trahsgene

Figure 16 qPCR analysis of the genomic DNA showing no relative copy
number change of the transgene in worms fed with div-1 RNAi compared to
control RNAi. The feeding was carried out as for the initial RNAi screen: L1
worms were fed for 88-90 hours with transformed E. coli, up-regulation of
the transgene expression was confirmed by microscopy and the
populations were then subjected to genomic DNA extraction followed by
gPCR analysis. For the control regions, three housekeeping genes (cdc-
42, rpl-12 and rpl-27) and for transgene three different regions within the
transgene were used (within the daf-21 promoter and mCherry sequence,
boxplots showing three regions each in two technical replicates).



2.1.1 Genes involved in DNA replication as mediators
of the repressed state of the multi-copy transgene

Our screen identified genes that, when depleted, cause a
strong up-regulation of the pdaf-21::mCherry MC reporter in
the F1 generation after RNAi feeding.

We next asked what other gene expression changes can be
observed after disrupting the DNA replication machinery. To
address this, worms (PO generation) were fed with control
RNAi and div-1 RNAi and the total RNA was collected for
MRNA-Seq (lllumina) from the offspring (F1 generation). To
address the possible gene expression differences due to
the developmental delay caused by div-1 knockdown, 4
different time-points (from L3 to L4) were chosen where
control was collected earlier and div-1 RNAi fed worms
later, with 3 overlapping time points (See Methods for
details). Interestingly, the principle component analysis
shows that the samples do not cluster according to the
treatment (div-1 compared to control RNAi) (Figure 17),
suggesting that the biggest contribution to the variance
between the samples is the time-point chosen. Differential
expression analysis revealed only a few (rol-1, col-63,
F35E12.5, rr-2.1, Y53G8AM.5, MO1H9.2) genes with more
than 2-fold (p-value < 107°) expression level differences
between the control and div-7 RNAi fed worms (DESeq R
package). Analysis of the expression of repeat sequences
(RepeatMasker) revealed few other repeated elements with
more than 2-fold increase (SSU-rRNA_Cel and LSU-



rRNA_Cel) compared to control RNAi. We tested a few of
the rRNA genes (such as rrn-2.1 encoding a 5.8s rRNA, a
non-coding component of the large ribosomal subunit; rrn-
1.2 encoding a 18s rRNA, a small structural non-coding
RNA component of the small ribosomal subunit; rrn-3.1
encoding a 26s/28s rRNA, a non-coding RNA component of
the large ribosomal subunit; and rrn-3.56 encoding a
26s/28s rRNA fragment, a partial copy of non-coding RNA
component of the large ribosomal subunit) and estimated
their expression in control RNAi and div-1 RNAI fed worms
with qPCR. The gPCR analysis (Figure 18) of these rRNA
genes showed no up- or down-regulation in worms fed with
div-1 RNA compared to the control, suggesting that the
differential expression signal could be due to the incomplete
and variable removal of rRNA during the library preparation.
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Figure 17. Scatterplot showing the samples along the first two principal
components. The plot shows the samples in a 2-dimensional plot of the first
two axes of a principal component analysis (PCA, DESeq package). The PCA
analysis suggests that the highest contribution to the variance between the
samples is the time point. The samples: control RNAi fed worms (t1-t4,



collected 34, 38, 41 and 44 hours post-L1) and div-1 RNAi-fed worms (t1-t4,
collected 38, 41, 44 and 47 hours post-L1, accounting for the developmental
delay of the div-1 RNAi fed worms compared to control).

Fold change in div-1 vs control RNAI worms_

Fold change

Figure 18 qPCR analysis from the genomic DNA showing gene expression
differences between div-1 and control RNAi fed pdaf-21::mCherry worms.
Two housekeeping genes (cdc-42 and pmp-3) were used and their average
fold change value was set to 1. For endogenous daf-21 region two sets of
primers were used ((b) and (c)). The ribosomal genes (rrn-1.2, rrn-3.1, rrn-
3.56) were selected based on the mRNA-Seq analysis. Significant fold
change was observed only for the mCherry amplicon (marked with **, p-
value < 0.001), each bar represents three biological in two technical
replicates.

2.1.1.1 Where does the inhibition of the DNA replication
machinery interfere with the inheritance of the repression of
the transgene?
To establish where the inhibition of the DNA replication
machinery interferes with the (inherited) repression of the
transgene, we analyzed the expression of the transgene in
the parental PO (after div-1 RNAI), as well as in the next, F1



generation, in div-1(or148) background (and previously
during the screen with RNAI). The L1 larval worms were fed
with div-1 RNAIi, and the expression of the pdaf-
21::mCherry transgene was measured in the late L4/young
adult worms. No significant up-regulation of the transgene
was observed compared to the worms fed with control
RNAI, except for the two posterior gut cells of the worm
(Figure 19), possibly attributed to endoreduplication of the
DNA, resulting in nuclei that are 32-ploid in the adult
intestine [205]. This suggests that knocking down div-71 in
the PO generation is not sufficient to induce the expression
of the multicopy transgenic array widely within the PO
generation itself, supported by data from genetic crosses
presented in the next section. Though based solely on the
RNAI feeding experiments, it is possible that the knockdown
of the div-1 RNAI requires more than just one generation for
sufficient depletion of the gene product required to induce

the expression of the array.
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Figure 19 There is no over-all induction of the pdaf-21::mCherry transgene
expression in the PO worms fed with div-1 RNAi compared to control RNAi
(upper panel showing the mean fluorescence). The PO generation was fed
from L1 to L4/young adult with div-1 and control RNAi and the daf-
21::mCherry transgene expression was measured. The worms were divided
into 10 equal segments (with CellProfiler) and the average fluorescence for
each segment is shown (error bars show SEM, control RNAi (n=15), div-1
RNAi (n=17)). Lower panel shows the straightened worms (CellProfiler) of
control and div-1 RNAi fed worms, where in div-1 RNAi fed worms the
increased transgene expression can be appreciated.



2.1.1.2 Genetic crosses to determine the contribution of the
maternal and paternal germline to the transgene expression in
the offspring

Since there is no derepression of the transgene in PO div-1
RNAi-fed generation of worms (Figure 19), we asked
whether the state of the replication machinery in the
maternal or paternal germline is accountable for the
repression of the multi-copy transgene in the progeny. For
that, genetic crosses (summarized in the Table 3 and
Figure 20) were carried out. In summary, the pdaf-
21::mCherry transgene expression was measured in the
offspring (F1 generation) of the parental PO generation
where either of the parents contributed the div-1(or148)

mutant allele.

Paternal germline Maternal germline| F1 genotype
(homozygous for, (homozygous for (heterozygous for|
the transgene) the transgene) the transgene)
pdaf-21::mCherry div-1 +/4 pdaf-21::mCherry,;
div-1 +/4 div-1 +/4
pdaf-21::mCherry; div-1 +/4 pdaf-21::mCherry,;
div-1 -/ div-1 +/4
pdaf-21::mCherry; div-1 -/4 pdaf-21::mCherry;
div-1 +/4 div-1 +/4

Table 3 Set-up of the genetic crosses to identify the maternal and paternal
contribution on the multi-copy transgenic array. For every strain, the
presence of the pdaf-21::mCherry array has been shown, as well as the
‘state’ of the replication machinery (div-1 + or -) on both alleles. (*)To be
able to distinguish between the self-progeny of the hermaphrodites and
the progeny from the cross, an additional reporter was used (myo-2::gfp)
when the pdaf-21::mCherry transgene was maternally contributed.
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Figure 20 Setup of the genetic cross to estimate the induction of the
paternally introduced transgene in the F1 generation during embryonic
development (based on Table 3). For clarity, only paternally supplied
transgene is shown. div-1 +/- marks the presence or absence of the wild type
div-1 allele. The transgene in the early 2-cell embryo is not expressed
(depicted gray); expression is turned on during embryonic development (red
larva), the induction of which was measured with timelapse microscopy
(Figure 21).

The progeny (F1) were analyzed following the expression of
the transgene during embryonic development. Significant
up-regulation of the transgene was measured in the
embryos from parents carrying the transgene in the wild
type div-1 alleles in sperm and div-1 homozygous mutation
with no transgene from the oocyte (Figure 21), suggesting
that the reduced replication machinery in the early embryo
is interfering with the inheritance of the repressive marks
during embryonic development and that maternally provided
proteins are required for proper epigenetic inheritance.



(A) (B)

Transgene expression (AU)

Embryonic expression of paternally inherited MC transgene

©
o
¢
2 .
Maternal div-1 (-)
Paternal div-1 (-)
8 Control div-1 (+)
%
©
['e] .
2 | t=600min
o P~
© 2
<
S ;
8 3 | |
? g :
< Q i
x i
H !
v 4
g
8 &
7 - c
& I o
Ll ' o
R . - T
S — —
é - _— —
T T T T
0 150 300 450 600 750 900 Control g div1() O div()

Time (min)

Figure 21 (A) Timelapse analysis of the induction of the multi-copy pdaf-
21::mCherry transgene expression during the embryonic development
(from early embryo until hatching) of the progeny from the specified
genetic cross. div-1(+/-) denotes the presence/absence of the wild type
div-1 allele. The plot shows the expression of the transgene in embryos
from 2-4 cell stage until hatching (messy lines from 750 min timepoint
indicate hatching). Each line is one embryo and the colors of the lines are
representing contribution of the div-1 hypomorphic mutation. (B) Boxplot
showing one selected timepoint (at 600min) for the transgene expression,
where maternally contributed div-1 hypomorphic mutation induced the
paternally inherited transgene expression more than the paternally
inherited div-1(-), color-coding as in (A). Control worms (N2) had wild div-1
alleles and no transgene.

2.1.2.2 Are other repetitive transgenes de-repressed when the
DNA replication machinery is dysfunctional, and can we de-
repress the pdaf-21::mCherry array with other methods than
RNA:i feeding?
The RNAI screen was carried out with pdaf-21::mCherry
transgene that is a repetitive integrated array of the inserted

DNA or its recombined fragments in the reporter strain



used. These heritable repetitive tandem arrays containing
hundreds of copies of the DNA are often assembled into
condensed transcriptionally silent chromatin in the germline
in C. elegans [154]. We speculated that this silencing is
relieved when the replication machinery is challenged,
causing up-regulation of the multi-copy mCherry reporter by
challenging the proper acquisition of the silencing patterns
of these repetitive transgenic arrays. We then asked
whether other multi-copy and/or stress reporter transgenes
in C. elegans can be de-repressed in the same way and
whether we could induce this de-silencing by using distinct

agents other than RNAi and mutations.

2.1.2.2.1 De-repression of other multi-copy and/or stress
reporter transgenes

Melo and Ruvkun [206] had previously shown that RNAi
and toxin-mediated disruption of core cellular activities
stimulate behavioral avoidance of normally attractive
bacteria. This also induces expression of detoxification and
innate immune effectors, even in the absence of toxins and
pathogens. They showed that surveillance pathways in C.
elegans monitor core cellular activities and when these
pathways are disrupted, specific behavioral, immune, and
detoxification responses are encaged, similar to those
activated during pathogen attack. Melo and Ruvkun took
advantage of several GFP reporters previously shown to

represent activation of innate immune responses and we



tested a set of these cellular stress reporters feeding these
strains with div-7 RNAi and monitoring the expression of
these stress reporters. The reporters tested included: hsp-
4::GFP for endoplasmic reticulum unfolded protein
response (ERY"R) [207], gst-4:GFP (glutathione S-
transferase detoxification reporter), hsp-6::GFP  for
mitochondrial unfolded protein response (UPR™®) [208],
sod-3::GFP for oxidative stress [209], F35E12.5::GFP for
pathogen response such as Y. pestis, M. nematophilum, P.
aerugionsa [210], [211], [212], cyp-35::GFP as intestinally
expressed cytochrome P450 oxidase [213] and nip-29::GFP
as conserved glycine/tyrosine-rich antimicrobial peptide
induced by D. coniospora, S. marcescens, and wounding
[214]. We tested the expression of this selection of
reporters in div-1 RNAi-fed worms alongside the RNAI
clones reported by Melo, J. and Ruvkun, G. to induce the
expression of these reporters. Where available, agents
known to induce appropriate stress were used as well
(Table 2). Interestingly, there was no over-all consistency
regarding which cellular stress reporters could be induced
(for example oxidative stress reporter gst-4::gfp was
induced by div-1 RNAI, but sod-3::gfp reporter was not). In
summary, 5 out of 7 cellular stress reporters tested were
not induced by div-7 RNAI, suggesting that inhibition of div-
1 does not up-regulate the transgene because it triggers a

stress response.



Reporter RNAi Cellular stress Other agents | Up-regul. [ Up-regul. by RNAi
- (by Melo,]., byagent | —
Ruvkun, G. 2012) -

hsp-4::gfp sams-1 ER Tunicamycin Yes sams-1(+), div-1(#)

gst-4:gfn cco-1 oxidative Paraquat - cco-1(+), div-1(+)

hsp-6:gfp cco-1 mitochond. EtBr - div-1(-)

protein handling

sod-3:gfp pl-1 oxidative Salt Yes rpl-1(+), div-1(-)
F35E12.5:gfp |  sca-1, eft-2 pathogen Y. pestis - sca-1(#+), div-1(-)

oyp-35:gfp | prp-21, eat-6 detox Xenobiotics - prp-21(+), div-1(+)

nlp-29:9fp | pept-1, nhr-25 antimicrobial Starvation, M9 Yes pept-1(#), div-1{-)

Table 4 Reporters of innate immune programs, genes encoding xenobiotic
detoxification enzymes and general cellular stress tested for induction by
div-1 RNAi (reporters from [206]). The table lists the set of cellular stress
reporters tested along with their specified function, and other agents
shown to induce these reporters. The last two columns show conditions
tested in this study, whether these transgenes were inducible by the
exogenous agents or RNAi clones previously confirmed to induce the
expression of the transgene, alongside with the div-7 RNAi from our study
(‘+’ depicts induction, ‘-‘no induction). The RNAi feeding was carried out
as for the initial RNAi screen: the L1 worms were fed 88-90 hours with
RNAi and F1 embryos and L1 larvae were monitored for the transgene
expression.

We also compared the induction of low- vs. high-copy
number transgenes, for the same pdaf-21 construct.
Interestingly, even though there was a quantifiable increase
in the expression of a single copy reporter with the same
daf-21 promoter construct (Figure 22), the induction was
much smaller than for the multi copy reporter (1.8 fold with
the single copy and 20.5 fold with the multicopy).
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Figure 22 Multi-copy (MC) and single-copy (SC) strains of the same pdaf-
21::GFP construct. The multi-copy strain displayed 20.5 fold increase in
worms fed with div-1 RNAi compared to control, whereas the single copy
strain displayed only 1.8 fold increase in the transgene expression (p-values
< 0.0005, Wilcoxon rank test). The PO animals were fed with the control and
div-1 RNAi and the expression was measured in the F1 embryos.

Lastly, the effect of div-1(RNAi) on the expression of
additional multicopy transgenes was tested. The selected
transgenic strains were a strain carrying let-858::gfp,
previously shown to become partially derepressed in class-
B synMuv mutant backgrounds [181] and worms with the
scm::gfp [215] and sur-5::sur-5::gfp arrays that ubiquitously
express GFP in all cells [216] and show enhanced silencing
upon lin-35 or lin-15B inhibition [186].

Two of these transgenic strains (pdaf-858::let and
pscm::gfp) showed a slight increase in the expression of the
transgene (Figure 23), while one (psur::sur-5::gfp) showed
a slight decrease. This suggests that the induction of the
pdaf-21::mCherry array is due to a different mechanism

than those previously described.
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Figure 23 Other multi-copy transgenes previously shown to become partially
de-repressed in other studies with multi copy transgenic arrays. The PO
generation was fed with div-1 RNAi and control RNAi after which the
expression of the transgene was measured in the L1 larvae of the F1
generation. Each dot represents one individual worm. There was only a
modest increase in the plet-858::gfp and pscm::gfp expression (p-values plet-
858::gfp and pscm::gfp < 0.0005) and a mild decrease in the psur-5::sur-5::gfp
expression (p-value 0.002, Wilcoxon rank test).

2.1.2.2.2 De-repression of the multi-copy transgene using other
agents than RNAI

To test the hypothesis that the de-silencing of the repressed
transgenes can be coupled to the replication stress and/or
due to a stalled replication fork, we used a set of available
techniques to generate DNA damage and replication stress
in worms.

In worms, the developing embryo and germline cells have
different responses to DNA damaging agents, due to
varying activations of the checkpoint pathways [217, 218].

The mitotic germline nuclei arrest their proliferation in



response to the DNA damage to allow time for DNA repair.
In the mitotic part of the germ line, the cells with DNA
damage are removed before oogenesis by apoptosis. In the
early embryo, where the cell divisions are very fast, this
DNA damage pathway is not activated by the environmental
stimuli, but is rather actively silenced as the translesion
synthesis pathway ensures that DNA damage does not

slow down the early cell cycles [219].

2.1.2.2.2.1 Hydroxyurea, an agent causing replication stalling in
C. elegans weakly de-represses the multi-copy
transgenic array

Hydroxyurea (HU) depletes the cellular pools of dNTPs and
thus directly inhibits DNA synthesis [220]. It specifically
inhibits the ribonucleotide reductase, an enzyme whose two
subunits in C. elegans are encoded by rnr-1 and rnr-2, two
genes that emerged from the de-repressing RNAI screen.
Also, defects in div-1, a gene encoding DNA polymerase
alpha and one of the main hits from the RNAI screen,
delays cell division and the defects are accompanied by
defects in the early asymmetric cleavages that produce the
embryonic founder cells [221]. Hypomorphic mutations in
div-1 cause replication problems that lead to inappropriate
activation checkpoint pathways of the chk-1 pathway, the C.
elegans homologue of Chk1. Checkpoint-mediated
asynchrony in cell division is essential for embryonic

patterning and thus must occur only in response to



developmental signals and not in response to unscheduled
events such as replication defects, for example caused by
DNA damage. Encalada et al. [221] showed that mutations
in div-1 cause delay in early embryonic cell divisions, and
similar effects are caused by the use of HU [222], [219]. In
these cases they speculated that embryonic sensitivity
causes checkpoint activation and extends the natural
asynchrony of cell division. Though, in these cases this
increased asynchrony leads to cell death. Embryonic cells
in some div-1 mutants appear to attempt to go through
mitosis without completing DNA replication, resulting is
severe cell division defects [221]. Interestingly, some less
severely defective mutants, the embryonic cell cycle
checkpoint might delay the onset of mitosis until the
completion of DNA replication [221].

We tested the effect of HU on our multi-copy transgenic
worms in order to test whether the div-1 knockdown causes
the de-repression through the same mechanism. Even
though treatment with HU caused up-regulation of the array
(Figure 24, A), compared to div-1 RNAi the effect was much
less strong (Figure 24, B). The strength of the HU treatment
was tested with a dilution series and monitoring the Emb
and Ste (embryonic lethality and sterility) phenotypes, with
the concentration of HU used (25mM), we scored 20% Emb
and 40% Ste worms.
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Figure 24 Induction of the pdaf-21::mCherry multi-copy transgenic array
after growing the worms on plates with hydroxyurea (25mM) (panel A) and
induction by div-1 RNAi (panel B). Significant up-regulation was measured
in L1 worms after treatment with HU (HU(1) and HU(2) represent
independent experiments). In comparison to HU (compare panel A and B),
div-1 RNAi increased the transgene expression 13-15x more (1.35-1.5 x
increase with HU compared to 20.5x increase with div-1 RNAI, (p-values
0.0005 and < 1075, Wilcoxon rank test)). The control worms in the HU
experiment were fed with the standard E. coli strain OP50, whereas in the
RNAI experiment control RNAi is used (HT115 E.coli strain).

2.1.2.2.3 UV-C radiation and EMS do not significantly de-repress
the multi-copy pdaf-21::mCherry transgenic array
UV irradiation is a common means to induce a DNA
damage response in C. elegans in order to study DNA
repair and DNA damage response pathways. Importantly,
the various DNA damaging agents have different
consequences for the embryonic cell divisions and the
germline cells —embryonic cells are able to tolerate
relatively high levels of DNA damage using error prone
polymerases as the embryonic divisions are very rapid at
the expense of genomic integrity [223]. In contrast, the



germline has much longer cell cycles and is consequently
more sensitive to DNA damaging agents. In the germline,
DNA damage leads to prolonged G2 cell cycle arrest of
mitotic germ cells, towards the distal end of the gonad
[218]. To distinguish between these two distinct responses
of the different cell cycle types, both the germline and the
embryos were subjected to the damaging UV irradiation. To
accomplish this, both the larval worms with developing
germline (young adults) and early embryos were treated
with UV irradiation and the expression of the pdaf-
21::mCherry transgene was followed either throughout the
embryonic development until hatching or measured at a
certain developmental stage in the embryos (comma stage).
In neither of the cases, significant increase in the

fluorescence could be measured (Figure 25).
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Figure 25 The expression of the pdaf-21::mCherry transgene was not
increased after the UV treatment. Timelapse microscopy following
expression of pdaf-21::mCherry transgene of developing embryos after
irradiating the adult worms with UV-C. The graph shows expression of the
transgene during embryonic development from 2-4-cell stage until
hatching (observable as messy lines), blue lines show the control worms
and red lines the UV-treated worms. Boxplots: fluorescence in the
embryos measured after UV-C treatment of the embryos (measured at
comma stage, 5-6 hours after UV-C), the difference was non-significant (p
= 0.24, Wilcoxon rank test).



Ethyl methanesulfonate (EMS), one of the most commonly
used and most potent mutagens used in C. elegans [150,
224] is an ethylating agent causing DNA damage that
results in double-stranded breaks. We tested the potential
of EMS to induce the expression of the pdaf-21::mCherry
array. No induction was observed (Figure 26), though up to
20% increased lethality and sterility were detected,

suggesting that the dose of EMS was sufficient.
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Figure 26 Treatment with EMS was not able to induce the expression of
the pdaf-21::mCherry transgene array as compared to control worms.
Synchronized L4 worms were washed into 50ml tube and incubated in
50mM EMS (in M9) for 4hours. The animals are then thoroughly washed
and plated onto regular NGM feeding plates and the expression of the
pdaf-21::mCherry multi-copy transgene was measured in their offspring in
L1 larvae, n(control)=70 and n(EMS)=75. p = 0.353 , Wilcoxon rank test.
The efficiency of the EMS treatment was estimated with increase in the
penetrance of the Let (lethality)), Emb (embryonic lethality) and Ste
(sterility) phenotypes after the treatment compared to the control
condition.



2.1.2.2.3 Treatment with HU and UV-C, but not div-1 RNAi
induces HUS-1::GFP foci in the adult germline.

To evaluate whether the methods we selected are indeed
able to cause DNA damage, we used a hus-1::GFP strain
as an estimation of the range of DNA damage caused.
HUS-1 is a nuclear protein that is expressed in early
embryos and the adult germlines and accumulates into
distinct foci at putative sites of DNA damage, overlapping
with chromatin, whereas it is diffusely distributed in nuclei in

the absence of damage [225].

(A) Mitotic Pachytene Oocytes Embryos

Figure 27 HUS-1::GFP localization in the nuclei of proliferating germ cells,
meiotic germ cells, mature oocytes and embryos (panel A, in green), while
it forms foci at sites of DNA damage overlapping with chromatin (panel B,
white arrows pointing the foci, figure from [225]).



We evaluated the expression of the hus-1::GFP transgene
in worms treated with HU, UV and div-7 RNAi. The HUS-
1::GFP foci are readily observable in the germline of
animals treated with DNA damaging agents (Figure 27 and
28), whereas we could not detect any distinct foci in the
embryos. There was an interesting variation between the
ability of the treatments to cause DNA damage as
estimated by the number of HUS-1::GFP foci. The div-1
RNAi-fed worms having the lowest number, while efficiently
being able to desilence the transgene array. In contrast,
worms that were grown on plates with 25mM HU exhibited
a high number of HUS-1 foci in the germline, though only
mildly de-repressing the transgene (Figure 24). In case of
the UV treatment, there was no up-regulation of the
transgenic array (Figure 25), whereas up to 10 times more
HUS-1::GFP foci were observed (Figure 28).



control div-1 RNAi 25mM HU
0-6 foci/nucleus 0-6 foci/nucleus . Up to 100-200 foci/
nucleus

uv1o00
Up to 60 foci/nucleus

Figure 28 The HUS-1::GFP foci are observable at the double-stranded breaks
in the nuclei co-localizing with the DNA. The control worms (grown on usual
OP50 feeding plates) show 0-6 foci per nucleus. Similar estimation of the
count was made for foci in the germlines of worms fed with div-1 RNAi. The
worms radiated with UV-C (100 W/m2 and 254 nm) presented up to 60 foci
per nucleus, whereas worms grown on NGM plates with 25mM hydroxyurea
(HU) had up to 200 foci and showed enlarged nuclei as characteristic to the
HU treatment (the counts of the foci are an estimation due to lack of the
resolution).

2.1.1.3 Interfering with regulators of chromatin structure
further derepresses the multi-copy pdaf-21::mCherry transgenic
array in div-1(or148) background

To test the hypothesis that inhibition of the DNA replication
machinery alters the chromatin modifications we inhibited
genes responsible for depositing methylation marks on
histone 3 in C. elegans (H3K9 and H3K36 methylations), as
well as other genes previously identified in our lab as
increasing expression from the pdaf-21::mCherry transgene
when inhibited. The genes tested were:



* [in-53 — a class B Syn Muv gene that antagonizes the
Ras pathway, negatively regulating vulval
development. /in-53 encodes protein similar to Rb-
associated protein p48.

* mes-4 — SET domain protein, involved in germline
silencing of repetitive arrays. MES-4 generated
H3K36 methylation serves an epigenetic role by
marking germline genes and carrying the gene
expression memory to the next generation of germ
cells.

* mrg-1 — mortality factor related gene, contains a
chromodomain and associates with methylated
histone tails. MRG-1 is important for genomic
integrity in meiosis.

* mut-7 - encodes a homolog of RnaseD that
represses transposition of Tc1, Tc3, Tc4, Tc5,
possibly by degrading transposon-specific
messages.

* nrde-2 — functions in the nuclear RNAi pathway to
regulate gene expression via inhibition of RNA Pol I
via enrichment of H3K9 methylation at sites targeted
by RNA..

* set-25 - a histone methyltransferase, solely
responsible for H3K9me3 deposition in C. elegans.

Inhibition of all of the genes further de-repressed the
transgene in the div-1 mutant background (Figure 29).
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Figure 29 Expression of the multi-copy pdaf-21::mCherry transgene in the
wild type background (panel A) or div-1(or148) mutant background after
RNAi feeding (panel B) (clones presented on the X-axis). The parental PO
worms were fed with RNAi bacteria and the expression of the transgene was
measured in the subsequent generation, in L1 larvae. The knockdown of the
genes studied (see text for details) further up-regulates the transgene even
in the temperature sensitive div-1(or148) mutant background at 20C. Fold
changes for mean values of measured expression of the transgene along with
the p-values compared to the control RNAIi are as follows: WT lin-53 (1.39, p-
value 0.058), mes-4 (2.26, p-value<10-5), mrg-1 (3.07, p-value <10-5), mut-7
(1.0, p-value 0.28), nrde-2 (0.83, p-value 0.92), set-25 (2.01, p-value < 10-6)
and in div-1 background with additional fold change to wild type: lin-53
(4.21, p-value <10-15, 29.62), mes-4 (2.08, p-value <10-10, 14.56), mrg-1 (2.22,
p-value <10-11, 15.58), mut-7(1.24, p-value 0.005, 8.72), nrde-2 (1.12, p-value
0.005, 7.87 ), set-25 (1.61, p-value <10-5, 11.26 ) and div-1 background to WT
7.01 fold, p-value <10-20, Y-axis in log scale.

2.1.2 The CSR-1 small RNA pathway has a protective
role in regulating the expression of the pdaf-
21::mCherry transgenic array

In C. elegans there are thousands of small RNAs produced,
most involved in gene silencing, like Piwi-interacting small
RNA (piRNA) mediated pathway in the germline. The
piRNA pathway acts as a germline surveillance system,
through the 21U-RNAs [59, 80, 82, 87, 88, 96]. In the Piwi
pathway, the Argonuate PRG-1 coupled with the 21U-RNAs



is able to identify foreign sequences though incomplete
complementarity and induces the production of the
secondary 22G-RNAs [71, 80, 82, 84, 85, 87, 95, 96].
These can be bound with worm Argonautes (WAGOs) and
silence transcriptionally as well as post-transcriptionally the
foreign nucleic acids. Here emerges an obvious question,
with this vast silencing potential, how do endogenous genes
manage to avoid this vast silencing potential? One possible
candidate is another Argonaute CSR-1 (Chromosome
Segregation and RNAI deficient) [98, 226]. This Argonuate
CSR-1 is able to bind almost all germline-expressed genes
and is recruited to the target loci to chromatin and is
suggested to oppose piRNA silencing to protect germline
transcription. The main components of this pathway in
addition to CSR-1 are EGO-1 (Enhancer of glp-1(one)),
DRH-3 (Dicer Related Helicase) and EKL-1 (Enhancer of
ksr-1 Lethality), whereas DRH-3 and EKL-1 are not germ-
line restricted, functioning in WAGO 22G RNA biogenesis
both in germline and soma [58, 226]. We asked, whether
the CSR-1 pathway is able to prevent increase in the
expression of the transgenic array induced by hypomorphic
div-1 mutation. The pdaf-21::mCherry transgene was down-
regulated in the drh-3(ne4253) background (Figure 30), and
in the drh-3(ne4253)/div-1(or148) double mutant the
induction of the reporter is significantly reduced compared
to div-1(or148) background.
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Figure 30 The missense allele of drh-3 (coding for Dicer related helicase) is
able to reduce the expression of the pdaf-21::mCherry transgene and reduce
the induction of the transgene caused by the div-1(or148) hypomorphic
mutation. The pdaf-21::mCherry transgene in the wild type background was
crossed with div-1(or148), with drh-3(ne4253) or with div-1(or148)/drh-
3(ne4253) double mutant and the expression was measured in the embryos
directly from the cross. The naive transgene was always introduced
paternally and the mutation was introduced (shown on X-axis) maternally
(using hermaphrodites). Embryos from the cross were collected and
expression of the transgene was measured at comma stage. As a control,
transgenic males were also crossed with the N2 hermaphrodites, carrying
wild type alleles of both div-1 and drh-3. The decrease of the expression of
the transgene in drh-3(ne4253) background was 1.85 fold in the drh-
3(ne4253) background and 1.53 fold in the div-1(or148)/drh-3(ne4253)
double mutant (p-values 0.047 and 0.0018 respectively, Student’s t-test).

In parallel, we also looked at the pdaf-21::mCherry
transgene in the rde-1(ne219) background. rde-1 encodes
an Argonaute in C. elegans, acting in the exogenous RNAI
pathway as opposed to the CSR-1 endogenous pathway.
The transgene array was not down-regulated in the rde-
1(ne219) background (Figure 31) and in the rde-



1(ne219)/div-1(or148) double mutant the induction of the
transgene was not reduced as compared to div-7(or148)
background, but rather induced further.
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Figure 31 The substitution allele of the rde-1 (coding for RNAi-DEfective 1, a
primary Argonuate) is not able to decrease the expression of the pdaf-
21::mCherry transgene and not able to reduce the induction of the transgene
caused by the div-1 hypomorphic mutation (compare to Figure 30). The pdaf-
21::mCherry transgene in the wild type background was crossed with div-
1(or148), rde-1(ne219) or with the div-1(or148)/rde-1(ne219) double mutant
and the expression was measured in the L1 larvae directly from that cross.
The naive transgene was always introduced paternally and the mutation was
introduced (shown on X-axis) maternally (using hermaphrodites). As a
control, the transgenic males were also crossed with the N2 hermaphrodites,
carrying wild type alleles of both div-1 and rde-1. P-values (Student’s t-test)
0.87 (control to rde-1(ne219), 0.009 (control to div-1(or148), 10-10 (control to
rde-1(ne219)/div-1(or148); 0.0001 (div-1(or148) to rde-1(ne219)/div-
1(or148), 10-11 (rde-1(ne219) to rde-1(ne219)/div-1(or148) and 0.006 rde-
1(ne219) to div-1(or148).



2.2. Both repressive and active Histone 3
methylation levels exhibit global changes after
the inhibition of DNA replication

2.2.1 Heterochromatic mark H3K27me3 is globally
reduced in the worms after inhibition of DNA
replication whereas H3K9me3 is less affected

The germline of C. elegans shows a remarkable ability to
specifically and reliably silence transgenic DNA, even in low
to medium copy number. Chromatin factors are required for
the maintenance of transgene repression as mutations in
MES-2 and MES-6 (Polycomb related proteins in C.
elegans) are able to disrupt the silencing [159]. Also, Kelly
et al. showed that heterochromatic histone 3 lysine 9
(H3K9) dimethylation marks are enriched on repetitive
arrays [50]. In the germline, the silencing mechanisms can
be disrupted in mutant animals of the maternal effect genes
such as mes-2, mes-3, mes-4, mes-6. Interestingly,
whereas in the div-1(or148) background the pdaf-
21::mCherry transgene was very effectively desilenced
(Figure 15), it was still not expressed in the germline (Figure
32).



Figure 32 The pdaf-21::mCherry multi copy transgene is silenced in the
germline in control RNAi-fed worms as well as div-1 RNAi-fed worms. In both
of the conditions, the transgene expression in the germline is only seen in the
DTC, a somatic cell at the tip of each gonad arm (shown in red).

Based on the literature, we initially tested for changes of the
repressive marks H3K9me3 and H3K27me3 specifically on
the transgenic multi-copy array in worms after replication
stress (div-1 RNAi or div-1 Ts mutant), using both
immunofluorescence and ChIP-gPCR. Interestingly,
immunofluorescence  staining with H3K9me3 and
H3K27me3 specific antibodies showed a decrease over the
whole genomic DNA in the nuclei of the embryos studied
(Figures 33, 34). This observation was confirmed by ChlIP-
gPCR analysis of gravid worms with the same antibodies
(Figures 33 and 34, panel C), although for H3K9me3 the
decrease was less consistent.

There was a large technical variation in the

immunofluorescence signal both within the same



experiment and between batches, requiring a normalization
for which we used DAPI staining marking the DNA of the
Immunofluorescence-stained embryos. The quantification of
the antibodies is presented for the non-normalized antibody
signal and also as normalized to the DAPI signal from the

same nucleus.
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Figure 33 Repressive chromatin mark H3K9me3 is reduced after inhibition
of the DNA replication machinery in div-1(or148) worms, in the
immunostaining experiments.

Panel A: Immunostaining experiments with anti-H3K9me3 antibody. Young
gravid control and div-1(or148) worms were bleached and the extracted
young populations of embryos were prepared with freeze-cracking method
and subjected to methylation-specific primary antibody (anti-H3K9me3 (ab
07-442)) and incubated overnight. The samples were incubated with the
secondary antibody and with a DNA-FISH probe for the transgene (mCherry).
The samples were mounted using mounting medium containing DAPI and
imaged at 40x maginification. For both of the conditions, one representative
young embryo is shown. Magenta is marking the H3K9me3, blue is DAPI
staining of the DNA and green marks the FISH probe for the transgene.
Control - transgenic pdaf-21::mCherry strain, div-1(ori148) - div-1
hypomorphic mutant worms.

Panel B: Quantification of the immunostaining with anti-H3K9me3. To count
for the slide- and/or embryo-specific variation, H3K9me3 signal from each
nucleus was normalized to the DAPI signal from the same nucleus. The graph
shows H3K9me3 signal normalized to DAPI and two smaller graphs show the
un-normalized signals for both H3K9me3 (left) and DAPI (right). Each dot
represents one nucleus.

Panel C: Chromatin immunoprecipitation followed by qPCR analysis with
gravid control and div-1(or148) worms. The samples were fixed in 2%
formaldehyde and after sonication subjected to precipitation with the anti-



H3K9me3 (ab 07-442). Primer pairs for the qPCR represent the transgene
(mCherry, pdaf-21), two control promoter regions (ppmp-3 and pcdc-42) and
two exonic primer pairs (sra-25 and cdc-42). The values are presented as %
input after normalization to the H3, each dot is one biological replicate. P-
values (Student’s t-test) for normalized % input: pdaf-21 0.08, mCherry 0.34,
ppmp-3 0.047, pcdc-42 0.08, cdc-42 0.25, sra-25 0.07. P-values for non-
normalized % input: pdaf-21 0.02, mCherry 0.063, ppmp-3 0.37, pcdc-42
0.115, cdc-42 0.53, sra-25 0.21. P-values for % input for H3: pdaf-21 0.37,
mCherry 0.68, ppmp-3 0.89, pcdc-42 0.86, cdc-42 0.3, sra-25 0.92.

The levels of H3K27me3 were significantly reduced in the
div-1(or148) worms, in most cases to almost undetectable
levels (Figure 34, panel A, B) and this reduction was
confirmed with ChIP-gPCR analysis (Figure 34, panel C).
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Figure 34 Immunostaining and ChIP-qPCR analysis of H3K27me3 revealed
that this repressive mark was reduced in the div-1(or148) worms compared
to control worms. All the Immunostaining and ChIP-qPCR experiments for
the antibodies were carried out as specified for Figure 33.

Panel A: Immunostaining experiments done as in Figure 33, (with H3K27me3
antibody (ab 07-449)). Young gravid control and div-1(or148) worms were
bleached and the extracted young populations of embryos were prepared
with freeze-cracking method and subjected to methylation-specific primary
antibody (anti-H3K27me3 (ab 07-449)) and incubated overnight. The
samples were then incubated with the secondary antibody, followed by DNA-
FISH probe for the transgene (mCherry). The samples were mounted using
mounting medium containing DAPI and imaged at 40x magnification. For
both of the conditions, one representative young embryo is shown. Magenta
is marking the H3K27me3, blue is DAPI staining of the DNA and green marks
the FISH probe for the transgene. Control - transgenic pdaf-21::mCherry
strain, div-1(or148) - div-1 hypomorphic mutant worms. The div-1(or148)
worms appear highly devoid of the H3K27me3 signal.

Panel B: Quantification of the immunostaining with anti-H3K27me3. To
count for the slide- and/or embryo variation, H3K27me3 signal from each
embryo was normalized to the DAPI signal from the same nucleus. The graph
shows H3K27me3 signal normalized to DAPI and two smaller graphs show



the un-normalized signals for both H3K27me3 (left) and DAPI (right). Each
dot represents one nucleus.

Panel C: Chromatin immunoprecipitation as in Figure 33, with anti-
H3K27me3 antibody. The values are presented as % input after
normalization to the H3, each dot is one biological replicate. Primer pairs for
the qPCR represent the transgene (mCherry, pdaf-21), two control promoter
regions (ppmp-3 and pcdc-42) and two exonic primer pairs (sra-25 and cdc-
42). p-values (Student’s t-test) for normalized % input: pdaf-21 0.010,
mCherry 0.0025, ppmp-3 0.0096, pcdc-42 0.013, cdc-42 0.011, sra-25 0.012. P-
values for non-normalized % input: pdaf-21 0.0003, mCherry 0.0006, ppmp-3
0.0002, pcdc-42 2.75*%10-5, cdc-42 4.3*10-5, sra-25 1.5%10-9. P-values for H3 %
input: pdaf-21 0.2, mCherry 0.03, ppmp-3 0.21, pcdc-42 0.32, cdc-42 0.44, sra-
250.12.

As a control for the ChIP efficiency, we checked for the
enrichment of the H3K9me3 modification over the Tc1 and
gpd-1 sequences (Figure 35). C. elegans transposon Tc1 is
enriched for the repressive mark H3K9me3, whereas the
active gpd-1, a gene coding for Glyceraldehyde 3-
Phosphate Dehydrogenase, is shown to be depleted from
this mark [88].
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Figure 35 Control for the ChIP-qPCR specificity and efficiency using the
H3K9me3 (07-442) antibody. The ChIP-qPCR was carried out as in Figure 33
with wild type gravid worms. The samples were fixed in 2% formaldehyde
and after sonication subjected to precipitation with the anti-H3K9me3 (ab
07-442). Values are presented as % input after normalization to total H3.
The C. elegans transposon Tcl is shown to be enriched for the repressive
mark H3K9me3 as opposed to the active region pgpd-1 [88].

2.2.2 H3K4me3 and H3K36me3 are globally increased
in the embryos with replication stress

We looked at the suggestive euchromatic marks, shown to
correlate with active DNA, such as H3K4me3 and
H3K36me3 [228-230]. As with the repressive marks (Figure
33 and 34), we observed changes of these modifications
rather globally than just restricted to the transgene (Figure
36 and 37), whereas the H3K36me3 modification in
embryos of the control worms was depleted in early
embryos (Figure 37).
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Figure 36 Immunostaining and ChIP-qPCR analysis of H3K4me3 revealed
that this active mark was increased in the div-1(or148) worms compared to
control worms. All the Immunostaining and ChIP-qPCR experiments for the
antibodies were carried out as in Figure 33.

Panel A: Immunostaining experiments done as in Figure 33 (with H3K4me3
antibody (ab 8580)). Young gravid control and div-1(or148) worms were
bleached and the extracted young populations of embryos were prepared
with freeze-cracking method and subjected to methylation-specific primary
antibody (anti-H3K4me3 (ab 8580)) and incubated overnight. The samples
were then incubated with the secondary antibody followed by DNA-FISH
probe for the transgene (mCherry). The samples were mounted with
mounting medium containing DAPI. For both of the conditions, one
representative young embryo is shown. Magenta is marking the H3K4me3,
blue is DAPI staining of the DNA and green marks the FISH probe for the
transgene. Control - transgenic pdaf-21::mCherry strain, div-1(or148) - div-1
hypomorphic mutant worms. Images taken at 40x magnification.

Panel B: Quantification of the immunostaining with anti-H3K4me3. To count
for the slide- and/or embryo variation, H3K4me3 signal from each embryo
was normalized to the DAPI signal from the same nucleus. The graph shows
H3K4me3 signal normalized to DAPI and two smaller graphs show the un-
normalized signals for both H3K4me3 (left) and DAPI (right). Each dot
represents one nucleus.



Panel C: Chromatin immunoprecipitation with H3K4me3 (ab 8580) as in
Figure 33. The samples were fixed in 2% formaldehyde and after sonication
subjected to precipitation with the anti-H3K4me3 (ab 8580) as previously
for immunocytochemistry. Primer pairs for the gPCR represent the
transgene (mCherry, pdaf-21), two control promoter regions (ppmp-3 and
pcdc-42) and two exonic primer pairs (sra-25 and cdc-42). The values are
presented as % input after normalization to the H3, each dot is one biological
replicate. p-values (Student’s t-test) for the normalized % input: pdaf-21
0.006, mCherry 0.013, ppmp-3 0.001, pcdc-42 0.03, cdc-42 0.008, sra-25 0.005.
p-values for the non-normalized % input pdaf-21 0.009, mCherry 0.02, ppmp-
3 0.008, pcdc-42 0.001, cdc-42 0.013, sra-25 0.007. P-values for H3 % input:
pdaf-21 0.2, mCherry 0.03, ppmp-3 0.21, pcdc-42 0.32, cdc-42 0.44, sra-25
0.12.
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Figure 37 Immunostaining and ChIP-qPCR analysis of H3K36me3 revealed
that this active mark was increased in the div-1(or148) worms compared to
control worms. All the Immunostaining and ChIP-qPCR experiments for the
antibodies were carried out as specified Figure 33.

Panel A: Immunostaining experiments done as in Figure 33, with the
H3K36me3 (ab9050) antibody Young gravid control and div-1(or148) worms
were bleached and the extracted young populations of embryos were
prepared with freeze-cracking method and subjected to methylation-specific
primary antibody (anti-H3K36me3 (ab 9050)) and incubated overnight. The
samples were then incubated with the secondary antibody followed by DNA-
FISH probe for the transgene (mCherry). The samples were mounted with
mounting medium containing DAPI. For both of the conditions, one
representative young embryo is shown. Magenta is marking the H3K36me3,
blue is DAPI staining of the DNA and green marks the FISH probe for the
transgene. Control - transgenic pdaf-21::mCherry strain, div-1(or148) - div-1
hypomorphic mutant worms. Images taken at 40x magnification.

Panel B: Quantification of the immunostaining with anti-H3K36me3. To
count for the slide- and/or embryo variation, H3K36me3 signal from each
embryo was normalized to the DAPI signal from the same nucleus. The graph
shows H3K36me3 signal normalized to DAPI and two smaller graphs show



the un-normalized signals for both H3K36me3 (left) and DAPI (right). Each
dot represents one nucleus.

Panel C: Chromatin immunoprecipitation followed by qPCR with H3K36me3
(ab 9050) as in Figure 33. The samples were fixed in 2% formaldehyde and
after sonication subjected to precipitation with the anti-H3K36me3 (ab
9050) as previously for immunocytochemistry. Primer pairs for the qPCR
represent the transgene (mCherry, pdaf-21), two control promoter regions
(ppmp-3 and pcdc-42) and two exonic primer pairs (sra-25 and cdc-42). p-
values (Student’s t-test) for the % input normalized to H3: pdaf-21 0.0016,
mCherry 0.023, ppmp-3 0.007, pcdc-42 0.002, cdc-42 0.002, sra-25 0.010. P-
values for the non-normalized % input: pdaf-21 0.008, mCherry 0.03, ppmp-3
0.017, pcdc-42 0.001, cdc-42 0.014, sra-25 0.016. P-values for % input for H3:
pdaf-21 0.37, mCherry 0.68, ppmp-3 0.89, pcdc-42 0.86, cdc-42 0.3, sra-25
0.92.



3 - METHODS

3.1. Worm strains and culture conditions

All strains used are listed in the table with the specification
about their genotype. N2 (Bristol) was used as a wild type
strain and the transgenic strains (if not stated otherwise) are
all derived from that strain. Worms were cultured in
standard conditions [231], fed at 20C on NGM plates
seeded with E. coli OP-50 except when stated otherwise for
Standard method
synchronized (offspring) generation,

a particular experiment. to yield
the worms were
treated with hypochlorite solution [231] and after 3 washes
with M9 + MgSO4, let over-night to hatch, resulting in a

semi-synchronized L1 larval population. Strains used in this

study:
strain genotype
N2 Wild type
AU133 agls17 [myo-2p::mCherry + irg-
1p::GFP] IV
AU185 agls26 [myo-2::mCherry,clec-
60::gfp]
AY101 |acls101[pDB09.1(pF35E12.5::gfp)
BCN1050 |crgls1002[daf-21p::mCherry::unc-
54 3'UTR; unc-119(+)]
BCN6101 div-1(or148) Il crgls1002 IV
BCN8011 drh-3(ne4253);;pdaf-21::mCherry
C4573 cyp-35B::GFP
CF1553 muls84[pAD76(sod-3p::GFP)]
CL2166 |dvis19[pAF15(gst-4p::GFP::NLS)]
DW101 atl-1(tm853) V/nT1 [unc-?(n754)
let-? qls50] (1V;V)




EUS548 div-1(or148)
1G274 frIs7 [nlp-29p::GFP + col-
12p::dsRed] IV

JR667 wlsb51(SCM::GFP)
MH1113 dpy-20(e1282) IV; sur-5(ku74) X
MH1870 kulsb54[sur-5::gfp]
MT17463 set-25(n5021) 11l
NL2507 pkls1582[let-858::GFP + rol-
6(su1006)]

PD4793 mls10[myo-2p::GFP,pes-
10p::GFP]

SJ4005 zcls4[hsp-4p::GFP] V
SJ4103 zcls14[myo-3::GFP(mit)]
TJ375 gpls1 [hsp-16.2p::GFP]
WM206 drh-3(ne4253) |
WM27 rde-1(ne219) V

3.2. Strain construction and microscopy

The transgenic strains BCN1049 (pdaf-21::GFP) and
BCN1050 (pdaf-21::mCherry) were generated in our
laboratory by a previous PhD student Alejandro Burga
[200], and the strain BCNG6101 (pdaf-21::mCherry;div-
1(or148)) was generated by Adam Klosin (personal
communication). When the goal was to analyse the progeny
after the cross, the crosses were carried out at 20C by
picking about 1 male per hermaphrodite (L4 larvae). In case
the F1 progeny was directly subjected to analysis of the
transgene expression (as in case of the male-female div-
1(or148) cross), the embryos were released the following
day by dissecting the worms in 10mM levamisole. The



embryos were washed quickly with 10% hypochlorite
solution and washed briefly with M9. Young embryos of 2-4
cell stage were collected with an eyelash and transferred
with the mouth-pipette to the 96-well plates (Nunc, optical
bottom) with 150ul of PBS. The embryos were carefully
moved with an eyelash-pick to the center of the field view
and imaged with Leica DMI6000 B microscope. If there was
more than 2 samples, the delay in preparing the embryos
was recorded and later added to the analysis pipeline with
Imaged to account for any additional time-delay. For the
time-lapse either 10x or 20x objective was used. For time-
lapse, the images were taken after every 10min for 17-19
hours (there is a time-delay with div-1(or148) embryonic
development) in BrightField, Green (GFP) and dsR
(mCHERRY) channel. The images were analysed with
Imaged where the embryos were first selected in the
brightfield and the selection was transferred to the
fluorescent images, from where the level of expression was
measured. For each embryo, a background area was
selected from close proximity that the intensity (‘integrated
intensity’ in imageJ) was then normalized to. The same
process was carried out for all of 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.



3.3. RNAi screen 96-well liquid format

The screen was carried out in high throughput liquid feeding
format in 96-well plates. For feeding, the library with
transformed E. coli with about 15,000 C. elegans genes
was used [199]. For the screen, a large number of embryos
were harvested by bleaching and the worms were let hatch
overnight in M9 to acquire large population of synchronized
L1s. In the feeding plates, every well contained culture of
one transformed E. coli clone, grown in 800ul of LB + Amp
overnight at 37°C, 220rpm. To set up the feeding, the
worms were counted and diluted in order to have 5
worms/ul and 10ul of worms were dispensed into each well
to have 50-75 worms per well. 1 hour before adding the E.
coli cultures to the wells, RNAIi synthesis was induced by
adding 4ul of 1M IPTG to the cultures and grown 1h at 37°C
at 220rpm. The bacteria was pelleted at 2500g for 5 min
and resuspended in 100ul NGM + Amp and IPTG. 40ul of
resuspended bacteria was added to each well of 50-75
worms. The worms were let grow until most of the food was
gone and worms were gravid with some L1 larvae around
(88h-90n). 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
Leica DMIGO00 B microscope with Lumen 200 metal arc
lamp, observing the intensity of the transgene expression

under the microscope with 10x magnification. The



secondary more stringent screen was carried out feeding

the worms with triplicates with all the primary hits.

3.4. ChIP-gPCR analysis

Worms were grown for two generations on RNAi (to avoid
starvation, 2x concentrated RNAi culture was used) or, in
the case of mutants, worms were grown on regular OP50
feeding plates. Synchronized cultures were bleached,
hatched overnight and up to 1000 worms per plate
(60x15mm) were grown to obtain gravid adults (about 65-70
hours post-L1). The worms were collected in M9, washed 2-
3 times to get rid of the remaining bacteria.

The samples were fixed in 1.5% formaldehyde (280ul of
37% formaldehyde in 7ml of M9, adding 3ml per sample)
with mild shaking at RT for 30’ and quenched by adding 3ml
of 0.5M glycine (to final concentration of 0.25M) for 15min
at RT. The samples were washed twice with M9 followed by
final wash with FA buffer (50 mM HEPES/KOH pH 7.5, 1
mM  EDTA, 1% Triton™ X-100, 0.1% sodium
deoxycholate,150 mM NaCl) with Protease Inhibitors
(Roche cOmplete, Mini EDTA-free). After aspirating the
buffer, the remaining 300-400ul of worm pellet was frozen
at -80C for longer or snap frozen and proceeded

immediately with chromatin preparation.



To prepare for the ChlP, FA buffer with Protease Inhibitors
was added to the samples until 0.9ml and distributed into 3
eppendorfs, up to 300ul each. The samples were sonicated
using the Bioraptor® Sonication System Diagenode v1.1, at
4°C at intensity settings: High power, 30 sec on + 30 sec
off. For gravid worms 20 cycles was applied, adding ice
after 10 cycles if needed, followed by centrifugation for
25min at 4C, 13,000rpm. The three supernatants were
pooled together and centrifuged again if another round of
purification from the floating material was needed. Next, the
generated fragment size was checked with 1% Agarose gel.
For that, 20ul of supernatant was reverse crosslinked with
80ul of FA buffer (without Protease inhibitors), incubated at
65°C at 1100rpm for 3 hours. The fragments (100ul) were
purified with QIAquick PCR Purification Kit, eluted in 30ul
and 1/3 and 2/3 of the elute was run on the 1% Agarose gel
to check the chromatin fragment size (preferably
homogenous 200-600bp). If the fragment size was too big,
the supernatant was re-added to the chromatin pellet and
re-sonicated. To set up the ChIP pull-down with the primary
antibody, the protein was quantified with Bradford method
and 0.1mg of protein was added into the primary antibody
reaction for histone modification ChIP in FA buffer (with
Protease Inhibitors) up to 500ul with 2ul of each antibody.
The antibodies used in the experiment were: H3 (Abcam
ab1791), H3KO9me3 (Millipore 07-442), H3K27me3
(Millipore 07-449), H3K4me3 (Abcam ab8580), H3K36me3



(Abcam ab9050). From each of the experiment, 1% of the
volume was stored as an input control at -20°C just before
adding the antibody. The 1% antibody reaction was rotated
at 4°C over-night.

Next day the unblocked protein A beads were prepared (for
rabbit antibodies, Diagenode Cat. No: kch-503-880) by
adding 30ul of the beads with cut pipette tip and washing
them with 500ul of FA buffer, centrifuging at 3000rpm for 3
minutes at 4°C and discarding the supernatant. The
chromatin/1®-antibody mix was added to the beads,
followed by 2 hour incubation on rotating wheel at 4°C.
Following, the 2ndary antibody reaction was centrifuged for
3 minutes at 2000rpm 4°C and the supernatant was
discarded. The beads were washed 3x with 1ml low salt
buffer (50mM Hepes-KOH pH 7.5, 150mM NaCl, 1% Triton
X100), inverting tubes 5 times. All centrifugations were
carried out at 4°C 3000rpm for 3min. The samples were
washed 1x with 1ml high salt buffer (50mM Hepes-KOH pH
7.5, 500mM NaCl, 1% Triton X100), inverting the tubes 5
times. After the last wash the beads were left dry and the
samples were eluted from the beads along with the input
samples (from -20°C). Elution buffer was always prepared
fresh (1%SDS with 0,1M NaHCO3) and 100ul was added to
the samples and the inputs, and incubated at 65°C for 3
hours at 1100rpm. After the incubation, the beads were
centrifuged at 3000rpm and supernatant was collected and



purified with QlAquick PCR Purification Kit (#28104), and
the samples were eluted in 200ul of PCR-grade water.

For gPCR reactions: 2ul of each of the sample was used
and all the samples were run in duplicates. The reactions
were run in the LightCycler 480 Multiwell Plate 384
(#04729749001), each well containing: 2ul of the sample,
5ul of the 2xLightCycler 480 SYBR Green | Master Mix
(#04707526001) and 1uM of reverse and forward primer.

Primers used in qPCR analyses:

for the transgenic region:

pdaf-21 fwd: GCAGCATCTTCTTCGTCCTC,

rev GAAAAATTGAGGGCAGGTGA

mCherry 5’ fwd: AAGGGCGAGGAGGATAACAT

rev: ACATGAACTGAGGGGACAGG

For control regions:

ppmp-3 (previously recommended as a control for gPCR
analysis in C. elegans [232] as one of the most stably
expressed gene),

ppmp-3 fwd: TGTTCACTCACAGCCAGCTC,

ppmp-3 rev: ACCATCCCATTCAAACCAAA.

cdc-42 (recommended as a control for gPCR analysis [232]
as one of the most stable reference gene [233]),

pcdc-42 fwd: AGTTGTTTTGGCCATTTTGC,

pcdc-42 rev: TGAAAAACGAATTGCGAAACA.

cdc-42 3™ exonic region

cdc-42 fwd: GCCTGAAATTTCGCATCATT,



cdc-42 rev: TCCTTTGCCAACTTCTCTCC.

Primer pairs for controlling efficiency and specificity of the
ChIP reaction ([88], Tc1 is shown to be enriched in
H3K9me3 marks and have many repeats in the C. elegans
genome, and gpd-1 as a region for a low level of H3K9me3
[88]).

Tc1 fwd: AACCGTTAAGCATGGAGGTG

Tc1 rev: CACACGACGACGTTGAAACC.

pgpd-1 fwd GCGCAAGTTTCTGCTGTTTT

pgpd-1 rev CGGAAGATTCACAAGAAGCAA.

sra-25 as additional control region, selected randomly as a
control for the mRNA-Seq:

sra-25 (3) exonic region fwd:
ATCCCACTACAACCCAGGT,

rev: GACTACCGTGCGGAAATCAT.

rpl-12 fwd ACCCAAGACTGGAAGGGTCT,

rev GCCATCGATCTTGGTCTCAT

rrn-3.56 fwd GAACAGCGGGTTCAAACATT,

rev GATAGAGATGCCTCCCGACA

rr-2.1 fwd CGTACTAGCTTCAGCGATGG,

rev ACCCTGAACCAGACGTACCA

3.4.1 qPCR normalization

From the gPCR analysis the Ct was first normalized to the
input and with the delta-delta method [234] the percent

input was calculated. For each antibody, this value was



then normalized to the % input value of H3 total histone. For
each biological replicates two technical replicates were

analysed.

3.5. Immunofluorescence

One OPS50 feeding plate (60x15mm) of freshly gravid
worms was bleached to acquire mostly young embryos.
10ul of worms were transferred to a poly-lysine coated slide
and directly covered with 60x24mm coverslip. For freeze-
cracking, the slide was introduced into liquid nitrogen for 10
seconds or the slides were frozen on metal blocks on dry
ice, the coverslip was then removed with a swift movement.
The slide was emerged into ice-cold MeOH for 5Smin,
followed by emerging it into 1% paraformaldehyde for 2
minutes. The slides were then washed 3 times with
PBS+0.25% Triton X-100 for 5 minutes and incubated in
blocking solution (0.5% BSA in PBS with 0.25% Triton X-
100) for 30min. 100ul of the first antibody (1:500 dilution in
PBS+0.25 Triton X-100) was then added, covered with
coverslip and the slides were incubated at 4°C overnight.
The next day the slides were submerged into PBS+0.25
Triton for 15min, followed by additional 2 washes. The
secondary antibody was then added (Alexa-555 anti-rabbit,
Invitrogen), followed by 3 washes of PBS + 0.25% Triton X-
100. The slides were then directly mounted with



Fluoroshield with DAPI mounting medium (Sigma). The
slides were imaged using an oil immersion 40X objective on
Leica DMI6GO00 B inverted microscope equipped with
Hamamatsu Orca Flash 4.0 digital camera and a Lumen
metal arc lamp (Prior Scientific).

The images were imaged with Leica DMIG000 B
microscope, with 40x oil-immersion objective. The images
were taken in Z-stack, and analyzed with the program
ImageJ. The mean values for each nucleus from the
background-corrected stacks were obtained and these
values were used to estimate the changes between the
intensity of the signals from the antibody-staining and DAPI.

3.6. Genomic DNA extraction

Several plates (60x15mm) of worms were grown with
appropriate bacteria (either OP50 or RNAIi bacteria on
plates with IPTG and Amp). The worms were washed off
the plates into M9, getting rid of as much bacteria as
possible and pelleted at 1000rpm for 1min, followed by flash
freezing the pellet in liquid nitrogen or dry ice with EtOH. 5
volumes of worm genomic DNA lysis buffer with Proteinase
K (0.1mg/ml) was added and the samples were incubated
at 65°C for 1-2 hours, followed by 20-30min deactivation of
Proteinase K at 95°C. RNAse A (0.1mg/ml) was added to
the samples and incubated at 37°C for 1h. In the fume



hood, 1 volume of phenol/chloroform was added and the
samples were span at 4,000rpm for 5min. The aqueous
phase was transferred to a new tube and another round of
phenol/chloroform was added in case still significant
amount of white precipitate was visible at the
aqueous/organic interface. 0.1 volumes of 3M sodium
acetate was added and 2 volumes of 100% ethanol. After 1
hour of incubation the DNA pellet was centrifuged at
14,000rpm for 15minutes, and the pellet is washed with
70% of ethanol. The pellet was air-dried and resuspended
in water and the concentration was measured with

Nanodrop.

3.7. Total RNA isolation and mRNA-Seq

To account for the developmental delay of the div-7 RNAI
worms compared to the worms fed with control RNAI, the
time points were chosen as follows:

| — control RNAI: L1+34hs, div-1 RNAi L1+38hs;

Il — control RNAI: L1 + 38hs, div-1 RNAi: L1 + 41hs,

lll — control RNAI: L1 + 41hs, div-1 RNAIi L1 + 44hs,

IV — control RNAI: L1 + 44hs, div-1 RNAIi L1 + 47hs.

The worms are washed off from the plates and pelleted and
cleaned from excessive bacteria. 100ul of supernatant (M9)
was left to cover the worms, 400ul of Trizol (Invitrogen) was
added and the samples were vortexed for 2min. The



samples were frozen, followed by 5 freeze-thaw cycles
(between water bath at 37°C and dry ice/ethanol). 200ul of
Trizol was added and after 5min of incubation, 140ul of
chloroform was added. After 15 sec of vigorous shaking the
samples were incubated for 2min, followed by 15min of
centrifugation at 12,000g at 4°C and the aqueous phase
was collected to a new eppendorf. An equal volume of 70%
EtOH was added and the mixture was transferred to a
RNeasy (Qiagen) spin column and the RNA was eluted with
30ul of RNase free water. The concentration was measured
on the spectrophotometer and the samples were stored at -
80C.

The mRNA sequencing libraries were prepared with the
lllumina Sequencing Kit TruSeq v3 and were sequenced in
paired end mode (read length of 50bp) with the lllumina
HiSeq sequencer. Transcript abundance was estimated
with the RSEM program [235], using Bowtie (default aligner
used by RSEM) to align reads to the C. elegans genome
(Wormbase WS220). Less than 1% of reads were mapping
to ncRNA species. The reads were then normalized using
the trimmed mean of M-values (TMM) method that
estimates scale factors between samples [236]. The reads
were quality controlled with the ArrayQualityMetrics
package. A principal component analysis (PCA) was
performed in all samples to try to visualize whether the
condition (control vs. div-1 RNAi) or the time points



influence the most how the samples relate to each other. As
the samples clustered rather time-dependently (along PCA1
axis) than condition-dependently, the analysis was next
focused on the time points rather than the experimental
condition. The following analysis was carried out treating
each sample as experiment without replicates. The
differential gene expression was performed using DESeq
(R/Bioconductor package). Additional annotation was
obtained with the biomaRt package [237]. Repetitive
elements were identified using the program RepeatMasker
(www.repeatmasker.org), the gene and tandem repeat

annotations were retrieved from Wormbase (WS220).



4 - Discussion

4.1. An RNAi screen to identify regulators for a
highly variable pdaf-21::mCherry reporter

In our laboratory the phenotypic variation of isogenic
organisms grown in the same environment has always been
the question of heart. The worm C. elegans is a great model
organism to study this variation, as the worm is a
hermaphrodite, so can be studied in large isogenic
populations. The population can be grown on the same
feeding plate, reducing the impact of environmental factors
in the study. We have been studying the variability of the
expression of Hsp90, using an ubiquitously expressed
chaperone with a transcriptional reporter for daf-21, the
gene coding for HSP9O0 in C. elegans. Interestingly, worms
grown in the same environment can express the reporter
gene in highly variable levels. We were interested in
understanding the premises for this variability and also in
how the difference in the levels of chaperone account for
the survivability and health of the worms. It has been
previously shown that some chaperones, including HSP90
can act as buffers and influence the penetrance of
mutations, as shown with Drosophila [196]. Our pdaf-
21::mCherry reporter was potentially a great tool to study
this variation, as the level of CHERRY expression in those

worms was indeed very variable, even on the same feeding



plates in normal conditions. We were interested in the
underlying mechanisms for this variation, so we designed a
screen to study this. The rationale behind this was to knock
down genes in C. elegans in high throughput and by
observing the reporter expression, identify regulators of the
chaperone. Interestingly, we instead identified a group of
genes whose function was essential for the acquisition of
the proper repressive chromatin state on the transgenic
array containing our multi copy pdaf-21::mCherry. We
observed that when the DNA replication machinery is
inhibited, multiple chromatin marks are altered on the array,
including the H3K27me3 repressive mark (Figure 38).
These changes are likely responsible for the increased

expression of the transgene.
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Figure 38 Model summarizing the hypothesis what we think occurs when the
DNA replication machinery is inhibited by either RNAi or in appropriate
mutant background. In normal condition the expression of the multi-copy
pdaf-21::mCherry array is highly variable but faithfully transmitted to the
progeny, ‘low’ PO worms giving arise to ‘low’ F1 offspring and ‘high’ PO to



‘high’ F1 (shown with different shades of red). The undisrupted DNA
replication (green oval) gives rise to expected chromatin modifications
(green hearts) showing histone methylations tested in this study. In case of
the inhibited DNA replication machinery (red oval with thunderbolt), the
expression level of the parents is not transmitted to the progeny and the
expression is always increased, even in the case of ‘High’ worms, suggesting
that in normal conditions the arrays are repressed and this repression is
challenged when the replication machinery is dysfunctional. As shown with
this study, after inhibition of the DNA replication, global levels of tested
histone methylations are altered (red stars) and arrows showing either
increase or decrease of the particular histone modification.

4.1.1. Components of the replication machinery are
required for repression of the pdaf-21::mCherry
transgene

The screen was carried out with a strain with transcriptional
reporter for daf-21 carrying the transgene in multiple copies.
The screen enabled us to identify a number of genes that
altered expression from the transcriptional reporter, when
they were inhibited. While the inhibition of many genes were
able to induce the expression of the transgene significantly,
the highest and most consistent expression was seen with a
subgroup of genes encoding subunits of the DNA
replication machinery, further analysis was therefore
focused on these genes. Though initially we were in search
for regulators of the highly variable chaperone HSP90, we
soon realized that we might have been studying the level of
silencing of high copy number transgenes instead. It has
been shown that transgenic worms can have the integrated
DNA in tandem repetitive arrays and due to this nature, they

are often organized into highly ordered heterochromatin-like



constructs that are silenced in the germline. Indeed, the
gPCR analysis on the genomic DNA from the pdaf-
21::mCherry worms showed that the transgenic DNA was
present in high copy number, and possibly in re-arranged
repetitive arrays as suggested by the copy number
differences within the transgenic region with different primer
sets (Figure 12).

The fact that the level of endogenous daf-21 expression
was not changed (Figure 18) supported our hypothesis that
we had rather identified a set of genes required for
acquisition of proper repressive chromatin state of the
transgenic array. And as all these RNAi knock-downs led to
an increase in the expression of the transgene, we
hypothesized that these genes were required for proper
silencing/repressive patterns on the transgene. Due to the
fact that the pdaf-21::mCherry expression was highly
variable and that the screen was carried out by eye, it was
not possible to identify any negative regulators. One of the
genes with the largest effect on array expression, div-1 (a
homolog of the B subunit of the DNA polymerase alpha-
primase complex in C. elegans) was also confirmed using a
mutant with a Ts mutant allele or748 (Figure 15). Other hits
included genes coding for ribosomal subunits and
components of the proteasomal pathway, which can be
accounted for by the function of the Hsp90 gene as a
cellular chaperone that is induced in response to misfolded



proteins. Single genes without any emerging subgroup were
discarded due to the scope of the study.

4.1.2 Inhibition of the replication machinery in the
embryo is sufficient to interfere with the proper
acquisition of the repressed chromatin state of the
pdaf-21::mCherry multi copy array

We wanted to know where does the inhibition of replication
interfere with the acquisition of the silenced state and
derepression of the transgene. We show that the inhibition
of div-1 (from here on used as representative of the DNA
replication subgroup from the RNAIi screen hits) needs one
generation to have an effect on the expression of the
transgenic array (Figure 19-21), suggesting that it is the
processes in the early embryo that establish the proper
repressed state of the transgenic array. There is still
possibility that the RNAi itself needs a generation to
become effective, to sufficiently deplete the HSP90 protein
levels. Interestingly, when we looked at the expression of
the transgene in the RNAi-fed parental generation directly,
we did not observe an increase in the expression compared
to the control worms, except for a few posterior intestinal
cells (Figure 19). It has been previously reported that some
transgenic worms accumulate the reporter protein in the gut
cells, observable as an accumulation of the fluorescent
signal. Previous studies have suggested it to be similar to
immune response [238]. In C. elegans, the 14 posterior-



most cells undergo nuclear division at the L1 stage and
become binucleate, and all the total intestinal 20 cells
undergo endoreduplication of the DNA at each larval stage,
resulting in nuclei that are 32-ploid in the adult intestine
[205]. Previous analysis of several div-1 mutants [221]
revealed that whereas homozygous div-1 mutant
hermaphrodites generally differentiate well, they frequently
fail to produce intestinal and pharyngeal cells, reminding
skn-1 mutants that also lack pharynx and intestine and
produce excess skin instead [239], leading these more
actively dividing cells to increased expression of the
transgenic array.

We then showed that when the transgene passes through
the germline of div-1 mutant worms, it becomes desilenced.
We compared the induction of the transgene expression in
different scenarios, introducing the naive transgenic arrays
coming from wild type worms into either div-1 mutant
female (non-selfed hermaphrodites) or male germline
(Table 3 and Figures 20, 21). The transgene introduced via
mutant male germline was weakly up-regulated compared
to the wild type background, but when wild type males with
the transgenic array were crossed with div-1(or148) mutant
hermaphrodites, the transgene expression was increased
much more significantly (Figure 21). This suggests that
when the transgene was introduced via div-7 mutant males,
the mother’'s contribution was able to rescue the proper
acquisition of the repressed state of the transgene by



providing the wild type DIV-1 protein to the oocyte. In
contrast, when the ‘female’ (from the hermaphrodite)
contribution was from the div-7(or148) mutant background,
the male-contributed wild type div-1 allele was not able to
rescue the expression of DIV-1, suggesting that the
establishment of the heterochromatic state of the transgene
is established during the early embryonic development
when the genome is still under maternal control.

For this experiment we took advantage of another
transgene, a myo-2::gfp multi copy array to identify cross
progeny and it is possible that the presence of multiple multi
copy transgenic arrays could interfere with the regulation of
each other’s chromatic state for example by targeting the
repetitive sequences by the pool RNAs produced in
response to one or the other transgene. Repeating these
crosses without using a transgene marker would test this
possibility.

4.1.3 None of the common DNA damaging agents
tested could induce upregulation of the transgenic
array as much as div-1 RNAi or the div-1(or148)
mutant background

In most cells, the DNA damage checkpoint delays cell
division when replication is stalled for example due to DNA
damage. C. elegans early embryos are different though, as
the checkpoint here only responds to developmental signals
that are responsible for regulating the timing of cell divisions



[218, 222]. Here, any non-developmental input would
disrupt the timing of the cell cycles and cause embryonic
lethality. For that reason, a checkpoints response to DNA
damage is non-active in embryos. The check-point
mediated asynchrony in cell division is crucial for embryonic
patterning in C. elegans and when reduced, the germline of
these worms is not able to develop, and the survivors are
usually sterile. At the same time, extending the asynchrony
where the time difference between AB and P1 is further
increased, has also detrimental effects, as shown with
hypomorphic div-1 mutants, where the asynchrony in cell
division is extended resulting in mislocalization of
developmental regulators, defects in embryonic patterning
and lethality [239]. There has been a thorough analysis of
cell-cycle timings in the div-1 mutants, including the div-
1(or148) allele that we have used throughout our study. In
wild-type embryos the posterior blastomere P1 of the 2-cell
stage is still in mitosis by the time the anterior blastomere
AB finishes dividing, leaving only a very brief 3-cell stage. In
div-1 mutant embryos there is longer time interval between
P1 and AB divisions, resulting in a prominent 3-cell stage
[221]. Moreover, all the blastomeres exhibit longer divisions,
in div-1 mutant embryos during the first 3 cell cycles, mostly
observed as an increase in the duration of the interphase,
while mitosis appears relatively normal. As the cell cycles in
early C. elegans embryos consist only of DNA replication
and mitosis without any gap phases [240], [241], the delays



in cell divisions in div-1 mutant embryos are consistent with
the defects in DNA replication. In conclusion, though
checkpoint activation is important for proper development, it
can only happen in response to developmental signals and
not in response to unscheduled events such as replication
problems. A common source of replication problems is DNA
damage and thus, our attempt was to replicate the increase
in the expression of the transgenic array using DNA
damaging agents available such as UV irradiation, MMS
(methyl methanesulfonate) and EMS (ethyl
methanesulfonate). Also, mutational inactivation of
processes other than DNA replication, for example,
nucleotide metabolism can result in the same delayed
division phenotype. This hypothesis is supported by the fact
that RNAI of both rnr-1 and rnr-2, the genes encoding the
subunits of the RNR - ribonucleotide reductase in C.
elegans, an enzyme directly responsible for generating
substrates for the replication machinery caused an increase
in the expression of the multi copy transgenic array. Thus,
another agent we tried was hydroxyurea (HU) as this agent
is the direct inhibitor of the ribonucleotide reductase. Plus,
with our div-1 RNAIi and div-1(or148) mutants we were able
to observe similar cell cycle delays as reported with HU
before [219] where the authors showed that HU treatment
doubled the time between pronuclear migration and nuclear
envelope breakdown (indication of mitosis initiation).

Interestingly with none of the agents used to induce a DNA



replication defect or stalling of the replication machinery
were we able to induce expression of the transgenic array
as much as with div-1 RNAi or with the div-1(or148)
mutation (Figures 24-26). After treating the worms with
EMS or UV irradiation, no significant induction was detected
(Figures 26 and 25, respectively). We then confirmed that
our chosen methods were able to efficiently induce DNA
damage and/or cell cycle delay. The div-1 knockdowns
were able to cause delay in early embryonic development
(Figure 15) and for the DNA damage effect we used a
reporter strain for DNA damage, HUS-1::GFP. In normal
conditions, the HUS-1 protein is diffusely distributed in the
cell, but upon DNA damage accumulates into foci marking
the locations for double stranded breaks [225]. HUS-1 is
one of the checkpoint proteins, and member of the 9-1-1
complex (HUS-1/MRT-2/HPR-9) that is activated during
DNA damage along with cell cycle arrest and apoptosis.
The HUS-1 complex acts downstream of NER (nucleotide
excision repair) to promote DNA-damage induced apoptosis
[242]. This is different to our case, as the early embryonic
cells with div-1(-) background are not undergoing apoptosis.
Others [221] have also reported that div-7 and other div
mutants exhibit delayed embryonic cell divisions but appear
otherwise normal.

Nevertheless we used the HUS-1::GFP strain as a reporter
for DNA damage observable in the germline (Figure 27) and
the DNA-damage-associated foci were readily observable in



div-1(or148), UV-C and HU treated worms (Figure 28).
Interestingly, the div-17 worms had foci count similar to wild
type (0-6 foci per field view) whereas UV-C treated worms
had up to 200 foci, while being a condition where no
induction of the transgenic array could be seen (Figure 25).
Thus, external treatments that cause extensive DNA
damage in the germline and delayed cell division in the
early embryo do not result in the induction of the transgene
expression in the early embryo. In contrast, inhibition of the
replication machinery or of ribonucleotide reductase causes
only mild induction of the DNA damage response in the
germline but upregulates the transgene in the early embryo
and causes cell cycle delay. This suggests that the
induction of the transgenic array may not be caused by
replication fork stalling or replication stress per se. Instead,
there may be a non-monotonic relationship between the
extent of replication stress and induction of the transgene.

4.1.4 Not all multicopy arrays are de-repressed after
inhibiting the DNA replication machinery

We were interested in understanding whether the de-
repression of the transgenic tandem arrays is a general
phenomenon coupled to DNA replication defects or if it is
specific to some transgenes and dependent on the
promoters driving the reporter genes. For that we looked at
a small selection of transgenes, either: 1) driven by the



same pdaf-21 reporter but in single copy, 2) other stress-
responsive reporters (hsp-4::gfp, gst-4::gfp, hsp-6::gfp, sod-
3::gfp, cyp-35::gfp and nip-29::gfp, ), 3) other multi copy
transgenic arrays (plet-858::gfp, pscm::gfp and psur-5::sur-
5::gfp). Interestingly, we did not see consistency amongst
any of these selected subgroups (Table 4, Figures 22, 23).
Some of the reporters (hsp-4::gfp, gst::gfp (Table 4), plet-
858::gfp and pscm::gfp, (Figure 23)) did show increased
expression after inhibition of the replication machinery, and
though a single copy strain of pdaf-21:gfp reporter exhibited
an increase in the expression of the transgene (Figure 22),
it was about 10 times less than with multi copy transgenic
array (1.8 fold increase compared to 10.5 fold). This
suggests that some, but not all of the induction of the
expression is linked to the reporter being present in the
multi-copy array in the genome. As the daf-21 gene codes
for HSP90 chaperone in C. elegans, the reporter can
respond to stress, including misfolded proteins [243]. The
fact that some of the multi copy transgenes are more
induced than others, may suggest that the location to where
the transgene is inserted may play a role in the level of
repression of the transgene. Common example of this is the
PEV (position effect variegation), classical example from
Drosophila known from 1930s, where a gene becomes
repressed when it is placed close to pericentric
heterochromatin [244]. Having reporter strains with the
same construct inserted into different locations would test



this, enabling to distinguish between contributions of the
promoter and the location. In a similar manner, the location
of these transgenes can have an effect on the level of the

expression depending on the surrounding chromatin.

4.2. The repressive chromosomal architecture
associated with multicopy transgenic arrays
changes after inhibiting the DNA replication

machinery in C. elegans accompanied by global

chromatin changes

Until recently [245], there was no evidence of C. elegans
having any DNA modifications such as cytosine methylation
to regulate its transcriptional activity and relies mostly on
histone modifications to dictate the accessibility to DNA
through its chromatin structure [246]. In C. elegans, the
somatic cells and germline cells see the transgenes
differently, especially the repetitive tandem arrays. Unlike
somatic cells, germ cells are very efficient in silencing
genes present in high copy number, an effective strategy for
germline surveillance. In several cases, the transgene
silencing can even affect the endogenous loci, a
mechanism called co-suppression [247]. Interestingly in our
case, there is no expression of the pdaf-21::mCherry in the
germline cells (Figure 32), even in the div-1(-) background



where the transgene in somatic cells is highly de-repressed
and expressed.

4.2.1 Interfering with DNA replication interferes with
the acquisition of the proper chromatin marks in the
early embryo and causes derepression of the multi
copy transgenic arrays

Transcriptional control of the genome in eukaryotes
involves interplay between different posttranslational
modifications of the core histones. It has been shown that
repetitive genetic arrays are subject to transcriptional
repression [181] and accumulate repressive histone marks,
especially H3K9me3 and H3K27me3 [248], [249]. Thus, the
integrated repetitive transgenes are probably similar to
endogenous heterochromatin in the germline [227]. The
histone modifications are all part of a complex interplay and
involved in various levels of crosstalk. In general, histone
modifications regulate the transcriptional activity of genomic
regions as suggested by apparent correlation between
histone modifications and gene expression (summarized in
[250]), H3K9 and H3K27 (mono-, bi- or tri-) methylations
correlating with silenced DNA, or active DNA with H3K4 and
H3K36 methylations. Based on these and other
observations with transgenic arrays, we hypothesized that
the mechanism through which inhibiting DNA replication
machinery could increase the expression of our tandem

array is through altering its chromatin structure and



compaction. We assayed the methylation levels of
H3K9me3, H3K27me3, H3K4me3 and H3K36me3 over the
transgene, modifications associated with repressive and
active regions, respectively. H3K9me3 enrichment has
been shown over silenced transgenes [158], accompanied
with the absence of H3K4me3, and other active chromatin
marks [50, 251]. Interestingly, rather than observing an
increase or decrease in these chromatin marks locally,
specifically over the transgene, the ChIP-gPCR analysis
revealed similar changes at additional loci (Figure 33
(H3K9me3), Figure 34 (H3K27me3), Figure 36 (H3K4me3),
Figure 37 (H3K36me3). That this is a global change in
chromatin modifications across the genome was confirmed
by immunofluorescence experiments which revealed that
the decrease in the of H3K9me3 (Figure 33, panels A and
B, though less significant that suggested by ChIP-qPCR,
panel C) and H3K27me3 signals (Figure 34, panels A and
B) and increase in H3K4me3 (Figure 36, panels A and B)
and in H3K36me3 signals (Figure 37, panels A and B) was
spread over the chromatin in the nucleus, stained with
DAPI. The images acquired from the immunostaining
experiment exhibited variable levels of signal intensities,
thus for the analysis we normalized the mean signal
intensity from the antibodies to that of the DAPI signal from
the same nucleus and analyzed each experiment
separately. Better control than DAPI-staining would be to
use another antibody to count for the variability in the



permeability of the embryo to the antibodies introduced by
the freeze-cracking method.

Previous studies have identified that nuclei from worms with
high copy transgenic arrays exhibit regions of high
occupancy of H3K9me3 [248], where they demonstrated
that a multi-copy array ml/s10 FISH and high H3K9me3
immunofluorescence signals co-localize. In our study we
could not specifically determine the location of the
H3K9me3 mark in the nucleus, but it appears diffusely
distributed within the nucleus rather than forming specific
foci marking the transgene (Figure 33, panel A). Also, there
was only slightly significant decrease in the total H3K9me3
levels in div-1 mutant worms as measured by the anti-
H3K9me3 antibody levels (Figure 33, panel A).
Unfortunately, for both the ChIP-qPCR and the
immunostaining experiments, the H3K9me3 antibodies
used were giving the lowest signal, making it difficult to
estimate the reliability of the change in enrichment in div-1
mutants compared to control. The specificity and efficiency
of the immunostaining with the anti- H3K9me3 antibody was
validated with the set-25 deficient worms (data not shown),
a gene coding for the protein solely responsible for
depositing the H3K9me3 mark in C. elegans [227]. As
expected, there was no H3K9me3 signal observed in the
set-25(n5021) background as compared to control worms.
Bessler et al. also looked at the localization and enrichment
of H3K27me3 over a transgene array, a mark that has been



shown to be enriched on X chromosomes in the germ cells
of C. elegans hermaphrodites [34]. They reported no
enrichment of H3K27me3 on the mlis10 transgenic array,
but rather a broad distribution on all chromosomes.
Similarly, we saw no enrichment of H3K27me3 on the
transgene (Figure 34, C). At the same time, this repressive
modification H3K27me3 showed the most significant
change in the div-1 mutant animals (Figure 34).

From the active chromatin marks we looked at tri-
methylations over H3K4 and H3K36, marks shown to be
enriched in transcriptionally competent euchromatin,
H3K4me3 as the hallmark of actively transcribed proteins
and H3K36me enriched in gene bodies [17, 252]. Again, we
observed a global increase in these active marks, rather
than just a local change over the transgene, with H3K4me3
showing increased enrichment over promoter regions of the
studied control sequences, pmp-3 and cdc-42 (Figure 36
(H3K4me3) and Figure 37 (H3K36me3)).

Thus, interfering with the DNA replication during the cell
cycles of the early embryo, the levels of repressive marks
H3K9me3 and H3K27me3 are decreased, whereas
H3K4me3 and H3K36me3 levels are increased in the div-1
mutant worms. Interestingly, the worms with perturbed DNA
replication appear phenotypically quite normal and are able
to cope well with the altered chromatin organization, as
confirmed by phenotypically comparing the worms before
and after the inhibition of DNA replication. Also the mRNA



analysis of these worms revealed no significant differential
expression of endogenous genes (Figure 18).

Our results reveal a new interesting phenomenon where a
perturbation of the DNA replication machinery causes a
global re-organization of the chromatin, whereas the
change is uni-directional, reducing the heterochromatic
marks and increasing the euchromatic on histone H3 tails.
Previously global changes in the histone methylation levels
were shown in worms with depleted S-adenosylmethionine
(SAM) synthetase, the methyl-group donor [227], causing a
reduction of methylation levels in all studied trimethylation
levels of K4, K9, K27 and K36 on histone H3 [227].
Reduction of heterochromatic marks has been shown
before by inhibiting the enzymes specifically responsible for
depositing these marks [39, 227, 248] whereas to our
knowledge, no global systematic change has been reported
in C. elegans before.

Saccharomyces cerevisiae adapts to environmental
stresses by fast changes in global gene expression patterns
[253]. Accompanying change of chromatin regulators in
stress conditions in yeast reveals how chromatin plasticity is
tightly regulated on a global level to mediate transcriptional
response to stress [254]. The role of chromatin marks may
depend on the cellular context, for example H3K4me3 and
H3K36me3 show unexpected patterns in stress conditions,
the latter generally involved in regulating downstream areas
of genes can also be found at promoters under stress



conditions [255]. DNA damage-induced chromatin
relaxation has been shown, such as heterochromatic loss in
tau transgenic Drosophila in cells after DNA damage,
suggesting that heterochromatically silenced genes are
transcriptionally more sensitive to changes in the chromatin
environment than are active genes. Role of Argonaute
proteins in this regulation has been suggested in S. pombe
for example, the RNA-induced transcriptional silencing
(RITS) that associates with nascent transcripts and DNA-
dependent RNA polymerase leads to heterochromatin
formation [105]. Ago3, a homolog to the human PIWIL1,
regulates the PIWI-associated RNAs (piRNAs) [102] is
required for post-transcriptional silencing [99]. Ago3 levels
are increased fourfold in tauopathy-associated chromatin
relaxation in Drosophila, suggesting a regulative function for
Ago3-mediated  piRNA  biogenesis in  chromatin
modifications [256].

Sarkies et al. [137] have previously discussed in a review
how problems encountered by the replication fork might
disturb the histone mark propagation. The histones
deposited on newly synthesized DNA are also deposited
during DNA replication, and nucleosomes ahead of the fork
are removed for the DNA to unwind. This nucleosome
displacement-replacement is tightly controlled and
disrupting DNA replication interferes with histone recycling
and leads to a loss of epigenetic information. For example,
when the replicative helicase is uncoupled from the DNA



synthesis, long segments of single-stranded DNA are
exposed, that is an inadequate substrate for nucleosome
assembly [257]). Replication stress has shown to increase
the number of histones with parental modifications,
suggesting that histones were indeed displaced from the
template prior to the fork but not replaced [258]. To further
support the idea of requirement for coupling between the
displacement of parental histones ahead of the replication
fork and replacement on the newly synthesized DNA,
Sarkies et al. [137] looked at histone modifications around
G quadruplex (G4) DNA, sites in DNA that have capability
to stall replication [259] in chicken DT40 cells lacking the
translesion synthesis polymerase REV1 [137]. Replication
forks in REV1(-) cells stall more often at sites of DNA
damage and they show that G4 DNA was associated with
loss of gene repression, including loss of H3K9me2
modification and accumulation of modifications of newly
synthesized histones. So, the G4 DNA site can interfere
with the fork progression, jeopardizing the maintenance of
the chromatin through the loss of parental histone
modifications and challenging the epigenetic silencing of the
region [137].

Also Shachar, S. et al. [260] suggest a role for replication in
determining the position of genome regions. They
developed HIPMap (High-throughput imaging position
mapping), an in situ hybridization-imaging pipeline to map
spatial location of genome regions at large scale. With this



method they carried out an unbiased siRNA screen for
factors involved in genome organization in human cells.
They identify 50 factors (including chromatin modifiers,
histone modifiers, nuclear envelope and pore proteins) that
are required for appropriate positioning diverse genomic
loci. Interestingly, many of the genome positioning factors
identified included many DNA replication-associated
proteins, such as post-replication histone chaperones. They
then tested whether DNA replication is required for re-
positioning in response to knockdown, and show that the S
phase progression was required for the proper positioning
by these identified factors, even if they were not directly
involved in DNA replication, suggesting that the replication
process, rather than the individual factors, determine gene
positioning. As many of the replication-associated
repositioning factors are involved in chromatin assembly,
they speculate that the post-replication chromatin assembly
is a critical for establishing and maintaining gene position.

4.2.2 Directly interfering with regulators of chromatin
structure further derepresses the multi-copy
transgenic array in div-1(or148) background

We looked at the expression of the transgenic array in div-
1(or148) background after feeding them with RNAI bacteria
for genes directly responsible for depositing the H3K9 and
H3K36 methylation marks along with other genes that we



observed to increase the expression of the pdaf-
21::mCherry transgenic array (Figure 29). The RNAi feeding
of lin-53, mes-4, mrg-1, mut-7, set-25 were all desilencing
the transgenic array, and in the div-71(or148) the induction
was further increased. This could suggest that the div-1
caused inhibition of the DNA replication machinery does not
directly act through these pathways. If the induction of the
transgene caused by div-1 mutation was caused merely by
interfering with the pathways depositing H3K9me3 (set-25
RNAI) or H3K36me3 (mes-4 RNAI) marks on the chromatin,
reducing the levels of these proteins would reverse the
induction caused by div-1 mutation. At the same time,
caution has to be taken interpreting these results; as for
example nrde-2 itself is involved in the RNAIi pathways,
possibly affecting the efficiency of the RNAi knockdown.

4.2.3 The CSR-1 licensing pathway is able to partially
suppress the induction of the multi copy transgenic
array caused by inhibiting the DNA replication
machinery

In C. elegans, the small RNA producing factory has an
intriguing small RNAi pathway, the CSR-1 Argonaute
pathway. Most of the other small RNAs have an interfering
function [59, 80, 82, 87, 88, 96], where they silence the
transcription of their targets, whereas CSR-1 is thought to
act as a licensing pathway [98]. The small RNAs from this

pathway bind their target sequences and protect these



normally endogenous germline transcripts from the vast
silencing potential of the piRNAs (Piwi-interacting RNAs) in
C. elegans germ cells. We showed (Figure 30) that the
expression of the multi-copy pdaf-21::mCherry transgenic
array is reduced in DRH-3 mutants, that is a Dicer-related
helicase in C. elegans, a component of CSR-1 pathway,
compared to the array in the wild type background. More
interestingly, the div-1(or148) drh-3(ne4253) double mutant
exhibits almost as low level of the transgene expression as
does the wild type strain. This could suggest that by
eliminating the CSR-1 pathway function, we are able to
reverse the effect of the replication stress caused by div-1
mutation. Using the drh-3(ne4253) strain is not optimal
though as DRH-3 also acts in other 22G small RNA
pathways. But eliminating any other essential component of
the CSR-1 pathway leads to lethality, constraining us to the
drh-3. What supports the hypothesis for the specificity for
the CSR-1 pathway though, is the fact that no other small
RNAi pathway mutants showed a decrease of the
transgenic array (data not shown). To support the specificity
of the drh-3 to the CSR-1 pathway, we carried out the same
genetic crosses with rde-1 mutant. RDE-1 (RNAi Defective
1) is a primary Argonaute required for RNAi in C. elegans,
being part of the exogenous RNAIi pathway as opposed to
drh-3 and csr-1. In the rde-1(ne219) mutant background we
did not observe reduced expression of the pdaf-
21::mCherry array (Figure 31), nor was the div-1(or148)



induced derepression reduced in the rde-1(ne219);div-
1(or148) double mutant. This could suggest that other small
RNAIi pathways acting through DRH-3 (and RDE-1) do not
have an affect on the transgene expression as does the
CSR-1 pathway. To further investigate the role of different
pools of small RNAs in the regulation of the transgene
expression and silencing, pools of small RNAs from control
as well as div-1(or148) worms could be sequenced, at the
L1 larval stage and from gravid adults to subject these to
small RNA-Seq. Caution should be taken though when
analyzing the small RNA pathways in the strain with div-
1(or148) background. It has been previously shown that a
soma-specific RNAi-defective allele of mut-16 (mg461) is
present in the background of many C. elegans strains
commonly used in the laboratory [261]. Strains with mut-
16(mg461) allele might interfere with the endogenous
siRNA pathways, as the strains with this background
mutation have reduced response to RNAi pathways. As we
discovered (A.Klosin, personal communication), the div-
1(or148) also has this background mutation and its
presence may confound some of the results from the RNAI
pathway studies [58, 262].



4.3 Future directions

In addition to the directions discussed in the previous
section, following questions remain open that were out of
the scope of this study.

To better understand the global changes in the histone
methylations after replication stress, ChIP-Seq analysis
antibodies against these marks could be done.
Immunostaining provides only a quantitative estimate of the
decreases/increases in these modifications per whole
genome and ChIP-gPCR is restricted to only a few chosen
regions.

One of the most perplexing question throughout the project
has been the specificity of the response of the pdaf-
21::mCherry transgenic strain to the tested perturbations.
More specifically, with the help of MosSCIl [172, 174]
generated transgenic worms could provide more
information how does the location and copy number of a
specific transgene affect the magnitude of the increase.
Additionally, change in the total histone levels and/or
nucleosomal occupancy globally or over the transgene after
inhibition of DNA replication machinery could be studied. In
eukaryotes, next to the H3 that is one of the core histones,
histone variant H3.3 is universal and is incorporated at sites
of active transcription throughout the cell cycle [27, 263]
and the H3.3 in chromatin is associated with histone
turnover and it has been shown that the H3.3 patterns are
similar to H3K4 methylation patterns [251]. The



repressive/active modifications are enriched on different
histones of the H3/H4 tetrad of the nucleosome (activation
marks enriched on the H3.3 rather than H3). Unfortunately,
H3.3 difference to H3 is only few amino acids at the active
site and cannot be detected with the anti-H3 and anti-H3.3
antibodies available [264]. Another possibility would be to
measure the level of H4 and compare it to the change of H3
as both H3.3 and H3 make complexes with H4. Here, if the
H4 level is constant and only the amount of H3 changes, we
could estimate whether there is change in the ratio between
H3.3 and H3. Also, we could hypothesize that the level of
H3 reflects the overall nucleosomal occupancy, and this
could be studied with further methods, for example with
restriction enzymes whose efficiency depends on the
packaging of the nucleosome, again giving us an estimate
of the structure of the nucleosome. One could also measure
the level of the Histone 3 with more standard methods, as
Western blot, to test whether the change decrease is in
cellular level or restricted to H3 associated with DNA.

As discussed previously (section 1.6.1.1), reduction of a
p180 subunit of CAF-1 (chromatin assembly factor 1), in
Drosophila suppresses heterochromatic gene silencing
[142], accompanied by the decrease in H3K9 methylation
marks at pericentric heterochromatin and reduced
recruitment of HP1. Would then inhibiting the CAF-1-
mediated nucleosome formation thus have profound effects
on the expression of the repetitive transgenes?
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