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Abstract
The significance of noncoding RNAs in animal biology is being increasingly recognized.
The nematode Caenorhabditis elegans has an extensive system of short RNAs that
includes microRNAs, piRNAs, and endogenous siRNAs, which regulate development,
control life span, provide resistance to viruses and transposons, and monitor gene dupli-
cations. Progress in our understanding of short RNAs was stimulated by the discovery of
RNA interference, a phenomenon of sequence-specific gene silencing induced by exog-
enous double-stranded RNA, at the turn of the twenty-first century. This chapter pro-
vides a broad overview of the exogenous and endogenous RNAi processes in
C. elegans and describes recent advances in genetic, genomic, and molecular analyses
of nematode’s short RNAs and proteins involved in the RNAi-related pathways.
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1. INTRODUCTION

Within the last 20 years, it has been recognized that short RINAs
20-30 nt in length and their protein cofactors of the ancient Argonaute fam-
ily are integral components of most eukaryotic organisms. Some short
RNAs, such as the microRNA [let-7, are well conserved in animals
(Pasquinelli et al., 2000), while others, such as endogenous siRINAs antisense
to foreign RINA sequences and involved in genome surveillance, can be
generated within the lifetime of an individual (reviewed in Billi,
Freeberg, & Kim, 2012).

The nematode Caenorhabditis elegans represents an ideal organism for
studies of short RNA biology. The first microRINAs to be discovered,
lin-4 (Lee, Feinbaum, & Ambros, 1993) and let-7 (Reinhart et al., 2000),
were found in the course of rigorous genetic analysis of the C. elegans cell
lineage, and the discovery of double-stranded RNA-induced gene silencing
(RINA interference or RNAI) in C. elegans (Fire et al., 1998) precipitated the
recognition of the connection between RINAi and miR NAs providing ref-
erence to related phenomena in plants and fungi. The short RNAs of a spe-
cific length (20-30 nt) and Argonaute proteins manifested the newly found
connections (reviewed in Czech & Hannon, 2011; Hutvagner & Simard,
2008) and represented the culmination of the first decade of RNNA-silencing
research.

From that point, numerous avenues of short RNA studies emerged, and
the second decade of RNAi-related research featured advances in biochem-
istry, structural biology, and genetics. miRINA-based regulation proved to
be almost as common as regulation by transcription factors. Advances in
deep sequencing technology brought short RNA discovery to new levels
and enabled identification of another class of RNNAs, piRINAs, which inter-
act with the PIWI subfamily of Argonaute proteins (reviewed in Ishizu,
Siomi, & Siomi, 2012). Deep sequencing reinforced genomic approaches
in RNAI research in C. elegans, and the wealth of endogenous short
RNAs (endo-siRNAs), distinct from miRNAs and piRNAs, that came
out of these studies is truly remarkable (reviewed in Fischer, 2010).
Endo-siRINAs are not unique to C. elegans; they exist in Drosophila and
mammals as well (reviewed in Okamura & Lai 2008), but nematodes devel-
oped the most extensive collection of Argonaute proteins, studies of which
are poised to discover new biological functions and mechanisms of gene
regulation.
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This review attempts to cover the breadth of RNAi-related research in
C. elegans since 2005. For earlier reviews by this author, see Grishok and
Mello (2002) and Grishok (2005). miRNAs have received more dedicated
reviews than the other short RNAs discovered more recently. Therefore, a
more in-depth discussion on miRNA can be found elsewhere (Abbott,
2011; Ambros, 2011; Kaufman & Miska, 2010; Ketting, 2010; Mondol &
Pasquinelli, 2012; Pasquinelli, 2012; Ruvkun, 2008; Vella & Slack,
2005). Here, an overview of miR NA research includes their newly discov-
ered biological functions in C. elegans, as well as recent advances concerning
the molecular mechanisms governing miRINA expression and their role in
gene regulation. A large portion of the review is dedicated to the biology of
endogenous RNAiin C. elegans, including mechanistic insights into the bio-
genesis of various siRINA species, regulation of mRNA stability and tran-
scription, RINAI inheritance, and connections to other pathways and
factors affecting RNAi. The unique biogenesis of C. elegans piRINAs
(21U-RNAs) is highlighted, as well as their cooperation with endo-siR NAs
in genome surveillance. Finally, advances in our understanding of the
systemic nature of RNNAI in C. elegans are described.

2. miRNA FUNCTION

2.1. Biological effects of miRNAs

2.1.1 Developmental timing

Cell divisions and cell-fate decisions during C. elegans development follow a
stereotypical lineage (reviewed in Ambros, 2011; Rougvie, 2005), which
includes programs specific for sequential postembryonic larval stages L1,
L2, L3, and L4 and terminal differentiation in the adult. Mutant screens have
identified animals with abnormalities in developmental timing, that is,
heterochronic mutants, some of which never progress to later developmen-
tal programs, while others execute them precociously (reviewed in Ambros,
2011; Rougvie, 2005). The discovery of the first miRNA, lin-4, was made
during the process of cloning of a gene with a heterochronic mutant phe-
notype and with the realization that the product of the gene represents a
noncoding RNA that exists as a longer hairpin (70 nt) or a shorter
(~22 nt) species (Lee et al., 1993). Moreover, genetic analyses revealed that
the lin-14 gene, which itself is important in the heterochronic pathway, is
negatively regulated by lin-4, and molecular characterization of lin-14
gain-of-function mutations pointed to the lin-14 3'UTR as the site of neg-
ative regulation by lin-4 (Wightman, Ha, & Ruvkun, 1993). After the nature
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of lin-4 was revealed, several regions of partial complementarity between
lin-4 RNA and the lin-14 3'UTR were identified, and the paradigm of
negative regulation by miRNA was born (Lee et al., 1993; Wightman
etal., 1993). This seminal work by Victor Ambros, Gary Ruvkun, and their
colleagues began to be fully appreciated only by the turn of the twenty-first
century when another heterochronic gene, let-7, turned out to encode a
short RNA (Reinhart et al., 2000), which was remarkably conserved in ani-
mals (Pasquinelli et al., 2000), and numerous other endogenous short RINAs
with hairpin precursors were cloned from C. elegans, Drosophila, and mam-
malian cells (Lagos-Quintana, Rauhut, Lendeckel, & Tuschl, 2001; Lau,
Lim, Weinstein, & Bartel, 2001; Lee & Ambros, 2001).

Although mutations in the lin-4 and let-7 genes caused obvious develop-
mental phenotypes, extensive analyses of new miRNAs in C. elegans con-
cluded that this is not generally true (Miska et al., 2007) and that many
miRNAs, especially related ones, work redundantly (Abbott et al., 2005;
Alvarez-Saavedra & Horvitz, 2010). For example, let-7 family members
mir-48, mir-84, and mir-241 cooperate in repressing the transcription factor
Hunchback-like (HBL-1) (Abbott et al., 2005; Li, Jones-Rhoades, Lau,
Bartel, & Rougvie, 2005). Nevertheless, control of developmental timing
remains the best understood biological function of miRNAs in C. elegans
(reviewed in Ambros, 2011; Resnick, McCulloch, & Rougvie, 2010;
Sokol, 2012), and let-7 miRINA and its relatives are the most well charac-
terized of all the miRINAs. Their C. elegans targets, such as LIN-28, LIN-
41, and LET-60/Ras, proved to be conserved in mammals and enabled
the recognition of let-7 as a tumor suppressor and a prodifferentiation factor
(reviewed by Ambros, 2011; Mondol & Pasquinelli, 2012).

2.1.2 Embryonic development
The similarity between the RINAi and miRNA pathways in C. elegans was
recognized because downregulation by RINAI1 of Argonaute-like genes alg-1
and alg-2 resulted in heterochronic phenotypes that resembled the let-7
mutant (Grishok et al., 2001). Interestingly, the most severe phenotype
resulting from inactivation of alg-1 and alg-2 is embryonic lethality
(Grishok et al., 2001; Vasquez-Rifo et al., 2012), which suggests that some
miRNAs or their combination has a role in embryonic development.
Although initial analysis of deletion mutations in 87 miRINA genes iden-
tified few mutants with gross developmental abnormalities (Miska et al.,
2007), it reported temperature-sensitive embryonic lethality associated with
the mir-35—41 miRNA cluster (Miska et al., 2007). Subsequent deletion of
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all eight members of the mir-35 family (mir-35 through mir-42) revealed a
more penetrant embryonic phenotype that was not temperature sensitive
(Alvarez-Saavedra & Horvitz, 2010). Importantly, this family of miRINAs
is expressed during both oogenesis and embryogenesis (Alvarez-
Saavedra & Horvitz, 2010; Wu et al., 2010), and the lethality could be res-
cued by either maternal or early zygotic expression of the miRNAs
(Alvarez-Saavedra & Horvitz, 2010). The targets of this miRINA family
responsible for the developmental phenotypes could not be identified in
suppressor screens and remain unknown.

Another group of related miR N As required for embryonic development
is the C. elegans mir-51 family (Alvarez-Saavedra & Horvitz, 2010; Shaw,
Armisen, Lehrbach, & Miska, 2010), which belongs to a broader miR-
100 family defined by human miR-100. The miRNAs of the mir-51 family,
mir-51-56, are broadly expressed at all developmental stages (Lim et al.,
2003; Shaw et al., 2010; Wu et al., 2010), consistent with their role in
embryonic and postembryonic development (Alvarez-Saavedra &
Horvitz, 2010; Shaw et al., 2010) and their genetic interaction with multiple
developmental pathways (Brenner, Kemp, & Abbott, 2012). The earliest
developmental phenotype of mir-51 family mutants is an unattached phar-
ynx, that is, a lack of attachment of the pharyngeal muscle to the mouth
(Shaw et al., 2010). This phenotype was shown to be at least in part due
to the misregulation of the mir-51 target gene, cdh-3 (Fat cadherin
ortholog-3), which is presumed to interfere with the homophilic interac-
tions of another Fat cadherin ortholog required for the maintenance of phar-
ynx attachment, CDH-4 (Schmitz, Wacker, & Hutter, 2008).

As miRNAs of the same family often work redundantly (see earlier), it is
easy to imagine that unrelated miRINAs may also cooperate in gene regu-
lation or that miRINAs may act redundantly with other factors. Indeed,
Abbot and colleagues found that mutations in 25 out of 31 tested miRINAs
showed phenotypes, including embryonic lethality, in sensitized genetic
backgrounds (Brenner, Jasiewicz, Fahley, Kemp, & Abbott, 2010).

Notably, in addition to /in-4 and let-7, another miRNA, Isy-6, was iden-
tified in a forward mutant screen (Johnston & Hobert, 2003). This genetic
screen was aimed at finding genes controlling asymmetry of the ASE gus-
tatory neurons, which are morphologically symmetrical but exhibit func-
tional asymmetry (Hobert, 2006). Isy-6 miRINA is specifically expressed
in the left ASE neuron, where it inhibits the transcription factor COG-1
and reinforces expression of asymmetric genes (Johnston & Hobert,
2003). It was discovered recently that [sy-6 is the first gene to be expressed
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asymmetrically in the ASE neurons and that this asymmetry is initiated by
the TBX-37/38 transcription factors (Cochella & Hobert, 2012). These
transcription factors act early in the ASEL but not in the ASER lineage
and contribute to chromatin decompaction and “priming” of the Isy-6 locus
for subsequent full activation in ASEL several cell divisions later
(Cochella & Hobert, 2012).

2.1.3 Postembryonic development

The miRNAs of the heterochronic pathway, lin-4 and the let-7 family, have
a profound role in regulating postembryonic development (reviewed in
Ambros, 2011; Mondol & Pasquinelli, 2012; Rougvie, 2005; Sokol,
2012). This was first recognized during studies of the defects in lateral hypo-
dermal seam cell lineages (reviewed in Ambros, 2011; Rougvie, 2005).
Later, the role of let- 7 family miR NAs in promoting the cessation of molting
through inhibition of conserved nuclear hormone receptor genes was
described (Hayes, Frand, & Ruvkun, 2006). This regulation takes place
through both the heterochronic pathway targets of the let-7 family, lin-41
and hbl-1, and the direct inhibition of nuclear receptor genes by the let-7
family miRNAs (Hayes et al., 2006). lin-4 and the let-7 family also have
important roles during vulva development. The conserved EGF/RAS
and Notch signaling pathways govern vulva specification during larval stage
3 (reviewed in Gupta, Hanna-Rose, & Sternberg, 2012). The let-7 family
was first implicated in the direct inhibition of let-60/R AS in studies of vulva
development in C. elegans (Johnson et al., 2005). Moreover, it has been
demonstrated recently that the timing of lin- 14 inhibition by lin-4 in specific
vulva precursor cells contributes to the precision of cell-fate specification
(L1 & Greenwald, 2010).

Also, the timing of nervous system development is controlled by /in-4 as
the negative regulation of lin-14 and lin-28 by lin-4 in the hermaphrodite-
specific neuron during larval stage 4 contributes to the timing of its axon
elongation (Olsson-Carter & Slack, 2010).

In addition to loss-of-function studies, analyses of miRINA expression
patterns using reporters combined with overexpression experiments yielded
insight into the role of miRINAs in specific cells. Thus, mir-61 transcription
is directly activated by LIN-12/Notch in specific vulva precursor cells
(Yoo & Greenwald, 2005). This miRNA was shown to promote LIN-12
expression in a positive-feedback loop by directly inhibiting its negative reg-
ulator vav-1 (Yoo & Greenwald, 2005). The function of the conserved
miRNA mir-57 in regulation of positional cell-fate specification was
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identified because of the intriguing posterior expression of an mir-57
transcriptional reporter throughout embryonic and postembryonic
development (Zhao et al., 2010). Although mir-57 loss-of-function
produced weak phenotypes, overexpression of mir-57 resulted in robust
posterior abnormalities (Zhao et al., 2010). Interestingly, mir-57 was found
to directly inhibit the Hox gene nob-1, while expression of mir-57 was
dependent on an earlier onset of nob-1 expression in posterior lineages
(Zhao et al., 2010). Another conserved miRINA, mir-124, is expressed spe-
cifically in ciliated sensory neurons and was shown to promote the mRINA
expression signature associated with this type of neuron (Clark et al., 2010).
A number of postembryonic defects, including small body size and
defective egg laying, have been reported in mutants lacking all members
of the abundantly expressed mir-58 family (mir-58, mir-80, mir-81, and
mir-82) (Alvarez-Saavedra & Horvitz, 2010); the targets of this family of
miRNAs remain to be found. Also, analyses of miRNA function in sensi-
tized backgrounds have implicated a number of miRINAs in regulation of
embryogenesis, adult viability, and the process of gonad migration
(Brenner et al., 2010). Despite these efforts, it looks like much of the gene
regulation by miRNAs during development remains to be revealed.

2.1.4 Physiology

There has been significant progress in elucidating the physiological roles of
miRNAs in C. elegans. mir-1 is an miRINA with conserved expression in
muscle tissue. Its elimination in flies and mice is lethal (Sokol & Ambros,
2005; Zhao et al., 2007), while C. elegans mir-1 mutants are viable. The via-
bility of mir-1 mutants in C. elegans enabled the dissection of its role in syn-
aptic transmission at neuromuscular junctions (Simon et al., 2008). It was
shown that mir-1 modulates muscle sensitivity to acetylcholine through a
direct regulation of the abundance of acetylcholine receptor subunits
(Simon etal., 2008). Moreover, mir-1 was implicated in acetylcholine release
from neurons due to its nonautonomous role in regulating the transcription
factor MEF-2 in the muscle and MEF-2-dependent retrograde signal from
the muscle to the neuron (Simon et al., 2008).

The function of another conserved miRINA, mir-34, was connected to
the regulation of DNA damage-induced cell death in C. elegans when mir-34
mutant animals showed increased susceptibility to radiation in the soma and
increased resistance to radiation in the germline (Kato et al., 2009). The
mechanistic aspects of mir-34 function in the DNA damage response are
not known.
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The role of the mir-240/786 cluster in the regulation of the C. elegans
defecation cycle was noted in the initial analysis of a panel of deletion
mutants (Miska et al., 2007). A more detailed study of the phenotype rev-
ealed that mir-786, but not mir-240, was involved (Kemp et al., 2012).
Moreover, the authors showed that mir-240/786 is expressed in the poste-
rior intestinal cells, where the pacemaker for the ~50-s calcium-induced
defecation rhythm is located, and that mir-786 directly regulates the fatty
acid elongase elo-2 to control the defecation cycle (Kemp etal., 2012). These
results suggest that fatty acid composition in the posterior intestinal cells
affects the pacemaker properties of these cells (Kemp et al., 2012).

2.1.5 Longevity and stress response

C. elegans is the first model organism where the genetic pathway of insulin/
insulin-like growth factor 1 signaling was shown to negatively regulate life
span by inhibiting the longevity-promoting transcription factor DAF-16/
FOXO (reviewed in Lapierre & Hansen, 2012). Interestingly, the founding
miRNA /in-4 and its target lin-14 were also implicated in the DAF-16-
dependent control of aging in C. elegans either in parallel or through insulin
signaling; lin-4 mutants had a reduced life span, while lin-14 loss-of-function
extended it (Boehm & Slack, 2005). Moreover, let-7 family members, mir-84
and mir-241, were recently shown to participate in the DAF-16-dependent
life span extension induced by germline ablation (Shen, Wollam, Magner,
Karalay, & Antebi, 2012). This miRINA-dependent life span increase was
due to direct inhibition of lin-14 and akt-1 and activation of DAF-16 and
its transcriptional targets (Shen et al., 2012). These results are consistent with
earlier findings implicating /in-14 in the negative regulation of longevity
(Boehm & Slack, 2005) and also with reports describing a general reduction
in miRNA levels, including those of lin-4 and the let-7 family, during aging
(de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006; Kato, Chen, Inukai,
Zhao, & Slack, 2011). In line with this, recent identification of a
temperature-dependent mutant allele in the miRINA-processing factor
pash-1 enabled experiments in which miRNA levels were manipulated in
adult animals. These experiments revealed that global miRNA reduction
accelerates aging (Lehrbach et al., 2012).

Although miRNAs are generally less abundant in aged animals, some
miRNAs, such as mir-34, mir-71, mir-238, mir-239, and mir-246, are
upregulated (de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006; Kato
etal., 2011). All these miRINAs have been implicated in the control of lon-
gevity: mir-71, mir-238, and mir-246 act to enhance life span (Boulias &
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Horvitz, 2012; de Lencastre et al., 2010), while mir-34 and mir-239 inhibit
longevity (de Lencastre et al., 2010; Yang et al., 2013). The increased life
span of mir-34 mutants depends on autophagy (Yang et al., 2013) and
mir-239 loss-of-function extends the life span in a DAF-16-dependent man-
ner (de Lencastre et al., 2010). Interestingly, mir-34 and mir-71 were also
upregulated during starvation-induced L1 diapause and in adults with post-
dauer life history (Karp, Hammell, Ow, & Ambros, 2011). Increase in life
span often correlates with enhanced resistance to stress, while short-lived
animals are stress sensitive. Indeed, this correlation was shown for mir-71,
mir-238, mir-239, and mir-246 (Boulias & Horvitz, 2012; de Lencastre
et al., 2010).

An in-depth analysis of mir-71 function determined that mir-71 is specif-
ically required for life span extension induced by germ cell loss, but not for
the increased longevity of animals with reduced insulin signaling (Boulias &
Horvitz, 2012). Moreover, although mir-71 is broadly expressed, it functions
in neurons to promote the transcriptional activity of DAF-16 in the intestine
of germline-deficient animals (Boulias & Horvitz, 2012).

As studies of miRINAs in aging continue to progress, more similarities
between different species emerge. For in-depth reviews on the role of short
RNAs in longevity, see Ibanez-Ventoso and Driscoll (2009), Smith-Vikos
and Slack (2012), and Kato and Slack (2013), and for more general reviews
on the biological functions of miRNAs in C. elegans, see Kaufiman and Miska
(2010) and Abbott (2011).

2.2. Biogenesis and molecular mechanisms of miRNAs

The topic of miRNA biogenesis and their molecular function in C. elegans
and other species has been reviewed extensively over the years, with a
number of excellent reviews published recently (Bartel, 2009; Fabian,
Sonenberg, & Filipowicz, 2010; Hammell, 2008; Kai & Pasquinelli, 2010;
Kim, Han, & Siomi, 2009; Krol, Loedige, & Filipowicz, 2010; Mondol &
Pasquinelli, 2012; Turner & Slack, 2009), including several chapters in the
book Regulation of microRINAs, Advances in Experimental Medicine and Biology
(2010) (Grosshans & Chatterjee, 2010; Ketting, 2010; Lehrbach & Miska,
2010). A summary of the state of the field is provided below without refer-
ences to primary literature, which can be found in the listed reviews.
miRNAs are generally encoded by RINA polymerase II-transcribed
genes, which are subject to positive and negative regulation by specific
cis-acting transcription factors. Interestingly, miR NAs and the transcription



10 Alla Grishok

factors that regulate them are often engaged in feedback loops. Primary
miRNA transcripts (pri-miRNAs) are capped and polyadenylated; their
processing in the nucleus is mediated by the RNase III family enzyme
Drosha and its partner Pasha (DRSH-1 and PASH-1, respectively, in
C. elegans). Some miRNAs are encoded in the introns of protein-coding
genes and rely on splicing, not Drosha, for their initial processing in the
nucleus. The product of the initial processing, pre-miRNA, is generally a
~70-nt hairpin structure and is further processed in the cytoplasm by
another RNase III homolog, Dicer (DCR-1 in C. elegans). The product
of Dicer processing is a ~22-bp RNA duplex, which consists of a mature
miRNA and its complementary “miRNA-star.” Generally, the 22-nt strand
exhibiting weaker thermodynamics in base pairing at the 5’end is the mature
miRNA. The mature miRINA gets incorporated into the RNA-induced-
silencing complex (RISC) as a binding partner of an Argonaute protein.
In C. elegans, 2 out of 26 Argonaute proteins, ALG-1 and ALG-2, interact
with miRNAs (Table 1.1). How these proteins are recruited into the
miRNA pathway as opposed to multiple other RNAi-related pathways is
not clear, although the structural properties of the hairpin precursor were
shown to have a role. Interaction with Argonaute proteins as well as engage-
ment in base pairing with target mR NA protects miR NAs from degradation
by exonucleases, such as XRIN-2in C. elegans. In recent years, regulation of
miRNA stability was found to play an important role in the dynamic prop-
erties of miRINA-based gene silencing.

miR NAs regulate their target mRNAs through base pairing at 3’UTRs
and by recruiting proteins that ultimately cause translational repression or
deadenylation. The key interacting partners of Argonaute proteins that
are essential for miRNA silencing are the C. elegans homologs of
GW182: AIN-1 and AIN-2. miRNAs recognize their targets with imper-
fect complementarity, and interactions involving the “seed” region, that is
nucleotides 2-8, in the mature miRINA occur most often, although other
interaction modes have been described for biologically relevant miRINA/
mRNA pairs as well. Because of the limited base pairing, computational pre-
dictions of valid miRNA targets include other parameters, such as the con-
servation and accessibility of target sites and the thermodynamics of
miRNNA-mRNA interaction. In addition to computationally predicted
miRNA targets, genomic data on ALG-1 RNA-binding sites and AIN-
1/AIN-2 interacting mRNAs are currently available for C. elegans
researchers, and a targeted proteomic approach has been developed for val-
idation of predicted targets.
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Table 1.1 The list of C. elegans Argonaute proteins

Protein
(Cosmid gene
name)

Pathway/function

References

RDE-1 Exo-RNAi, endo-RNAi Tabara et al. (1999), Steiner,
(KO8H10.7)  Slicing of the passenger strand in Okihara, Hoogstrate, Sijen, and
primary siRNNA duplex Ketting (2009), and Correa,
Steiner, Berezikov, and Ketting
(2010)
ERGO-1 Endo-RNAI (Eri 26G, embryo) Yigit et al. (2006), Han et al.
(RO9A1.1) Slicing of the passenger strand in  (2009), and Vasale et al. (2010)
primary siRINA duplex
ALG-1 miRNA Grishok et al. (2001),
(F48F7.1) Hutvagner, Simard, Mello, and
Zamore (2004), and Bouasker
and Simard (2012)
ALG-2 miRNA Grishok et al. (2001), Hutvagner
(TO7D3.7) et al. (2004), and Bouasker and
Simard (2012)
ALG-3 Endo-RNAI (Eri 26G, sperm) Han et al. (2009) and Conine
(T22B3.2) et al. (2010)
ALG-4 Endo-RNAIi (Eri 26G, sperm) Han et al. (2009) and Conine
(ZK757.3) et al. (2010)
PRG-1 21U-RNA (piRNA) Cox et al. (1998), Batista et al.
(D2030.6) (2008), Das et al. (2008), and
Wang and Reinke (2008)
PRG-2 21U-RNA (piRNA) Cox et al. (1998), Batista et al.
(C01G5.2) (2008), Das et al. (2008), and
Wang and Reinke (2008)
CSR-1 Slicer with secondary siRNAs  Yigit et al. (2006), Aoki,
(F20D12.1) Endo-RNAIi (22G, antisense Moriguchi, Yoshioka, Okawa,
to genes) and Tabara (2007), and
Germline and soma, nuclear and Claycomb et al. (2009)
cytoplasmic
CO4F12.1 Most closely related to CSR-1  Yigit et al. (2006) and Gu

et al. (2009)

Continued
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Table 1.1 The list of C. elegans Argonaute proteins—cont'd

Protein
(Cosmid gene
name)

Pathway/function

References

NRDE-3/ Nuclear exo-RNAI, secondary Yigit et al. (2006), Guang et al.
WAGO-12 siRINAs (2008), and Gu et al. (2009)
(R04A9.2) Soma endo-RNAi (22G,
ERGO-1 26G-dependent)
HRDE-1/ Heritable exo-RINAi Yigit et al. (2006), Gu et al.
WAGO-9 Nuclear endo-RNAI (22G, (2009), Ashe et al. (2012),
(C16C10.3) germline) Buckley et al. (2012), and
21U-initiated 22G Shirayama et al. (2012)
WAGO-1 Exo-RNAI, secondary siRNA Yigit et al. (2006), Gu et al.
(R0O6C7.1) Cytoplasmic endo-RNAi (22G, (2009), and Shirayama et al.
Eri, repeats), 21U-initiated 22G (2012)
WAGO-2 Exo-RNAI, secondary siRINA  Yigit et al. (2006) and Gu et al.
(F55A12.1) Endo-RNAI (22G, Eri, repeats) (2009)
WAGO-3/ Exo-RNAi, secondary siRNA  Vastenhouw et al. (2003), Yigit
PPW-2 Endo-RNAIi (22G, Eri, etal. (2006), and Gu et al. (2009)

(Y110A7A.18)

transposons, repeats)

WAGO-4
(F58G1.1)

Exo-RNAi, secondary siRINA
Endo-RNAIi (22G, Eri, repeats)

Yigit et al. (2006) and Gu et al.
(2009)

WAGO-5
(ZK1248.7)

Exo-RINAI, secondary siRINA
Endo-RNAIi (22G, Eri, repeats)

Yigit et al. (2006) and Gu et al.
(2009)

WAGO-6/
SAGO-2
(F56A6.1)

Exo-RNAI, secondary siRINA
Endo-RNAIi (22G, Eri, repeats)

Yigit et al. (2006) and Gu et al.
(2009)

WAGO-7/
PPW-1
(C18E3.7)

Exo-RNAI, secondary siRINA
Endo-RNAIi (22G, Eri, repeats)

Tijsterman, Okihara, Thijssen,
and Plasterk (2002), Yigit et al.
(2006), and Gu et al. (2009)

WAGO-8/
SAGO-1
(K12B6.1)

Exo-RNAi, secondary siRINA
Endo-RNAIi (22G, Eri, repeats)

Yigit et al. (2006) and Gu
et al. (2009)

WAGO-10
(T22H9.3)

Exo-RNA, secondary siRINA
Nuclear endo-RNAI (22G,
Eri, repeats)

21U-initiated 22G

Yigit et al. (2006), Gu et al.
(2009), and Shirayama et al.
(2012)
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Table 1.1 The list of C. elegans Argonaute proteins—cont'd
Protein

(Cosmid gene

name) Pathway/function References

WAGO-11 Exo-RNAI, secondary siRNA  Yigit et al. (2006) and Gu et al.
(Y49F6A.1) Endo-RNAi (22G, Eri, repeats) (2009)

T23D8.7 ALG-brunch of Argonautes Yigit et al. (2006)
C14B1.7 WAGO-brunch of Argonautes Yigit et al. (2006)
CO06A1.4 Pseudogene? Yigit et al. (2006)
MO03D4.6 Pseudogene? Yigit et al. (20006)

Identification of biologically relevant miRINA targets and pathways reg-
ulated by miRNAs is challenging, but it continues to grow quickly. Also, in
addition to the main components involved in miRINA biogenesis and func-
tion, highlighted earlier, a number of their cofactors and modulators have
been identified. The emerging picture is that silencing by miRNAs is
affected by cell-specific factors that either enhance or relieve the eftect of
miRNAs by a variety of mechanisms. These include regulation of transcrip-
tion, processing or stability of miRINAs, a cooperation between miRNAs
and other RNNA-binding proteins in the regulation of mRINA stability or
translation, as well as regulation of alternative polyadenylation and, conse-
quently, 3'UTR length, which often eliminates miR NA binding and silenc-
ing. Surprisingly, the nuclear function of let-7 miRNA and ALG-1 in
promoting the processing of let-7 pri-mRNA has been described recently
(Zisoulis, Kai, Chang, & Pasquinelli, 2012), and a role for zinc finger protein
SOMI-1 and chromatin-remodeling factors in promoting mir-84-
dependent gene regulation was reported (Hayes, Riedel, & Ruvkun,
2011). These results suggest that miRNAs may exist in complexes distinct
from RISC and guide the activity of nuclear RNA-processing and, perhaps,
that of chromatin-binding factors.

3. RNAi AND ENDOGENOUS siRNAs

Initial studies of RNAi in C. elegans that were conducted before 2005
(see earlier reviews by this author (Grishok, 2005; Grishok & Mello, 2002),
and references therein) defined its key properties, such as dependence on
dsRINA, systemic nature and heritability, and also discovered genes required
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for RNAI. These studies also recognized that some of the genes, such as rde-1
and rde-4, act to initiate the silencing response while others, such as mut-7
and rde-2, work at more downstream steps, and that yet another group of
factors, such as sid- 1, is involved in the systemic transport of silencing. Also,
at the turn of the twenty-first century, siRINAs were detected in C. elegans,
Dicer-dependent processing of dsRNA to siRNAs was confirmed using
C. elegans extracts, and amplification of silencing RINA agents was suggested
by the discovery of the role of RNA-dependent RNNA polymerases (RdRP)
in RNAi. Moreover, during these years, the similarity between RNAi and
other homology-dependent silencing phenomena was recognized, as well as
the antagonistic relationship between RINA1 and adenosine deaminases that
act on RNA (ADARS). Finally, the identification of mutants, such as those
inactivating RdRP rf-3, which were more susceptible to exogenous RNA{,
together with the discovery of endogenous short RINAs that were distinct
from miR NAs, predicted the existence of endogenous RNAi-based mech-
anisms. Similar to the discovery of miRNAs, endo-siRINAs were initially
found in C. elegans and later identified in flies and mammals.

3.1. Exogenous RNAi pathway

3.1.1 RDE-4 and Dicer

The upstream role of the rde-4 gene in the RNAi pathway was validated by
the molecular properties of its protein product. rde-4 encodes a protein with
two dsRINA-binding motifs (dsSRBM1 and dsRBM2) and was shown to
bind long dsRINA and to exist in a complex with Dicer (DCR-1), dicer-
related helicase DRH-1 and Argonaute protein RDE-1 (Tabara, Yigit,
Siomi, & Mello, 2002; Figure 1.1). This complex is involved in the initiation
of the silencing response to exogenous dsRINA. Its existence was further val-
idated by proteomic analyses of the interacting partners of DCR-1
(Duchaine et al., 2006) and by characterization of DCR -1-containing com-
plexes using gel filtration (Thivierge et al., 2012). RDE-4 was shown to bind
long dsRINA with much higher affinity than short (~20 bp) dsRINA species
and to dimerize through its C-terminal domain (Parker, Eckert, & Bass,
2006). Interestingly, although dimerization of RDE-4 was not required
for dsRNA binding, it was important for dsSRINA processing, as shown
by in vitro siRINA production assays with rde-4 mutant extracts supplemented
with recombinant RDE-4 (Parker et al., 2006). A subsequent in vitro study
demonstrated that RDE-4 binds dsRINA cooperatively, and that dSSRBM2 is
important for dsSRINA binding (Parker, Maity, & Bass, 2008). It also showed
that the linker region between the two dsRBMs is required for dsRINA
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Figure 1.1 Schematic of the exogenous RNAi pathway, which responds to environmen-
tal or injected dsRNA. The RDE-4 dimer binds dsRNA followed by the Dicer complex
containing Dicer-related helicase DRH-1 and Argonaute RDE-1. Dicer cleaves dsRNA to
produce primary double-stranded siRNAs bound by RDE-1 (shown with catalytic amino
acid triad DDH). RDE-1 cleaves the passenger strand in the siRNA duplex and is brought to
the target mRNA by the guide strand. Targeting by RDE-1 stimulates secondary siRNA
production by the RdRP (RRF-1 or EGO-1) complex using selected mRNA as a template.
WAGO Argonautes bind to the secondary siRNAs and initiate posttranscriptional gene
silencing (PTGS) through poorly understood mechanisms. Somatic NRDE-3/WAGO-12
binds to secondary siRNAs in the cytoplasm and brings them to the nucleus where they
target pre-mRNA and induce transcriptional gene silencing (TGS). Nuclear Argonaute
HRDE-1/WAGO-9 mediates TGS in the germline. Only factors with clear mechanistic roles
are included in the schematic (here and in other figures).
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processing and predicted that this region interacts with Dicer (Parker et al.,
2008). In vivo studies confirmed the important functional roles of dsSRMB2
and the linker region as well as their requirement for the interaction between
RDE-4 and DCR-1 (Blanchard et al., 2011). It is thought that RDE-4 rec-
ognizes dsRINA and recruits Dicer and the rest of the complex for dsSRNA
processing into siRNAs (Parker et al., 2006; Figure 1.1). Interestingly, it was
reported that when a high level of dsRINA is produced from transgenes, ini-
tiation of the silencing process does not require RDE-4 (Habig,
Aruscavage, & Bass, 2008). It is not clear whether the level or the timing
of RDE-4 expression is extensively regulated as it mediates RINAI at all
developmental stages and in both somatic and germ cells. In the germline,
a new protein, DEPS-1, which is required for the assembly of P-granules in
germ cells, was found to promote rde-4 mRNA and protein expression in
this tissue and, consequently, efficient RINAI response in the germline
(Spike, Bader, Reinke, & Strome, 2008). The role of DEPS-1 in control
of rde-4 is separate from its function in P-granule assembly. In general,
RDE-4 acts nonautonomously in RNAi (Blanchard et al., 2011; Jose,
Garcia, & Hunter, 2011). Therefore, its regulation in one tissue may affect
the efficiency of RINAI in another and its regulation in the germline may
affect the progeny.

While most of the biochemical and structural work on Dicer has been
conducted in other systems, an important insight into the role of its helicase
domain was achieved using the der-1(mg375) mutant with a point mutation
in this domain (Pavelec, Lachowiec, Duchaine, Smith, & Kennedy, 2009;
Welker et al., 2011, 2010). Although DCR-1 helicase mutations primarily
affected endogenous siRINA levels (Pavelec et al., 2009; Welker et al., 2010)
and did not seem to affect exogenous RINAi (Welker et al., 2010) in these
in vivo studies, it was discovered later that the helicase domain is important
for the generation of siRINAs from internal regions of long dsRINA with
blunt termini because dcr-1(mg375) mutant extracts were deficient in this
process (Welker et al,, 2011). miRNA precursors do not require such
processive action of Dicer, and miRINA levels were not affected by muta-
tions in its helicase domain (Welker et al., 2010, 2011).

3.1.2 RDE-1 Argonaute protein

Argonaute proteins exist in complexes with short RNAs and function in
RNA-mediated silencing processes (reviewed in Czech & Hannon, 2011;
Hutvagner & Simard, 2008). There are 26 genes encoding Argonaute family
proteins in C. elegans (Table 1.1), but only one, rde-1, was implicated in the
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exogenous RINAi pathway through unbiased discovery in the initial screen
for RNAi-deficient mutants (Tabara et al., 1999). Although RDE-1 is not
required for dsSRINA processing per se (Parrish & Fire, 2001), it interacts with
the Dicer complex (Duchaine et al., 2006; Tabara et al., 2002) and binds to
the primary siRNA duplex generated by Dicer (Yigit et al,, 2006;
Figure 1.1).

miR NAs are naturally processed from short hairpins with ~22 bp stems,
where bulges disrupting pairing are common, and siRINAs are generated
from long dsRINA precursors in exogenous RINAi. However, it has been
shown that hairpin precursors with perfectly base-paired stems are efficiently
processed into siRNAs in mammalian cells (reviewed in McManus,
Petersen, Haines, Chen, & Sharp, 2002; McManus & Sharp, 2002) and in
C. elegans (Sijen, Steiner, Thijssen, & Plasterk, 2007). There are no dedi-
cated Argonaute proteins for RNAi and miRNAs in mammals, but there
is a clear separation between Argonautes acting in the exo-RNAi and
miRNA pathways in C. elegans: RDE-1 is specific for RNAi (Tabara
et al., 1999), while ALG-1 and ALG-2 are specific for miRINAs (Grishok
et al., 2001; Table 1.1). Interestingly, it was shown that perfect base pairing
in siRNA hairpins was important for the loading of the processed product
onto RDE-1, while precursors containing bulges were loaded onto ALG-1
(Jannot, Boisvert, Banville, & Simard, 2008; Steiner et al., 2007). However,
this distinction is not perfect, as many natural miRNA precursors contain
few mismatches and their resulting mature miRINAs have been found in
complex with RDE-1 (Steiner et al., 2007). In fact, miRNAs comprise
the majority of short RNAs bound to RDE-1 in wild-type worms that
are not subject to exogenous RINAi (Correa et al., 2010). Despite the fact
that RDE-1 preferentially binds to short RNAs produced from perfectly
base-paired substrates, let-7 miRNA generated in such a manner requires
ALG-1 for its biological function (Jannot et al., 2008). Also, siRINAs
targeting the gene unc-22, which were generated from a mismatched precur-
sor suited for ALG-1 loading, induced the unc-22-silencing phenotype and
required RDE-1 for their activity (Steiner et al., 2007). These results indi-
cate that although the structure of the precursor predisposes short RINAs for
loading onto Argonautes with appropriate functional roles, it does not deter-
mine the functional specificity of the pathway, which is determined by the
Argonaute itself, possibly through its interacting partners. Indeed, it was
shown that RDE-1 and ALG-1 reside in separate nucleoprotein complexes
(Gu et al., 2007; Steiner et al., 2007). Moreover, although artificial siRINAs
were produced from the hairpin precursor in rde-1 and rde-4 mutant
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backgrounds, they remained in complex with Dicer (Sijen et al., 2007),
suggesting that RDE-4 is required for siRNA loading even though it binds
poorly to short dsRNAs (Parker et al., 20006).

Although all Argonaute proteins are capable of binding short RNAs,
they differ in their RNase H-like capacity to cleave RINA, which is depen-
dent on the DDH catalytic motif (reviewed in Czech & Hannon, 2011;
Hutvagner & Simard, 2008). The catalytic activity of Argonautes from other
systems is used in two steps in the RINAI process: (1) removal of the “pas-
senger” strand in the siRNA duplex and (2) degradation of the mRNA tar-
get (reviewed in Czech & Hannon, 2011; Hutvagner & Simard, 2008). As
RDE-1 was shown to act upstream in the RINAI process, it seemed unlikely
that its “slicer” capacity would be used for mRINA degradation. Indeed, in
experiments where RDE-1 proteins with mutations in the DDH motif were
introduced in an rde- 1 mutant background, it was shown that this motif was
required for the RINAI response specifically at the step of passenger-strand
cleavage, and that mutant RDE-1 proteins were not capable of binding to
the target mRINA (Steiner et al., 2009; Figure 1.1). As RDE-1 is absolutely
required for exogenous RINAI and binds primary siRINAs generated by
Dicer, it seems to guide the downstream components of the RINAi pathway,
such as the RARP complex, to the target mRINA without causing mRNA
cleavage (Figure 1.1).

3.1.3 siRNA amplification and additional Argonautes

The dsRNA-induced silencing effect in C. elegans is remarkably strong,
although the amount of injected dsRNA is limited (Fire et al., 1998).
The possibility of RNAI1 amplification had been conjectured about early
on in the RNAI field and was confirmed with the discoveries of the require-
ment of the RARP genes, ego-1 and rf-1, for exo-RNAI (Sijen et al., 2001;
Smardon et al., 2000). Early models envisioned the generation of long
dsRINA by RdRPs using target mRINAs as templates and primary siRNAs
as primers and the processing of these secondary dsRINA molecules by Dicer
(Sijenetal.,2001). However, the discovery that secondary siR NAs are strictly
target dependent but largely antisense to mRNA by Northern blotting
(A. Grishok, P.D. Zamore and C.C. Mello, unpublished, Figure 1.2) sug-
gested a different mechanism. Indeed, subsequent studies determined that
secondary siRINAs are products of de novo synthesis by RdRPs (Figure 1.1)
and carry 5'triphosphates (Pak & Fire, 2007; Sijen et al., 2007) and identified
endogenous siRNA molecules with similar characteristics (Ambros, Lee,
Lavanway, Williams, & Jewell, 2003; Lee, Hammell, & Ambros, 2006;
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Figure 1.2 Target-dependent accumulation of antisense siRNAs during exo-RNAi. (A)
Top: Northern blot detecting antisense gfp siRNAs in worms either containing or lacking
the pes-10::gfp transgene and either exposed to gfp dsRNA or not. Only those worms
that contain the transgene (target gfo mRNA) and that are exposed to gfp dsRNA show
siRNA accumulation. rde-1 and rde-4 are required for the initiation of RNAi response and
for secondary siRNA accumulation in vivo. Bottom: 5S RNA detection by northern blot is
shown as a loading control. (B) Secondary siRNAs are antisense to the target (gfp) mRNA
and are not detected by the probe designed to detect sense siRNAs. gfp sense and anti-
sense RNA oligos are loaded for control of hybridization. Asterisk designates a trans-
genic strain gsk-3:GFP that shows a lower accumulation of siRNAs after dsRNA
treatment compared to the pes-10::gfp strain (all other GFP transgene lanes in both
panels). Data presented in this figure are from the Ph.D. thesis of Alla Grishok, UMass
Worcester, 2001.

Pak & Fire, 2007; Ruby etal., 2006). Moreover, the production of secondary
siRNAs by RARP activity was recapitulated in vitro (Aoki et al., 2007). Inter-
estingly, although secondary siRINAs are very efficient at promoting target
mRNA degradation both directly (Aoki et al., 2007) and indirectly (Yigit
etal., 2006), their competence in inducing tertiary siRINA production is lim-
ited (Montgomery etal., 2012; Pak, Maniar, Mello, & Fire, 2012). Therefore,
the primary siRNAs are potent in promoting secondary siRINA production
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but do notinduce silencing themselves, while secondary siR NAs are efficient
in executing silencing eftects but have a limited capacity to induce indefinite
siRNA amplification (Pak et al., 2012).

Although generation of secondary siRINAs was shown to be Dicer inde-
pendent (Aoki et al., 2007), RRF-3 RdRP was discovered in Dicer immu-
noprecipitates (Duchaine et al., 2006). It turned out that some of the
endogenous RINAI pathways require Dicer processing of dsRINA generated
by RRF-3 (see discussion in Section 3.2). A recent biochemical analysis rev-
ealed that RARPs RRF-1 and EGO-1, which are responsible for Dicer-
independent production of siRINAs, exist in a complex with Dicer-related
helicase DRH-3 (Aoki et al., 2007; Gu et al., 2009; Thivierge et al., 2012)
and tudor domain protein EKL-1 (Gu et al., 2009; Thivierge et al., 2012;
Figure 1.1), while the RRF-3 complex contains DRH-3, Dicer, and a dis-
tinct tudor domain protein, ERI-5 (Thivierge et al., 2012).

The Argonaute protein RDE-1 was implicated in the initiation of the
RNAI response in C. elegans (Grishok, Tabara, & Mello, 2000; Tabara
et al., 1999, 2002), while Drosophila Ago2 was identified in an RISC that
mediates target mRNA degradation (Hammond, Boettcher, Caudy,
Kobayashi, & Hannon, 2001). As the family of Argonaute genes is extensive
in C. elegans (it includes 26 members, Table 1.1), this suggested that addi-
tional Argonaute proteins act downstream in the C. elegans RINAi process,
similar to Drosophila Ago2. Indeed, multiple Argonaute proteins were found
to contribute incrementally to the efficiency of RNAI, such that multiple
Argonaute (MAGO) mutant strains, which contain up to 12 individual
mutant Argonaute genes (e.g., MAGO12), are resistant to RNAi (Gu
et al., 2009; Yigit et al., 2006). MAGO Argonautes (also called worm-
specific Argonautes or WAGO) are found in complexes with secondary
siRNAs produced by RdARPs (Gu et al., 2009; Yigit et al., 2006;
Figure 1.1). These downstream Argonautes appear to be limiting because
their overexpression leads to a higher sensitivity to RINAi (Yigit et al.,
2006). Unexpectedly, WAGO family Argonautes do not contain the amino
acid residues required for endonucleolytic activity; therefore, they must
recruit additional cofactors for target mRINA degradation (Yigit
et al., 2006).

Another Argonaute protein, CSR-1, was shown to promote the effi-
ciency of exogenous RNAI in the germline (Yigit et al., 2006). However,
it functions mainly in one of the endogenous RINAi pathways described later
in this chapter, and its role in exo-RINAi1 may be indirect (Gu et al., 2009).
Despite the fact that “slicing” by Argonaute proteins does not appear to play
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amajor role in silencing induced by exogenous RNAI, C. elegans extracts are
fully capable of supporting slicing reactions with exogenously provided
siRNAs (Aoki et al., 2007). siRINAs that mimic secondary molecules pro-
duced by RAR P were shown to be more efficient in in vitro slicing compared
to those with primary siRINA features, and the CSR-1 Argonaute was found
to be responsible for this Slicer activity (Aoki et al., 2007).

3.1.4 Mutator proteins

The mut-7 and rde-2/mut-8 genes were found to act downstream of primary
siRNAs in the RNNAIi pathway (Grishok et al., 2000; Ketting, Haverkamp,
van Luenen, & Plasterk, 1999; Ketting & Plasterk, 2000; Tijsterman,
Ketting, Okihara, Sijen, & Plasterk, 2002). They belong to a larger group
of “mutator” genes that are required for transposon silencing in the germline
and for RNAi; mutations in this group of genes cause transposon mobiliza-
tion and a high frequency of spontaneous mutations (Collins, Forbes, &
Anderson, 1989). MUT-7 contains a 35" exonuclease domain and may
participate in target mRINA degradation directly (Ketting et al., 1999). Bio-
chemical analysis of the MUT-7 protein demonstrated that it is present in
separate complexes in the nucleus and in the cytoplasm (Tops et al.,
2005). The cytoplasmic complex also contains RDE-2 and was shown to
increase in size upon dsRINA treatment (Tops et al.,, 2005). This increase
in size was not observed in rde-1 and rde-4 mutants (Tops et al., 2005).
Although the cytoplasmic MUT-7 complex appears to be distinct from
the complex containing RARP RRF-1 (Thivierge et al., 2012), it is inter-
esting that specific cellular compartments called “Mutator foci,” identified at
the periphery of germline nuclei and containing six mutator proteins, also
showed colocalization with RRF-1 (Phillips, Montgomery, Breen, &
Ruvkun, 2012). The formation of Mutator foci was shown to be dependent
on the glutamine/asparagine (Q/N)-rich protein MUT-16; Mutator foci
also include MUT-7, RDE-2/MUT-8, nucleotidyl transferase MUT-2/
RDE-3, DEAD-box RNA helicase MUT-14, and MUT-15/RDE-5
(Phillips et al., 2012). The Mutator foci were found to be adjacent to
germline P-granules but distinct from them and were found not to depend
on P-granule components for their stability (Phillips et al., 2012).

3.1.5 ABC transporters

dsRNA can be introduced into C. elegans by injection or by feeding
dsRINA-expressing bacteria (environmental RNAi), and the RNAi-
silencing process spreads systemically (see discussion in Section 5). Mutants
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deficient in gene silencing initiated by dsRINA feeding but supporting
silencing induced by dsRINA injection were thought to influence the uptake
of dsRNA from the environment (Tabara et al., 1999; Tijsterman, May,
Simmer, Okihara, & Plasterk, 2004). Surprisingly, the RINAI sensitivity
of many of these mutants was shown to depend on the concentration of
the dsRINA trigger rather than the method of its delivery, such that the
defect in RINAi was revealed only at lower concentrations (Han,
Sundaram, Kenjale, Grantham, & Timmons, 2008; Sundaram, Echalier,
Han, Hull, & Timmons, 2006; Sundaram et al., 2008). One class of genes
implicated in the efficiency of RNAIi is the membrane-localized ATP-
binding cassette (ABC) transporters, which use ATP to translocate small
molecules across membranes (Sundaram et al., 2006, 2008). A mutation
in the ABC transporter gene haf-6 was isolated in a genetic screen (which
also yielded rde-1 and rde-4; Tabara et al., 1999) and was characterized later
(Sundaram et al., 2006). Following this, 49 out of 61 ABC transporter genes
were analyzed for their role in RINAI, and 10 of them, termed ABCg na;,
were confirmed to promote the silencing process (Sundaram et al., 2006,
2008). The ABC domain of HAF-6 was shown to be important for its role
in RNAIi and for the localization of HAF-6 to membrane structures consis-
tent with endoplasmic reticulum in the intestine and germline, two tissues
where RNAi defects were observed in haf-6 mutants (Sundaram
et al., 2006).

Interestingly, mutants in ABCgrna; transporters showed genetic interac-
tion with the mutator class of RINAi-resistant mutants: double heterozy-
gotes containing an ABCppna; mutation and a Mut mutation showed a
second-site noncomplementation interaction that resulted in RINAI resis-
tance (Sundaram et al., 2008). Similar genetic interaction was reported pre-
viously for mut-7 and rde-2/mut-8, which encode components of the same
complex (Tops et al., 2005). Consistently, ABCrna; mutants show defects
in transposon silencing, that is, the mutator phenotype (Sundaram et al.,
2008). The genes rsd-2 and rsd-6 were also 1initially thought to be involved
in systemic RINAI silencing (Tijsterman et al., 2004), but were later
described as dose-dependent mutants with mutator phenotypes (Han
et al., 2008). RSD-2 localizes to multiple cellular compartments, including
the nucleolus, and partially colocalizes with HAF-6 (Han et al., 2008). haf-6,
rsd-2, and rsd-6 mutants were shown to be required for the accumulation of
some endogenous siRINAs and secondary siRINAs in the exo-RINAI path-
way (Zhang et al., 2012). Intriguingly, HAF-6 localization was observed in
the perinuclear region in germ cells (Sundaram et al., 2008); it would be
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interesting to explore whether this localization overlaps with the recently
found Mutator foci (Phillips et al., 2012).

3.1.6 RDE-10/RDE-11 complex

The RDE-10/RDE-11 complex is the most recently identified protein
complex promoting exogenous RNAi1 (Yang et al., 2012; Zhang et al.,
2012). This complex appears to be nematode-specific. The rde-10 and
rde-11 genes were identified in genetic screens for RN Ai-deficient mutants,
and their protein products were found to be major interacting partners
through proteomic analyses (Yang et al., 2012; Zhang et al., 2012). The
RDE-10/RDE-11 complex has been shown to promote secondary siRINA
amplification and mRNA degradation and to work in parallel with the
nuclear RNAI pathway (Yang et al., 2012; Zhang et al., 2012). In addition,
this complex appears to show preference for partially degraded mRINA
(Yang et al., 2012). The RDE-10 protein has been found to associate with
mRNA targeted by exo-RINAI, and this interaction was shown to be inde-
pendent of -1 and rde-11 but dependent on rde-1 (Yang et al., 2012). Alto-
gether, these results suggest that the RDE-10/RDE-11 complex engages
target mRINA in response to RDE-1 and primary siRNAs but prior to
RRF-1 and stabilizes partially degraded mRNA to promote the generation
of secondary siRNAs (Yang et al., 2012; Zhang et al., 2012).

3.1.7 Transcriptional silencing induced by dsRNA

The mechanism of gene silencing induced by dsRINA in C. elegans is still
poorly understood. It appears that posttranscriptional, cotranscriptional,
and transcriptional mechanisms are involved and that some genes are pref-
erentially silenced through mRNA degradation in the cytoplasm, while pre-
mRNA degradation coupled with transcriptional silencing is prevalent for
others. For example, RNNAi-induced transcriptional silencing of the elt-2::
GFP/LacZ reporter includes a decrease in pre-mRNA levels, reduction
in RNA Pol II occupancy at the transgenic array, and a decrease in histone
H4 acetylation (Grishok, Sinskey, & Sharp, 2005). In this system, the initi-
ation of silencing was shown to be dependent on rde-1 and rde-4, and down-
regulation of a number of genes with predicted nuclear roles had an effect on
the efficiency of silencing (Grishok et al., 2005).

Detailed analyses of dsRINA-induced silencing of nuclear transcripts such
as lir-1-lin-26 (Bosher, Dufourcq, Sookhareea, & Labouesse, 1999) and lin-
15b-lin-15a polycistronic RNAs have been published by Kennedy and col-
leagues (Burkhart et al., 2011; Guang et al., 2010, 2008). Several mutants
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that specifically affect nuclear RINAi1 (nuclear RNAi defective (nrde)) were
identified in forward genetic screens, and the molecular functions of the
corresponding gene products were investigated. Interestingly, an Argonaute
protein, NRDE-3, was shown to be specifically required for nuclear RNAi
(Guang et al., 2008; Figure 1.1). NRDE-3 is expressed in somatic cells, con-
tains a nuclear localization signal (NLS), and localizes to the nucleus in an
NLS-dependent and siRNA-dependent manner (Guang et al., 2008).
NRDE-3 is also called WAGO-12 and belongs to the group of WAGO
Argonautes (Gu et al., 2009; Table 1.1), consistent with its binding of sec-
ondary siRINAs produced by RARP RRF-1 (Burkhart et al., 2011; Guang
et al., 2008; Figure 1.1). NRDE-3 escorts siRNAs to the nucleus, where it
binds target pre-mRINA and promotes the interaction between the nuclear
serine/arginine-rich conserved protein NRDE-2 and pre-mRNA. The
action of NRDE-3, NRDE-2, and the two additional nematode-specific
proteins NRDE-1 and NRDE-4 leads to inhibition of pre-mR NA synthesis
and depletion of the RNA Pol II ChIP signal downstream of the region
targeted by dsRINA, while Pol IT appears to accumulate at DNA sequences
corresponding to the dsSRNA (Burkhart et al., 2011; Guang et al., 2010).
This effect of RNAi1 on transcriptional elongation is accompanied by an
increase in histone H3 lysine 9 (H3K9) methylation near the dsRINA-
targeted region (Burkhart et al., 2011; Guang et al., 2010). Notably, the
target genes chosen for the exo-RINAi-induced silencing experiments that
revealed the function of the NRDE system normally have very low levels of
H3K9 methylation and therefore do not represent the endogenous targets
of this pathway. Although NRDE-3 and NRDE-2 were shown to interact
with pre-mRNA in an siRNA-dependent manner, these proteins do not
associate with chromatin, while NRDE-1 does (Burkhart et al., 2011).
Interestingly, mutation in nrde-4 does not prevent the interaction of NRDE
proteins with pre-mRNA, but it abolishes NRDE-1 recruitment to chro-
matin and H3K9 methylation (Burkhart et al., 2011). The NRDE system is
likely to provide further insight into the mechanisms of dsRINA-induced
H3K9 methylation and transcription inhibition.

3.1.8 Inheritance of dsRNA-induced gene silencing

dsRNA-induced gene silencing was originally shown to occur in animals
injected with dsRINA and in their progeny, but it did not persist further
(Fire et al., 1998). Moreover, mated rde-1 and rde-4 mutants injected with
dsRNA were fully capable of transmitting the silencing signal to their
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rde/4 progeny, which indicates that generation of primary siRNAs and
target-dependent siRINA amplification in PO is not required for the persis-
tence of the silencing signal in the F1 generation (Tabara et al., 1999). These
data are consistent with a persistence of the dsSRINA that precedes primary
siRNA production (see discussion in Section 5). The dsRINA is likely to
be distributed to all cells in the F1 progeny as the zygote divides and to even-
tually lead to target mRINA-dependent siRINA amplification and silencing
in cells expressing the target mRINA. A recent study found that the persis-
tence of dsRINA-induced silencing for target genes expressed in the F1 larva,
but not those expressed in the embryo, required the nrde pathway genes and
that these genes promoted accumulation of NRDE-3-bound siRNAs
(Burton, Burkhart, & Kennedy, 2011). Moreover, this study found that
F1 animals exhibited a much higher level of NRDE-dependent H3K9
methylation at the dsRINA-targeted locus compared to their parents, which
had been exposed to the dsSRINA (Burton et al., 2011). These results indicate
that the nuclear RNAI pathway and, specifically, the NRDE-3 Argonaute,
which associates with secondary siRINAs, are predominantly responsible for
silencing in somatic tissues of F1 animals.

Inheritance of RINAi beyond the F1 generation is qualitatively different
from the persistence of RINAi in F1 because its initiation requires the func-
tion of rde-1 and rde-4, and therefore primary siRINA production, siRINA
amplification, or both, in the PO animals injected with dsRINA (Grishok
et al., 2000). The fact that this type of RNAI inheritance is mediated by
an extragenic epigenetic factor supports the idea that siRINAs are inherited
(Grishok et al., 2000). Moreover, as inheritance of dsSRINA-induced silenc-
ing beyond the F1 generation has been demonstrated only for genes
expressed in the germline (Alcazar, Lin, & Fire, 2008; Buckley et al.,
2012; Grishok et al., 2000; Gu et al., 2012; Vastenhouw et al., 2006), sec-
ondary siRINAs generated on maternal transcripts and deposited into the
zygote are the most likely agents of long-term RINA1 inheritance.

Inheritance of RNAi beyond the F1 generation was first shown in
experiments targeting essential genes and therefore selecting progeny
inheriting less silencing material (Grishok et al., 2000). In a subsequent
study, a detailed pedigree-based analysis of dsSRINA-induced viability over
generations was performed (Alcazar et al., 2008). This study identified a
bottleneck in RINAI inheritance at the F4 generation, such that F4 animals
survived well but rarely had viable progeny themselves (Alcazar et al.,
2008). The properties of RNAi inheritance up to the F4 generation were
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consistent with that of a diffusible epigenetic element that could be trans-
mitted through both oocyte and sperm (Alcazar et al., 2008).

Genomic analysis was further used for studies of the connection between
RNAIi and chromatin and transgenerational RNAIi inheritance (Gu, Pak,
et al., 2012). This work clearly identified a dsRNA-induced H3K9 meth-
ylation mark at the several loci targeted by dsRNA in animals fed with
dsRINA as well as in their F1 and F2 progeny. Interestingly, H3K9me3 could
spread from the targeted locus and was detected up to 11 kb away from the
dsRINA trigger region (Gu, Pak, et al., 2012). Notably, dsRNA-induced
H3K9me3 required rde-1, WAGO secondary Argonautes, and nrde-2, even
though the level of siRINA production was not altered in nrde-2 mutant
worms (Gu, Pak, etal., 2012). siR NAs were found to decrease in abundance
in the F1 and F2 generations, although they were still present; therefore, this
study is consistent with the idea of inherited siRINAs and suggests that they
induce H3K9me3 (Gu, Pak, et al., 2012). Importantly, although the accu-
mulation of siRINAs was detected 4 h after dsSRINA exposure and increased
further after 24 h, no H3K9 methylation was present at the target loci at that
time, appearing only after 48 hours (Gu, Pak, et al., 2012). This significant
lag period between the two events argues against immediate siRNA-guided
modification of chromatin and suggests multiple intermediate steps in this
process. Another study of dsRINA-induced heritable silencing of a single
copy GFP reporter followed the persistence of silencing in more than
60% of the animals over four generations (Ashe et al., 2012). Although both
sense and antisense siR NAs were identified in animals treated with dsSRNA,
only antisense siRINAs persisted to the F4 generation (Ashe et al., 2012).
Consistent with the detection of H3K9 methylation at the loci targeted
by RNAI described earlier, a mutation in the gene set-25, which encodes
a putative H3K9 methyltransferase, alleviated the heritable silencing induced
by dsRINA (Ashe et al., 2012).

Similar to the requirement of the nrde pathway genes nrde-1, nrde-2, and
nrde-4 for the persistence of dsSRINA-induced silencing that targets somatic
genes in the F1 generation, these genes are also required in F1 and later prog-
eny for the silencing of germline-expressed genes (Ashe et al., 2012; Buckley
et al., 2012). However, whereas the Argonaute NRDE-3 mediates F1
silencing in the soma, it is not required for germline silencing (Ashe
et al., 2012; Buckley et al., 2012). Instead, another Argonaute named heri-
table RNAi defective (hrde-1, also known as wago-9; Gu et al., 2009; Table 1.1)
was identified in genetic screens for RINAI inheritance-deficient mutants
(Ashe et al., 2012; Buckley et al., 2012). HRDE-1/WAGO-9 shows
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germline-specific nuclear expression (Ashe et al., 2012; Buckley etal., 2012;
Shirayama et al., 2012); it is required for the inheritance dsRNA-induced
silencing in the F2 and F3 generations (Ashe et al., 2012; Buckley et al.,
2012) and for epigenetic silencing initiated by other means (see
Section 4.2.2). HRDE-1 was shown to interact with secondary siRINAs
(Figure 1.1) and to promote the association of NRDE-2 with pre-mRNA
and the induction of H3K9me3 at the target locus (Buckley et al., 2012).
The biological role of HRDE-1 and other genes involved in exo- and
endo-RNAI is discussed in Section 3.3.3.

3.1.9 Chromatin modulators of the RNAi response

As many components involved in the exogenous RINAi pathway appear to
be rate limiting, it is possible that factors affecting their abundance may influ-
ence the efficiency of the RNAI response. Certain proteins with predicted
chromatin-binding properties and some known regulators of transcription
are particularly important in modulating the sensitivity of C. elegans to
dsRINA-induced silencing.

Shortly after the discovery of the potency of dsRNA in inducing gene
silencing, large-scale RINAi-based screens started to be used for identifying
gene function in C. elegans. In one such approach, when pools of dsSRINA
molecules targeting several genes were used in an initial screen, it was dis-
covered that downregulation of genes with predicted chromatin function—
zfp-1 and gfl- 1—as well as H3K36 methyltransferase MES-4 (Rechtsteiner
et al., 2010) and two genes encoding Polycomb-group-related proteins
compromised the efficiency of other dsRNAs from the same pool
(Dudley, Labbe, & Goldstein, 2002).

Conversely, mutations in other genes encoding chromatin regulators,
such as C. elegans R etinoblastoma (Rb) homolog lin-35, were shown to pro-
mote the efficiency of RNAIi (Lehner et al., 2006; Wang et al., 2005). These
negative regulators of RNAIi belong to the genetically defined group of
SynMuv (Synthetic Multivulva) B genes that act redundantly with the
SynMuv A and SynMuv C groups to negatively regulate the inappropriate
initiation of Ras signaling and ectopic vulvae development (Ceol & Horvitz,
2004; Cui et al., 2006; Ferguson & Horvitz, 1989). The core protein com-
plex formed by the SynMuv B gene products is a repressive chromatin
complex (dREAM/Muv B) (Harrison, Ceol, Lu, & Horvitz, 2006). This
complex, along with other associated proteins, was shown to inhibit
germline-specific fate in the somatic tissues of C. elegans (Unhavaithaya
et al., 2002; Wang et al., 2005). Interestingly, expression of a number of
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germline-enriched Argonaute proteins is enhanced in SynMuv B mutants
(Grishok, Hoersch, & Sharp, 2008; Wu, Shi, Cui, Han, & Ruvkun,
2012), which suggests a potential reason for their enhanced susceptibility
to RNAI1 (Figure 1.3).

There is a peculiar genetic relationship between the chromatin factors
promoting RNAI, such as zfp-1, ¢fl-1, and mes-4, and the SynMuv
B genes inhibiting RNAI efficiency. It was found that the ectopic vulvae
formation seen in SynMuv B; SynMuv A double mutants is suppressed
by mutations in a group of genes called SynMuv suppressors (Cui,
Kim, & Han, 2006). Interestingly, zfp-1, gfl-1, and mes-4 belong to the
SynMuv suppressor group (Cui, Kim, & Han, 2006; Wang et al., 2005),
and many other SynMuv suppressors have been found to promote RINAIi
(Cui, Kim, & Han, 2006). A mechanistic understanding of the relationship
between SynMuv B genes and SynMuv suppressors is currently not clear. As
ZFP-1 negatively modulates transcription (Mansisidor et al., 2011) and
localizes to the promoters of SynMuv B genes (Mansisidor et al., 2011), it
is possible that inhibition of zfp-1 function leads to a diminished RNAi
response due to enhanced expression of SynMuv B proteins and lower levels
of Argonaute proteins (Figure 1.3). The effect of MES-4 in promoting
Argonaute expression is likely to be direct (Gaydos, Rechtsteiner,
Egelhofer, Carroll, & Strome, 2012; Kudron et al., 2013; Figure 1.3).

An interesting connection between miRINA function and regulation of
RNAI efficiency has been discovered recently (Massirer, Perez, Mondol, &
Pasquinelli, 2012). Although biologically relevant targets have not been

Figure 1.3 A hypothetical genetic pathway connecting chromatin-associated factors
regulating exo-RNAi efficiency. Positive or negative connections between the compo-
nents are based on the published data with the exception of negative regulation of zfp-1
by mir-35, which is speculative (3'UTR of zfp-1 contains a predicted mir-35 binding site).
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described for the abundant mir-35 family expressed in the germline and
embryo, a mutation eliminating a large number of mir-35 family miRNAs,
mir-35—41(gk262), led to enhanced susceptibility to exogenous RINAI1
(Massirer et al., 2012). This effect was due to lower levels of LIN-35/Rb
in mir-35 mutants because ectopic expression of LIN-35 rescued the RINAi
hypersensitivity phenotype. Notably, maternal expression of LIN-35 was
shown to be sufficient for the restoration of the normal RNAIi response
in animals lacking zygotic lin-35 function (Massirer et al., 2012). It would
be interesting to determine how the mir-35—41(¢k262) mutation leads to
reduced LIN-35 Rb levels and whether negative regulation by mir-35—41
of SynMuv suppressors with the potential to inhibit lin-35, such as ZFP-1,
can explain the relationship between mir-35—41 and LIN-35 (Figure 1.3).

3.2. Genomic and molecular features of endogenous RNAi

Initial studies of RNAi in C. elegans predicted its antiviral role, while
miRNAs appeared as endogenous regulators of gene expression. Then, the
discovery of an enhanced RINAI response in the RARP mutant rnf-3
suggested an endogenous role for the putative secondary siRINAs generated
by this enzyme and a competition between the exo- and endo-RNAi path-
ways (Simmer et al.,, 2002). Indeed, endogenous siRINAs antisense to
protein-coding genes were discovered shortly thereafter (Ambros et al.,
2003) and an active investigation of endogenous RNA1 in C. elegans began.
By 2012, asignificantbody of knowledge had been generated, and a SnapShot
summary comparing endogenous RINA1 machinery and mechanisms across
species has been published recently (Flamand & Duchaine, 2012).

3.2.1 Discovery of endo-siRNAs

Sequencing experiments aimed at identifying more miRNAs by Ambros
and colleagues also yielded reads antisense to 551 difterent protein-coding
genes as well as reads matching retrotransposons and a peculiar locus on
the X chromosome termed “X cluster” (Ambros et al., 2003). At that time,
a prevalence of guanosine in the 5" position of endo-siRINAs was noted
(Ambros et al., 2003). Another sequencing report by the same group defined
1085 genes with matching antisense siRINAs (Lee et al., 2006). Initial ana-
lyses of the genetic requirements for endo-siRINA production determined
that mutants compromised in exo-RINAI, such as rf-1, rde-3, mut-7, and
mut-14, as well as mutants with an enhanced RINAI response, such as
rtf-3 and eri- 1, affected endo-siRINA accumulation (Lee et al., 2006). Inter-
estingly, although both rde-1 and rde-4 are required for the exo-RNAi
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response, only rde-4 appeared to have a role in endo-RNAi (Lee
et al., 2006).

The development of the new high-throughput pyrophosphate sequenc-
ing method (Margulies et al., 2005) enabled a deeper analyses of short RINA
populations in C. elegans and further classification of endo-siRINAs (Pak &
Fire, 2007; Ruby et al., 2006). A prevalent length of either 21-22 or 26 nt
and a 5’G in both kinds of siRNAs was reported (Ruby et al., 2006). The
features of the 26-nt class of endo-siRINAs included a 5'monophosphate and
a modified 3'terminus (Ruby et al., 2006), whereas the 22-nt class was
underrepresented in libraries generated by a 5'monophosphate-ligation-
dependent protocol and contained a 5'triphosphate like the secondary
siRNAs generated by RdRPs during exo-RNAi (Pak & Fire, 2007;
Ruby et al., 2006). Many unique cloned sequences matched splice junc-
tions, which supported their origin from RARP amplification using mature
mRNA as a template; however, intron-matching reads were also found,
which suggests the possibility of nuclear RARP-dependent amplification
(Pak & Fire, 2007; Ruby et al., 2006).

3.2.2 Distinction between WAGO- and CSR-1-associated
22G-endo-siRNAs

The application of the Illumina/Solexa deep sequencing platform stimulated
the discovery of additional short RNAs in many organisms, including
C. elegans. An earlier described class of endogenous 21-22 nt RINAs was sig-
nificantly expanded and called 22G-RNAs (Gu et al., 2009). 22G-RNAs are
most abundant in the germline, although somatic 22G have also been
described. The two major classes of 22G-RNAs are defined by their inter-
acting Argonaute proteins: the majority of 22G-RINAs antisense to protein-
coding genes exist in complex with CSR-1 (Claycomb et al., 2009; Gu
et al., 2009), while the WAGO family (required for the exogenous RINAi
response) interacts with 22G-RNAs targeting transposons, pseudogenes,
cryptic loci, and a few coding genes (Gu et al., 2009; Figures 3.4-3.6).
22G have features consistent with them being RARP products, and they
require RARPs for their accumulation. RRF-1 and EGO-1 act redundantly
in generating germline-enriched WAGO-22G-RNAs; somatic 22G-RNAs
require RRF-1, and CSR-1-bound 22G are dependent only on EGO-1
(Claycomb et al., 2009; Gu et al., 2009). Dicer-related helicase DRH-3
and tudor-domain protein EKL-1 are required for the production of both
classes of 22Gs and interact with RdRPs (Aoki et al., 2007; Gu et al.,
2009), consistent with their characterization as the core RARP module
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components (Thivierge et al., 2012; Figures 3.4-3.6). Interestingly,
sequencing of short RNAs from non-null dri-3 mutants with mutations
in the putative helicase domain revealed the persistence of 22G-RINAs
antisense to 3'UTR sequences, suggesting that RdRPs are recruited to
these regions and that the helicase activity of DRH-3 is required for their
access to more upstream target mRINA sequences (Gu et al., 2009).
The abundance of WAGO-22G-RNAs is also dependent on RDE-3
and MUT-7 (Gu et al., 2009). In addition, the essential role of the
MUT-16 protein in the formation and/or stability of both germline
and somatic 22G-RNAs of the WAGO class was recently described
(Zhang et al., 2011).

WAGO-22G-RNAs are more abundant than CSR-1 22G-RNAs, and
they have a clear silencing effect on their targets, including suppression of
transposon mobilization (Gu et al., 2009; Zhang et al., 2011). Although
CSR-1 was shown to be associated with chromatin at regions targeted by
its cofactor 22G-RNAs (Claycomb et al., 2009), only modest changes in
gene expression were detected in ¢sr- 1(—) worms, which contrasts with their
severe sterility phenotype (Claycomb et al., 2009; She, Xu, Fedotov,
Kelly, & Maine, 2009; Yigit et al.,, 2006) and with the strong defects in
chromosome segregation in animals treated with ¢sr-1 dsSRNA (Claycomb
et al.,, 2009; Yigit et al., 2006). Interestingly, the majority of genes
corresponding to the antisense 22G-RNAs that are enriched in CSR-1
immunoprecipitation samples showed reduction in their expression in
csr-1(—) sterile adults (Avgousti, Palani, Sherman, & Grishok, 2012;
Claycomb et al., 2009). At the same time, analyses of 22G-RINA and
mRNA abundance in ego-1(—) sterile worms revealed that ~300 germline
genes were modestly upregulated in the absence of EGO-1-dependent
22G-RNAs (Maniar & Fire, 2011).

The abundance of CSR-1 22G-RNAs is controlled by the germline-
specific nucleotidyltransferase protein CDE-1 (van Wolfswinkel et al.,
2009). CDE-1 specifically uridylates CSR-1 22G-RNAs and interacts with
RdARP EGO-1, but not with CSR-1 (van Wolfswinkel et al., 2009).
Although the abundance of CSR-1 22G-RNAs is increased in cde-1
mutants, these endo-siRINAs do not function properly, which is evident
by the similarity of the chromosome segregation defects of ¢sr-1 and cde-1
mutant worms (van Wolfswinkel et al., 2009). The function of the WAGO
pathway in transposon silencing and exo-RNAi is also compromised in cde-1
mutants, which suggests that CDE-1 is involved in proper separation of the
22G pathways (van Wolfswinkel et al., 2009).
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Interestingly, a recent comparison of short RNA populations and their
targets in four related nematodes revealed a higher than average conservation
of genes targeted by CSR-1 22G-RNAs, whereas WAGO targets showed
poor conservation and produced more siRNAs than conserved CSR-1 tar-
gets (Shi, Montgomery, Q1, & Ruvkun, 2013).

3.2.3 26G- and 22G-endo-siRNAs of the ERI pathway

The first enhanced RINAi (eri) gene, eri-1, was identified by mutant alleles
with increased sensitivity to exogenous RINAi (Kennedy, Wang, &
Ruvkun, 2004). The eri-1 gene encodes two protein isoforms, both of
which contain a nucleic acid-binding SAP domain and a 3’-to-5" exonucle-
ase domain (Gabel & Ruvkun, 2008; Kennedy et al., 2004). Initially, the
increased exo-RINAI response in eri-1 mutants was thought to be due to
a suppressed degradation of siRINAs (Kennedy et al., 2004). Later, ERI-1
was recognized as a component of a specific endogenous RNAi pathway
that is required for the production of certain endo-siRINAs and that com-
petes with exo-RINAi (Duchaine et al., 2006; Figure 1.4). Also, ERI-1 was
found among proteins coimmunoprecipitating with Dicer in an unbiased
proteomic approach (Duchaine et al., 2006). Only the longer ERI-1b iso-
form functions in endo-RINAi, while the shorter ERI-1a isoform was
shown to have a conserved role in 5.8S rRNA processing (Gabel &
Ruvkun, 2008). Interestingly, the RARP RRF-3, which also restricts
exo-RINAi (Simmer et al., 2002), was also identified in the complex with
Dicer (Duchaine etal., 2006), and two other eri genes, eri-3 and eri-5, encode
Dicer complex components (Duchaine et al., 2006). Recent biochemical
analyses revealed that the Dicer-RRF-3 core complex contains DRH-3
and Tudor domain protein ERI-5, which interacts with Dicer directly
(Thivierge et al., 2012; Figure 1.4). The full list of ERI-Dicer-1 complex
(ERIC) components identified by proteomic analyses also includes ERI-
3, ERI-1, and RDE-4 (Thivierge et al., 2012).

The molecular function of ERIC is to produce a longer species of endog-
enous siRNAs called 26G-RINAs (Gent et al., 2010; Han et al., 2009; Vasale
et al., 2010; Figure 1.4). Two classes of 26G-RINAs have been identified:
Class L is present in purified sperm, while Class II is most abundant in oocytes
and embryos and diminished in expression during postembryonic develop-
ment (Han et al., 2009; Figure 1.4). Depletion of both types of 26G-RINAs
affects the expression of their target genes, although the effect of depleting
Class II 26G-RNAs persists much longer in development than the 26Gs
themselves (Han et al., 2009). The fact that the ERI pathway also affects
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Figure 1.4 ERI-dependent endogenous RNAi pathways. Specific messages are selected
as templates for RARP RRF-3 by unknown mechanisms that include recognition of dupli-
cated genes. dsRNA produced by the RRF-3 complex is cleaved by Dicer to produce
26G-duplex siRNAs where the passenger strand is ~19 nt. Two types of 26G-RNAs
are recognized: sperm-specific 26G bound by ALG-3/4 and oocyte/embryo-specific
26G bound by ERGO-1. ERGO-1 and likely ALG-3/4 cleave the passenger strand in
the 26G-siRNA duplex. mRNAs targeted by 26G-RNAs are used as templates for second-
ary 22G-RNA production; 22G-RNAs are incorporated into complexes with WAGO
Argonautes which stimulate PTGS and TGS. Only a fraction of WAGO-bound 22G-RNAs
is dependent on the ERI pathway.
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production of some 22G-RNAs (Duchaine et al., 2006; Gu et al., 2009)
suggested a connection between 26G- and 22G-RNAs. Indeed, analysis
of the short RNAs found in complex with ERGO-1 Argonaute (Yigit
et al, 2006) identified Class II 26G-RNAs (Vasale et al., 2010;
Figure 1.4), and a subset of 22G-RNAs was found to be associated with
26G-RNA-producing loci (Vasale et al.,, 2010). Importantly, rnf-1 and
WAGO were required for the accumulation of these 22G-RNAs
(Figure 1.4), but not for the accumulation of corresponding 26G-RNA:s,
which required f-3 and ergo-1. Therefore, a two-step pathway involving
two rounds of RARP amplification (by RRF-3 and RRF-1) and two
Argonaute types (primary-ERGO-1 and secondary-WAGO) emerged
(Vasale et al.,, 2010; Figure 1.4). The accumulation of 22G-RNAs
corresponding to Class I spermatogenesis-specific 26G-RNAs is dependent
on ALG-3/4 Argonautes expressed in the germline region that undergoes
spermatogenesis (Conine et al., 2010); therefore, the molecular function
of ALG-3/4 is likely to be similar to that of ERGO-1 (Figure 1.4). An inde-
pendent study based on deep sequencing of short RNAs from rf-3 mutant
animals that identified somatic target genes regulated by the ERI pathway
suggested a similar two-step model of 26G-RNA-dependent 22G-RNA
production (Gent et al., 2010). Notably, 26G-RNAs, unlike 22G-RNAs,
were found to be modified at their 3’ends (Ruby et al.,, 2006; Vasale
et al., 2010). HENN-1 RNA methyltransferase was implicated in methyl-
ating the 3 ends of the ERGO-1 class of 26G-RNAs, and this methylation
had a stabilizing effect on these RNAs (Billi et al., 2012; Kamminga et al.,
2012; Montgomery et al., 2012). In the absence of HENN-1, uridylation of
26Gs was frequently observed (Kamminga et al., 2012).

The somatic Argonaute protein NRDE-3, which binds to secondary
siRNAs and translocates to the nucleus in an siRNA-dependent manner,
has also been connected to the ERI pathway (Figure 1.4). NRDE-3 is local-
ized to the nucleus in wild-type worms (Guang et al., 2008) but loses nuclear
localization in mutants with defective ERI-dependent 22G production,
including eri-1, rde-4, ergo-1 (Guang et al., 2008), eri-9, der-1(mg375Eri)
(Pavelec et al., 2009), and eri-6/7 (Fischer et al., 2011). Moreover, silencing
of'a GFP-sensor regulated by the ERI-dependent 22G-siR -1 was shown to
require NRDE-3 (Montgomery et al., 2012). Given the connection
between 26G and 22G production, these results are consistent with the
endogenous role of NRDE-3 in repression of 26G-RINA-target genes
(Burkhart etal., 2011; Guang et al., 2008). Notably, initiation of GFP-sensor
silencing by the NRDE-3-dependent 22G-siR -1 tolerated some degree of
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mismatching (Montgomery et al., 2012). mut-2 and mut-7 are also required
for the nuclear localization of NRDE-3 (Guang et al., 2008), which suggests
that they have a role in the ERI pathway. Indeed, mut-16, mut-2, and mut-7
were shown to be essential for the accumulation of ERGO-1 26 G-RNA:s,
and mut-16 was partially involved in the production of secondary 22G-
RNAs of the ALG-3/4 class (Zhang et al., 2011).

An initial survey of the loci targeted by ERGO-1-dependent 22G-
RNAs revealed that they are preferentially localized to chromosome arms
and enriched in gene duplications (Vasale et al., 2010; Figure 1.4). A more
extensive investigation of ER GO-1 targets was conducted in a study of the
ERI-6/7 helicase, which is encoded by two adjacent genes whose pre-
mRNAs fuse in a rare frans-splicing event (Fischer, Butler, Pan, &
Ruvkun, 2008). ERI-6/7 is homologous to helicases that act with short
RNAs in plants and animals. Similar to ERGO-1, ERI-6/7 is required
for the production of Class IT 26G-RNAs abundant in oocytes and embryos
and for that of their dependent 22G-RNAs, which are abundant in somatic
tissues (Fischer et al., 2011). This temporal shift in the peaks of abundance of
Class II 26Gs and their corresponding 22Gs suggests that RR F-3-dependent
26G production and RRF-1-dependent 22G generation are separated in
time and that RRF-3 acts in the embryo, while RRF-1 acts
postembryonically (Fischer et al., 2011). Interestingly, bioinformatic ana-
lyses of 78 genes matching eri-6/7-dependent siRINAs revealed groups of
related genes that are poorly conserved in other species and have few introns
(Fischer et al., 2011). These analyses are consistent with the ERGO-1 26G
branch serving to silence recently duplicated or horizontally acquired genes
(Fischer et al., 2011). This conclusion is further supported by a recent high-
throughput sequencing study of the evolution of short RNAs using four
related nematode species: C. elegans, Caenorhabditis briggsae, Caenorhabditis
remanei, and Caenorhabditis brenneri (Shi et al., 2013). Although 26G-RINA
sequences themselves are not conserved, it is remarkable that embryo-specific
ERGO-1 26G-RNA-target genes showed only 2—12% conservation when
considering the higher than average conservation of sperm-specific 26G-
RNA-target genes (Shi et al., 2013). This study also detected conservation
in the localization of ERGO-1 26G-RNA-producing loci to gene-poor
chromosome arms (Shi et al., 2013).

The distinctive feature of 26 G-RINA biogenesis is its Dicer dependence,
which is in contrast to the Dicer-independent biogenesis of 22G-RINAs
(Figure 1.4). The sequences of 26G-RINAs are not consistent with a
processive generation by Dicer using long dsRINA substrates produced by
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RRF-3 (Fischer et al., 2011; Vasale et al., 2010). Although 26G-RNAs are
mostly 26 nt reads antisense to mR NAs in wild-type worms, stabilization of
the passenger-strand short RINAs antisense to 26Gs was detected in ergo-1
mutants, which is consistent with slicing of the passenger strand by
ERGO-1 (Fischer et al., 2011). Interestingly, the passenger strand of the
26G duplex is ~19 nt, such that ~3—4 nt 5" and 3 overhangs of the longer
26G strand are present (Fischer et al., 2011; Figure 1.4).

The involvement of the helicase domain of Dicer in endo-siRINA pro-
duction was demonstrated with the der-1(mg375) mutation, which was iden-
tified in genetic screens for ERI mutants (Pavelec et al., 2009). A more
extensive study using transgenes with point mutations in the helicase domain,
which were introduced into a der-1(—) null background, confirmed that this
domain is essential for endo-siRINA production and demonstrated that it spe-
cifically affects 26G-RNA levels genome wide (Welker et al., 2010). An
increased number of 26G reads was noted in C. elegans mutants of ADARs
(Warf, Shepherd, Johnson, & Bass, 2012). The predominant 26G duplex
RNA structures identified by this study contained 3 nt 3’ overhangs consis-
tent with findings from studies of Dicer processing of long dsRINA (Welker
et al., 2011; Figure 1.4). Therefore, the 3’ end of 26G-RNA results from
Dicer cleavage, and it was suggested that the 3'-5' nuclease ERI-1 is involved
in the processing of the 3’end of the 19-nt-long 26G passenger strand, which
would result in more variability in the 5’ overhangs of the 26G duplex (Warf
et al., 2012). The precise mechanism of 26G-RINA biogenesis involving the
Dicer, ERI-1, and RRF-3 module remains to be elucidated.

Although RDE-1 and RDE-4 are equally required for exo-RINAI,
RDE-4 has a much larger role in endo-RINAi. RDE-4 is required for
26G production (Vasale et al., 2010) and also appears to have a connection
to EGO-1-dependent siRINAs (Maniar & Fire, 2011). However, the precise
molecular function of RDE-4 in endo-RINA1 is not clear. RDE-1 has a role
in the production of most abundant somatic 22G-RNAs corresponding to
the Y47H10A.5 gene, which is initiated by the mir-243 miRNA that
RDE-1 binds (Correa et al., 2010), and in the production of a few other
22G-RNAs. Notably, these RDE-1-dependent siRINAs are also depleted
in rde-10 and rde-11 mutants, which otherwise affect few endo-siRNAs
(Zhang et al., 2012).

3.2.4 Competition between ADARs and endogenous RNAi
There are two C. elegans genes encoding ADARS: adr-1 and adr-2 (Tonkin
et al., 2002). Although only ADR-2 contains a catalytic domain and active
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editing function, ADR -1 modulates the activity of ADR-2 in vivo (Knight &
Bass, 2002; Tonkin et al., 2002). It was shown earlier that somatic expression
of repetitive transgenes was silenced in ADAR mutants in an rde-1- and rde-
4-dependent manner (Knight & Bass, 2002). Therefore, a similar competi-
tion between endogenous RNNAi and ADARs for dsRINA substrates can be
expected. Indeed, deep sequencing analyses identified a number of low-to-
moderate copy inverted repeat regions with a dramatic increase in short
RNA reads in ADAR mutants; consistently, transcripts from such loci were
found to be multiply edited (Wu, Lamm, & Fire, 2011). Interestingly,
although a corresponding decrease in mRNA levels was often observed, his-
tone messages remained unchanged in ADAR (—) animals despite dramatic
increases in short RNAs corresponding to some histone loci
(Wu et al., 2011).

The effect of ADARSs on the biogenesis of short RINAs was examined in
another study (Wart et al., 2012). Although the levels of many miRNAs
were increased in the absence of ADARS, most of these effects were found
to be indirect, likely due to decreased sequestering of pri-miRINAs by
ADARSs from Drosha processing; only a couple miRINAs were found to
be edited by ADARs (Warf et al., 2012). Surprisingly, generation of
endo-siRNAs, which were selected by a 5'monophosphate-dependent
sequencing protocol, was predominantly suppressed in the ADAR mutants,
with ~40% of annotated loci producing fewer antisense siRINAs (Warf et al.,
2012). These results are more consistent with the indirect effects of ADAR
loss. Conversely, production of many Dicer-dependent 26G-antisense
RNAs and their complementary 19 nt passenger strands was increased in
the ADAR mutants, consistent with the competition between Dicer and
ADARs for the dsSRINA precursors of 26G-RNAs (Wart et al., 2012). As
ADARSs localize to the nucleus (Hundley, Krauchuk, & Bass, 2008), it is
most plausible that the RRF-3-dependent synthesis of 26G-RINA precur-
sors takes place there (Wart et al., 2012).

3.3. Biological functions of RNAi

3.3.1 Antiviral defense

The initiation of the RINAI response by dsRINA immediately suggested a
natural antiviral role for this gene-silencing phenomenon (Fire et al.,
1998). Moreover, the apparent lack of obvious developmental and physio-
logical defects in rde-1 and rde-4 mutants further supported this idea (Tabara
etal., 1999). This view of exogenous RINA1 as a short RNA-based antiviral
immunity was further confirmed by using transgenic animals expressing
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Flock house virus, a plus-strand RNA animal nodavirus (Lu et al., 2005), as
well as infections of C. elegans primary embryonic cell cultures with vesicular
stomatitis virus, a rhabdovirus infecting insects and mammals (Schott,
Cureton, Whelan, & Hunter, 2005; Wilkins et al., 2005).

An exciting development in studies of RNAIi as an antiviral response
came with the discovery of natural viruses infecting C. elegans and
C. briggsae (Felix et al., 2011). Novel nodavirus-related RINA viruses, Orsay
and Santeuil, were isolated from stably infected wild isolates of C. elegans and
C. briggsae, respectively. Infection by these viruses resulted in clear morpho-
logical defects in the intestinal cells, which did not have a significant eftect on
animals, besides a lower rate of progeny production. A horizontal transmis-
sion of these viruses and a high specificity to Caenorhabditis species (C. elegans
or C. briggsae) was described, as well as an efficient elimination of viruses by
bleaching; no vertical transmission of the virus was detected in the progeny
of bleach-treated parents. Consistent with an antiviral role of the exogenous
RNAI pathway, individual C. elegans mutants defective for RNAI (rde-1,
rde-2, rde-4, and mut-7) exhibited higher levels of viral RNA expression
and more significant infection symptoms compared to the laboratory
wild-type strain N2 (Felix et al., 2011). Also, deep sequencing of short
RNA populations from infected animals revealed that 2% of all the unique
sequences mapped to the viral RINA segments, and secondary 22G-RNAs
were readily identified among these reads. Interestingly, a wild C. elegans
isolate, JU 1580, which harbors the Orsay virus, was found to be resistant
to RINAI targeting somatic but not germline genes (Felix etal., 2011). Other
natural isolates of C. elegans also showed a variable sensitivity to somatic
RNAI (Felix etal., 2011), and a wild-type isolate resistant to germline RINAi
had been described earlier (Tijsterman, Okihara, et al., 2002). This natural
variation in the RINAi responses could indicate a widespread coevolution of
nematodes and nonlethal RNA viruses.

3.3.2 Silencing of transposons and repetitive elements

The first indication of the role of RINAI in genome surveillance came with
the discovery that RINAi-deficient mutants often display increased rates of
transposon mobilization in the germline, a mutator phenotype (Ketting
et al,, 1999; Sijen & Plasterk, 2003; Tabara et al., 1999; Tijsterman,
Ketting, et al., 2002; Vastenhouw et al., 2003). The genome surveillance
system in C. elegans comprises two 22G-RINA classes: the ERI/Dicer-
dependent class and the ERI/Dicer-independent class (Gu et al., 2009;
Figures 3.4 and 3.5). The 22G-RNAs of the ERT pathway target gene dupli-
cations and possibly horizontally transferred genes, as described in
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Section 3.3, (Fischer etal., 2011; Vasale et al., 2010; Figure 1.4). Meanwhile,
germline-enriched Dicer-independent 22G-RNAs bound by WAGO-1
and other WAGO Argonutes silence transposons, abberant transcripts,
and cryptic loci (Gu et al., 2009; Figure 1.5). The generation of the WAGO

Figure 1.5 Repetitive regions and foreign genomic elements are targeted by the
WAGO-22G-RNA:s. Left: The initial steps promoting Dicer-independent 22G-RNA gener-
ation on repeats, pseudogenes, and transposons are poorly understood, but these 22G-
RNAs are among the most abundant ones in C. elegans. The question mark refers to the
possibility that some unknown Argonaute or a combination of Argonaute proteins bind
to non-canonical primary siRNAs produced in a Dicer-independent manner and select
mMRNAs to be targeted by RdRP. It is also possible that some secondary siRNAs bound by
WAGO are inherited by germline progenitor cells and stimulate RdRP activity on WAGO
targets in the next generation; this system would then be Dicer and primary siRNA-
independent, unlike the pathways shown in Figure 1.1, Figure 1.4 and Figure 1.5 (right
panel). Right: 21U-RNAs bound by PRG-1 target foreign mRNA sequences (interaction
does not require perfect complementarity) to promote RdRP-dependent production
of WAGO-22G-RNAs. Notably, nuclear Argonaute HRDE-1 is responsible for initiating
stable silencing of “non-self” sequences.
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family 22G-RNAs is initiated in many cases by C. elegans piRINAs, and a
combination of both types of short RINAs appears to have a more general
role in recognizing foreign sequences distinct from endogenous genes
(Figure 1.5; see Section 4.2.2). Importantly, the mutator proteins have been
connected to the genome surveillance function of both the 26G-22G and
piIRNA-22G pathways (Gu et al., 2009; Zhang et al., 2011).

3.3.3 A summary of the global effects of 22G-RNAs on the
expression of endogenous genes

The identification of endogenous short RINAs antisense to protein-coding
genes poses a question concerning their relevance in gene regulation. To
address this question, microarray analyses of gene misregulation in various
mutant backgrounds have been performed (Asikainen, Storvik, Lakso, &
Wong, 2007; Claycomb et al., 2009; Conine et al., 2010; Gent et al,,
2009; Grishok et al., 2008; Gu et al., 2009; Lee et al., 2006; Maniar &
Fire, 2011; van Wolfswinkel et al., 2009; Welker, Habig, & Bass, 2007).
The general conclusion from these analyses is that the relationship between
short RNAs and the gene loci from which they are generated, mostly by the
action of RdARPs, is complex and specific to the endo-RNAi pathway to
which these short RNAs belong. The WAGO family of 22G-RNAs has
a strong negative effect on gene expression, which includes posttranscrip-
tional, cotranscriptional, and transcriptional mechanisms in both the soma
and the germline (Asikainen et al., 2007; Buckley et al., 2012; Conine
et al., 2010; Duchaine et al., 2006; Fischer et al., 2011; Gent et al., 2010,
2009; Gu et al., 2009; Guang et al., 2008; Han et al., 2009; Lee et al.,
2006; Pavelec et al., 2009; Vasale et al., 2010; Yigit et al., 2006; Zhang
et al.,, 2011). However, as WAGO-22G-RNAs are largely dedicated to
genome surveillance, they do not affect a large number of protein-coding
genes and are most notably involved in spermatogenesis, with ALG-3/4
(Conine et al., 2010; Han et al., 2009), and maintenance of germline viabil-
ity, with HRDE-1 (Buckley et al., 2012). It remains to be seen whether the
germline mortality phenotype of the hrde-1 mutant and some other nrde
mutants is due to the gradually increased mobilization of transposons or
due to the misregulation of protein-coding genes. On the other hand, the
effects of the CSR-1 22G-RNAs on gene expression are modest
(Claycomb et al., 2009; Maniar & Fire, 2011; van Wolfswinkel et al.,
2009), though they represent the majority of short RINAs antisense to
protein-coding genes, and the CSR-1 pathway mutants have the strongest
developmental defects, described in Section 3.3.5. A recent study analyzed
the effects of the RINAI1 pathways on changes in gene expression and
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chromatin modifications in adult animals that had experienced a stress-
resistant and nonaging dauer stage (postdauer worms) compared with those
that had experienced a normal life cycle (Hall, Chirn, Lau, & Sengupta,
2013). This work suggested a potential role for CSR -1 in somatic gene reg-
ulation, which was revealed by a significant increase in the level of H3K4
methylation in postdauer ¢sr-1 hypomorph mutants compared to wild-type
postdauer worms (Hall et al., 2013).

In addition to gene silencing, some endo-siRNAs in C. elegans have a
positive role in gene regulation (Figure 1.6). It was discovered recently that
CSR-1 22G-RNAs have a role in promoting the processing of 3'UTRs of

Figure 1.6 Biogenesis and function of CSR-1 22G-RNAs antisense to protein-coding genes.
Triggers stimulating RARP (EGO-1) recruitment to actively transcribed germline genes are
not known at this time (question mark). The possibilities include currently unidentified
primary siRNAs and their co-factor Argonautes or heritable secondary siRNAs produced
by EGO-1 in the previous generation and deposited into germline precursor cells. CSR-
1-bound 22G-RNAs modulate Pol Il transcription of their targets and appear to positively
regulate transcription in the germline. In addition to stimulating histone gene transcription,
CSR-1 siRNAs promote histone mRNA biogenesis, possibly by guiding direct cleavage
by CSR-1 after the conserved stem-loop. The stem loop in histone pre-mRNA and mRNA
is recognized by the conserved stem-loop-binding protein (SLBP), which is required for
proper histone mRNA biogenesis, nuclear export, and translation.
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histone pre-mR NAs and that the deficiency in this process significantly con-
tributes to the lethal and sterile phenotypes of the CSR-1 pathway mutants
(Avgousti et al., 2012). Whether the majority of CSR-1 22G-RNAs
targeting other genes also have an effect on pre-mRNA processing is not
clear but presents an intriguing possibility. Consistent with this idea, a recent
study of the evolutionary history of proteins in 85 genomes, which aimed to
find genes with phylogenetic profiles similar to that of C. elegans RINAi-
related factors, revealed a deep connection between RINAI1 and splicing
(Tabach et al., 2013). Moreover, a significant number of splicing factors
identified in this manner were shown to affect RINAi-dependent silencing
of transgenes (Tabach et al., 2013).

3.3.4 Endogenous RNAi and adaptation to environment
Although the role of RDE-4 in exo-RNAIi is understood relatively well
(see Section 3.1.1), its contribution to endogenous RNAi pathways is defined
less clearly. RDE-4 functions with RDE-1 in the rare cases when this
Argonaute is involved in gene regulation (Correa et al., 2010; Gu et al,,
2009), and it also coimmunoprecipitates with ERI-1 and ERI-5
(Thivierge et al., 2012) and is required for 26G production (Vasale et al.,
2010). Moreover, rde-4 is required for the maximum accumulation of
22G-RNAs produced by the germline RARP EGO-1 (Maniar & Fire, 2011).
Microarray studies performed on rde-4-null worms identified a connec-
tion to regulation of stress response (Grishok et al., 2008; Mansisidor et al.,
2011; Welker et al., 2007). Consistently, rde-4 mutants have a decreased life
span (Mansisidor et al., 2011; Welker et al., 2007) and an increased sensitiv-
ity to oxidative stress, pathogens (Mansisidor et al., 2011), and elevated tem-
peratures (Blanchard et al., 2011). The signature of gene misregulation in
rde-4 mutant L1-L2 larvae significantly overlaps with that of zfp-1 loss-of-
function mutants (Grishok et al., 2008). ZFP-1 is a chromatin-binding pro-
tein enriched at promoters of highly expressed genes (Avgousti et al., 2012;
Mansisidor et al., 2011). Intriguingly, only gene sets upregulated in the zfp-1
and rde-4 mutant worms (but not the downregulated gene sets) are enriched
in endo-siRNA targets (Grishok et al., 2008). Although the majority of
genes with increased expression in the zfp-1 and rde-4 mutants match
CSR-122G-RNAs, the pdk-1 gene, which encodes a conserved insulin sig-
naling kinase whose upregulation is responsible for the shortened life span
and the increased sensitivity to oxidative stress of the zfp-1 and rde-4 mutants,
is a WAGO-22G target (Mansisidor et al., 2011). WAGO-22G-RNAs
largely match the pdk-1 promoter, which contains repeats that appear to
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support the production of dsRNA (Mansisidor et al., 2011). Interestingly,
many genes upregulated in rde-4 mutants contain repeats in their promoters
(Mansisidor et al., 2011). It is possible that the production of specific 22G-
RNAs from repetitive elements that match genes with adaptive function is
naturally selected to “fine-tune” their expression. It is equally possible that
modulation of genes without repeats in their promoters by CSR-1 22G-
RNAs is also subject to natural selection.

3.3.5 Developmental roles of the CSR-1 22G-RNA pathway

The severe germline defects in mutants of RARP EGO-1 provided the first
indication of the relevance of RINAI to the regulation of developmental pro-
cesses (Smardon et al., 2000). The ego-1(—) germline abnormalities included
(1) a reduced proliferation of germ cells in the mitotic zone, a phenotype
observed when GLP-1/Notch signaling is defective; (2) a premature entry
of germ cells into meiosis and a slow progression through early meiotic pro-
phase; and (3) the presence of oocytes with abnormal morphology and
apparent chromatin condensation defects (Smardon et al., 2000; Vought,
Ohmachi, Lee, & Maine, 2005). Moreover, embryos produced by the
ego-1 mutant mothers were noted to arrest in development after only a
few cell divisions (Smardon et al., 2000; Vought et al., 2005). The ego-1
activity was also implicated in the accumulation of H3K9 methylation on
the unpaired and heterochromatin-rich single X chromosome in meiotic
male germline and unpaired extrachromosomal fragments in hermaphro-
dites (Maine et al., 2005). In addition, abnormalities in the nuclear pore
complex morphology in germ nuclei and in the germ cell-specific
P-granule size and distribution were observed in ego-1(—) animals
(Vought et al., 2005). In a survey of RNAi-related mutants, csr-1, drh-3,
and ekl-1 were identified as having phenotypes similar to ego-1(—) (She
et al.,, 2009). Notably, Dicer mutants did not share these phenotypes
(Maine et al., 2005). Several other studies reported chromosomal abnormal-
ities in the oocytes and chromosome segregation defects in the embryos of
drh-3 (Claycomb et al., 2009; Duchaine et al., 2006; Nakamura et al., 2007),
¢sr-1 (Claycomb et al., 2009; Yigit et al., 2006), ego-1, ekl-1 (Claycomb et al.,
2009), and cde- 1 mutants (van Wolfswinkel et al., 2009). Further, P-granule
defects were noted in the ¢s7-1 mutant (Claycomb et al., 2009) and uncov-
ered in animals treated with drh-3, csr-1, and ego-1 dsRINA in an unbiased
RNAI screen for genes affecting P-granule function (Updike & Strome,
2009). These phenotypic analyses match well with the genomic studies sep-
arating CSR-1 and WAGO-22G pathways (see Section 3.2.2).



44 Alla Grishok

The cloning of short RNAs from the CSR-1 immunoprecipitates dis-
covered its association with 22G-RNAs antisense to protein-coding genes
(Claycomb et al., 2009; Figure 1.6). It was proposed that all these 22G-
RNAs act together to specify chromatin features and architecture of hol-
ocentric C. elegans chromosomes (Claycomb et al., 2009). However, it
was discovered recently that canonical histone proteins are severely depleted
in the ¢sr-1, drh-3, and ego- 1 mutant animals and that histone mRNAs are not
processed properly in these mutants (Avgousti et al., 2012; Figure 1.6).
Moreover, the overexpression of histone locus containing one copy of each
core histone gene from a transgenic array significantly rescued the embryo
lethality induced by the depletion of ¢sr-1 and ego-1 by RNAi1 (Avgousti
et al., 2012). These results suggest that histone depletion is a major con-
tributing factor to the embryonic lethality seen in the CSR-1 pathway
mutants and may also help explain many other germline abnormalities
resulting from the defects in chromatin condensation. Despite this,
P-granule defects in the RINAi mutants are not due to histone depletion
(Avgousti et al., 2012).

Histone pre-mRNAs do not contain introns, but they require a specific
3’end processing event: a cleavage after the conserved stem-loop (reviewed
in Marzluft, Wagner, & Duronio, 2008). In most organisms, there is a ded-
icated U7 snRINA, which base-pairs with a conserved sequence downstream
of the stem-loop and recruits the cleavage complex (reviewed in Marzluff
et al., 2008). The U7 snRNA and the conservation of its complementary
downstream sequence are missing in nematodes (Davila Lopez &
Samuelsson, 2008), but there are EGO-1-dependent 22G-RNAs comple-
mentary to the region downstream of the stem loop (Avgousti et al., 2012;
Figure 1.6). As CSR-1 binds to histone mRNA and pre-mRNA (Avgousti
et al., 2012) and is proficient in secondary siRINA-guided endonucleolytic
cleavage (Aoki et al, 2007), it is most plausible that CSR-1 is an
endonuclease which is responsible for the processing of histone pre-mRNA
in C. elegans (Figure 1.6). However, it is also possible that CSR-1 acts to
recruit the processing complex.

Interestingly, the germline function of CSR-1 also includes an interac-
tion with the PUF (Pumilio/FBF) protein FBF-1 in the distal germline and
the repression of translational elongation of FBF-1 target mRNAs (Friend
etal., 2012). It is not clear whether this role of CSR-1 requires 22G-RNAs
as the relevant phenotypes were less robust in the RARP complex mutants:
ego-1, drh-3, and ekl-1 (Friend et al., 2012). Another example of the devel-
opmental role of the CSR-1 pathway genes is their requirement,
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redundantly with the KSR-1 scaffolding protein, in the specification of the
excretory duct, worm’s renal system, which occurs during embryogenesis
(Rocheleau et al., 2008). Which 22G-RNA-target genes are relevant for
this process and whether 22G-RINAs act positively or negatively to regulate
them are not known. As there are two isoforms of the CSR-1 protein and
one of them is expressed in somatic tissues (Claycomb et al., 2009), addi-
tional contributions of CSR-1 and 22G-RNAs to gene regulation during
postembryonic development are likely to be discovered.

3.3.6 Cooperation between RNAi and Rb

Although the exo-RINAI pathway mutants display few obvious phenotypes,
it is possible that a more careful examination could reveal the contribution of
this pathway to the development and/or fitness of nematodes. The impor-
tance of rde-4 for normal longevity and stress resistance has been discussed
earlier (see Section 3.3.4). In addition, genetic studies that were conducted
before the classification of endo-siRINAs revealed the redundant roles of the
exo-RINAI factors and Rb in the negative regulation of nuclear divisions in
the intestinal cells at the early L2 stage (Grishok & Sharp, 2005; Ouellet &
Roy, 2007). Although the RNAi mutants did not exhibit an increase in
nuclei number, double mutant combinations of the presumptive lin-35
(Rb) null alleles with rde-4, rde-1, or mut-7 nulls significantly enhanced
the supernumerary nuclei phenotype of lin-35(—) (Grishok & Sharp,
2005; Ouellet & Roy, 2007).

The nuclear divisions in the intestine are very sensitive to cyclin E dosage
(Grishok & Sharp, 2005), and the supernumerary phenotype is suppressed by
mutations in cyclin E (Grishok & Sharp, 2005). Cyclin E mRINA expression
is elevated in lin-35(—) worms (Grishok & Sharp, 2005; Ouellet & Roy,
2007), and its level is further enhanced in the lin-35; rde-4 double mutant
strain (Grishok & Sharp, 2005). The cyclin E gene (cye-1 in C. elegans) is
a known conserved target of transcriptional repression by Rb, and an anti-
sense RNA overlapping exon 1 of cye-1 was detected (Grishok & Sharp,
2005). Therefore, regulation of this gene by Rb and RNAI is likely to be
direct. The possibility of dsRINA production at the cye-1 locus is consistent
with the involvement of RDE-1 in the regulation of nuclear divisions.
Additional phenotypes associated with the combination of lin-35 and rde-
4 null mutations include egg laying defects, extra vulva protrusions, and
gonad migration defects (Grishok & Sharp, 2005). As rde-4 appears to have
arole in multiple RNAIi pathways (exo-RNAi, ERI, CSR-1), it remains to
be seen which other RNAi mutants will have similar phenotypes when



46 Alla Grishok

combined with lin-35(—) and misregulation of which target genes is respon-
sible for the phenotypes.

3.3.7 The role of ALG-3/4 endo-siRNAs in sperm development

The temperature-sensitive sterility and “High Incidence of Males” (Him)
phenotypes, presumably associated with defects in sperm development, were
reported in early studies of the mutator and Eri genes (Duchaine et al., 2006;
Kennedy et al., 2004; Ketting et al., 1999; Simmer et al., 2002). These sig-
nature phenotypes were also found in the compound mutant strains of
WAGO Argonautes (Gu et al., 2009; Yigit et al., 2006) and in the viable
loss-of-function drh-3 mutants (Gu et al., 2009). Consistently, the microar-
ray analysis of L4-stage rrf-3 and eri- 1 mutants identified the misregulation of
genes required for sperm function (Asikainen et al., 2007).

Genetic analyses of the Eri mutants separated the enhanced RINAi sen-
sitivity phenotype from the sperm-related sterility and Him phenotypes such
that eri-1, eri-3, eri-5, nf-3, and dcr-1(mg375Er) mutant animals exhibited
both phenotypes, whereas ergo-1 and eri-9 mutants did not show sterility
and Him phenotypes but had a reduction in brood size at 25 °C (Pavelec
et al., 2009). Also, eri-6/7 mutants were not overtly sterile at elevated tem-
peratures (Fischer et al., 2008) with some reduction in brood size (Fischer
et al., 2011). These phenotypic analyses fit well with the genomic studies
discussed earlier (see Section 3.2.3) that identified two classes of 26G-RNAs,
only one of which was detected in sperm (Han et al., 2009; Figure 1.4).
Therefore, the upstream Eri genes that correspond to the RRF-3 RdRP
module (Thivierge et al., 2012) are required for both types of 26G-RNAs
(Fischer etal., 2011; Han etal., 2009; Vasale et al., 2010) and are expected to
have pleiotropic phenotypes, while other factors, such as the redundant
Argonaute proteins ALG-3 and ALG-4, are required for the production
of only sperm-specific 26G- and 22G-RNAs (Conine et al., 2010; Han
et al., 2009; Figure 1.4). The phenotypes of the MAGO12 mutant strain
are consistent with its role with ALG-3/4 26G-RNAs (Conine et al.,
2010; Yigit et al., 2006). Since the Mutator mutants are Him, it could be
expected that they act with sperm-specific 22G-RNAs. However, Mutators
are not required for the production of sperm-specific 26 G-RINAs, only par-
tially affect ALG-3/4-dependent 22G levels, and are only partially rescued
by male mating (Zhang et al., 2011).

The detailed analyses of 26G-related sperm development phenotypes
were conducted in several studies (Conine et al., 2010; Gent et al., 2009;
Pavelec et al., 2009). First, it was established that temperature-dependent
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sterility was associated with defects in sperm, not oocytes (Conine et al.,
2010; Gent et al., 2009; Pavelec et al., 2009). The X-chromosome nondis-
junction leading to the increased incidence of males (Him phenotype)
was also connected to spermatogenesis (Gent et al., 2009). Although early
events in germ cell development appeared to be unaftected in the Er
mutants (Pavelec et al., 2009), multiple abnormalities in spermatogenesis
and spermiogenesis were described, including cell division defects
(Conine et al., 2010; Gent et al., 2009; Pavelec et al., 2009), defects in sper-
matid activation (which affects sperm motility) (Conine et al., 2010; Pavelec
et al., 2009), as well as sperm-related paternal effects leading to abnormal
mucrotubule structures in early embryos and resulting embryonic lethality
(Gent et al., 2009).

Although misregulation of many sperm-specific genes was reported in
the mutants affecting ALG-3/4 endo-siRINAs (Conine et al., 2010; Gent
et al., 2009; Han et al., 2009; Pavelec et al., 2009), the connection between
the misregulated genes and the phenotypes is not clear. Understanding how
regulation of specific genes by endogenous RINAI contributes to develop-
ment and fitness is the next challenge for the ALG-3/4 class of short RINAs
and for endo-siRINAs antisense to protein-coding genes in general.

4. 21U-RNAs, C. elegans piRNAs

piRNAs are the third major class of endogenous short RNAs, which is
specific to animals, unlike miRINAs and endo-siR NAs that exist in both ani-
mals and plants. piRINAs interact with the PIWI subfamily of the Argonaute
proteins. They were initially described in Drosophila, where they play a
major role in transposon silencing utilizing both posttranscriptional and
transcriptional mechanisms (reviewed in Ishizu et al, 2012; Sabin,
Delas, & Hannon, 2013). Another distinct feature of piRINAs is their pref-
erential expression in germ cells. Sterility phenotypes of animals lacking
piRNAs are due to the secondary effects of transposon mobilization in Dro-
sophila (reviewed in Khurana & Theurkauf, 2010), but it is not clear whether
this is also true for nematodes and mammals and whether piRNAs partici-
pate in regulation of endogenous genes.

4.1. Biogenesis of 21U-RNAs

21U-RNAs were discovered as a separate class of short RINAs with unique
features that included 5 wuridine, 21-nt length, an apparent 3’end
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modification, and the existence of two upstream genomic motifs (Ruby
et al., 2006). One motif with the CTGTTTCA consensus is located at an
invariant position preceding the 21U sequence and a smaller YRNT motif
is present immediately upstream and ends with the 5'U of the 21U-RNA
(Ruby et al., 2006; Figure 1.7). The 21U-RNA sequences themselves were
found to be very diverse and the 21 U-RNA-producing loci mapped to two
broad regions on chromosome IV (Ruby et al., 2006). Although piRINAs in
other species are longer (~26 nt), 21U-RNAs were recognized as functional
equivalents of piRNAs due to their association with the C. elegans PIWI
homolog, PRG-1 (Figure 1.5), and the dramatic reduction of 21U-RNA
expression in prg-1(—) animals (Batista et al., 2008; Das et al., 2008;
Wang & Reinke, 2008). Also, production of 21U-RNAs was shown to
be Dicer-independent (Batista et al., 2008; Das et al., 2008). At the same
time, the significance of the upstream motif in 21U-RINA expression was
suggested by the higher abundance of 21U-R NAs with upstream motifs that

Figure 1.7 Biogenesis of 21U-RNAs (piRNAs). Each 21U-RNA is produced from a sepa-
rate transcript defined by the YRNT sequence, where R (-2 relative to U) is the first nucle-
otide in the nascent 21U-RNA precursor. Two types of the 21U-RNA loci have been
described: type 1 loci are prevalent on chromosome IV and contain nucleosome-
depleted Pol Il promoters with the CTGTTTCA DNA cis-element recognized by Forkhead
transcription factors (FKH), and type 2 loci are present genome-wide and correspond to
transcription start sites of protein-coding genes and other transcripts located in close
proximity to promoters of protein-coding genes.
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match closer to the consensus sequence (Batista et al., 2008). 21U-RNAs
appear to be restricted to the germ tissue (Batista et al., 2008; Das et al.,
2008; Wang & Reinke, 2008) and are expressed in both male and female
germline (Batista et al., 2008; Das et al., 2008). Moreover, separate groups
of male-enriched and female-enriched 21U-RNAs were recognized
recently (Billi et al., 2013), and this separation also exists in other nematodes
(Shi et al., 2013). Although genomic distributions of male-enriched and
female-enriched 21U-RNAs are similar in C. elegans, these sub-groups
are produced from different chromosomes in C. briggsae suggesting their dif-
ferent evolutionary history (Shi et al., 2013).

In other animals, numerous piRINAs are generated from one long pre-
cursor transcript (reviewed in (Ishizu et al., 2012)). However, the conserved
motif associated with each individual 21U-RNA strongly suggested their
autonomous expression in C. elegans (Ruby et al., 2006). Indeed, the
upstream region is depleted of nucleosomes, which is a prominent feature
of the promoters, and Pol II enrichment was only detected there in animals
with germline tissue (Cecere, Zheng, Mansisidor, Klymko, & Grishok,
2012). Moreover, the CTGTTTCA requirement for 21U-RNA expression
was demonstrated in experiments where this motif was deleted (Cecere
et al., 2012) or scrambled (Billi et al., 2013; Figure 1.7). Furthermore, the
sufficiency of the core motif for 21U-RNA expression was shown with sin-
gle copy minimal expression cassettes integrated at genomic sites far away
from the 21U clusters (Billi et al., 2013). A specific recognition of the
CTGTTTCA consensus sequence by the Forkhead family of transcription
factors was demonstrated in vitro, and binding of a Forkhead protein to the
upstream regions of several 21U-RNAs was shown in vivo (Cecere et al.,
2012; Figure 1.7). A decrease in 21U-RNA expression was correlated with
the depletion of Forkhead proteins, many of which appear to act redun-
dantly in promoting 21U-RNA expression (Cecere et al., 2012). Notably,
the consensus CTGTTTCA sequence is enriched at male-specific 21U-
RNAs promoters, whereas female-specific 21U-RNAs do not show a bias
for C at the first position of the 8-mer (Billi et al., 2013). The 5’ cytidine was
shown to be important for the biased expression of 21 U-RINAs during sper-
matogenesis, although oogenesis-biased expression of 21U-RNAs cannot
be explained by the differences in the 8-mer sequence (Billi et al., 2013).
Although there is a notable Pol II enrichment at the 21U-RNA promoters
(Cecere et al., 2012), it is orders of magnitude lower compared to the pro-
moters of actively expressed germline genes (Cecere et al., 2012). Also,
mRNA expression of many Forkhead protein-encoding genes shows
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germline enrichment, but the corresponding protein expression appears to
be very low (Cecere et al., 2012). The 5" nucleotide in the Forkhead-specific
DNA consensus sequence does not have a role in the interaction with the
DNA-recognizing alpha helix of the Forkhead transcription factors, but it
may provide a stabilizing contact with additional loop regions of the proteins
(reviewed in (Obsil & Obsilova, 2011)) and therefore may determine the
preferential binding of some male germline-enriched Forkhead family
members to the CTGTTTCA consensus.

The 21U 8-mer upstream consensus sequence could not be detected as
part of the precursor RNA by 5'-RACE experiments (Cecere et al., 2012)
and by studies utilizing deep sequencing methods for the genome-wide
annotation of long and short 5" capped transcripts (Gu et al., 2012). Instead,
the 5’ends of the 21U-RNA precursors map precisely to the purine (R) in
the YRINT motif such that the nascent transcripts have two additional
nucleotides preceding the first U of the mature 21U-RNA (Cecere et al.,
2012; Gu, Lee, et al., 2012; Figure 1.7). The majority of 21U-RINA pre-
cursors appear to be ~26 nt long (Gu, Lee, et al., 2012), although longer
ones also exist (Cecere et al., 2012; Gu, Lee, et al., 2012). Therefore, the
biogenesis of 21U-RNAs must include the removal of the cap and two
nucleotides at the 5’end (Cecere etal., 2012; Gu, Lee, etal., 2012), and trim-
ming and methylation at the 3’end (Billi, Alessi, et al., 2012; Kamminga
et al., 2012; Montgomery et al., 2012; Figure 1.7).

Interestingly, additional prg-1-dependent 21U-RNAs produced from
many chromosomes were recognized in later studies (Gu, Lee, et al,
2012; Kato etal., 2011). These 21U-RNAs are not associated with the con-
served 8-mer motif (Gu, Lee, et al., 2012; Kato et al., 2011; Figure 1.7).
However, the YRINN motif, where R represents the first transcribed nucle-
otide, was shown to be the general feature of Pol II transcription start sites in
C. elegans, and Gu and co-authors found that the sites containing U as the
third transcribed nucleotide (YRINT) produced 21U-RNAs (Gu, Lee,
et al., 2012; Figure 1.7). In this study, 42% of the sense reads for ~26-nt
21U-RNA precursors corresponded to the 5’ends of longer mRINA
transcripts (Gu, Lee, et al.,, 2012). Also, 21U-RNAs of this second,
8-mer-independent, type (Type 2) were generally enriched within
1000 bp upstream of the 5’ends of transcript annotations (Gu, Lee, et al.,
2012). Currently, it is not clear how transcription of these Type 2 21U-
RNA:s is related to their neighboring or overlapping protein-coding genes
and whether the ~26 nt 21U-RNA precursors arise from promoter-
proximal Pol II pausing as has been suggested (Gu, Lee, et al., 2012).
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4.2, Biological functions of 21U-RNAs

4.2.1 Function in fertility

The phenotype resulting from prg-1(RNAI) treatment was noted before the
discovery of 21U-RNAs (Cox et al., 1998). It included a reduction in
the size of the mitotic proliferation zone in RINAi-treated animals and a
decrease in the number of progeny produced (Cox et al., 1998). In later
studies, a decrease in both mitotic and meiotic germ nuclei was reported,
although the change in the mitotic zone was more pronounced (Batista
et al., 2008). Interestingly, this defect in prg-1 mutant worms, as well as
the decrease in 21U-RINA abundance, is not temperature-dependent, but
the sterility of prg-1(—) animals is (Batista et al., 2008; Wang & Reinke,
2008; Yigit et al., 2006). It appears that the gametes in prg-1 mutants are
affected by a temperature-sensitive process (Batista et al., 2008; Wang &
Reinke, 2008), and a defect in sperm activation may be one of the abnor-
malities leading to sterility (Wang & Reinke, 2008). Microarray profiling of
dissected gonads from wild-type and prg- I mutant males detected a decrease
in the expression of spermatogenesis genes (Wang & Reinke, 2008), but no
dramatic changes in gene expression were detected using whole animals
(Batista et al., 2008). A notable exception was the reversion of Tc3 transpo-
son silencing and an increase in T'c3 mobilization in prg-1 mutants (Batista
et al., 2008; Das et al., 2008). Tc3 silencing was shown to be associated with
an accumulation of endo-siRINAs that required prg- 1 function (Batista et al.,
2008; Das et al., 2008), and a more extensive connection between prg-1 and
endo-siRINAs has been described recently (see Section 4.2.2). Importantly, a
careful examination of prg-1 mutant worms revealed their progressive steril-
ity in generations due to germline mortality (E. Miska and S. Ahmed,
personal communication). This phenotype bears some similarity to that of
hrde-1 mutant worms (discussed in Section 3.3.3) and could strengthen
the biological significance of the connection between C. elegans piRINAs
and endo-siRNAs.

4.2.2 Connection between 21U-RNAs, 22G-RNA production,
and stable silencing of foreign DNA

Although the endogenous target genes regulated by 21U-RNAs were not
immediately obvious, the use of single copy GFP-sensor transgenes con-
firmed the competence of 21U-RNAs in inducing gene silencing (Bagijn
et al., 2012; Lee et al., 2012; Luteijn et al., 2012). Perfect complementarity
between the 21U-RNA and its target site was not required for the initiation
of silencing, as two mismatches were tolerated (Bagijn et al., 2012;
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Lee etal., 2012). Consistently, PRG-1 proteins with mutations in the catalytic
site were efficient at inducing silencing (Bagijn et al., 2012; Lee et al., 2012).
Interestingly, an abundant production of antisense 22G-RINAs complemen-
tary to sequences 5 upstream of the 21U-RNA GFP-sensor target site was
detected (Bagijn et al., 2012; Lee et al., 2012; Luteijn et al., 2012). This
22G generation and the process of the reporter silencing itself were shown
to be dependent on PRG-1 and the RNA methyltransferase HENN-1,
which are involved in 21U-RINA biogenesis, on nuclear RINAi pathway
genes nrde-1, nrde-2, nrde-4, and hrde-1/wago-9, and on other components
required for secondary siRINA production: RdRPs EGO-1 and RRf-1,
RdARP complex component DRH-3, and mutator genes mut-7, rde-2/mut-
8, mut-14, and rde-3/mut-2 (Ashe et al., 2012; Bagijn et al., 2012; Lee
et al., 2012; Luteyjn et al., 2012). Importantly, PRG-1 was shown to be
required for the initiation but not for the maintenance of reporter silencing,
which was very stable across generations (Bagijn et al., 2012; Lee et al., 2012;
Luteijn et al.,, 2012), much more stable than previously described exo-
RNAi-induced heritable silencing (see Section 3.1.8). Consistently, two
SET domain-containing predicted histone methyltransterase genes and the
gene hpl-2, which encodes a C. elegans homolog of Heterochromatin Protein
1(HP1), were implicated in 21U-RNA sensor silencing but not in 22G-RNA
production (Ashe et al., 2012), and H3K9 methylation was shown to be
enriched at the silenced sensor sequences (Luteijn et al., 2012).

The phenomenon of 21U-RNA-induced transgene silencing discussed
above has also been described for single copy transgenes not designed to be
PR G-1-dependent silencing reporters (Shirayama et al., 2012). This type of
silencing could be transmitted in a dominant fashion through crosses to aftect
other single copy transgenes that were otherwise stably expressed (Shirayama
et al., 2012); such transmission in crosses was also a feature of the 21U
reporter silencing (Luteijn et al., 2012). Other features of this phenomenon
included dependence on prg-1 for the initiation of silencing, but not for its
maintenance, and dependence on rde-3, mut-7, hpl-2, and wago-9/hrde-1
(Shirayama et al., 2012), in agreement with the studies described above.
In addition, Polycomb and Trithorax complex-related factors were impli-
cated in silencing, as well as the cytoplasmic WAGO-1 and nuclear
WAGO-10 (Shirayama et al., 2012). The silencing mechanism appeared
to combine both posttranscriptional and transcriptional regulation and
was associated with an increase in H3K9 methylation (Shirayama et al.,
2012). An interesting feature of this system is that efficient 22G-RNA pro-
duction was detected near sites with partial 21U-RNA complementarity,
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which were not designed but identified later (Shirayama et al., 2012). The
model suggested by these studies postulates that the diversity of 21U-RNAs
makes them analogous to antibodies in the immune system, the diversity of
which allows for the identification of any possible foreign targets distinct
from “self” (Shirayama et al., 2012; Figure 1.5). The important question
is how the organism defines “self” and protects it from silencing. It has been
noted that transgene sequences corresponding to the endogenous genes
targeted by the CSR-1 system accumulate fewer 21U-RNA-dependent
22G-RNAs. Therefore, it was suggested that CSR-1 22G-RNAs may play
this antisilencing role (Luteijn et al., 2012; Shirayama et al., 2012). Curi-
ously, there are experimental data consistent with the possibility that anti-
silencing also requires prg-1 activity (Luteijn et al., 2012). In any case, it is
very important to determine whether the presumptive role of CSR-1
22G-RNAs as the “maintenance of self” system (Shirayama et al., 2012)
is linked to their role in regulating endogenous gene expression (likely tran-
scriptional modulation or pre-mRNA processing).

A search for endogenous gene regulation by 21U-RNA-dependent
22G-RNA:s identified a fraction of WAGO-22G-RNAs depleted in prg-1
mutant animals (Bagijn et al., 2012; Lee et al., 2012). Importantly, these
22G-RNAs were distinct from those dependent on 26G-RNAs of the
Eri pathway (Lee et al., 2012). Sequences with partial complementarity to
existing 21U-RNAs could be identified next to these prg-1-dependent
22G loci, identifying them as 21U-RNA-dependent 22G-RNAs (Bagijn
et al., 2012; Lee et al., 2012; Figure 1.5). A few genes were found to be
negatively regulated by these 22G-RNAs (Bagijn et al., 2012; Lee et al,,
2012), although the physiological consequences of this regulation are not
clear. Computational prediction of the target sequences antisense to 21U-
RNAs, which allowed mismatches, suggested that they are depleted in
protein-coding genes (Bagijn et al., 2012), especially CSR-1 targets (Lee
et al., 2012). A more recent study, which analyzed spermatogenesis-
enriched and oogenesis-enriched 21U-RNAs separately, concluded that
the predicted targets of the former were significantly depleted of spermato-
genesis genes, while no bias was noted for the predicted targets on the latter
class (Shi et al., 2013).

Although the transgene-silencing studies described earlier indicate that
21U-RNAs have the potential to silence foreign DNA elements, it is sur-
prising that so little evidence of this can be found in the C. elegans genome.
Also, none of the recent studies explained the fertility defects observed in
prg-1 mutant worms and the poor rescue of this phenotype by the
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catalytically dead PR G-1 protein (Lee et al., 2012), which is very efficient in
promoting transgene silencing. Until the mechanistic connection between
PR G-1 and its targets clearly explains the progressive sterility phenotype of
prg-1 mutant worms, it is too early to conclude that the role of 21U-RNAs
in the biology of C. elegans is understood.

5. SYSTEMIC FEATURES OF RNAi

Historically, the ability of dsRINA-induced silencing to spread from
cell to cell represented a significant feature of the RNNA1 phenomenon in
C. elegans (Fire et al.,, 1998). The systemic nature of RNAi was also
supported by the ability to induce silencing by feeding nematodes
dsRINA-expressing bacteria (Timmons & Fire, 1998). However, subsequent
studies distinguished “systemic RINAi” from “environmental RINAi”
induced by feeding as some mutants were found to be competent in the for-
mer and deficient in the latter (reviewed in Whangbo & Hunter, 2008;
Zhuang & Hunter, 2012). This section will discuss both types of processes.

5.1. dsRNA import channel SID-1 and the features
of mobile RNA species

A screen for systemic RINAI defective (Sid) mutants identified many alleles
in the gene sid-1, which encodes a conserved protein with multiple trans-
membrane domains and is required for dsRINA import into cells
(Feinberg & Hunter, 2003; Shih, Fitzgerald, Sutherlin, & Hunter, 2009;
Shih & Hunter, 2011; Winston, Molodowitch, & Hunter, 2002). The fea-
tures of the dsRINA import by SID-1 were mostly identified in Drosophila S2
cells expressing the C. elegans protein (Drosophila lacks SID-1 homologs)
(Feinberg & Hunter, 2003; Shih et al., 2009; Shih & Hunter, 2011). It
was determined that SID-1 is likely to multimerize and to form a
dsRINA-gated channel selective for dsRINA (Shih et al.,, 2009; Shih &
Hunter, 2011; Figure 1.8). dsRNA transport through SID-1 occurs by pas-
sive diftusion (Feinberg & Hunter, 2003; Shih et al., 2009), and proteins
required for the initiation of RNAI prevent the export of imported dsRINA
(Shih et al., 2009; Shih & Hunter, 2011). Interestingly, it was shown that
transport of dsRINA molecules with single-stranded regions, such as
miRNA precursors, is supported by SID-1 (Shih & Hunter, 2011).
Elegant mosaic analyses in C. elegans utilizing mutant rescue in specific
cells revealed that sid-1 is not required for the export of systemic silencing
RNAs from varying cell types (Jose, Smith, & Hunter, 2009). This study also
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Figure 1.8 Systemic transport of ingested dsRNA. dsRNA is ingested with bacteria and
accumulates in the intestinal lumen. SID-2 transmembrane protein is present on the api-
cal side of intestinal cells facing the lumen and is required for the endocytosis of dsRNA.
SID-1 is a dsRNA-specific channel composed of several subunits. SID-1 is required for the
import of the dsRNA into the cells from endocytic vesicles and from the intercellular
space (body cavity). Intestinal cells deficient in SID-1 can support endocytosis-
dependent dsRNA transport from the intestinal lumen to body cavity, but SID-1 is
required for further import into other cells. This figure is based on figure 6 in McEwan,
Weisman, and Hunter (2012).

showed that multicopy transgenes readily generate such silencing signals,
which spread from cell to cell via SID-1-dependent import (Jose,
Smith, & Hunter, 2009). Earlier genetic studies demonstrated that rde-4
and rde- 1 functions are not required for the generation of the systemic signal,
which suggested that long dsRINA could be transported (Tabara et al.,
1999). The competence of long dsRINA in systemic transport was further
confirmed in mosaic analyses (Jose et al.,, 2011). This work also revealed
the existence of additional mobile RNA species that require der-1 and rde-
4, but not rde-1, for their production, which suggests that double-stranded
primary siRINAs, not the single-stranded siRINA products generated after
passenger-strand cleavage by RDE-1, are mobile (Jose et al., 2011). Also,
it was found that secondary siRINAs generated by RARP could not be trans-
ported (Jose et al.,, 2011). The nonautonomous role of RDE-4 and the
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cell-autonomous role of RDE-1 in RINAi were also observed in an earlier
study (Blanchard et al.,, 2011). Surprisingly, the putative nucleo-
tidyltransferase MUT-2 (RDE-3) was required for the generation of a
mobile RNA signal; therefore, there is a possibility that primary siRINAs
generated after Dicer cleavage can be modified (Jose et al., 2011).

5.2. Additional factors required for systemic

and environmental RNAI
5.2.1 SID-2
SID-2 is a transmembrane protein found only in the apical membrane of
intestinal cells facing the intestinal lumen (Figure 1.8) and specifically
required for the environmental, but not systemic, RINAi response
(Winston, Sutherlin, Wright, Feinberg, & Hunter, 2007). Similar proteins
exist in other nematode species, such as C. briggsae and C. remanei, but only
C. elegans SID-2 is competent in supporting environmental RNAi and can
enable this response in C. briggsae (Nuez & Felix, 2012; Winston et al., 2007)
and C. remanei (Nuez & Felix, 2012) when expressed from a transgene.
Interestingly, sensitivity to environmental RNAi was observed in several
other Caenorhabditis species (Nuez & Felix, 2012; Winston et al., 2007),
and their phylogenetic analysis is consistent with the convergent evolution
of this feature (Nuez & Felix, 2012).

SID-2 is required for the import of environmental dsRINA into intestinal
cells, but its function is not sufficient for this import, which also requires
SID-1 (Winston et al., 2007). Recent studies conducted in C. elegans and
Drosophila S2 cells suggest a role for SID-2 in the initial uptake of dsRINA
from the intestinal lumen by endocytosis and the subsequent requirement of
SID-1 for the transport of dsRINA from the endocytic vesicles and/or the
body cavity (Figure 1.8; McEwan et al., 2012).

5.2.2 SID-3

SID-3 is a conserved tyrosine kinase related to the Cdc-42-associated kinase
(Ack) family and required for the efficient import of dsRNA (Jose, Kim,
Leal-Ekman, & Hunter, 2012). It is widely expressed in a variety of
C. elegans cells, where it shows a punctate pattern of expression. Interest-
ingly, the cell-autonomous RINAi process is not impaired, and even
enhanced, in sid-3 mutant cells (Jose et al., 2012). The kinase domain of
SID-3 is required for its function, which suggests that signaling events
can modulate the efficiency of dsSRINA import into cells (Jose et al., 2012).
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5.2.3 SID-5

Mutations in sid-5 were shown to reduce the efficiency of systemic RINAi
(Hinas, Wright, & Hunter, 2012). SID-5 is widely expressed and associates
with endosomes; however, unlike sid-3, sid-5 1s not required for the import
of the silencing signal but appears to affect its export (Hinas et al., 2012).
Although the SID-1 channel is required for dsSRINA import into cells that
execute silencing, a sid- I-independent transport of environmental silencing
signals across the intestine has been observed (Jose et al., 2009). Such signals,
that is, dsSRNA, are taken up by SID-2-dependent endocytosis and thought
to be released from endocytic vesicles into the body cavity without entry
into the intestinal cells (Jose et al., 2009; Figure 1.8). SID-5 was implicated
in this sid- 1-independent transport across the intestine, which is consistent
with SID-5’s localization to endosomes (Hinas et al., 2012). It is likely that
SID-5 generally contributes to systemic RINAI by facilitating the dsRINA
export process from a variety of cells.

6. OUTLOOK

This chapter has highlighted the tremendous importance of short
RNAs for C. elegans biology: short RNAs are used to regulate development,
physiology, life span, and stress resistance; they provide an antiviral response
and control gene duplications, silence transposons, and modulate expression
of endogenous genes by a variety of mechanisms. It is certain that studies of
R NAi-related processes in C. elegans will continue to thrive and that a com-
prehensive review of this kind will probably not be possible in the future. It
can be expected that a better mechanistic understanding of posttranscrip-
tional and transcriptional gene regulation by short RINAs will be achieved,
and that it will be connected in due course to insights about the biological
functions of miRINAs, endo-siRNAs, and 21U-RNAs. More often than
not, insights from biological systems like C. elegans become very relevant
to higher organisms and ultimately lead to a better understanding of life.
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Due to the evolutionary conservation of innate immune mechanisms, Drosophila has
been extensively used as a model for the dissection in genetic terms of innate host
immunity to infection. Genetic screening in fruit flies has set the stage for the pathways
and systems required for responding to immune challenge and the dynamics of the
progression of bacterial and fungal infection. In addition, fruit flies have been used
as infection models to dissect host—-pathogen interactions from both sides of this equa-
tion. This chapter describes our current understanding of the genetics of the fruit fly
immune response and summarizes the most important findings in this area during

the past decade.
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1. INTRODUCTION

To explain the paradox for the requirement of microbial constituents
in addition to antigen in inducing adaptive immunity, the late great Charles
Janeway formulated the pattern recognition hypothesis (Janeway, 1989).
This hypothesis had several implications for microbial recognition. Micro-
organisms can evolve much faster than their hosts, and therefore the latter
(the hypothesis went) would have to recognize microbial molecules that
remained unchanged during evolution. It would be the recognition of these
molecules by germ-line-coded receptors of the host that would activate
adaptive immunity. In their turn, adaptive receptors would have evolved
to overcome the constraints of their innate counterparts and target an infinite
diversity of antigens so that every pathogen would be specifically countered.
In other words, innate immunity would be a recognition system with a
broad remit able to induce adaptive responses that would in turn provide
specificity.

In 1996, Jules Hoffman and coworkers published a pivotal paper
demonstrating that the Toll receptor pathway in Drosophila was required
for antifungal defense (Lemaitre, Nicolas, Michaut, Reichhart, &
Hoffmann, 1996). It was known from studies in early Drosophila embryogen-
esis that Toll signaling was important for dorsal-ventral polarity and
culminated in the translocation to the nucleus of a transcription factor
homologous to mammalian NF-xB (Steward, 1987). The Lemaitre paper
along with the notion that Toll was controlling a conserved downstream
cascade stimulated Janeway’s group to look for orthologous receptors.
Indeed, they found a human homologue of Drosophila Toll now known
as Toll-like receptor 4 (TLR4), which was signaling through NF-kB to
activate proinflammatory cytokines and the costimulatory molecule B7 in
the monocytic cell line THP-I (Medzhitov, Preston-Hurlburt, &
Janeway, 1997). A year later, there was in vivo evidence. The positional
cloning of the gene responsible for the Ips mutation in mice revealed that
TLR4 was accountable for the phenotype, namely, mice that were not
sensitive to lipopolysaccharides (LPS) but severely susceptible to some
Gram-negative bacteria (Poltorak et al., 1998). Finally, mice with a targeted
deletion of the TLR 4 gene were unresponsive to LPS (Hoshino et al., 1999).
Together, these studies demonstrated the essential role for TLR 4 in recog-
nition of LPS in Gram-negative bacteria.
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We now know that there is a family of 9 Toll receptors in Drosophila as well
as 12 TLRs in mice and 10 in humans, a fact that underlines the importance of
innate immune recognition placing it under an intense evolutionary light
(Janeway & Medzhitov, 2002; Medzhitov, 2009). The work of Jean-Laurent
Casanova, Laurent Abel, and coworkers in identifying and analyzing the
effects of naturally occurring mutations in TLR pathways in humans has
closed the circle and linked these receptors to human innate defenses
(Casanova, Abel, & Quintana-Murci, 2011). Mutations in TLRs or compo-
nents of their pathways include NEMO in TLR3-mediated defense against
herpes simplex virus (HSV; Audry etal., 2011), Myd88 (see below) in defenses
against pyogenic bacteria (Von Bernuth et al., 2008), IRAK-4 in antibacterial
responses (Ku et al., 2007), and TLR3 itself against HSV (Zhang et al., 2007).
However, studies in humans revealed an interesting aspect compared to data
from animal models. Loss of function of TLRs or components of their
downstream pathways had a narrower phenotype than the one expected from
Drosophila or mouse knockouts. This made the case for redundancy displayed
by cell-surface TLRs in humans (Bousfiha et al., 2010). Nevertheless, genetic
and epidemiological association studies found that certain variations in TLRs
in human populations present increased risks for leprosy (TLR 1), pulmonary
tuberculosis (TL2), meningococcal disease (TLR4), and accelerated progres-
sion of HIV-1 (TLRY) (Casanova et al., 2011).

1.1. Overview of Drosophila immune responses

Drosophilalacks a closed circulatory system, and following systemic infection
pathogens will be in contact with all organs inside the body cavity. Con-
versely, mediators and effectors of immunity to infection will be dissemi-
nated immediately. These include cellular components (blood cells) as
well as humoral components involved in melanization (circulating as inac-
tive zymogens) and coagulation cascades and antimicrobial peptides (AMPs).
AMPs are produced in the fat body, an analogue of the mammalian liver
(Rizki, 1978); AMP activation and specificity have been connected to types
of invading pathogens (Irving et al.,, 2001; Lemaitre, Reichhart, &
Hoftmann, 1997), while biochemical characteristics of AMPs have been
extensively studied and reviewed (Hetru, Troxler, & Hoftmann, 2003).
Drosophila blood cells (or hemocytes) are considered the insect equiv-
alent to vertebrate blood cells. Recent studies (reviewed in Crozatier &
Vincent 2011) along with a classic paper by Hartenstein and colleagues
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(Tepass, Fessler, Aziz, & Hartenstein, 1994) have delineated the ontogeny of
these cells from embryonic development (plasmatocytes and crystal cells) to
larval stages, where they persist and form circulating and sessile subpopula-
tions, and then through metamorphosis to adults. Following the first phase of
hematopoiesis in embryos, there is a second phase in larvae directed by a
specialized compartmentalized organ situated in the dorsal aorta, called
the lymph gland. The size of the lymph gland is regulated by bone morpho-
genetic protein signaling as well as TOR/insulin activity (Benmimoun,
Polesello, Waltzer, & Haenlin, 2012; Pennetier et al., 2012). The lymph
gland contains progenitors (prohemocytes) for three types of functional
hemocytes including the plasmatocytes, which are monocyte-like cells
involved in phagocytosis of apoptotic bodies and pathogens, and crystal cells,
which are required for melanization. These two hemocyte types are released
in the hemolymph upon dispersal of the lymph gland at the onset of the
larva-to-pupa transition. The hematopoietic organ also gives rise to a third
type of hemocyte, the lamellocyte, devoted to encapsulation of foreign bod-
ies that are too large to be phagocytosed. Lamellocytes do not differentiate
under normal developmental conditions but only in response to specific
immune challenges such as wasp parasitism or stress conditions mediated
by an increase in ROS. Mutant backgrounds with increased hemocyte pro-
liferation lead to the formation of melanotic “tumors” that result from
encapsulation of larval tissue by lamellocytes. In this context, large-scale
screens to identify melanotic-tumor-suppressor genes have been published
uncovering new genes and gene networks controlling hemocyte homeosta-
sis (Avet-Rochex et al., 2010; Tokusumi, Tokusumi, Shoue, & Schulz,
2012).

Melanization (or the deposition of melanin) is an acute and highly local-
ized defense triggered by wounding and the presence of invading microbes,
eukaryotic parasites, or wasp eggs. The biochemistry of the process has been
studied extensively in other insects and reviewed elsewhere (Jiang,
Vilcinskas, & Kanost, 2010). Central to this reaction is the enzyme
Phenoloxidase (an oxidoreductase), which circulates in the blood as an inac-
tive proenzyme and upon activation by an upstream serine protease cascade
catalyzes the conversion of phenols to quinones. Quinones may be directly
toxic to bacteria, fungi, and eukaryotic parasites and can also polymerize non-
enzymatically to form melanotic capsules that surround parasites (Nappi,
Poirié, & Carton, 2009). Removal of a serine protease inhibitor (Serpin-
27A) that blocks melanization in the absence of immune challenge provokes
spontaneous melanization and increased lethality during development
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(Ligoxygakis, Pelte, Hoffimann, & Reichhart, 2002a; Ligoxygakis, Pelte, Ji,
etal., 2002b). Melanization is coupled with an additional humoral proteolytic
cascade, which leads to blood (hemolymph) clotting with the evolutionary
conserved protein transglutaminase (T'G) having a central role in the entrap-
ment of microbes. TG provides the “bridge” between hemolymph clot and
bacterial surfaces although whether TG binds directly to bacteria or connects
to a recognition receptor is not yet known (Wang et al., 2010).

The timeline of induction and coordination of blood cell and AMP-
dependent responses is very interesting. Following systemic infection, coag-
ulation and melanization are the immediate and acute responses to localize
and/or encapsulate infection and clot the wound. Phagocytosis is able to
clear more than 95% of bacteria in the first half an hour (Shia et al.,
2009). Interestingly, both in Drosophila as well as in the beetle Tenebrio
molitor, AMP levels start to increase only after the vast majority of bacteria
have been eliminated (Haine, Moret, Siva-Jothy, & Rolft, 2008; Shia et al.,
2009). These results imply that induced antimicrobial compounds function
primarily to protect the insect against the bacteria that persist within their
body, rather than to clear microbial infections (Haine et al., 2008).

There is no evidence to suggest that insects have an adaptive system like
that of mammals: specific antibodies are not produced; no sign of somatic
gene rearrangement or a system similar to MHC antigen presentation has
been found. There have been studies, however, that implicate the gene
encoding Down syndrome cell adhesion molecule (Dscam) contributing
to an expanded insect immune response diversity and specificity. This would
be achieved through alternative splicing of three immunoglobulin (Ig)
domain-encoding exon cassettes that are each alternatively spliced to con-
tribute a single Ig exon in individual mature messenger RNAs (Dong,
Cirimotich, Pike, Chandra, & Dimopoulos, 2012; Watson et al., 2005).

2. TOLL SIGNALING IN DROSOPHILA

2.1. Activation

2.1.1 The Necrotic—Persephone axis

From the fruit fly perspective, there is an important difterence between Toll
signaling in Drosophila and TLR signaling in mammals. In contrast to the
latter where the interaction with microbial molecules is at the level of the
receptor, Drosophila Toll is activated by an endogenous ligand, namely,
Spitzle (Spz) (Weber et al., 2003). Spz is a cytokine-like molecule homol-
ogous to the Nerve Growth Factor (DeLotto & DeLotto, 1998). This
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finding, which was first substantiated in the 1996 Lemaitre paper, meant that
recognition of microbial components would happen upstream of receptor
activation. In early embryonic development, Spz is proteolytically cleaved
and thus activated by a serine protease cascade (LeMosy, Hong, &
Hashimoto, 1999). These proteases were found not to be involved in immu-
nity (Lemaitre et al., 1996). So the question how Spz activated Toll during
host defense remained. The first evidence for the possible involvement of a
proteolytic cascade in the activation of Toll came with the isolation and sub-
sequent characterization of a mutant that knocked out the serine protease
inhibitor Necrotic (Nec). The phenotype was death in early adulthood
(in the strongest allelic combinations 3—5 days posteclosion), constitutive
expression of the AMP gene drosomycin (a target of Toll signaling), and spon-
taneous melanization in the absence of any immune challenge (Levashina
et al., 1999). The nature of the protein coded by the mutant gene as well
as the Nec phenotype pointed to the existence of a serine protease (or pro-
teases) different from the ones involved in the embryo, which in the absence
of Nec would constitutively activate Toll. The latter result also showed how
an overreacting immune response was lethal to the host. It also set the stage
for a forward genetic screen harnessing the power of Drosophila as a model
system. If the protease in question were mutated in a Nec background, then
(in the simplest possible scenario) all aspects of the Nec phenotype (including
death) would be suppressed. Indeed, through chemical mutagenesis, a
suppressor was identified, blocking all aspects of the Nec phenotype. Flies
carrying the mutation in a Nec homozygous background were as viable
as wild-type flies but were very susceptible to fungal infection, failing to
activate drosomycin. The mutation responsible was in a gene coding for a ser-
ine protease that was subsequently named Persephone (Psh) (Ligoxygakis,
Pelte, Hoftmann, et al., 2002; Ligoxygakis, Pelte, Ji, et al., 2002). Later,
it was shown that Psh was activated by fungal proteases (Gottar et al.,
2006). Finally, it was found that Psh was also induced by bacterial proteases
and thus acting as a sensor of “danger” for both fungal and bacterial infection
(El Chamy, Leclerc, Caldelari, & Reichhart, 2008).

2.1.2 PGRPs and GNBPs

Genetic screens identified additional components upstream of Toll induc-
tion acting in parallel to Psh. A mutation in a gene coding for peptidoglycan
recognition protein-SA (PGRP-SA) rendered flies susceptible to Gram-
positive bacterial infection and unable to activate drosomycin (Michel,
Reichhart, Hoftmann, & Royet, 2001). This mutant was named
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Semmelweis (in honor of the famous Hungarian physician who discovered
the cause of puerperal fever). PGRPs belong to a family of proteins divided
into two classes: those with short transcripts and 5’-untranslated regions,
namely, PGRP-SA, SB1, SB2, SC1A, SC1B, SC2, and SD, and those with
long transcripts and long 5'-untranslated regions including PGRP-LA, LB,
LC, LD, and LE. The predicted structures indicate that the first group
encodes extracellular proteins and the second group, intracellular and
membrane-spanning proteins (Werner et al., 2000). Functional data con-
firmed this prediction and extended both our knowledge and our concep-
tual grasp of how PGR Ps act in the insect immune system (see below). In the
context of Toll activation in addition to PGRP-SA, PGRP-SD has been
genetically implicated in the reception of some Gram-positive bacteria
(Bischoft et al., 2004). Both are predicted to be circulating in the hemo-
lymph (Michel et al., 2001; Wang et al., 2008). An additional family of pro-
teins that have been implicated in pathogen sensing upstream of Toll is the
glucan-binding proteins (GNBPs) initially characterized in large-sized lep-
idopterans (Ma, 2000; Ochiai, 2000). There are three canonical GNBPs in
Drosophila, namely, GNBPs 1-3. A mutation named Osiris (osi),
corresponding to the insertion of a modified piggyBac transposon in the
coding region of GNBP1, rendered flies unable to activate the Toll pathway
following infection by Micrococcus luteus or Enterococcus faecalis and being very
sensitive to immune challenge by the latter (Gobert et al., 2003). Direct
physical interaction between GNBP1 and PGRP-SA was observed in native
protein gels from whole fly extracts (Gobert et al., 2003) but has since mea-
sured with biophysical methods using purified proteins in the low micromo-
lar range and found to be significantly enhanced in the presence of
muropeptides (Wang et al., 2006).

P-element-mediated partial deletion of the gene coding GNBP3 resulted in
inability to activate Toll signaling through fungal cell wall components (using
heat-killed Candida albicans) and susceptibility to fungal infection (Gottar et al.,
2006). Genetically, GNBP3 was nof found to be upstream of Psh (Gottar et al.,
2006). Interestingly, however, when psh and gnbp3 were combined, flies died
earlier than the single mutants from fungal infection pointing to the existence of
two parallel pathways, one activated by proteases (and mediated by Psh) and the
other by fungal cell wall components (mediated by GNBP3) (Gottar et al.,
2006). Indeed, a fungal protease from Metarhizium anisopliae expressed in flies
was able to activate Toll in a Psh-dependent manner (Gottar et al., 2006),
whereas GNBP3 bound long chains of B-1,3-glucans in the fungal cell wall
of C. albicans and Aspergillus fumigatus (Mishima et al., 2009).
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2.1.3 Mechanism of sensing bacterial and fungal cell wall components
The emerging picture for pathogen recognition upstream of Toll, therefore,
is one that has three strands (Figure 2.1). First, bacterial or fungal proteases
activate directly or indirectly Psh feeding in the proteolytic cascade leading
to Spz cleavage (see below). Second, peptidoglycan (PG) from Gram-
positive bacteria is recognized by PGRP-SA, GNBP1, and PGRP-SD
(see below), and third, B-glucan from fungal spores is sensed by GNBP3.
The mechanism by which pathogen proteases activate Psh and whether this
activation is direct or involves another protease upstream of Psh remain
unknown. Nevertheless, some progress has been made in exploring the pos-
sible ways that sensing may be achieved in the case of cell wall components
of bacteria and fungi. This is a pressing issue since it will explain how a small
number of germ-line-coded receptors can sense the vast amount of variabil-
ity in the microbial cell wall, especially those of Gram-positive bacteria that
(due to their variability) have defied categorization by the pattern recogni-
tion theory.

It has become apparent that PGRP-SA is able to bind whole bacteria
(Atilano, Yates, Glittenberg, Filipe, & Ligoxygakis, 2011) as well as cell wall
and PG fragments (Wang et al., 2006). Which one happens in vivo is a big
question (and one actively addressed), but the two recognition processes
need not be mutually exclusive. PGRP-SA binding to cell wall or PG is
boosted by GNBP1 and further enhanced in the presence of PGRP-SD,
in the case of specific types of Gram-positive PG (Staphylococci, Strepto-
coccl), suggesting that the degree of PG cross-linking may dictate the use
of a tripartite complex (SA/SD/GNBP1 in highly linked PG) or the dyad
PGRP-SA/GNBP1 in loosely linked PG (Wang et al., 2008). Interestingly,
PGRP-SD does not bind PG found in Gram-positive bacteria, so the
involvement of this host molecule in sensing these bacteria does not seem
to be direct despite the suggestive genetic phenotype (Leone et al., 2008;
Wang et al., 2008).

The crystal structure of the N-terminal of GNBP3 gave some insight on
how fungal cell wall may be recognized. The binding affinity of this receptor
increases with polysaccharide chain length and its binding site is in fact able
to discriminate between short- and long-length chains (Mishima et al.,
2009). This suggests binding to whole fungal spores.

2.1.4 Ligand activation: The role of Spz
The two strands of sensing microbial molecules from bacteria (PGRP-SA)
and fungi (GNBP3) converge to the modular serine protease (ModSP)
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Figure 2.1 An outline of Toll signaling pathway. Schematic representation of Toll sig-
naling in Drosophila immunity (see text for details). Adapted from Kounatidis and
Ligoxygakis (2012).
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(Buchon etal., 2009), which in turn activates—not directly—the serine pro-
tease Grass (Buchon et al., 2009; Kambris et al., 2006). It is an open question
whether as a modular protein ModSP may function as a hub for bringing in
sensor proteins as well as downstream proteases. The latter, that is, the serine
protease immediately downstream of ModSP, is still elusive, but proteases
Spirit, Spheroide, and Sphinx1/2 were also identified as necessary for a host
responding to both fungi and Gram-positive bacteria (Kambris et al., 2006).
Further downstream, the protease Spitzle-processing enzyme (SPE) is the
point where pathogen recognition information is integrated also from Psh
(triggered by fungal or bacterial proteases). SPE activates the Toll ligand
Spz by cleaving its N-terminal prodomain (Jang et al., 2006). Spz binds
the receptor through two Spz dimers, each interacting with the
N terminus of one Toll molecule, triggering a conformational change in
what is now a dimeric Toll receptor, to activate downstream signaling
(Gangloft et al., 2008). It is still an open question whether the Spz
prodomain is separated from the hydrophobic C-106 domain when cleaved,
as has been suggested in vivo (Morisato, 2001), or remains attached through
disulphide bonds, as seen in biochemical experiments, to be finally displaced
when bound to Toll (Weber et al., 2007). Whatever the case, recent data
combining computer modeling and experiments in the early embryo indi-
cate an inhibitory role for the prodomain along with the known signaling
role of C-106 where the pro-domain may shape the way Spz itself'is cleaved
and diffused (Haskel-Ittah et al., 2012). Any consequences from this in
immunity remain unexplored.

The signaling role of Spz in immunity is an interesting one. Trans-
criptomic analysis in larvae has shown that following infection, spz expres-
sion is induced in blood cells significantly more than in fat body, despite the
fact that it is expressed in both tissues (Irving et al., 2005). Indeed, tissue-
specific knockdown of spz in larval blood cells was shown to be important
for Toll-dependent AMP induction in fat body (Shia et al., 2009). This indi-
cates that Spz secreted by blood cells induces systemic immunity in the fat
body in a manner that parallels mammalian cytokine activity. Spz, however,
might not be the only signal, as genetic ablation of blood cells in larvae had a
global effect on AMP production in the fat body (Shia et al., 2009). These
phenomena were not observed in adults (Charroux & Royet, 2009; Shia
et al., 2009).

The discrepancy between the paracrine role of Spz in larvae and the
apparent lack of such activity in adults leads to an attractive conceptual
framework of how Drosophila immunity works during development.
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Timeline of development in embryogenesis for two of the major immune
responsive tissues (blood cells and fat body) has a lag phase where blood cells
appear first (late stage 10), while fat cell precursors appear afterward (late
stage 15) (Hoshizaki et al., 1994; Tepass et al., 1994). Interestingly, blood
cells rapidly become macrophages (Tepass et al., 1994), whereas fat cell pro-
genitors undergo several rounds of endocrine signaling and maturation lead-
ing to mid-larval stage (Hoshizaki et al., 1994). This means that during
embryogenesis and early larval development, blood cells are the major
immune component. As the fat body matures in the late larva/pupal tran-
sition, the major role may be taken over by the mature “remodeled” fat
body, and in the emerging adult, it is the latter that carries most functions
for the coordination of systemic responses. Nevertheless, recent studies
show that blood cells in adults still retain a paracrine role (Clark,
Woodcock, Geissmann, Trouillet, & Dionne, 2011).

2.2. Intracellular signaling

Following Spz—Toll interaction, a receptor—adaptor complex that will trans-
mit the signal from the cell surface to the nucleus is formed. This complex
comprises the MyD88 protein, which interacts with Toll through their
respective  Toll/Interleukin-1 receptor domains (Tauszig-Delamasure,
Bilak, Capovilla, Hoffmann, & Imler, 2002) at the cell surface (Marek &
Kagan, 2012) and connects with Tube (Towb, Sun, & Wasserman, 2009)
via death domain contacts that will in turn recruit the kinase Pelle
(Towb, Bergmann, & Wasserman, 2001). Recruitment of Tube by
MyD88 is a process dependent on the C-terminal phosphoinositide-binding
domain found in the latter (Marek & Kagan, 2012). It seems, therefore, that
Drosophila MyD88 combines the properties of murine MyD88 as well as the
phosphoinositide-binding adaptor TIRAP needed for the recruitment of
MyDS88 to the cell surface (Marek & Kagan, 2012). Tube and Pelle are
related to the IRAK family of protein kinases and seem to have been derived
from duplication of an ancestral gene (Towb et al., 2009). Thereafter, Tube
evolved as an adaptor protein, while Pelle retained the original function.
Despite lacking kinase ability, Tube is the Drosophila IRAK-4 homologue,
while Pelle is the IRAK-1 homologue (Gosu, Basith, Durai, & Choi, 2012;
Towb et al., 2009). Pelle will directly or indirectly phosphorylate the IxB
homologue Cactus, which is thus targeted for degradation (Belvin, Jin, &
Anderson, 1995). Upon Cactus degradation, the NF-xB homologues Dor-
sal or Dif are free to move to the nucleus and regulate hundreds of target



82 Petros Ligoxygakis

genes (Manfruelli, Reichhart, Steward, Hoffmann, & Lemaitre, 1999;
Rutschmann et al., 2000). A positive regulator of the pathway is the RING
domain-containing Pellino, acting presumably at the level of Pelle in parallel
to mammalian Pellinos that modulate IRAK action through degradation-
independent ubiquitination (Haghayeghi, Sarac, Czerniecki, Grosshans, &
Schock, 2010). In contrast, a negative regulator is WntD, which reduces
Toll activity by preventing translocation of Dorsal to the nucleus
(Gordon, Dionne, Schneider, & Nusse, 2005). In addition, it has recently
been shown that endocytosis is paramount for efficient Toll signaling
(Huang, Chen, Kunes, Chang, & Maniatis, 2010). A schematic summary
of Toll pathway signaling is presented in Figure 2.1.

2.3. Host-pathogen interaction upstream of Toll

One unexplored aspect of the pathogen recognition process is what
happens when pathogen surfaces change. This is particularly intriguing
for Gram-positive bacteria such as the opportunistic pathogen Staphylococcus
aureus, which have their cell wall exposed to the environment found within a
host. Following an infection, these bacteria need to find ways to evade or
reduce recognition by the host in order to survive and potentially proliferate.
The cell wall of Gram-positive bacteria consists of an intricate network of
PG covalently linked to surface proteins and glycopolymers including Wall
Teichoic Acids (WTA), and as we have seen previously, PG is a major target
for recognition. It has been proposed that lack of WTA reduces the patho-
genicity of S. aureus. We asked whether this was due to better recognition of
PG. We found that both bacterial recognition and survival of fruit flies
infected with bacteria lacking WTA were markedly increased compared
to those infected with wild-type S. aureus and host survival was now
independent of both the Toll pathway and PGRP-SD but dependent on
PGRP-SA and GNBP1 (Atilano et al., 2011). This result was quantifiable:
areduction in the amount of WTA resulted in greater binding by host recep-
tors and a higher host survival. Our model is that the presence of WTA limits
access to PG and therefore reduces the recognition ability of the host.
Bacteria are thus able to increase in numbers and eventually overwhelm
the host (Atilano et al., 2011).

We recently found another strategy used by Gram-positive bacteria to
avoid recognition in addition to the existence of WTAs, namely, autolysins.
The latter are enzymes capable of hydrolyzing PG and have a major role in
concealing this inflammatory molecule from Drosophila PGRPs. S. aureus
mutants lacking autolysins are very vulnerable to the fruit fly’s immune



Genetics of Drosophila Immune Response 83

system in a PGRP-SA-dependent manner (Atilano et al., submitted). This is
because autolysins trim the outermost PG fragments and in their absence as
PGRP-SA can directly recognize leftover PG extending beyond the exter-
nal layers of bacterial proteins and polysaccharides. Interestingly, the activity
of autolysins is not restricted to the producer cells, but it can also alter the
surface of neighboring bacteria, facilitating the survival of the entire popu-
lation in the infected host (Atilano et al., submitted). Crucially, double
S aureus mutants lacking both WTAs and autolysin become more sensitive
to killing than their single mutant counterparts (Atilano et al., submitted)
showing the versatility of strategies that Gram-positive bacteria employ to
evade or reduce host recognition.

Finally, gastrointestinal infection of larvae with the fungus C. albicans
provokes systemic immunity driven by the fat body (Glittenberg,
Kounatidis, et al., 2011). This implies a communication between the gut
and the fat body through both the host and the pathogen. From the side
of the host, Toll signaling as well as Nitric Oxide is required with secreted
aspartyl proteases 4 and 6 playing a role from the side of the pathogen, in
agreement with mouse models (Glittenberg, Kounatidis, et al., 2011).

3. THE IMMUNE DEFICIENCY PATHWAY
3.1. Recognition and intracellular signaling

It is striking that Drosophila does not recognize LPS from Gram-negative
bacteria but PG (Kaneko et al., 2004; Leulier et al., 2003). Infection by these
bacteria triggers the immune deficiency (IMD) pathway, which shows strik-
ing similarities to the ones stimulated by members of the mammalian TNF-
receptor super-family. It is assumed that fragments of PG released by these
bacteria bind the PGRPs LC or LE at the cell surface or the cytosol, respec-
tively, leading to their multimerization (Kaneko et al., 2006). Whether
PGRP-LC/LE can bind whole bacteria is still an open question although
it is the tracheal cytotoxin (TCT), a monomeric disaccharide—tetrapeptide
fragment of PG, that has been implicated both in cell culture (Kaneko
et al.,, 2004) and in vivo (Bosco-Drayon et al., 2012; Neyen, Poidevin,
Roussel, & Lemaitre, 2012) as a long range elicitor of immunity. Differential
splicing of PGRP-LC domain-encoding exons to a common intracellular
domain-encoding exon generates three receptor isoforms, which differ in
their PG-binding specificities. Recently, Phi31-mediated recombineering
was used to generate fly lines expressing specific isoforms of PGRP-LC, thus
assessing the tissue-specific roles of PGRP-LC isoforms and PGRP-LE in
the antibacterial response (Neyen et al., 2012). PGRP-LCx had a key role
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in sensing PG from Gram-negative bacteria or Gram-positive bacilli during
systemic infection (Neyen et al.,, 2012). In addition, PGRP-LCa/x
heterodimers had an important contribution to systemic immune response
against Gram-negative bacteria through sensing of TCT, whereas PGRP-
LCy may have a minor role in antagonizing the immune response
(Neyen et al., 2012). Parallel studies have shown that the Drosophila gut is
regionalized with PGRP-LE being very important in the midgut as a puta-
tive intracellular sensor of TCT and PGRP-LC needed upstream where
food is broken down mechanically (in the proventriculus; Bosco-Drayon
et al., 2012). These results reveal that both PGRP-LC and PGRP-LE con-
tribute to the intestinal immune response, with a predominant role of cyto-
solic PGRP-LE in the midgut.

Upon recognition, the signal is transduced through a receptor—adaptor
complex comprising Imd itself (homologous to the mammalian receptor
interacting protein (RIP), minus the kinase domain) (Georgel et al.,
2001), dFADD (FAS-associated death domain protein homologue)
(Leulier, Vidal, Saigo, Ueda, & Lemaitre, 2002; Naitza et al., 2002), and
the caspase-8 homologue Dredd (death-related Ced-3/Nedd2-like protein)
(Leulier, Rodriguez, Khush, Abrams, & Lemaitre, 2000). DREDD is K63-
linked ubiquitinated by the Drosophila Inhibitor of apoptosis-2 (dIAP-2),
which acts as an E3-ligase promoting DREDD activation (Meinander
etal., 2012). DREDD then cleaves Imd, thus unmasking a domain of inter-
action with dIAP-2 for further dIAP-2-dependent Ub-conjugation this
time on Imd itself (Paquette et al., 2010). Through its RING domain,
dIAP-2 ubiquitinates and stabilizes Imd, which then acts like a scaftold
for the recruitment of downstream components (Paquette et al., 2010).
These components may include the Drosophila TGF-beta-activating-kinase 1
(dTAK1), together with adaptor TAKI-associated binding protein 2
(dTAB2) (Kleino et al., 2005; Paquette et al., 2010; Vidal et al., 2001).
TAK1/TAB2 play a critical role in activating the Drosophila IxB kinase
(IKK) complex and also transiently activate the c-Jun-N-terminal kinase
(JNK) pathway (Silverman et al., 2003). In this IKK/JNK dichotomy, the
IKK complex represents the immune branch of the pathway and phosphor-
ylates the NF-xB transcription factor Relish (Ertiirk-Hasdemir et al., 2009).
It is probable (but not proved) that Dredd cleaves the inhibitory C-terminal
domain of phosphorylated Relish helped by an IKK scaffold (Ertiirk-
Hasdemir et al., 2009; Stoven et al., 2003), thus liberating the N-terminal
portion to move to the nucleus and regulate expression of transcriptional
targets such as the AMP gene diptericin (dipt).
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IMD signaling shows an acute phase profile and is rapidly terminated
after initial infection (Lemaitre et al., 1997). Negative regulation plays an
important role in restricting the response both inside and outside the cell
in epithelia and systemic infection. Outside the cell, PGR Ps with an amidase
activity act to downregulate the pathway following microbial sensing
(Paredes, Welchman, Poidevin, & Lemaitre, 2011). Inside the cell, Pirk neg-
atively regulates the receptor PGRP-LC (Aggarwal et al., 2008; Kleino
et al., 2008; Lhocine et al., 2008), while deubiquitinases (DUBs) dUSP36
and CYLD inhibit, respectively, Imd itself (Thevenon et al., 2009) and
the IKK complex (Tsichritzis et al., 2007). This is presumably achieved
by deassembling the transient signaling center generated by the addition
of Ub chains, which as in mammals starts with the receptor—adaptor com-
plex (PGRP-LC, Imd, Dredd, dFADD) and continues with the recruitment
of TAK1/TAB2 and IKK. Relish also plays a crucial role in limiting the sig-
nal through proteosomal degradation of dTAK1 (Park et al., 2004). Never-
theless, it is still unclear how dTAKT1 is activated although both Dredd and
K63-polyubiquitin chains may be involved (Erttirk-Hasdemir et al., 2009;
Meinander et al., 2012). If the latter is true, then an additional DUB to pacify
the signal at the level of TAK1/TAB2 may be involved, but this remains to
be established. Finally, at the level of AMP induction, the Hox gene Caudal
is keeping transcription off in the absence of pathogenic infection (Ryu
et al., 2008). The above bring forward IMD as an important control point
for immune tolerance (Figure 2.2).

3.2. Gut immunity and IMD signaling

IMD has most recently been involved in gut immunity. Anatomically, the
Drosophila gut can be divided into foregut, midgut, and hindgut. The upper
digestive system is used for food uptake and storage, while processing and
absorption take place in the mid and posterior regions of the midgut. In this
continuous system typical of higher Diptera, some of the meal is completely
processed and defecated before some has even entered the digestive section
of the midgut. The presence of intestinal stem cells (ISCs) ensures gut
homeostasis with the supply of differentiated enterocytes (ECs).
A characteristic of ECs is their rapid turnover where apoptotic cells
are replaced by the compensatory. Similar to mammals, the Notch,
Wingless, platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), and insulin receptor pathways have been implicated in the mainte-
nance, proliferation, and/or differentiation of ISCs (see Jiang & Edgar 2011
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Figure 2.2 An outline of IMD signaling pathway. IMD signaling is involved both in
innate immunity and in systemic immunity. Signaling is depicted in the gut to connect
IMD with additional epithelial responses such as reactive oxygen species (ROS), the pro-
duction of which is mediated by the Drosophila dual oxidase (dDuox). See text for
details. Adapted from Kounatidis and Ligoxygakis (2012).

for a review). In addition, Hippo signaling is used to restrict stem-cell pro-
liferation in the gut of both Drosophila and mammals (Poernbacher,
Baumgartner, Marada, Edwards, & Stocker, 2012). Fox and Spradling have
settled a controversy in the field by recording the absence of active stem cells
but the presence of Wingless-expressing cells within the anterior pylorus,
the proliferation of which provides homeostasis following serious damage



Genetics of Drosophila Immune Response 87

(Fox & Spradling, 2009). Gut responses in the gut are highly regionalized as
food is mechanically broken in the proventriculus (foregut) and moves pos-
teriorly through the Copper cells region to the posterior midgut. In that
sense, there is a shift in PGR P requirement from anterior (side of food entry)
to posterior where PGRP-LC is required in the former and PGRP-LE in
the latter part of the gut to induce IMD signaling (Bosco-Drayon et al.,
2012). PGRP-LE is important for both pathogenic and commensal bacteria.
However, in order to maintain immune tolerance, amidase PGRPs have also
an important role to play: PGRP-LE activation is inducing amidase PGRPs
to hydrolyze PG and remove the stimulus (Bosco-Drayon et al., 2012).
Thus, amidase PGRPs dampen any PGRP-LE-mediated response.
Removal of one of those amidase PGRPs (PGRP-LB) leads to reduction
in life span (Paredes et al., 2011) due to chronic activation of immunity,
which can be rescued with concomitant removal of PGRP-LE (Bosco-
Drayon et al., 2012).

3.3. Host-pathogen interaction

In addition to recognition avoidance strategies of Gram-positive bacteria,
clues on how Gram-negative bacteria may persist in the host have been
identified. The evf (Erwinia virulence factor) gene has been identified as
important for persistence in Erwinia carotovora infection (Basset, Tzou,
Lemaitre, & Boccard, 2003). Transfer of this gene to other Gram-negative
bacteria allows them to persist following ingestion indicating that a single
gene is able to confer such properties to bacteria (Basset et al., 2003). Con-
sistent with the idea that eyf somehow perturbs gut physiology, over-
expression of evf results in increased bacterial accumulation (Basset et al.,
2003). In addition, larvae stop feeding and a strong lethality phenotype is
observed (Basset et al., 2003). Ingestion by another bacterium, namely, Pseu-
domonas entomophila, is also characterized by cessation of feeding and gut
damage (Vodovar et al., 2005). Again, a single gene coding for the
metalloproteinase AprA is largely responsible for driving persistence and
pathogenesis of this bacterium (Liehl, Blight, Vodovar, Boccard, &
Lemaitre, 2006).

4. IMMUNITY AS A SENSOR OF METABOLISM

Given that mounting an immune response is costly in terms of energy,
recent studies have examined the possible nexus between immunity and
metabolic homeostasis. In this context, the transcription factor FOXO
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has been found to be central to this connection since in addition to its role as
a metabolic regulator, FOXO was recently found to regulate immune
homeostasis by transcriptional control of AMPs (Becker et al., 2010).
Upon infection or overexpression, Toll pathway activation was found to
suppress insulin signaling by altering the subcellular localization of FOXO,
which then accumulates in the nucleus blocking insulin and growth
(DiAngelo, Bland, Bambina, Cherry, & Birnbaum, 2009). It has been found
that Mycobacterium infection leads also to increase in FOXO activity, which
results in infection-induced wasting (Dionne, Pham, Shirasu-Hiza, &
Schneider, 2006). Finally, a separate challenge, namely, localized DNA
damage, activates the immune response, leading in turn to blockage of tran-
scription of Drosophila insulin-like peptides in the median neurosecretory
cells in the brain (Karpac, Younger, & Jasper, 2011). This in turn results
in increased survival and underlines the importance of the interaction
between immunity and growth homeostasis. It also brings forward the fact
that genetic screens using survival following infection as an assay could still
uncover very important aspects of interorgan regulation in host defense.

5. CONCLUDING REMARKS—FUTURE DIRECTIONS

Studies of Drosophila immunity have put innate immunity under an
evolutionary light, and the model has been used not only as a roadmap in
mammals but also as a blueprint for what could happen in other dipteran
insect species of medical importance (Waterhouse et al., 2007). In this con-
text, studies of Drosophila with natural gut-dwelling trypanosomid parasites
are of great importance especially for those vectors of neglected tropical dis-
ease difficult to culture and study in the lab (tsetse flies, sand flies, etc.). At the
same time, the host—pathogen interaction aspect at the molecular level is
the one that has not been systematically explored. We learned a lot about
the host reaction but do not know enough about how this reaction is altered
when the pathogen changes. In addition, we do not have any information of
how recognition is achieved in vivo and in real time especially for Gram-
positive bacteria where secreted components are involved in pathogen sens-
ing. Is there a complex formed on bacterial surfaces? Does the modular
ModSP protease function as a platform for complex formation? We have
seen that there is a PGRP-SA-dependent but Toll-independent aspect of
countering Gram-positive bacteria (Atilano et al., 2011). It is an intriguing
question what distinguishes the need or not for Toll and the nature of the
Toll-independent killing mechanism.
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Finally, unlike another invertebrate model (the worm C. elegans), Dro-
sophila has not been repeatedly used as a high-throughput system to study
virulence of human pathogens or antimicrobial agents (Kirienko et al.,
2013). Nevertheless, feasibility studies have been performed (Chamilos
et al., 2008, 2006; Glittenberg, Kounatidis, et al., 2011b; Glittenberg,
Silas, MacCallum, Gow, & Ligoxygakis, 2011a; Lamaris et al., 2009), and
as pathogen deletion mutant libraries become available, Drosophila will cer-
tainly be the model of choice for such screens. The extensive conservation
between Drosophila host defense and mammalian innate immunity will
be able to largely reduce the use of animals and focus studies on interesting
candidates since there is parallel between virulence in flies and mice
(Glittenberg, Silas, et al., 2011). In the future, studies into these issues
and beyond will generate exciting biology and reveal new and surprising
aspects in the evolution and regulation of immunity. Already, one such
underappreciated aspect is behavior (Kacsoh, Lynch, Mortimer, &
Schlenke, 2013). When flies see parasitic wasps, they switch to laying eggs
in alcohol-laden food sources that protect hatched larvae from infection.
This change in oviposition behavior, mediated by neuropeptide F, is
retained long after wasps are removed (Kacsoh et al., 2013).
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Abstract

Hyphae of the Ascomycota are tubular cells compartmentalized by perforated septa,
whose central pore allows the flow of organelles and cytoplasm. While in plants and
yeast septation leads to cell separation, in filamentous fungi the formation of crosswalls
appears to have an architectural role, limits the extent of mechanical damage thus
maintaining hyphal integrity, and also is of fundamental importance as part of cell dif-
ferentiation. The increasing number of available fungal genome sequences, knockout
mutants, versatile tools for protein tagging, and the continuous improvement of fluo-
rescence microscopes have allowed scientists to analyze living cells and reveal the
molecular and cellular basis of septation with unprecedented detail. This review sum-
marizes the recent advances in septum ontogenesis in Neurospora crassa. A “septal acto-
myosin tangle” is the first indication of impending septation. It assembles prior to any
visible evidence of plasma membrane inward growth, which occurs concomitantly with
the formation and constriction of a contractile actomyosin ring and synthesis of the
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septum wall. One of the key questions in septum biogenesis is how the septation
machinery is assembled to construct a centripetally growing crosswall. Most of the
machinery utilized in apical cell wall growth can be expected at septation sites to ensure
an organized arrival and supply of vesicles leading to the formation of a septum. Yet, the
intrinsically different architecture of the septum may require a different organization
and regulation of the wall-synthesizing machinery.

ABBREVIATIONS

CAR contractile actomyosin ring

CHS chitin synthase

SAT septal actomyosin tangle

SIN/MEN septum initiation/mitosis exit network
WB Woronin body

1. INTRODUCTION

Filamentous fungi of the Ascomycota produce elongated tubular cells or
hyphae, composed of many compartments that are structurally delimited by
simple septa or crosswalls (Gull, 1978). Septa arise as a rim of materials, which
develop centripetally leaving a small central pore that in time may become
plugged (Bracker, 1967; Hunsley & Gooday, 1974; Trinci & Collinge,
1973). These pores allow the traffic of cytoplasm and organelles through
several compartments and contribute to establish a cytoplasmic continuum.

It has been suggested that septa play a structural role in maintaining the
tubular shape of a hypha (Rasmussen & Glass, 2005). However, the tubular
shape of a hypha is generated at the apex (Bartnicki-Garcia, 2002;
Reinhardt, 1892), and while septa may give structural support by adding
rigidity to hyphae, most aseptate mutants produce regular hyphal shapes
(Gull, 1978). Septa have been shown to have a key role in maintaining
hyphal integrity upon injury. The rapid plugging of septal pores avoids an
excess of cytoplasmic leakage, facilitating the sealing of the septa and provid-
ing a scaffold for the emergence of a new growing axis (Collinge &
Markham, 1985; Hunsley & Gooday, 1974; Jedd & Chua, 2000;
Momany, Richardson, Van Sickle, & Jedd, 2002; Tenney et al., 2000).
Septation in filamentous ascomycetes is essential for differentiation during
specific developmental stages of the asexual (conidiation) and the sexual
(protoperithecia formation) cycles (Gull, 1978; Raju, 1992). In higher fungi,
the existence of perforated septa gives the potential of colony differentiation
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with the development of specific cell types. The more complex the septal
structure, the more complex the type and degree of difterentiation (Gull,
1978). Lower fungi achieve limited difterentiation due to the lack of septa
or the presence of imperforated septa (Gull, 1978).

‘While classical and molecular genetics studies have uncovered many of
the mechanisms underlying nuclear division (Harris, 1997), the basis of
septation is only starting to be understood. The combination of fluorescent
protein tagging and high-resolution fluorescent live microscopy has allowed
elucidation of the different stages of septum formation in several Ascomy-
cetous fungi.

The publication of the Neurospora crassa genome sequence (Borkovich
et al., 2004; Galagan et al., 2003), as well as the generation of single-gene
deletion mutants (Colot et al., 2006), has had a tremendous impact on
the progress of Neurospora Cell Biology, as is reflected in the increasing
number of recent publications (Riquelme et al., 2011). This review focuses
on the current understanding of septum biogenesis in N. crassa, based pri-
marily on the data obtained by microscopy analysis of several proteins
tagged with fluorescent proteins and analysis of septation mutants. While
the information on proteins that participate in septum formation has consid-
erably expanded in the recent years, there is practically no information on
how proteins travel and get incorporated into the forming septum.

2. SEPTUM ONTOGENY
2.1. Septation during hyphal development

How the fungal cell decides where and when to form a septum and whether
a correlation exists between position of the septum and distance to the apex
or between nuclear number and septation has been the foundation for some
of the early seminal studies on this process (Gull, 1978; Trinci, 1979).
Cytokinesis (from the Greek: cyto—cell; kinesis—motion, movement)
implies the division of one cell cytoplasm to form two daughter cells, a pro-
cess that begins during the last stages of mitosis in most eukaryotes. Most of
the cytokinesis machinery described in yeast cells is found at hyphal septation
sites. What is fundamentally different in filamentous fungi is that the final
cell separation mechanism is suppressed. Therefore, the term duplication
cycle was proposed to describe the collection of events that regulate
hyphal growth, mitosis, and compartmentalization (Fiddy & Trinci,
1976). In yeast cells, the primary septum is hydrolyzed by septum-degrading
enzymes (SDEs), such as endochitinase 1 (Ctslp) and glucanase (Dse4p)
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(Wang, Raniga, Lane, Lu, & Liu, 2009). A similar process occurs during
interconidial septation, which involves the formation of a primary and a sec-
ondary septum, followed by cell separation. In contrast, in Candida albicans,
it has been proposed that a hypha-specific cyclin, Hgcl, phosphorylates
transcription factor Efgl, which downregulates expression of SDEs
(Wang et al., 2009).

Hyphae of filamentous ascomycetes contain several nuclei per compart-
ment, found usually at different mitotic stages. In Aspergillus nidulans, nuclei
display a parasynchronous mitotic pattern (Clutterbuck, 1970; Rosenberg &
Kessel, 1967), and septum formation is spatially controlled by nuclear posi-
tion and the cell cycle (Harris, 1997, 2001; Momany & Hamer, 1997b;
Momany & Taylor, 2000; Wolkow, Harris, & Hamer, 1996). In contrast,
in N. cassa, asynchronous nuclear divisions prevail (Gladfelter, 2006;
Minke, Lee, & Plamann, 1999; Plamann, Minke, Tinsley, & Bruno,
1994), making it difficult to establish a correlation between septum forma-
tion and cell cycle.

A collection of A. nidulans’ temperature-sensitive mutants affected in
nuclear distribution, nuclear division, and septation was used to study
whether a relationship between these processes determine hyphal compart-
mentalization (Wolkow et al., 1996). It was shown that the first septum is
tormed when germlings reach a certain size. The first two rounds of mitosis
occur without septum formation. A. nidulans’ germlings in the preseptation
stage can undergo up to a 10-fold increase in size and a eightfold increase in
number of nuclei before they form the first septum (Harris, 1997; Harris,
Morrell, & Hamer, 1994; Momany & Taylor, 2000). When the germ tube
attains a critical size, a nuclear division is sufficient to induce formation of the
first septum at the basal end of the germ tube, a process which generally
occurs after the fourth mitotic division (Harris et al., 1994). After the first
septum is formed, a wave of nuclear division occurs followed by septation
(Fiddy & Trinci, 1976). Subsequently, the apical compartment in post-
septation cells doubles in size and nuclear number prior to another septation
event (Clutterbuck, 1970), and thereafter septa are formed at regular dis-
tances after each round of mitosis. In mature hyphae, the formation of
the septum closest to the apex occurs at highly variable distances, but the
subapical compartments have a uniform length (38 um on average)
(Trincit & Morris, 1979).

Recent analyses have been conducted in growing germlings of N. crassa
using the vital dye solophenyl flavine as marker of the cell wall to establish
when the first and second septa are formed (Y. Valenzuela & M. Riquelme,
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personal communication). It was found that the length between the
germling apex and the most apical septum is highly variable (40-100 pmy;
n=100), as previously shown (Hunsley & Gooday, 1974). The interseptal
distance was more constant, with average values of 48£22 um (n=100),
similar to the previously reported value of 55 um (Hunsley & Gooday,
1974). In mature hyphae, the distance between septa is 75-95 um
(n=40), and the most apical septum is developed at 180£18 pm (n=27)
from the tip (Delgado-Alvarez, Seiler, Bartnicki-Garcia, & Mourino-
Perez, 2013). In addition, in both A. nidulans and N. crassa, a correlation
between septation and branch initiation was also observed (Dynesen &
Nielsen, 2003; Fiddy & Trinci, 1976; Steele & Trinci, 1977; Trinci,
1979). However, there is practically no understanding on how these two
processes are linked.

Septation is an important process for hyphal growth and mycelium dif-
ferentiation. While aseptate hyphae are viable (see below) and some of the
mutants defective in septation show normal hyphal morphology, others dis-
play morphological defects, a decrease in vegetative growth, cytoplasmic
leakage, or become arrested at early developmental stages (Harris et al.,
1994; Kaminsky & Hamer, 1998; Morris, 1975).

2.2, Septation establishment: Regulators
and positional markers

2.2.1 The septation initiation network: SIN

As mentioned above, the first steps in the regulatory cascade of septum
development seem to be associated with the cell cycle. The molecular
machinery underlying septum formation in N. crassa and A. nidulans is pres-
ently being elucidated. Cell cycle-dependent signals of a subset of competent
mitotic nuclei activate a signaling cascade known as the septation initiation
network (SIN), which is thought to coordinate mitosis and septum forma-
tion (Kim, Lu, Shao, Chin, & Liu, 2006; Kim et al., 2009; Liu & Morris,
2000; Momany & Hamer, 1997b; Seiler & Justa-Schuch, 2010; Si, Justa-
Schuch, Seiler, & Harris, 2010; Wolkow et al., 1996). This network is
equivalent to the mitotic exit network (MEN) described in budding yeast
(Bardin & Amon, 2001; Krapp & Simanis, 2005; McCollum & Gould,
2001). The components and architecture of the SIN and the MEN are
highly conserved (Grallert, Connolly, Smith, Simanis, & Hagan, 2012).
SIN function is essential for septum formation and conidiation during veg-
etative growth and asexual reproduction (Kim et al., 2006). Deletion of any
of the SIN components results in aseptate strains in A. nidulans and N. crassa
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(Liu & Morris, 2000). In A. nidulans, SIN components are not required for
mycelial growth and colony formation. The deletion of the SIN compo-
nents sepH and sidB in A. nidulans, orthologues of S. pombe ¢dc7 and sid2,
respectively, produces mycelia with aseptate hyphae without changes in
the colonial phenotype (Bruno, Morrell, Hamer, & Staiger, 2001; Kim
et al., 2006). This differs from the results in S. pombe, where SIN genes
are essential (Gould & Simanis, 1997).

The SIN is a network of three types of protein kinases that associate with
the spindle pole body through the scaftfolding proteins Sid4p, Cdc11p, and
Ppc89p (Rosenberg et al., 2006; Tomlin, Morrell, & Gould, 2002). In
N. crassa activation of SIN is regulated by the RHO-1 GTPase, which in
turn is regulated by LRG-1, a specific GTPase-activating protein (GAP).
LRG-1 regulates several RHO1-dependent signaling pathways in
N. crassa including the coordination of polar growth (Vogt & Seiler, 2008).

The Dbf2 subfamily constitutes one of the groups of SIN kinases
(Toyn & Johnston, 1994) required for the assembly and constriction of the
contractile actomyosin ring (CAR) in future septum sites (Meitinger,
Palani, & Pereira, 2012). A second group of kinases, the family of the nuclear
Dbf2-related (NDR) kinases, are key components to induce polarized growth
and differentiation in different organisms and require interaction with MOB
adapter proteins. MOB-NDR is part of a morphogenesis-related NDR
network (MOR) (Gupta & McCollum, 2011; Maerz et al., 2009;
Maerz & Seiler, 2010), homologue of the RAM network (regulation of Ace2p
and morphogenesis) in S. cerevisiae (Nelson et al., 2003). MOR regulates the
expression of cell wall-encoding genes, including genes required for efficient
cell wall hydrolysis (Bidlingmaier, Weiss, Seidel, Drubin, & Snyder, 2001;
Mazanka et al., 2008), and plays a key role in the organization of the actin
cytoskeleton (Das, Wiley, Chen, Shah, & Verde, 2009; Das et al., 2007;
Schneper, Krauss, Miyamoto, Fang, & Broach, 2004; Vogt & Seiler, 2008).
Recently, MST-1, belonging to a third group of kinases, the germinal center
(GC) kinases, was characterized in N. crassa. MST-1 is thought to function as a
SIN-associated kinase that acts in parallel to the central kinase cascade.
Additional evidence suggested that MST-1 coordinates SIN and MOR
pathways by activating two NDR kinases, COT-1 and DBF-2 (Y. Heilig &
S. Seiler personal communication).

Members of the NDR kinases are negative regulators of septation in
N. crassa. Mutations affecting the NDR kinase COT-1 (Yarden, Plamann,
Ebbole, & Yanofsky, 1992), the GC kinase POD-6, regulator of
COT-1 (Maerz et al., 2008; Seiler, Vogt, Ziv, Gorovits, & Yarden, 2006),
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and two MOB-2 proteins result in hyphae with an increased number of septa
(Seiler & Plamann, 2003). COT-1 and POD-6 localize to forming septa
(Dettmann et al., 2012; Richthammer et al., 2012; Vogt & Seiler, 2008).

2.2.2 Septation landmarks: Rho GTPases and GEFs

Rho (Ras homologous) GTPases are members of the large superfamily of
Ras GTPases and function as molecular switches, cycling between active
and inactive states (Wennerberg, Rossman, & Der, 2005). Rho GTPases
regulate actin organization, cell cycle progression, and gene expression.
The formation of the septation apparatus in fungi is at least partially con-
trolled by small Rho-type GTPases, which are activated by specific guanine
nucleotide exchange factors (GEFs) (Dunkler & Wendland, 2007; Nakano,
Mutoh, Arai, & Mabuchi, 2003; Rasmussen & Glass, 2005; Rossman,
Der, & Sondek, 2005; Si et al., 2010).

Increasing evidence shows that the Rho GTPase RHO-4, the GEF
BUD-3, and the anillin-related protein BUD-4 are three essential proteins
for the establishment of the septation site in N. crassa (Justa-Schuch, Heilig,
Richthammer, & Seiler, 2010; Rasmussen & Glass, 2005, 2007; Seiler &
Justa-Schuch, 2010). RHO-4, BUD-3, and BUD-4 localize exclusively
to sites of septation, but not to hyphal apices in N. crassa, indicating that none
of them is involved in polarized growth (Seiler & Justa-Schuch, 2010).

rho-4 was the first gene required for septation identified and cloned in
N. crassa (Rasmussen & Glass, 2005, 2007; Rasmussen, Morgenstein,
Peck, & Glass, 2008). SIN components are critical for the cortical localiza-
tion of the RHO-4-BUD-3-BUD-4 module, considered to be the control-
ler of the position of septa (Justa-Schuch et al., 2010; Rasmussen & Glass,
2005; Si et al., 2010).

Although, in general, the cortical markers described in budding yeast are
poorly conserved or absent in filamentous fungi (Harris & Momany, 2004),
components of the N. crassa BUD-3-BUD-4 complex are the closest homo-
logues of the S. cerevisiae bud site markers. Prior to the formation of a visible
septum as detected by FM4-64 staining (a common membrane marker), but
after the appearance of the actomyosin network (septal actomyosin tangle
(SAT), described in Section 2.3), both proteins appear as cortical rings at
incipient septation sites (Calvert et al., 2011; Delgado-Alvarez et al.,
2010; Justa-Schuch et al., 2010; Si et al., 2010). BUD-4 is the first landmark
protein to appear at the future septation site as motile cortical dots that sub-
sequently coalesce into a ring. The arrival of BUD-4 coincides with the for-
mation and positioning of the CAR; without BUD-4, the constriction of
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the CAR cannot progress, as shown by the lack of septa in bud-4 mutants
(Justa-Schuch et al., 2010). BUD-4 has a GTP-binding motif, which as
in other anillin-related proteins may assist the BUD-3—RHO-4 complex
by supplying it with high levels of GTP (Justa-Schuch et al., 2010;
Sanders & Herskowitz, 1996).

In Ashbya gossypii, AgBud3 is the first landmark protein described as a
determinant of future septation sites (Wendland, 2003). AgBud3 forms a
cortical ring preceding septation in the inner edge of the developing septum.
In N. aassa, localization of BUD-3 depends on the presence of BUD-4
(Justa-Schuch et al., 2010). As in bud-4 deletion mutants, the lack of
bud-3 results in the absence of septa and hyphal abnormalities, subsequently
leading to cytoplasmic leakage and the inability for asexual and sexual repro-
duction (Justa-Schuch et al., 2010).

In A. nidulans, AnBud4 seems to have a different function. It is present in
septation sites in both hyphae and conidiophores; however, it is not essential
for septum formation. Septum formation is only delayed in bud4 mutants
(Si et al.,, 2010). In contrast, bud3 mutants are viable but aseptated
(Si et al., 2010). It seems that contribution of AnBud3 and AnBud4 to sep-
tum formation is independent in A. nidulans. As in N. crassa, AnBud3 acts as
the Rho4 GTPase GEF and AnBud4 seems to participate in septin organi-
zation (Si et al., 2010), but this remains to be established.

Some of the machinery involved in polarized apical growth is also found at
septal disks and septal pores (Lichius, Yanez-Gutierrez, Read, & Castro-
Longoria, 2012; Schurg, Brandt, Adis, & Fleissner, 2012; Vogt & Seiler,
2008). BUD-6, a polarisome component, is recruited to the incipient
septation site preceding plasma membrane growth observed by FM4-64
(Lichius et al., 2012). BUD-6 remains associated with the leading edge of
the CAR and concentrates surrounding the septal pore, persisting for hours.
This suggests that BUD-6 might interact with the formin BNI-1 as part of the
machinery of CAR anchoring and constriction, also having additional roles at
the septal pore after the septum is totally formed (Lichius et al., 2012). The
CDC-42-RAC-CDC-24 GTPase module is present in the apex of
N. crassa and is required for polarized growth and hyphal morphogenesis
(Araujo-Palomares, Richthammer, Seiler, & Castro-Longoria, 2011). In addi-
tion, both RAC and CDC-42 were observed also at developing septa in
N. crassa (Araujo-Palomares et al., 2011). Cdc42p and its homologues seem
to have a consistent function during septation and cell division in yeasts
(Park & Bi, 2007; Perez & Rincon, 2010), in the filamentous ascomycetes
Penicillium marneffei (Boyce, Hynes, & Andrianopoulos, 2005), A. niger
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(Kwon et al.,, 2011), and the dimorphic ascomycete C. albicans (Bassilana,
Hopkins, & Arkowitz, 2005). Although the specific function of RAC and
CDC-42 in septum development in filamentous fungi remains to be clarified,
it has been suggested that the components of the CDC-42-RAC-CDC-24
module are negative regulators of the septation process (Araujo-Palomares
et al., 2011) and seem to have an opposed function to that of RHO-1 and
RHO-4 that positively contribute to septation (Justa-Schuch et al., 2010;
Rasmussen & Glass, 2005; Seiler & Justa-Schuch, 2010; Vogt & Seiler, 2008).

Cell morphogenesis in N. crassa is influenced through the phospholipid-
dependent organization at the apical plasma membrane. The pho-
sphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P, or PIP,) forms plasma
membrane microdomains that support polar growth. The enzyme respon-
sible for this accumulation is the PI4P 5-kinase (MSS-4). In N. crassa, MSS-4
localizes in the plasma membrane in sites of active growth. At the hyphal
apex, MSS-4 adopts a ring-like distribution immediately behind the apex.
In septa, it localizes to sites of septum initiation, decorating the inner edges
of the constricting ring of the cell wall (Mahs et al., 2012).

2.3. Cytoskeletal machinery participating in septum formation
2.3.1 Actin and actin-binding proteins: SAT, CAR, and actin patches

The actin cytoskeleton has a key role during septum formation in different
filamentous fungi (Berepiki, Lichius, Shoji, Tilsner, & Read, 2010;
Delgado-Alvarez et al., 2010; Girbardt, 1979; Hoch & Howard, 1980;
Roberson, 1992). Unlike budding yeast, where actin relocalizes from bud
tips to bud necks during cytokinesis, in filamentous fungi it localizes simul-
taneously to hyphal tips and septa (Harris et al., 1994). Actin seems to be the
first protein to localize at future septation sites (Berepiki et al., 2010;
Delgado-Alvarez et al., 2010; Momany & Hamer, 1997b). High concentra-
tions of actin have been found at the sites where septa will form (Butt &
Heath, 1988; Calvert et al., 2011; Runeberg, Raudaskoski, & Virtanen,
1986; Salo, Niini, Virtanen, & Raudaskoski, 1989; Tanabe & Kamada,
1994). Actin appears first as a ring; next, it forms an invagination band with
cell wall deposition in the furrow, in a process that depends upon microtu-
bule integrity. The use of actin inhibitors such as Cytochalasin A blocks sep-
tum formation. This effect can be reversed by washing out the inhibitor,
which suggests that continued actin polymerization is required for septation
(Harris et al., 1994). Detailed time course experiments have shown that
before there is any sign of septum formation, namely, the centripetal growth
of the plasma membrane toward the hyphal center, actin made structures
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appear at the septation sites (Berepiki et al., 2010; Delgado-Alvarez et al.,
2010; Momany & Hamer, 1997b).

Actin and actin-binding proteins (ABPs) arrange into diverse higher-order
structures, which participate in different stages of septum development. Three
different actin assemblies have been recognized during septal development
in N. crassa (Mourino-Pérez, 2013): a loose network of actin cables (Septal
actomyosin tangle or SAT), a CAR and two sets of actin patches
flanking the septum. All of them are transiently assembled, appearing at dif-
ferent stages of septal development (Berepiki et al., 2010; Delgado-Alvarez
et al., 2010).

In N. crassa by using Lifeact-GFP as an actin reporter, a broad interlace of
F-actin cables was observed before any evidence of plasma membrane
ingrowth (Berepiki et al., 2010; Delgado-Alvarez et al., 2010). This large
tangle of actin has been named the SAT (Mourino-Pérez, 2013)
(Figure 3.1A). After 2 or 3 min, the SAT gradually coalesces to form a single
ring, the CAR. Septal membrane growth coincides with the constriction of
the CAR. While most membrane markers are found distributed through the
growing septal ring, CAR moves from the periphery to the center of the
ring and disappears, leaving only a few patches (Delgado-Alvarez et al.,
2013; Figure 3.1B-D).

ABPs, such as myosin, formin, and tropomyosin, delimit the structure of
the actin microfilaments and provide the machinery needed for constriction.
Myosins are motor proteins associated with actin, involved in contraction and
in a wide range of motility processes. The myosin proteins MY O-2 (Class II)
and CDC-4 (MY O-2-light chain) provide the contractile force for SAT coa-
lescence and CAR constriction. They seem to align with the Lifeact-GFP--
labeled cables and also colocalize with some actin patches (Delgado-Alvarez
et al., 2013). During CAR constriction, MYO-2 occupies the center of
the septal plate (Calvert et al., 2011). In A. nidulans, MyoB (Class II) is
required for septation, but not MyoE (Class V) that is responsible for vesicle
transport into the Spitzenkorper (Taheri-Talesh, Xiong, & Oakley, 2012).
Tropomyosin (TPM-1) is a protein that regulates the interaction between
actin filaments and myosin. By tagging it with GFP, TPM-1-GFP was shown
to be associated with SAT during its formation and remains as part of CAR as
long as actin is present (Figure 3.1E-G).

A third actin structure comprises the patches associated with the ARP-2/3
complex, fimbrin, and coronin. These proteins are found in subapical
endocytic patches (Delgado-Alvarez et al., 2010; Echauri-Espinosa,
Callejas-Negrete, Roberson, Bartnicki-Garcia, & Mourino-Perez, 2012;



Figure 3.1 Comparative localization of actin cytoskeleton components during septum
development in mature hyphae of N. crassa imaged by laser scanning confocal micros-
copy. (A) Actin visualized with the reporter Lifeact-GFP showing the septal actomyosin

(Continued)
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Upadhyay & Shaw, 2008). Actin, together with the ARP-2/3 complex,
fimbrin, and coronin, forms scattered patches that accumulate in the cortical
cytoplasm at the site of septum development before membrane growth
(Delgado-Alvarez et al., 2010). A cortical double ring of patches forms after-
ward at each side of the septum and disappears once septation is completed
(Delgado-Alvarez et al., 2010) (Figure 3.1H-]J). The patches participate in
late stages of septation but do not participate in the assembly of the
CAR. These patches seem to be part of the endocytic machinery
(Upadhyay & Shaw, 2008) and may contribute to membrane remodeling
in the septum during its formation.

The “search, capture, pull, and release” model in S. pombe is similar to the
conversion process from SAT to CAR in N. ¢rassa (Kovar, Sirotkin, & Lord,
2011; Lord, 2010). In S. pombe, cytokinesis starts with the accumulation of
the anillin-like Mid1 nodes in the division site (Bahler et al., 1998; Chang,
Woollard, & Nurse, 1996; Sohrmann, Fankhauser, Brodbeck, & Simanis,
1996). Close to the beginning of mitosis, Mid1 recruits Myo2, Cdc4, and
Rlcl (Pollard, 2008; Vavylonis, Wu, Hao, O’Shaughnessy, & Pollard,
2008; Wu, Kuhn, Kovar, & Pollard, 2003; Wu et al., 2006) and also IQGAP
Rng2, F-BAR protein (Cdc15), formin (Cdc12), tropomyosin (Cdc8), and
a-actinin (Ainl1) (Coftman, Nile, Lee, Liu, & Wu, 2009; Wu et al., 2003,
2006). The formin associated with the Mid1 nodes nucleates actin filaments
that associate with tropomyosin and rapidly elongates. The actin filaments
become cross-linked into short antiparallel bundles that finally coalesce to
form the CAR (Kamasaki, Osumi, & Mabuchi, 2007). While in
A. nidulans microtubules are required for the initiation and progression of
septation (Momany & Hamer, 1997b), N. crassa can form septa when micro-
tubules are depolymerized (Sanchez-Leon et al., 2011).

Figure 3.1—Cont'd tangle (SAT) in the cortical region of the hypha previous to the plasma
membrane growth. A meshwork of thick actin cables can be observed before they coalesce
into a contractile actomyosin ring (CAR). (B-M) Distribution of different actin cytoskeleton
markers and a septin before (first column), during (second column), and after CAR forma-
tion (third column). (B-C) Lifeact-GFP is broadly distributed in the septal plate. (E-G) Tropo-
myosin labeled with GFP (TPM-1-GFP) is present as part of the CAR, occupying the inner
edge of the ring. (H-J) Fimbrin-GFP (FIM-GFP) is not part of the CAR; it is part of the actin
patches presumably associated with endocytosis and it appears a few seconds before CAR
formation and forms a double ring flanking the septal plasma membrane. (K-M) Septin
CDC-3 tagged with GFP localizes at the CAR from the moment it starts to be formed
and disappears soon after septum completion. Scale bar=10 pm.
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2.3.2 Actin polymerization proteins: Formins

Formins are actin nucleating proteins characterized by the presence of a
highly conserved FH2 domain, which is necessary for actin filament assem-
bly in vitro and in vivo (Evangelista, Pruyne, Amberg, Boone, & Bretscher,
2002; Kovar, 2006; Pruyne et al, 2002; Sagot, Rodal, Moseley,
Goode, & Pellman, 2002). The FH2 domain nucleates actin filaments
and enables their polymerization (Harris, Li, & Higgs, 2004; Kovar,
2006; Moseley et al., 2004; Zigmond et al., 2003). Formins are attached
to the plus ends of actin filaments and can generate linear arrays such as actin
cables or the CAR (Higashida et al., 2004; Kovar, 2006; Kovar & Pollard,
2004; Pruyne etal., 2002; Romero et al., 2004). Formins also have a proline-
rich FH1 domain, which binds profilin (Chang et al., 1996), a protein that
facilitates actin subunit delivery to the growing ends of actin filaments
capped by formins (Kovar, 2006; Sagot et al., 2002).

Null or conditional mutants for formins BNI-1 and SepA result in aseptate
phenotypesin N. crassaand A. nidulans, respectively (Harris, Hamer, Sharpless, &
Hamer, 1997, Justa-Schuch et al., 2010; Lichius et al., 2012; Sharpless & Harris,
2002). These formins, as in budding yeast, are essential for actin ring assembly
(Tolliday, VerPlank, & Li, 2002; Yoshida et al., 2006). BNI-1 is present both
at the hyphal apex and in developing septa (Lichius et al., 2012). It is recruited
to the incipient septation site before membrane ingrowth became visible by
FM4-64 staining but after SAT formation and concomitant with the establish-
ment of the CAR. This suggests that the polymerization of the actin cables for-
ming the SAT at septation sites is either formin-independent or occurs in other
regions of the hyphae (Huang et al., 2012).

2.3.3 Septins

Septins were first discovered in S. cerevisiae (Hartwell, 1971; Longtine et al.,
1996). They constitute a conserved family of GTP-binding proteins found in
eukaryotes from yeasts to mammals. They are able to polymerize and form
hetero-oligomers that assemble into complex structures, whose detailed
molecular architecture has been described in different organisms (Field &
Kellogg, 1999). The different septin monomers assemble into oligomers,
which in turn form higher-order structures called multiseptin complexes.
These structures are composed of different numbers of subunits, depending
on the organism. In filamentous fungi, septins function as platforms recruiting
and organizing other proteins at sites of polarized growth and septum
formation (DeMay, Meseroll, Occhipinti, & Gladfelter, 2009; Harris, 2001;
Lindsey, Cowden, Hernandez-Rodriguez, & Momany, 2010; Momany,
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Zhao, Lindsey, & Westfall, 2001, Berepiki & Read, 2013) and are currently
viewed as cytoskeletal elements (Versele & Thorner, 2005). N. crassa has six
predicted septins (ASP-1 [NCU01998]|, ASP-2 [NCU06414], CDC-3
[NCU08297], CDC-10 [NCU03515], CDC-11 [NCU02464] and CDC-12
[NCUO03795]). Until recently, only the localization of CDC-3 at the
hyphal subapical collar and at forming septa, had been reported (Fig. K-M;
Sanchez, Freitag, Smith, & Riquelme, 2009). Newly, CDC-10, -11, -12,
and ASP-1 have been also GFP tagged and localized during different
developmental stages in N. crassa and were shown to form rings, fibers,
bar-like structures and caps (Berepiki & Read, 2013). Except for asp-1 and
asp-2, the other septin deletion mutants showed altered morphologies and
abnormal germ tube emergence.

A. nidulans has five septins (AspA, AspB, AspC, AspD, and AspE). All of
them are expressed during vegetative growth. AspB is the septin expressed at
higher levels (Momany et al., 2001). It forms a single ring and bars overlapping
the CAR at the septation site (Momany & Hamer, 1997a; Westtfall & Momany,
2002). AspB is nonessential but is required for normal growth and morphogen-
esis in A. nidulans. The aspB mutant forms septa although more slowly than the
wild type (Hernandez-Rodriguez, Hastings, & Momany, 2012). AspB in
A. nidulans and CDC-3 in N. crassa are present as rings at septation sites after
SAT formation (Momany & Hamer, 1997a; Figure 3.1K-M). AspB does
not disassemble immediately after septum assembly; it remains in septa, but only
on the side facing the leading compartment (Momany & Hamer, 1997a). This
behavior is similar to that observed by Sep7 in C. albicans (Gonzalez-Novo et al.,
2008). It has been speculated that septins function as repressors or inhibitory
markers for cell separation. However, this needs to be further investigated.
Deletion mutants of aspA and aspC showed that both are involved in septation,
but are not essential. aspA mutants display delayed or reduced septation at the
beginning of incubation, but after a few hours can form normal septa. However,
aspC mutants make only one third of the number of septa of the wild type and
these septa appeared to be abnormal (Lindsey et al., 2010). There are identical
localization patterns of AspA-GFP and AspC-GFP forming rings or collars in
septa. These septins may have similar functions. Although AspA seems to be
a central septin needed for the retention of AspC and AspB in the
A. nidulans septin complex, AspC does not localize in septa in aspA mutants,
and also all AspB rings, bars, and filaments are lost in the absence of AspA
(Hernandez-R odriguez et al., 2012). These differences in functions between
AspA and AspC are also shown in the increased severity of all phenotypes in
the aspA/aspC double mutant (Lindsey et al., 2010).
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3. SEPTUM WALL BIOSYNTHESIS
3.1. Composition and structure

Most of the electron micrographs showing sections of fungal hyphae at the
septal region come from works published in the 1960s and 1970s. The sem-
inal work of Hunsley and Gooday (1974) gives insight into fine structure and
chemical composition of septa in N. crassa.

The cell wall of N. ¢rassais primarily composed of two layers: an outer layer
of glucan-peptide-galactosamine and an inner layer made up of B-1,3-glucan
with an imbedded internal core of chitin fibrils (Free, 2013; Mahadevan &
Tatum, 1967). In the septum region, the glucan-peptide layer is thicker,
although it does not enter significantly the crosswalls (Hunsley & Gooday,
1974; Mahadevan & Tatum, 1967). Electron microscopy of N. crassa septa
showed mainly microfibrillar material arranged primarily in a tangential
orientation (Hunsley & Gooday, 1974). Autoradiography analysis and chem-
ical and enzymatic extractions suggested that chitin is a major component of
the septum (Hunsley & Gooday, 1974). Light microscopy autoradiography
indicated the incorporation of not only N-acetylglucosamine, the chitin
constituent, but also glucose, the f-1,3-glucan constituent, into developing
septa at a higher density than the surrounding lateral walls (Hunsley &
Gooday, 1974). However, the relative grain density was about three times
higher for N-acetylglucosamine than for glucose. In addition, surrounding
the lateral cell wall in septal regions, proliferation of a reticulum thought to
be glycoprotein was observed in 24-h cultures (Hunsley & Gooday, 1974).

3.2. Septum wall-synthesizing enzymes

Chitin synthesis is catalyzed by enzymes belonging to the family of chitin
synthases (CHSs), which incorporate subunits of N-acetylglucosamine
(GlcNAC) into linear chains of B (1,4)-GlcNAc (Figure 3.2). Filamentous
ascomycetes have single encoding genes for each of the seven reported
classes of CHS (Borkovich et al., 2004; Choquer, Boccara, Goncalves,
Soulie, & Vidal-Cros, 2004; Riquelme & Bartnicki-Garcia, 2008). CHSs
have been localized at sites of growth, including hyphal apices, branches,
and forming septa. In N. crassa, all CHSs tagged with fluorescent proteins
have been found at developing septa in vegetative hyphae (Riquelme
et al., 2007; Sanchez-Ledn et al., 2011). Most CHSs accumulated first as
a cylindrical sleeve under the existing lateral wall at sites of future septum
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Figure 3.2 Three-dimensional illustration of a septum section of N. crassa portraying
the main components of the wall and the machinery involved in wall synthesis.

formation, and they gradually entered into the centripetally growing septal
ring. CHS-2 (Class II) was the only CHS localized at the rim of the devel-
oping septum and remained at the septal pore (Fajardo-Somera et al., 2013).
Disruption of the actin cytoskeleton by Cytochalasin A or Latrunculin
A caused an uneven localization of CHS-1-GFP at septa (Sanchez-Ledn
et al., 2011). In coexpression experiments, it was shown that CHS-1-
mChFP partially colocalizes with the CAR labeled by Lifeact-GFP during
its constriction (Figure 3.3). In A. nidulans where some CHSs have been ana-
lyzed at the cellular level, ChsA, ChsB, ChsC, CsmA, and CsmB (belonging
to CHS classes 11, III, I, V, and VI, respectively) have been also found in
septa (Fukuda et al,, 2009; Horiuchi, 2009; Ichinomiya, Yamada,
Yamashita, Ohta, & Horiuchi, 2005; Takeshita, Ohta, & Horiuchi,
2005). ChsA, ChsB, and ChsC associate with CAR as it constricts, whereas
CsmA and CsmB, which contain an N-terminal myosin motor-like domain,
seem to function in regulation of chitin deposition around the septal pore.
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Figure 3.3 Coexpression of the actin reporter Lifeact-GFP and the chitin synthase CHS-1
tagged with mChFP during septum formation in N. crassa imaged by laser scanning con-
focal microscopy. (A) Localization of Lifeact-GFP during the contraction of the CAR; note
both the CAR and the actin patches (arrowhead). (B) Localization of CHS-1-mChFP in the
septum. (C) Overlay of (A) and (B); arrow indicates the region where the actin ring and
the CHS-1 ring colocalize; the inner part of the ring is exclusively made of actin, and also
there are actin patches (arrowhead) surrounding the distal part of the septum. Scale
bar=10 um.

The time course for formation of individual septa should vary depending
on the hyphal diameter. For N. crassa hyphae of 7 pm in diameter, the time
was estimated to be 3.5—4 min (Hunsley & Gooday, 1974). By using CHS as
markers, septum development lasted 3—6 min (Riquelme et al., 2007;
Sanchez-Leoén et al., 2011). Once completed, no more CHS arrived to
the septum as proven by FRAP analysis.

B-1,3-Glucan synthesis is catalyzed by the glucan synthase complex,
GSC, composed at least of a catalytic subunit (FKS) and a regulatory subunit
(RHO GTPase) (Kang & Cabib, 1986; Latgé & Calderone, 2006; Lesage etal.,
2004). FKS is a transmembrane protein, and once at the membrane, it accepts
the glucose moiety from the cytoplasm and incorporates it into the growing
B-1,3-glucan chains (Douglas, 2001). Filamentous fungi have a single FKS
encoding gene, whereas S. cerevisiae and S. pombe have three and four genes,
respectively, with homology to FKS (Lesage et al., 2004). In both unicellular
ascomycetes, FKS was shown to localize at growing sites and septa. In
S. cerevisiae, Fks1p and Fks2p are found at septa (Dijkgraaf, Abe, Ohya, &
Bussey, 2002). In S. pombe, Bgsl/Cspl and Bgs3go are also found at septa
in a SIN-dependent manner (Cortes, Ishiguro, Duran, & Ribas, 2002). In
N. crassa while components of the GSC have been found at growing apices,
none of them have been found at developing septa (Richthammer et al.,
2012; Verdin, Bartnicki-Garcia, & Riquelme, 2009).
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3.3. Secretory pathway and exocytosis

Most literature describes septum formation as a constriction of the cell
coupled with membrane invagination or plasmalemma infolding. Strictly,
this is not an accurate description of the biological process accompanying
septum formation. While it is true that transmission electron micrographs
showed membrane indentation at septal regions, recent studies clearly show
the need of new membrane delivery during septum formation (Schiel &
Prekeris, 2013), and therefore this process should be envisioned as an inward
growth of the membrane that occurs centripetally by targeted fusion of ves-
icles (Figure 3.2). Two main populations of vesicles differing in size and
involved in fungal cell wall growth have been described in fungal hyphae
(Bartnicki-Garcia, 1987, 1990). Macrovesicles or secretory vesicles have
diameters on average larger than 100 nm, whereas microvesicles are smaller
than 100 nm in diameter. CHS and GSC are transported in different
populations of vesicles, which at the apex accumulate at distinct layers of
the Spitzenkorper (Verdin et al., 2009). GSCs are found in macrovesicles
that accumulate in the outer layer of the Spitzenkorper, while CHSs are
transported in a specialized population of microvesicles, called chitosomes,
that accumulate at the core of the Spitzenkorper and can synthesize chitin
microfibrils in vitro (Bracker, Ruiz-Herrera, & Bartnicki-Garcia, 1976).
Although, as mentioned above, all CHSs are found at the forming septum
ring, there is no mention of chitosomes in the vicinity of septa in the liter-
ature. However, early transmission electron micrographs showed that devel-
oping septa of N. crassa were surrounded by vesicles ranging from 40 to
95 nm in diameter, smaller than the macrovesicles found at hyphal apices
ranging from 60 to 150 nm (Hunsley & Gooday, 1974), that could corre-
spond to chitosomes. In addition, in electron micrographs of Fusarium
acuminatum, both microvesicles and macrovesicles could be observed near
septa (Howard, 1981). Recently, putative chitosomes adjacent to a septum
have been observed in germlings of A. nidulans (R. Roberson, personal
communication).

Vesicle fusion is a very fast process (occurring in the order of millisec-
onds), much faster than the best cell ultrastructure-preserving techniques
used for sample fixation in electron microscopy, including cryofixation
(Chandler & Roberson, 2008). Furthermore, preservation of cytoplasmic
ultrastructure in hyphal distal regions is particularly difficult (R. Roberson,
personal communication). This could explain the scarce availability of elec-
tron micrographs displaying vesicles nearby or fusing with septa.
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In addition to cell wall-synthesizing enzymes, other plasma membrane
proteins have been localized at septa. In A. oryzae and N. crassa, the plasma
membrane amino acid transporters AoUapC and AoGap1, and the plasma
membrane proton pump PMA-1, respectively, were found at septa and the
lateral plasma membrane, but not at the Spitzenkorper (Fajardo-Somera,
Bowman, & Riquelme, 2013; Hayakawa, Ishikawa, Shoji, Nakano, &
Kitamoto, 2011) (Figure 3.4). Unlike the cell wall-synthesizing enzymes,
which get incorporated to developing septa, these enzymes were incorporated
at already formed septa. This suggests that either (1) the vesicles carrying
these enzymes fuse with the plasma membrane of the already existing septa
by a mechanism different than full fusion and collapse of vesicle that does
not contribute to gain of membrane or (2) the vesicles indeed fuse completely,
thereby introducing an excess of membrane that needs to be retrieved by
endocytosis.

Secreted proteins, such as the a-amylase AmyB and the glucoamylase Gla,
have been found in septa in addition to the tips in A. oryzae and A. niger
(Gordon et al, 2000; Hayakawa et al.,, 2011; Masai, Maruyama,
Nakajima, & Kitamoto, 2003). This opens up a new window of research,
since secretion into the periplasm or external medium has been linked

Figure 3.4 Distribution of the H-ATPase PMA-1 tagged with GFP in mature hyphae of
N. crassa. (A) Image corresponding to a single plane of the basal part of a branched
hypha expressing PMA-1-GFP and recorded by laser scanning confocal microscopy.
H*-ATPase can be seen through all the plasma membrane, including the already formed
septal membrane as shown by arrows. (B) Three-dimensional reconstruction of the
hypha in (A) from z-stacks, where it is possible to observe the perforated septal mem-
brane. Scale bar=10 pm.
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primarily to growing tips, where the secreted enzymes digest complex com-
pounds into nutrients that can be absorbed by the hyphae and distributed
along the colony.

3.4. How is transport of septum-directed vesicles regulated?

Vesicles are basic carriers that traffic from one cellular compartment to
another and are targeted to specific cellular locations. The conventional
secretory pathway begins with proteins synthesized in the endoplasmic retic-
ulum (ER) that are later sorted through Golgi to their final destination, that
is, plasma membrane, organelles, or external medium. The process of vesicle
biogenesis and traffic includes (1) vesicle budding (scission from the donor
membrane-vesicle formation), (2) vesicle transport, (3) vesicle docking (ves-
icle and target membrane brought into close proximity), and (4) vesicle
fusion (Cai, Reinisch, & Ferro-Novick, 2007; Novick et al., 2006). Vesic-
ular transport and active sorting between organelles occur through a succes-
sion of events that require the coordinated action of coating complexes, for
vesicle budding and recognition of cargo-sorting signals, tether complexes
that interact with coating proteins and mediate docking, and soluble-NSF
(N-ethylmaleimide-sensitive-factor) ~ attachment  protein  receptors
(SNARES) that facilitate the fusion between donor and target membranes
(Bonifacino & Glick, 2004). These processes are regulated by Rab GTPases,
another subfamily within the super family of Ras GTPases involved primar-
ily in vesicular transport and organelle dynamics, and motor proteins. In
yeast and mammals, the traffic events from the ER to Golgi, including
the mechanisms that maintain compartment identity and ensure fidelity of
transport, have been well characterized (Barrowman, Bhandari,
Reinisch, & Ferro-Novick, 2006), while post-Golgi traffic is much less
understood.

In fungal hyphae, studies toward dissecting the components of the secre-
tory pathways and elucidating traffic of membranes have emerged only
recently (Bowman, Draskovic, Freitag, & Bowman, 2009; Maruyama,
Kikuchi, & Kitamoto, 2006; Pantazopoulou & Penalva, 2009; Shoji,
Arioka, & Kitamoto, 2008), and only a few focus on septum-directed secre-
tion (Hayakawa et al., 2011). In fact, no specific Rab GTPase has been iden-
tified thus far regulating septum-directed vesicular traffic.

Using the ER chaperone BipA-EGFP as a marker of the ER in A. oryzae,
accumulation of fluorescence was observed in two parallel lines flanking the
septum, and as a tubular network along the septum once it was formed
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(Maruyama et al., 2006). Further studies are needed to analyze if the ER
localized at septal regions contributes directly to local protein synthesis.

Exocytosis is the last step of the secretory pathway and it involves the
fusion of vesicles with the plasma membrane, a process that, in fungi, ensures
the delivery of cell wall-synthesizing enzymes, membrane proteins, and
lipids in areas of active growth. Exocytosis occurs in all regions where cell
wall growth is occurring, including nonapical regions (Read, 2011). All pro-
cesses involving membrane fusion require the action of tethers to bring
closer at the appropriate sites the donor and target membranes. The exocyst
is an octameric-tethering factor involved in vesicle docking with the plasma
membrane at polarized sites of growth in all eukaryotic cells (TerBush,
Maurice, Roth, & Novick, 1996). In the budding yeast, the exocyst has been
implicated in a variety of cellular processes including cytokinesis. Post-Golgi
vesicles and exocyst components localize at the bud neck just before the
spindle disassembly and actomyosin ring contraction (VerPlank & Li,
2005). During cytokinesis, exocyst components concentrate first as a ring
and then as two rings at the neck that separates the mother cell and the
bud (Hsu, TerBush, Abraham, & Guo, 2004). Within the filamentous fungi,
only A. oryzae has displayed a component of the exocyst, AoSec3, at septa
(Hayakawa et al., 2011).

After vesicle docking, interaction between v-SNAREs (vesicles) and
t-SNAREs (target membrane) mediates the final fusion event between
the donor and target membranes (Pelham, 1999). In A. oryzae, SNAREs
have been localized at septa (Hayakawa et al., 2011; Kuratsu et al., 2007).
The only v-/t-SNAREs studied in N. crassa have been localized at the
hyphal apex (Gupta & Heath, 2000). Further studies are required to identify
septum-specific SNARE:s.

4. SEPTAL PORES AND ASSOCIATED PROTEINS

N. crassa septal pores often are between 350 and 500 nm in diameter,
depending on the stage of completion. Little is known about the constituents
of the septal pore in filamentous fungi and how the diameter of the pore is
regulated. Pores must maintain the smallest diameter that would allow quick
plugging in response to injury, while at the same time, when open, permit
the traffic of organelles across compartments. A heterogeneous group of pro-
teins named SPA proteins (Septal pore-associated proteins) with diverse
localization and functions appear to be involved in pore-rim lining and
occlusion. SPA aggregation offers structural plasticity for pore gating due
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to the variability of pore diameter. Nevertheless, understanding how the
SPA proteins contribute to the maintenance of the septal pore is an interest-
ing area for further investigation (Lai et al., 2012).

As mentioned earlier, upon injury of the hypha, the septal pores can be
rapidly plugged, a phenomenon that avoids an excess of cytoplasmic leakage,
facilitates the sealing of the septa, and allows the rapid regeneration of a new
growing axis. Woronin bodies (WBs) are a specialized class of peroxisomal-
derived organelles that quickly plug the septal pore upon injury of the hypha,
avoiding the excessive loss of cytoplasm (Fleissner et al., 2005; Jedd & Chua,
2000; Liu et al., 2008). WBs are manufactured continuously in differentiated
apical peroxisomes. When septation initiates, WBs attach to the cell cortex
in subapical compartments. Tip lysis triggers WB release from cortex, septal
pore plugging, membrane resealing, and new tip growth (reviewed by
Pieuchot & Jedd, 2012). The positioning of WBs in the cortex and at septal
pores, when signals from cellular damage induce release, is coordinated by
Leashin tethers LAH-1 and LAH-2, respectively (Ng, Liu, Lai, Low, &
Jedd, 2009).

A reniform electron-dense structure lining the septal pore different than
the septal plug has also been reported (Hunsley & Gooday, 1974) and clas-
sified as a second system of pore gating (Jedd & Pieuchot, 2012; Trinci &
Collinge, 1973).

A diverse array of septal pore-associated proteins has been identified
(Fleissner & Glass, 2007; Maruyama, Escano, & Kitamoto, 2010;
Rasmussen & Glass, 2007; Takeshita, Vienken, Rolbetzki, & Fischer, 2007).
Inarecent study, mass spectrometry analysis of WB-associated proteins allowed
the identification of 17 septal pore-associated proteins (Lai et al., 2012). SO
(soft; fs-n; ham-1), a protein involved in hyphal fusion (Fleissner, Leeder,
Roca, Read, & Glass, 2009; Fleissner et al., 2005), has also a role in septal pore
sealing (Fleissner & Glass, 2007). Upon hyphal injury, SO accumulates at septal
pores in a WB-dependent manner. It has a WW domain, a two-conserved
tryptophan domain that binds to proline-rich peptide motifs. Additionally,
as a result of heterokaryon incompatibility (program cell death) and aging in
the interior of the colony, SO plugging occurs in a WB-independent manner.

5. CONCLUSIONS

Although the main mechanisms for septum formation seem to be con-
served between unicellular organisms and filamentous fungi, this review
points out some of the differences in the regulation of septum initiation,
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the selection of the septation sites, the organization and constriction of
CAR, the cell wall construction, and plasma membrane remodeling in
the fungus N. crassa. Given the recent evidence showing that the same set
of synthases operates in both septation sites and apical sites, the challenge
is to elucidate the factors responsible for organizing the delivery and oper-
ation of these enzymes to produce a different wall architecture. As described
here, while many of the proteins involved in polarization and cell wall
growth at the apex have been identified participating also in different stages
of septation, their key regulators differ (Figure 3.5). For a septum to be
formed, two different processes have to occur: first, nuclear division needs
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RHO-4/BUD-6 SIN CDC-42
RGF-3 RHO-GTPases, GEFs,
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Figure 3.5 Scheme summarizing the main components that orchestrate membrane
and wall growth at septa and apices of N. crassa. Similarities and differences between
the apical and the septation machineries can be observed. In septa, the presence of all
components is transient and it is possible to establish a chronology during the finite
septal growing process; in contrast, at the apex, the growing process is continuous.
Although some components are found at both locations, their regulation differs.
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to activate the SIN cascade, and second, recruitment of structural and reg-
ulatory elements for cell wall construction and plasma membrane growth is
required. In N. crassa, F-actin is the first protein observed at the future
septation site; actin associates with tropomyosin and MY O-2 to form a tan-
gle of thick cables, the SAT. What leads actin to form a SAT at specific sites
remains to be identified. Proteins of the SIN components, the BUD-4—
BUD-3-RHO-4 complex and the formin BNI-1 (Justa-Schuch et al.,
2010; Seiler & Justa-Schuch, 2010), participate in the transition of SAT into
a CAR and its posterior constriction.

In summary, the steps to form a septum include (1) accumulation of a
broad band of actin surrounding the future septation site (SAT), (2) the addi-
tion of contractile force through MYO-2, (3) formation and anchoring of
the CAR, (4) CAR constriction, and (5) inward growth of plasma mem-
brane, coupled with construction of the cell wall.

6. OUTLOOK AND FUTURE RESEARCH

There are several open questions on septal development in N. crassa
that need to be further addressed. These remaining questions can be classi-
fied into four categories. The first category involves assessing whether in
N. crassa there are compulsory links between cell cycle and septum forma-
tion. Although in other filamentous fungi it is relatively easy to follow the
cell cycle in association with septum formation, in N. crassa it is still not clear
how the nuclear signals may contribute mechanistically to the regulation of
the process in situ. It has been proposed that all cortical regions may poten-
tially undergo septum formation. However, the assembly of a septal band at
one specific site might block the ability of adjacent mitotic nuclei to trigger
the same event.

The second category relates to the regulation of the actin cytoskeleton. It
is important to identify what induces SAT formation and why proteins such
as the formin BNI-1 are observed after actin cables are polymerized.
Another important issue that needs to be solved is the role of septins, as they
are considered part of the cytoskeleton.

The third category addresses the comparison between hyphal apical
growth and septum formation. It is important to understand the differences
or similarities between the apical and septal machineries. Is there a septal appa-
ratus homologous to the tip polarisome that guides polymerization of the
CAR and ensures tethering of vesicles that provide both plasma membrane
and cell wall-synthesizing machinery to form the septa? The traffic of vesicles
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to support hyphal growth is unidirectional, but the vesicles directed to the sep-
tum may arrive to both sides of the septum from the immediate adjacent
hyphal compartments (bidirectional traffic). Once the vesicles are fused to
the septal membrane, is there an actual excess of membrane that needs to
be recycled by endocytosis? The fusion of vesicles carrying the enzymes
and precursors needed to form the septum wall may produce an excess of
membrane and generate the need for plasma membrane remodeling via endo-
cytosis (Delgado-Alvarez et al., 2010; Echauri-Espinosa et al., 2012). The
presence of actin patches near septa associated with the ABP’s characteristic
of endocytic function (fimbrin, ARP-2/3 complex, and coronin) supports
the involvement of endocytosis in septum development.

Finally, the fourth category entails the process of cell wall synthesis in the
septum. It is important to understand why all CHSs participate in crosswall
formation. Furthermore, we need more precise analyses to discern whether
the composition of septal walls is indeed different than that of the lateral
cell wall.
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