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Wang, Xiaobo, Ph. D., May 2020 Cellular, Molecular and Microbial Biology
Abstract Title: Investigating the coordinate regulation of stem cell proliferation and
differentiation by FBF proteins

Chairperson: Dr. Stephen Lodmell

Research Advisor: Dr. Ekaterina Voronina

Balance of stem cell proliferation and differentiation is important for maintaining tissue
homeostasis, and uncovering the mechanisms regulating the balance of proliferation and
differentiation of stem cells helps us understand the causative factors for ageing, cancer and
various degenerative disorders. Pumilio and FBF (PUF) family RNA-binding proteins are conserved
mMRNA regulators controlling stem cell development in eukaryotes. FBF-1 and FBF-2, two PUF
family proteins in C. elegans, are expressed in the mitotic region of the germline and are
important for maintaining germline stem cells. FBF-1 and FBF-2 are very similar in primary
sequence and share most of the target mRNAs, but they localize to distinct RNA granules and
have different effects on target mRNAs and stem cell maintenance. This dissertation studies how
FBFs mediate the coordinate regulation of germline stem cell proliferation and differentiation
and the mechanisms allowing differential activities of FBF homologs in stem cells. This work has,
for the first time, demonstrated that FBF-1 and FBF-2 have distinct effects on stem cell dynamics:
FBF-1 restricts the rate of stem cell meiotic entry, while FBF-2 promotes both rates of
proliferation and meiotic entry. Based on our findings, we propose that FBFs’ coordinate
regulation contributes to maintaining the balance of stem cell proliferation and differentiation in
the germline. In addition, this work has also identified CCR4-NOT deadenylation machinery as an
FBF-1-specific cofactor, DLC-1 as an FBF-2-specific cofactor, and five splicing factors as potential

specific cofactors for FBF-2.

PUF proteins are conserved stem cell regulators in eukaryotes, from yeast to humans, and they
share conserved mechanisms that affect stem cell proliferation and differentiation. This
dissertation offers new mechanistic insights into PUF function in C. elegans that are likely relevant

for other organisms.
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Chapter 1. Diverse Roles of PUF Proteins in Germline

Stem and Progenitor Cell Development in C. elegans

(This chapter is a modified version of the manuscript published in Frontiers in cell and

developmental biology, 06 February 2020, https://doi.org/10.3389/fcell.2020.00029)

Stem cell development depends on post-transcriptional regulation mediated by RNA-binding
proteins (RBPs) (Zhang et al., 1997; Forbes and Lehmann, 1998; Okano et al., 2005; Ratti et al.,
2006; Kwon et al., 2013). Pumilio and FBF (PUF) family RBPs are highly conserved post-
transcriptional regulators that are critical for stem cell maintenance (Wickens et al., 2002;
Quenault et al., 2011). The RNA-binding domains of PUF proteins recognize a family of related
sequence motifs in the target mRNAs, yet individual PUF proteins have clearly distinct biological
functions (Lu et al., 2009; Wang et al., 2018). The C. elegans germline is a simple and powerful
model system for analyzing regulation of stem cell development. Studies in C. elegans uncovered
specific physiological roles for PUFs expressed in the germline stem cells ranging from control of
proliferation and differentiation to regulation of the sperm/oocyte decision. Importantly, recent
studies started to illuminate the mechanisms behind PUF functional divergence. This review
summarizes the many roles of FBF-1 and FBF-2 in germline stem and progenitor cells (SPCs) and
discusses the factors accounting for their distinct biological functions. PUF proteins are conserved
in evolution, and insights into PUF-mediated regulation provided by the C. elegans model system

are likely relevant for other organisms.

Introduction
Post-transcriptional regulation of gene expression governs the rate of protein production

through the control of key steps in mRNA life cycle. In eukaryotes, RNA-binding proteins (RBPs)
play critical roles in mRNA biogenesis, stability, function, transport, and cellular localization
essential for post-transcriptional regulation (Glisovic et al., 2008). RBPs expressed in stem cells
contribute to the regulation of stem cell self-renewal and differentiation (Forbes and Lehmann,
1998; Kwon et al., 2013; Okano et al., 2005; Ratti et al., 2006; Zhang et al., 1997), while

misregulation of RBP activity can lead to tumors (Degrauwe et al., 2016; Rezza et al., 2010). Post-


https://doi.org/10.3389/fcell.2020.00029

transcriptional regulation in stem cells relies on the combined activities of many RBPs (Arvola et
al., 2017; Eckmann et al., 2004). Investigating the basic mechanisms of RBP function in stem cells
will advance our understanding of abnormal post-transcriptional regulation relevant to human

diseases, such as cancer.

PUF family RBPs are highly conserved eukaryotic posttranscriptional regulators (Quenault et al.,
2011; Wickens et al., 2002). The name of this family comes from the first identified PUF proteins,
Pumilio in D. melanogaster and fem-3-binding factor (FBF) in C. elegans. PUF proteins control
diverse biological processes including oogenesis (Parisi and Lin, 1999), organelle biogenesis
(Garcia-Rodriguez et al., 2007), neuronal function (Mee et al., 2004), and memory formation
(Dubnau et al., 2003; Zhang et al.,, 2017). In addition to these roles, PUF proteins share an
evolutionarily conserved role in stem cell maintenance. Mutation of Pumilio induces loss of
female germline stem cells in Drosophila due to differentiation to cystoblasts and then egg
chambers (Forbes and Lehmann, 1998; Lin and Spradling, 1997). Similarly, loss of PUF proteins in
C. elegans results in germline stem cells entering meiosis and undergoing spermatogenesis
(Crittenden et al., 2002; Haupt et al., 2019b; Zhang et al., 1997) and knockdown of planarian
homolog DjPum by RNA interference induces loss of totipotent stem cells called neoblasts
(Salvetti et al., 2005). In mammals, PUM proteins contribute to stem cell maintenance across

multiple tissues (Naudin et al., 2017; Shigunov et al., 2012; Zhang et al., 2017).

Canonical PUF proteins are characterized by a conserved RNA-binding domain (Pumilio homology
domain, PUM-HD) with eight consecutive a-helical PUM repeats (Hall, 2016; Wang et al., 2001;
Zamore et al., 1997; Zhang et al., 1997). Crystal structures of the classical PUM-HD uncover a
crescent arrangement of PUM repeats. Single-stranded RNA binds to the inner concave surface
of PUM-HD. Typically, one PUM repeat contacts one RNA base. A five-amino-acid motif in the
second alpha helix of a PUM repeat determines the sequence specificity of RNA base recognition
(Campbell et al., 2014; Cheong and Hall, 2006; Wang et al., 2002). Three key residues in the motif
directly interact with RNA, thus comprising the tripartite recognition motifs (TRMs) (Campbell et
al., 2014; Hall, 2016; Wang et al., 2002). Although individual PUF proteins preferentially associate
with RNA motifs of distinct lengths and sequences, the canonical target motifs share the core

UGU triplet (Lu et al., 2009; Wang et al., 2018).



PUF proteins control stability and translation of their target mRNAs by binding to their 3’UTRs
(Zamore et al., 1997; Zhang et al., 1997). The best-documented mechanism of PUF-mediated
regulation is through deadenylation of the target mRNAs that results in translational repression
or mRNA decay (Goldstrohm et al., 2006; Kadyrova et al., 2007; Van Etten et al., 2012; Weidmann
et al., 2014; Wreden et al., 1997). Alternatively, PUFs can interfere with recognition of cap
structure by translation initiation factors through directly binding to the cap (Cao et al., 2010) or
through recruiting cap-binding cofactors (Cho et al., 2006; Cho et al., 2005). Additionally, PUFs
might attenuate translational elongation through an interaction with Argonaute family proteins
(Friend et al., 2012). For all PUFs investigated to date, high-throughput approaches have
suggested a large number of putative regulatory targets. Putative PUF target mRNAs have been
identified in yeast, Drosophila, C. elegans, and humans by using RIP (RNA Immunoprecipitation)-
Chip, RIP-seq, and CLIP (Cross-linking immunoprecipitation)-seq (Gerber et al., 2004; Gerber et
al., 2006; Hafner et al., 2010; Morris et al., 2008; Porter et al., 2019; Prasad et al., 2016). The
conservation of a number of PUF targets between nematodes and other species including
humans was first reported in a microarray study (Kershner and Kimble, 2010) and then confirmed
and expanded by CLIP-seq analysis (Porter et al., 2019; Prasad et al., 2016). The shared PUF target
mMRNAs are enriched for biological process GO terms such as cell cycle, cell division, and nuclear
division. Cell cycle regulation is central to stem cell maintenance (Boward et al., 2016), and mRNA

target conservation reflects PUF proteins’ ancient role in stem cell maintenance.

The C. elegans germline is a powerful model that revealed many aspects of PUF protein function
in germline stem cells. Ten PUF proteins identified in C. elegans are clustered into 4 subfamilies:
PUF-8/9, FBF-1/2, PUF-3/11/4, and PUF-5/6/7 (Hubstenberger et al., 2012; Liu et al., 2012;
Stumpf et al., 2008; Wickens et al., 2002). Among these PUF proteins, FBF-1 and FBF-2 that are
enriched in germline stem cells support stem cell maintenance (Crittenden et al., 2002; Lamont
et al., 2004; Voronina et al., 2012), yet each is functionally distinct. This chapter focuses on the
contribution of FBF-1 and FBF-2 to germline stem and progenitor cell function. We then discuss

recent advances in uncovering the determinants that regulate FBF biological functions.

The C. elegans germline is a powerful model that revealed many aspects of PUF protein function

in germline stem cells. Ten PUF proteins identified in C. elegans are clustered into 4 subfamilies:
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PUF-8/9, FBF-1/2, PUF-3/11/4, and PUF-5/6/7 (Wickens et al., 2002; Stumpf et al., 2008;
Hubstenberger et al., 2012; Liu et al., 2012). Among the identified PUF proteins, FBF-1 and FBF-2
that are enriched in germline stem cells support stem cell maintenance (Crittenden et al., 2002;
Lamont et al., 2004; Voronina et al., 2012), yet each is functionally distinct. This chapter focuses
on the contribution of FBF-1 and FBF-2 to germline stem and progenitor cell function. We then

discuss recent advances in uncovering the determinants that regulate FBF biological functions.

C. elegans Germline, a Powerful Model for Stem Cell Studies

Overall Structure of C. elegans Germline

The C. elegans germline is a simple but very powerful model system for studying stem cell biology
(Figure 1-1A). C. elegans can exist as hermaphrodites or males, and in this review, we are focusing
on hermaphrodites, although mechanisms regulating germline stem cells are similar in the two
sexes. A C. elegans adult contains two symmetric U-shaped germlines. Most of the C. elegans
germline, except for late oocytes, is a syncytium, where individual germ cells have an opening to
a central shared cytoplasmic core (Hirsh et al.,, 1976). Although germ cells have access to
continuous cytoplasm, the communication between cells is limited and neighboring germ cells
can be seen at distinct stages of cell cycle or differentiation. Similar to the germlines of other
organisms, the C. elegans germline is maintained by a population of proliferative stem cells in the
stem cell niche at its distal end (Figure 1A; Pazdernik and Schedl, 2013). When progenitor cells
leave the niche, they enter meiosis followed by differentiation into sperm during larval
development and into oocytes in adulthood. Maintenance of stem and progenitor cells in the

mitotic zone is critical for C. elegans germline development and worm fertility.
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Figure 1-1. Schematic of C. elegans hermaphrodite germline and RNA-binding protein network
downstream of GLP-1/Notch. (A) C. elegans germline development is supported by continuous
SPC proliferation promoted by GLP-1/Notch signaling from the DTC (Pazdernik and Schedl, 2013).
Progenitors enter meiosis when they reach the transition zone, and later differentiate into sperm
and oocytes. Several types of RNA granules reside in germ cells and facilitate germ cell
development and embryogenesis. (B) Downstream of GLP-1/Notch, FBFs maintain SPC
proliferation by repressing the expression of GLD-1, GLD-2, and GLD-3 that inhibit SPC
proliferation and promote differentiation (Kimble and Crittenden, 2007 and references in
sections “RNA-Binding Protein Network Downstream of GLP-1/Notch” and “PUF Function in

Maintaining Germline SPCs”).

Germline Stem and Progenitor Cells

The proliferative zone of the C. elegans germline extends about 20 cell diameters from the distal
tip, and contains cells in a mitotic cell cycle and cells that have entered meiotic S-phase
(Crittenden et al., 2006; Fox et al., 2011; Jaramillo-Lambert et al., 2007). Unlike other stem cell

systems with distinct stem cells and transit amplifying cells, the proliferative zone contains



developmentally equivalent cells (Fox and Schedl, 2015). In this review, we collectively refer to
the cells that have not entered meiosis as stem and progenitor cells (SPCs). The C. elegans
germline SPC zone is maintained within a niche formed by a single mesenchymal cell, called the
distal tip cell (DTC), which caps the distal end of the germline and extends its cytoplasmic
processes proximally (Byrd et al., 2014; Crittenden et al., 2006; Kimble and White, 1981). The DTC
preserves the mitotic identity and promotes mitotic division of SPCs through the canonical GLP-
1/Notch signaling that is highly conserved in most multi-cellular organisms (Austin and Kimble,
1987). Loss-of-function mutations of GLP-1/Notch signaling components such as the receptor
glp-1, ligands lag-2 and apx-1, and downstream transcriptional targets Ist-1 and sygl/-1 cause
germline stem cells to enter meiosis prematurely, which is similar to the DTC removal (Austin and
Kimble, 1987; Henderson et al., 1997; Kershner et al., 2014; Kimble and White, 1981; Nadarajan
et al.,, 2009). By contrast, germ cells of the glp-1(0z112gf) gain-of-function mutant with
constitutive GLP-1 signaling fail to exit from the mitotic cell cycle leading to tumorous germlines

(Berry et al., 1997).

RNA-Binding Protein Network Downstream of GLP-1/Notch

Post-transcriptional control is the prevalent mechanism for regulating gene expression in the C.
elegans germline (Merritt et al., 2008). Downstream of GLP-1/Notch, germline stem cell
development is regulated by a network of posttranscriptional regulators that includes a large
number of RBPs, a subset of which is shown in Figure 1-1B. FBF-1 and FBF-2, PUF family RBPs
expressed in the distal germline, control stem cell maintenance and sex fate (Crittenden et al.,
2002; Zhang et al., 1997). Additionally, four RNA regulators, including three GLD proteins and
NOS-3, act in two parallel pathways that inhibit mitosis and promote meiosis (Kimble and
Crittenden, 2007). GLD-1 (a KH-motif RBP) and NOS-3 (Nanos protein family member) form a
translational repression pathway (Hansen et al.,, 2004b), while the cytoplasmic poly(A)
polymerase formed by the complex of GLD-2 (the poly(A) polymerase enzyme) and GLD-3 (a

homolog of Bicaudal-C RBP) constitutes a translational activation pathway (Eckmann et al., 2004).

Cytoplasmic Organization of RNA Regulation
Many RBPs that mediate post-transcriptional regulation of germ cell development are found

enriched at cytoplasmic foci called RNA granules. Germ cells have a number of RNA granule

6



subtypes (Figure 1-1A), including germ granules or P granules in C. elegans, processing bodies,
and stress granules (Voronina et al.,, 2011). The processing bodies and stress granules are
distributed throughout the cytoplasm in somatic cells as well as in germ cells (Boag et al., 2005;
Hubstenberger et al., 2017; Lechler et al., 2017; Noble et al., 2008). By contrast, P granules are
perinuclear cytoplasmic RNA granules specific to germ cells and present throughout germline
development, excluding mature sperm (Strome and Wood, 1982). All PUF proteins expressed in
the C. elegans germline are found in RNA granules (Ariz et al., 2009; Haupt et al., 2019b; Noble
et al., 2008; Voronina et al., 2012). PUF-5 colocalizes with processing body components (Noble
et al., 2008), PUF-8 and FBF-2 localize to P granules (Ariz et al., 2009; Voronina et al., 2012; Wang
et al., 2016), and the identities of RNA granules containing FBF-1 or PUF-3 and PUF-11 are

currently unknown.

Regulatory Roles of FBF Proteins in C. elegans Germline Stem and Progenitor Cells

FBF Function in Maintaining Germline SPCs

Germline stem cells are maintained by promoting proliferation and/or inhibiting cell death and
differentiation. FBF-1 and FBF-2 are redundantly required for maintaining germline SPCs in adult
hermaphrodites since a C. elegans double mutant for both FBFs lose their germline stem cells by
24 hours after the last larval stage (Crittenden et al., 2002). Several FBF targets have been
proposed to contribute to FBFs’ role in SPC maintenance (Figure 2A). First, FBFs are suggested to
repress expression of MPK-1, a homolog of Mitogen-activated protein kinase (MAPK)/ERK, and
mpk-1 mRNA contains two FBF binding elements in its 3’UTR (Lee et al., 2007a). This repression
was hypothesized to be important for stem cell maintenance since RNAi-mediated knockdown
of mpk-1 increased the number of mitotic germ cells, while promoting MPK-1 activity by a Ras
gain-of-function mutation /et-60(n1046) decreased the number of mitotic germ cells (Lee et al.,
2006). Similarly, MAPK repression is observed to promote self-renewal of embryonic stem cells
and skeletal muscle stem cells (Bernet et al., 2014; Burdon et al., 1999). However, in addition to
repressing MPK-1, FBFs repress the expression of its negative regulator, MAPK inactivating
phosphatase LIP-1 (Lee et al., 2006). Therefore, an fbf mutation would derepress both MPK-1 and
LIP-1 that inhibits MAPK activity and thus might not result in abnormal activation of MPK-1 in

SPCs. Instead, such mutation would result in a sensitized background that might deregulate MPK-



1 following additional genetic lesions. Regulation of MAPK by PUF homologs appears conserved
in evolution, and was also documented in human embryonic stem cells as well as in mouse
spermatocytes (Chen et al., 2012; Lee et al., 2007a). Second, FBFs promote self-renewal of
germline stem cells by repressing expression of CKI-2 (Kalchhauser et al.,, 2011), a Cyclin-
dependent kinase inhibitor that regulates cell cycle entry/exit decisions (Buck et al., 2009).
Removing cki-2 partially rescues the germline stem cell depletion phenotype in fbf-1 fbf-2 double
mutant adult hermaphrodites (Kalchhauser et al., 2011), suggesting that repression of cki-2 is not
the only mechanism by which FBFs promote stem cell proliferation. CIP/KIP family cyclin-
dependent kinase inhibitors are conserved targets of PUF proteins as they were found to be
regulated by PUFs in mouse embryos and human cells (Kedde et al., 2010; Lin et al., 2019).
Interestingly, genes encoding diverse cell cycle regulators, beyond cki-2 and its homologs, are
enriched among target mRNAs pulled down with FBFs as well as PUF proteins from other
organisms (Chen et al., 2012; Hafner et al., 2010; Kershner and Kimble, 2010; Porter et al., 2019;
Prasad et al.,, 2016), suggesting a conserved mechanism of PUF-mediated control of cell
proliferation. Third, FBFs prevent premature meiotic entry of SPCs by inhibiting expression of
target mRNAs that encode differentiation-promoting regulators, such as GLD-1 (Crittenden et al.,
2002), GLD-2 (Millonigg et al., 2014), and GLD-3 (Eckmann et al., 2004), as well as structural
components of meiotic chromosomes, such as HTP-1,-2 orthologs of human HORMAD1 and 2

(Merritt and Seydoux, 2010).
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Figure 1-2. The multiple functions of FBFs in C. elegans germline SPCs. (A) Downstream of GLP-
1/Notch, FBFs promote germline SPC proliferation by repressing cell cycle regulators, meiotic
MRNAs, and mpk-1 MAP kinase (Crittenden et al., 2002; Lee et al., 2007a; Kalchhauser et al.,
2011). (B) FBFs act with GLD-2, GLD-3 complex to promote SPC meiosis by activating GLD-1
expression (Suh et al., 2009). (C) FBF proteins control the sperm/oocyte switch by acting with
NOS-3 to repress fem-3 (Kraemer et al., 1999; Arur et al., 2011) as well as by repressing fog-1 and
possibly fog-3 (Thompson et al., 2005). FBF-1 cooperate with LIP-1 to repress MPK-1 activity in
SPCs, dpMPK-1 refers to a diphosphorylated active form of MPK-1 (discussion and references in
section “FBF Function in Controlling the Sperm/Oocyte Decision in Germline Mitotic Zone”).

dpMPK-1 promotes spermatogenesis, although specific relevant substrates are yet unknown.

FBF Function in Inhibiting Mitotic Cell Fate of SPCs and Promoting Differentiation

In addition to facilitating stem cell maintenance, both FBFs were unexpectedly found to limit
stem cell numbers by promoting stem cell exit from mitosis and differentiation (Figure 1-2B).
Genetic evidence suggests that FBFs act to promote meiotic entry of SPCs through the GLD-2,
GLD-3 genetic pathway (Crittenden et al., 2002). GLD-1, NOS-3 and GLD-2, GLD-3 are the two



main pathways that redundantly promote SPC meiotic entry (Figure 1B; Kimble and Crittenden,
2007). In the absence of gld-1, FBFs are no longer required to sustain germline proliferation and
the gld-1; fbf-1 fbf-2 mutant worms have tumorous germline with all mitotic cells (Crittenden et
al., 2002). This tumorous germline phenotype is similar to the tumors observed in gld-1; gld-2
and gld-1; gld-3 mutants (Eckmann et al., 2004; Kadyk and Kimble, 1998), suggesting a possibility
that FBF proteins function through the GLD-2, GLD-3 genetic pathway to promote meiotic entry.
Direct interaction of FBF with GLD-3 that might underlie this function is discussed further in

section “Protein Cofactors That Change PUF Regulatory Outcome”.

The fact that PUF proteins appear to regulate both proliferation and differentiation is enigmatic
and has promoted several interpretations. For example, functional annotation of mRNAs co-
isolated with FBFs suggests that they associate with and repress mRNAs required for both
differentiation as well as cell cycle progression of germ cells (Porter et al., 2019; Prasad et al.,
2016). One intriguing interpretation is that this allows FBFs to simultaneously control the rate of
both SPC proliferation and differentiation, thus maintaining the balance between these two cell
fates. In order to maintain stem cell numbers over time, their self-renewal needs to be matched
with differentiation (Morrison and Kimble, 2006). In C. elegans, SPC homeostasis is controlled at
a population level, where some progenitor cells are lost through differentiation, while other cells
proliferate, with both outcomes observed at the same frequency (Kimble and Crittenden, 2007).
Although C. elegans SPCs proliferate continuously, the rate of SPC proliferation changes during
development and is responsive to environmental conditions and nutrition (Hubbard et al., 2013).
Simultaneous control of SPC proliferation and differentiation by FBFs might work to match the
output of the stem cell compartment to the proliferative demands of the germline, while keeping

the two fates in a balance.

FBF Function in Controlling the Sperm/Oocyte Decision in Germline Mitotic Zone
The mechanism underlying sperm/oocyte decision has been a long-standing question in all
animals (Casper and Van Doren, 2006; Kimble and Page, 2007). In C. elegans hermaphrodites,

germlines first produce sperm and then oocytes, but it is still not clear when, where, and how the
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sperm/oocyte switch is executed. As recently reviewed (Zanetti and Puoti, 2013), the germline
sex determination is executed through an elaborate pathway involving more than 30 regulators
for sperm or oocyte specification, part of which is shown in Figure 1-2C. These regulators,
including GLD-1, TRA-1 (GLI transcription factor homolog; Hodgkin, 1987), and FOG-1
(feminization of the germline, a member of cytoplasmic polyadenylation element binding protein
family; Jin et al., 2001b) are expressed in the proximal mitotic region and transition zone,
suggesting that the commitment of germline sperm/oocyte fate might occur in distal germline.
Studies of sex determination in a temperature-sensitive fog-1 mutant suggested that germ cells
might become committed to the sperm or oocyte fate when they enter meiosis (Barton and
Kimble, 1990). FBF-1, and FBF-2 contribute to the control of the sperm/oocyte decision by

regulating expression of sex-determination regulators (Figure 1-2C).

FBF-1 and FBF-2 are redundantly required for controlling the sperm/oocyte switch. Nematodes
mutant for individual fbf genes produce both sperm and oocytes, but the fbf double mutants fail
to switch from spermatogenesis to oogenesis and only produce sperm (Zhang et al., 1997). The
two FBF paralogs promote oogenesis by repressing several target mRNAs including fem-3, fog-1,
and possibly fog-3 that are positive regulators for sperm fate decision (Thompson et al., 2005;
Zhang et al., 1997). Additionally, Nanos homolog NOS-3 physically interacts with FBF proteins and
participates in the FBF-mediated sperm/oocyte switch through forming a regulatory complex
that represses the translation of fem-3 mRNA (Arur et al., 2011; Kraemer et al., 1999). The binding
between NOS-3 and FBF-1 is disrupted by MPK-1/ERK-dependent phosphorylation of NOS-3 to
limit formation of the functional complex to the distal germline (Arur et al.,, 2011). Lastly,
functional splicing machinery promotes efficient sperm/oocyte switch (Kerins et al., 2010), and a
combination of fbf single mutants and splicing factor knockdown results in enhanced germline
masculinization, suggesting that the splicing machinery facilitates FBF function in sex

determination (Novak et al., 2015).

One of the many functions of MAPK/ERK signaling pathway in C. elegans is to promote the sperm
fate (Lee et al., 2007b). Hyperactivation of MPK-1 and excessive spermatogenesis were observed
in puf-8; lip-1 as well as in fbf-1; lip-1 genetic backgrounds (Morgan et al., 2010; Sorokin et al.,

2014). In these genetic backgrounds, spermatogenesis was dependent on MPK-1 activity and
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repressed by a small molecule MEK inhibitor U0126 (Morgan et al., 2010; Sorokin et al., 2014).
Activation of MPK-1 in fbf-1; lip-1 genetic background likely results from the loss of FBF-mediated
repression of mpk-1 translation and the loss of LIP-1-mediated post-translational inhibition of

MPK-1(Lee et al., 2007a).

Mechanisms mediating FBF functions

As reviewed in the previous section, in C. elegans germline stem cells, activities of FBF proteins
promote many aspects of healthy stem cell function. The highly conserved RNA-binding domain
of FBF proteins recognizes the same stereotypical consensus binding sites in target mRNAs
(Zhang et al., 1997) and share most of the target RNAs (Porter et al., 2019; Prasad et al., 2016).
Yet, individual FBF proteins have distinct regulatory functions (Voronina et al., 2012). Here we

will survey the recent insights into the factors mediating FBF function.

Protein Cofactors That Change RNA Target Preference

While determination of in vivo FBF targets confirmed FBF preferential association with mRNAs
containing canonical FBF-binding element identified in vitro, many of the identified targets did
not contain the canonical motif, suggesting that FBF binding specificity may be altered in vivo
(Porter et al., 2019; Prasad et al., 2016). Biochemical and structural studies of PUFs in complex
with their partner proteins revealed that several PUF interacting partners can affect the RNA-
binding affinity and specificity of PUF proteins (Figure 1-3A, B). Crystal structure of Nanos-
Pumilio-RNA complex from Drosophila suggested that Nanos embraces Pumilio and RNA,
contributes to sequence-specific contacts, and increases Pumilio affinity for hunchback mRNA
(Malik et al., 2019; Weidmann et al., 2016). By contrast, association of Pumilio with mothers
against dpp (mad) mRNA requires Bam and Bgcn proteins, but not Nanos (Malik et al., 2019). In
C. elegans, both FBF proteins physically interact with CPB-1, a cytoplasmic polyadenylation
element binding protein (Luitjens et al., 2000; Menichelli et al., 2013). The assay investigating
binding of FBF-2 PUF domain to target mRNA in the presence of a 40-amino-acid fragment of
CPB-1 outside of the RNA-binding domain demonstrated that association with CPB-1 fragment
alters FBF’s preference for specific RNA sequences (Campbell et al., 2012; Menichelli et al., 2013).
Additional FBF interaction partners include novel proteins SYGL-1 and LST-1 that are required for
FBF-dependent target mRNA repression in germline SPCs (Brenner and Schedl, 2016; Haupt et al.,
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2019a; Kershner and Kimble, 2010; Shin et al., 2017). Using SEQRS (in vitro selection, high-
throughput sequencing of RNA, and sequence specificity landscapes), analysis of RNA-binding
preference of FBF-2 PUF domain bound to a 150-amino-acid LST-1 fragment containing one of
FBF-binding sites revealed a distinct RNA-binding specificity of the FBF-2/LST-1 complex (Qiu et
al., 2019). Crystal structure of FBF-2 in complex with a 24-amino-acid fragment of LST-1 and an
8-nucleotide RNA oligo isolated by in vitro selection showed that FBF-2 PUF domain changes its
RNA-binding mode to 1:1 association of PUM repeats R4-R5 with GA in positions four and five
(Qiu et al., 2019). However, the structural basis for the changes in the RNA-binding specificity is
not entirely clear since association with LST-1 peptide appeared to weaken FBF-2 affinity for all
tested target sequences (Qiu et al., 2019). Further studies are necessary to understand whether

association with full-length LST-1 has similar effects on FBF-2 binding to its targets.
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Figure 1-3. Modification of FBF biological activity though interactions with protein partners. (A)
On its own, FBF PUF domain binds to target mRNAs containing a canonical 9-nt motif (Wang et
al., 2009; Bhat et al., 2019; Qiu et al., 2019). (B) FBF PUF domain’s RNA-binding specificity can be
influenced by interactions with protein partners such as CPB-1 (Menichelli et al., 2013) and LST-
1 (Qiu et al., 2019). (C) FBFs can repress target mRNAs by recruiting deadenylase complex
(Goldstrohm et al., 2006; Suh et al., 2009). (D) FBFs can promote mRNA polyadenylation by

interacting with the poly(A) polymerase complex (Eckmann et al., 2002; Suh et al., 2009).
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Protein Cofactors That Change PUF Regulatory Outcome

PUF proteins lack enzymatic activity and often mediate their regulatory influence by recruiting
specific cofactors to their target mRNAs (Cho et al., 2006; Cho et al., 2005; Eckmann et al., 2002;
Friend et al., 2012; Goldstrohm et al., 2006; Kadyrova et al., 2007; Sonoda and Wharton, 1999;
Sonoda and Wharton, 2001; Suh et al., 2009). PUF proteins typically reduce expression of their
targets by repressing translation or promoting RNA decay (Cao et al., 2010; Crittenden et al., 2002;
Goldstrohm et al., 2006; Olivas and Parker, 2000; Weidmann and Goldstrohm, 2012; Wreden et
al.,, 1997). This repressive function of PUF proteins in C. elegans and other species can be
mediated by CCR4-NOT deadenylase that promotes RNA deadenylation and decay (Figure 1-3C),
and both FBFs bind deadenylase enzyme CCF-1 (Goldstrohm et al., 2006; Suh et al., 2009). One
alternative repressive mechanism suggested for FBFs relies on PUF domain interaction with

Argonautes resulting in attenuated translational elongation (Friend et al., 2012).

In several cases, PUF proteins appear to activate translation: FBFs are suggested to promote GLD-
1 expression in spermatogenic germline as well as translation of EGL-4 in neurons, while PUF-8
facilitates translation of FARL-11 in germline SPCs (Kaye et al., 2009; Maheshwari et al., 2016;
Suh et al., 2009). A search for cofactors of FBFs uncovered an interaction with poly(A) polymerase
complex identifying one potential mechanism for translational activation (Figure 3D; Eckmann et
al., 2002; Kimble and Crittenden, 2007). FBFs interact with the GLD-3 subunit of GLD-3/GLD-2
cytoplasmic poly(A) polymerase complex (Eckmann et al., 2002). FBFs also interact with the GLD-
2 subunit in the RNA-independent manner, and this interaction is facilitated by formation of a
larger complex including GLD-3 (Suh et al., 2009). Interaction with GLD-3 does not affect FBFs
binding to their target mRNA, and is instead hypothesized to switch the regulatory outcome from

repression to activation (Wu et al., 2013).

Distinct FBF Localization

FBF-1 and FBF-2 are nearly identical in primary sequence, share most of the target mRNAs (Prasad
et al.,, 2016; Porter et al., 2019), and function redundantly in maintaining germline SPCs.
Nevertheless, they differentially affect germline SPC zone size as fbf-2 mutant maintains a larger
SPC zone than the fbf-1 mutant does (Lamont et al.,, 2004). In addition, FBF homologs have

different effects on their target mRNAs: FBF-1 promotes the clearance of target mRNAs required
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for meiosis out of the mitotic region, whereas FBF-2 sequesters target mRNAs while preventing
their translation (Voronina et al., 2012). These differences correlate with FBFs’ localization to
distinct RNA granules. FBF-2 localizes to P granules and requires P granule integrity for its activity,
while FBF-1 localizes to perinuclear RNA granules adjacent to P granules and its activity does not

require P granule integrity (Voronina et al., 2012).

Conclusion and hypothesis

Pumilio and FBF family RBPs have evolved as essential post-transcriptional regulators of stem cell
development in eukaryotes. PUF-mediated RNA regulation is achieved through recognizing target
mRNAs and subsequently changing their rates of degradation or translation. The C. elegans
germline is a powerful model for studying PUF protein function in stem cells. FBF-1 and FBF-2
expressed in C. elegans germline mitotic region are required for many aspects of germline SPCs
development, including SPC proliferation and differentiation. Studies in C. elegans resulted in
considerable advances in understanding the mechanisms regulating diverse biological activities

of FBFs as shown in Figure 1-3.

FBF-1 and FBF-2 are very similar in primary sequence and share most of the target mRNAs, and
yet they have different localization and function in germline SPCs. The next challenge to this field
is to uncover the mechanisms allowing differential activities of FBF homologs in germline SPCs.
In this study, we hypothesize that FBFs’ distinct localization and their differential regulation of
target mRNAs and SPC development are likely influenced by their cooperation with distinct
cellular cofactors. Since FBF proteins that are highly conserved in eukaryotes, elucidating their
regulatory mechanisms will advance our understanding of the role of translational repressors in

controlling stem cell proliferation and differentiation in other organisms, including humans.
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Chapter 2. Splicing Machinery Facilitates Post-
Transcriptional Regulation by FBFs and Other RNA-

Binding Proteins in Caenorhabditis elegans Germline

(This chapter is a modified version of the manuscript published in G3, 2015. doi:
10.1534/g3.115.019315.)

Abstract
Genetic interaction screens are an important approach for understanding complex regulatory

networks governing development. We used a genetic interaction screen to identify cofactors of
FBF-1 and FBF-2, RNA-binding proteins that regulate germline stem cell proliferation in
Caenorhabditis elegans. We found that components of splicing machinery contribute to FBF
activity as splicing factor knockdowns enhance sterility of fbf-1 and fbf-2 single mutants. This
sterility phenocopied multiple aspects of loss of fbf function, suggesting that splicing factors
contribute to stem cell maintenance. However, previous reports indicate that splicing factors
instead promote the opposite cell fate, namely, differentiation. We explain this discrepancy by
proposing that splicing factors facilitate overall RNA regulation in the germline. Indeed, we find
that loss of splicing factors produces synthetic phenotypes with a mutation in another RNA
regulator, FOG-1, but not with a mutation in a gene unrelated to posttranscriptional regulation
(dhc-1). We conclude that inefficient pre-mRNA splicing may interfere with multiple
posttranscriptional regulatory events, which has to be considered when interpreting results of

genetic interaction screens.

Introduction

Whole-genome synthetic interaction screens are used widely to identify functional partners of
genes of interest. Large-scale analyses performed in Caenorhabditis elegans suggest that the
majority of genes fail to produce a phenotype when singly depleted (Kamath and Ahringer, 2003),
partially because of genetic redundancy. Synthetic phenotypes produced by simultaneous
depletion of two genes and not observed in either single mutant often are interpreted as an

indication of functional connections between genes. Synthetic interaction screens are a valuable
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tool to probe the complex regulatory networks. Here, we use synthetic interaction screen to
identify factors contributing to regulation of the network that maintains the balance between

stem cell proliferation and differentiation in the germline.

Caenorhabditis elegans germ cells undergo a stereotypical developmental program that ends in
the production of mature gametes prepared for fertilization (Pazdernik and Schedl, 2013). The
germline functions as an assembly line, where stem cell proliferation and self-renewal occurs at
the distal region in the stem cell niche supported by the activation of GLP-1/Notch signaling
pathway (Kimble and Crittenden, 2007). Meiotic differentiation is triggered as the germ cells are
displaced from the niche (reviewed in Kershner et al., 2014). As germ cells move proximally, they
transit through the stages of meiotic prophase and ultimately form fully differentiated gametes
(sperm or oocytes). In a C. elegans hermaphrodite, germ cells of late larva develop along the male
pathway and form sperm, and germ cells of the adult develop along the female pathway, forming
oocytes. The balance between stem cell self-renewal and differentiation must be carefully
maintained to support tissue development and maintenance. Regulation of stem cell
proliferation and differentiation is characterized by multiple redundancies, feedback and feed-

forward modules, and is also tightly integrated with regulation of germline sex determination.

In C. elegans germline, posttranscriptional mechanisms play a major role in the regulatory
network determining the extent of germline proliferation (Hansen and Schedl, 2013). For
example, the PUF domain RNA-binding proteins FBF-1 and FBF-2 (collectively referred to as FBFs)
maintain germline stem cell fate and prevent meiotic differentiation (Crittenden et al., 2002;
Lamont et al., 2004; Zhang et al., 1997). FBFs repress differentiation-associated mRNAs, which
include genes promoting differentiation/meiotic entry, genes supporting meiotic processes, and
genes associated with spermatogenesis (Crittenden et al., 2002; Merritt and Seydoux, 2010;
Thompson et al.,, 2005). In addition to the FBFs, several splicing factors contribute to the
regulation of the balance of proliferation and differentiation (Belfiore et al., 2004; Kasturi et al.,
2010; Mantina et al., 2009; Wang et al., 2012; Zanetti et al., 2011) . The data to date suggest that
an overall decrease in spliceosomal activity may induce overproliferation of germline, although

the mechanism of splicing factor regulatory contribution remains unknown.
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Germ cell differentiation into sperm or oocytes depends on the germline sex determination
pathway. The developmental switch of C. elegans germline from spermatogenesis to oogenesis
also is under posttranscriptional regulation that determines the number of sperm produced
before the hermaphrodite switches to oogenesis (Crittenden et al., 2002; Francis et al., 1995;
Zanetti and Puoti, 2013). This decision depends on the relative abundance of proteins promoting
male fate (such as FOG-1, FOG-3, and FEM-3) and the proteins promoting female fate (such as
TRA-2 and TRA-3) (reviewed in Zanetti and Puoti 2013). In the L3/L4 larval stages, when C. elegans
hermaphrodites produce sperm, proteins promoting male fate, including FOG-1, are expressed,
whereas the female fate-associated tra-2 is translationally repressed. In the adult hermaphrodite,
germ cells switch from spermatogenesis to oogenesis in response to the translation of the female
fate mRNA tra-2 and translational repression of the male fate mRNA fem-3 (Ahringer and Kimble,
1991). FOG-1 is one of the germline regulatory proteins necessary for sperm development and is
an RNA-binding protein of the cytoplasmic polyadenylation element binding protein (CPEB)
family (Jin et al., 2001b; Thompson et al.,, 2005). FOG-1 promotes proliferation and
spermatogenesis during male as well as hermaphrodite larval development (Barton and Kimble,
1990; Thompson et al.,, 2005). fog-1 is one of the terminal regulators in the germline sex
determination cascade, and loss-of-function mutations in fog-1 cause germline feminization,

which is epistatic to a number of masculinizing mutations (reviewed in Zanetti and Puoti 2013).

Several factors coordinately regulate both the germline stem cell proliferation/differentiation
switch and the spermatogenesis/oogenesis transition. For example, in addition to promoting
stem cell renewal, the FBF proteins also repress protein production from fem-3 and fog-1 mRNAs
(Thompson et al., 2005; Zhang et al., 1997). Indeed, fbf-1 fbf-2 double mutant animals fail to
make oocytes, which results in germline masculinization (Crittenden et al., 2002). fog-1 mRNA is
a direct target of FBFs, its 3-prime untranslated region (3’UTR) contains FBF binding sites that are
necessary for silencing FOG-1 protein expression in the mitotic germ cells (Thompson et al., 2005).
Similarly, loss-of-function mutations in a number of splicing factors cause masculinization of the
germline, possibly through regulation of fem-3 translation (Graham (Graham and Kimble, 1993)

(Belfiore et al., 2004; Kasturi et al., 2010; Kawano et al., 2004; Kerins et al., 2010; Konishi et al.,
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2008; Mantina et al., 2009; Puoti and Kimble, 1999; Puoti and Kimble, 2000; Wang et al., 2012;
Zanetti et al., 2011).

Splicing of pre-mRNA proceeds through the activity of the spliceosome, which is a large and
dynamic protein—RNA complex that assembles on the mRNA in a characteristic step-wise fashion
while progressing from recognition of 5" and 3’ intron boundaries to eventual intron excision (Lee
and Rio, 2015). Efficient splicing is critical to generate a translatable open reading frame, and
additionally plays a role in regulating multiple aspects of RNA metabolism including nuclear
export, mRNA stability, localization, and translational activity (Hachet and Ephrussi, 2004; Nott
et al., 2003; Popp and Maquat, 2014).

In this study, we set out to identify cofactors of FBF-2 by using genetic interaction screening. FBF-
1 and FBF-2 are redundant, and although inactivation of a single gene does not produce a
phenotype, simultaneous inactivation of both fbfs leads to a loss of germline stem cells and
sterility. Previously, we reported that FBF-1 and FBF-2 repress their target mRNAs using distinct
mechanisms (Voronina et al., 2012), which now allows to identify genes required for FBF-2
function. Knockdown of such genes results in sterility only when fbf-1 function is compromised
but not when fbf-2 function is compromised. In this study, we find that knockdown of splicing
factors disrupted FBF function as well as compromised the function of at least one other RNA-
binding protein. We conclude that in addition to their established role in mRNA biogenesis, the

splicing factors act more broadly to maintain efficient translational control of germline mRNAs.

Materials and Methods
NEMATODE CULTURE

C. elegans strains (table 2-1) were derived from Bristol N2 and cultured according to standard

protocols (Brenner 1974) at 15°, 20°, or 24° as indicated.

Table 2-1 Nematode strains used in the study
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Genotype Transgene Description Strain Reference
Transgenes: GFP::H2B::3'UTR

rrf-1(pk1417) axls1772 [pCM1.90] | pie-1 prom:GFP::H2B::fog-1 3'UTR UMT193 This study
rrf-1(pk1417) axls1772 [pCM1.90] I; fbf-1(ok?1) Il pie-1 prom:GFP:H2B::fog-1 3'UTR UMT191 This study
rrf-1(pk1417) axls1772 [pCM1.90] I, fbf-2(q738) Il pie-1 prom:GFP::H2B::fog-1 3'UTR UMT194 This study

Mutant strains; no transgene
dhc-1(or195) |
rrf-1(pk1417) |
rrf-1(pk1417) I; fbf-1(ok91) 1i
rr-1(pk1417) I; fbf-2(q738) 1l
fog-1(g523) rrf-1(pk1417) |

EU828 Hamill et al. 2002

MAH23 Kumsta and Hansen, 2012
UMT186 This study

UMT203 This study

UMT220 This study

RNA INTERFERENCE (RNAI)

RNAi was performed by feeding method, RNAI constructs were derived from Source BioScience
RNA. library (Kamath and Ahringer, 2003) ; all clones were verified by sequencing. Empty vector
pL4440 was used as a negative control throughout the experiments. Three colonies of freshly
transformed RNAi plasmids were combined for growth in LB/Carbenicillin media for 4 hr and
induced with 10 mM Isopropyl B-D-1-thiogalactopyranoside for 2 hr more at 37°. RNAI plates
(NNGM plates containing 75 upg/mL carbenicillin and 0.4 mM Isopropyl B-D-1-
thiogalactopyranoside) were seeded with the pelleted cells. RNAi treatments for genetic
interactions with fbf-1, fbf-2, and fog-1 were performed by feeding the L1 hermaphrodites
synchronized by bleaching with bacteria expressing double-stranded RNA for 70 hr at 24° (fbf-1,
fbf-2) or for 144 hr at 15° (fog-1). RNAIi on strains expressing green fluorescent protein (GFP)-

tagged histone H2B was performed at 24°.
ASSESSMENT OF STERILITY, MASCULINIZATION, AND REPORTER DEREGULATION

Sterility of the treated worms was scored when no embryos were observed in the uterus at day
1 post L4. Masculinization of germlines was assessed after the treated worms were fixed, and
chromatin was stained with 4’, 6-diamidino-2-phenylindole (DAPI); germlines with sperm and no
oocytes were scored as masculinized. Regulation of GFP::H2B::fog-1 3’UTR reporter was assessed
by obtaining images of all germlines with identical exposure settings (2.8 sec). Epifluorescent
images were acquired with an AxioCam MRm camera attached to a Zeiss Axioscop with a 63x
Plan-Apochromat NA 1.4 objective using Zen Blue software (Zeiss). When expression of the
fluorescent reporter was detected in the distal mitotic region, the germline was scored as

“derepressing in stem cells.” To assess reporter overexpression, accumulation of nuclear GFP
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reporter was quantified in five transition zone nuclei per each germline and corrected to
background using Zen Blue. Brightness values were normalized to the average intensity of the
reporter in the rrf-1 background following control RNAI. Image processing was performed in

Adobe Photoshop CS4.
EMBRYONIC LETHALITY ASSESSMENT

RNAi treatments were performed at 15°. Wild-type (N2) or dhc-1(or195ts) animals at the fourth
larval stage were placed on RNAi feeding plates and left overnight. The next day, the adult worms
were transferred into a fresh RNAI plate and incubated for 5 hr before being removed from the
plate. After removal of the adult worms, plates were incubated for 48 hr at 15°, and the number
of unhatched eggs and larval worms on the plate was scored. Embryos were scored as dead or

arrested if they didn’t hatch after at least 2 d after being deposited on the plate.

Results
SPLICING FACTOR RNAI RESULTS IN ENHANCED SYNTHETIC STERILITY WITH MUTANTS OF EITHER
FBF-1 OR FBF-2

To identify possible FBF-2 cofactors and additional genes involved in regulation of the
proliferation/differentiation transition in the germline, we performed an RNAi enhancer screen
of 16 candidate genes predicted to contribute to FBF-2-mediated regulation
(www.geneorienteer.org; Zhong and Sternberg, 2006) as well as a subset of 34 genes predicted
to function in RNA regulation or metabolism and highly expressed during oogenesis (Reinke et
al., 2004). The oogenesis-enriched RNA regulators tested in this study are a part of an ongoing
large-scale genetic interaction screen. We assayed for enhanced sterility in the fbf-1 mutant
background compared with the control strain. Both strains carried a mutation in rrf-1 to
preferentially direct RNAi to germline tissues (Kumsta and Hansen, 2012; Sijen et al., 2001).
Knockdown of three splicing factors, prp-17, Ism-4, and gut-2, resulted in enhanced sterility when
depleted in rrf-1; fbf-1 mutant worms compared with the rrf-1 strain (Figure 2-1A and data not
shown). All three splicing factors were present in the list of predicted FBF-2 cofactors. prp-17 and
gut-2 also belong to the complete oogenesis-enriched RNA regulator gene set that was analyzed

only partially in this study, but likely also had potential to recover splicing factors. The rest of the
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tested clones (47) failed to show enhanced sterility resulting either in completely fertile worms
in both genetic backgrounds or in equal percentages of sterile worms across tested genetic
backgrounds. These results suggest that multiple components of the spliceosome genetically

interact with the fbf-1 mutant.
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Figure 2-1. Splicing factor RNAIi causes enhanced sterility of fbf-1 and fbf-2 mutants. The percentage of
sterile hermaphrodites of the rrf-1, rrf-1; fbf-1 (A) or rrf-1; fbf-2 (B) genotype subjected to the indicated
RNAi treatments. Sterile animals were identified by the absence of embryos in the uterus after 24 hr past
the L4 larval stage. Error bars indicate SEM (from three or four experiments). Asterisks mark the
treatments that caused significant increase in sterility of the double-mutant animals compared to the rrf-

1 mutant (Student’s paired t-test; P < 0.05).
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oocytes

rrf-1; F43G9.12(RNAI)

rrf-1; fbf-1; prp-17(RNAI)
Figure 2-2. Germline masculinization after splicing factor knockdown. Full germlines were dissected and
fixed, and chromatin was stained with DAPI. (A) Control treatment, wild-type germline. (B) rrf-1;
F43G9.12(RNAi), germline with degenerating endomitotic oocytes. (C) rrf-1; fbf-1, prp-17(RNAI),
masculinized germline. The control germline contains all stages of germ cell differentiation, including

oocytes. By contrast, masculinized germline contains mainly spermatogenic cells.

To test whether other components of the splicing machinery genetically interact with fbf-1, we
used RNAi to deplete seven additional splicing factors distributed throughout the splicing
reaction cycle. We chose the genes suggested in previous reports to function in splicing reaction
and focused on those that have previously produced genetic interaction with glp-1, a regulator
of germline proliferation (Kerins et al., 2010; Mantina et al., 2009). Knockdown of six of these
genes resulted in enhanced synthetic sterility in the rrf-1; fbf-1 mutant (which reached statistical

significance in four cases), whereas knockdown of the seventh (teg-4) induced 100% sterility even
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in the rrf-1 strain (Figure 2-1A). Collectively, seven distinct components of the spliceosome

significantly interact with fbf-1 and thus may contribute to FBF-2 function.

We next tested whether the synthetic sterility in the RNAi assays phenocopied that of fbf-1 fbf-2
double mutants, which fail to transition from spermatogenesis to oogenesis (Crittenden et al.,
2002). We determined gamete chromatin morphology in the three treatments (mtr-4, F43G9.12,
and prp-17(RNAI)) that produced high levels of enhanced sterility in the fbf-1 mutant background
(Figure 2-1A). Similar to fbf-1 fbf-2 double mutants, the sterility of rrf-1, fbf-1 worms after splicing
factor depletion was associated with an increased prevalence of masculinized germlines (Figure
2-2C; Table 2-2), in contrast to the fertile germlines containing both oocytes and sperm (Figure
2-2A). The other sterile phenotype was associated with degenerated endomitotic oocytes (Figure
2-2B) and was more prevalent in the rrf-1 background than in rrf-1; fbf-1 background. This
phenotype is not relevant to sex determination or fbf function. These observations suggest that

splicing factors may contribute to fbf-2 activity.

Table 2-2 Germline masculinization in sterile worms after splicing factor knockdown

Strain
' rrf-1 rrf-1; fbf-1 rrf-1; tbf-2
RNA %Mog (n) %Mog (n) %Mog (n)
Control day 1 0 0 0
day 3 0 0 0
mtr-4 day 1 43% (23) 97% (33) 80% (45)
day 3 37% (27) 89% (35) 48% (31)
prp-17 day 1 62% (42) 100% (33) 98% (64)
day 3 47% (15) 87% (46) 93% (29)
F43G9.12 day 1 4% (23) 41% (34) 52% (46)
day 3 0% (26) 56% (34) 25% (56)

Germline masculinization was scored after staining of dissected gonads of sterile
worms with DAPI if formation of sperm but not oocytes was detected. The
animals were fixed and stained on day 1 post-L4 stage (3d) and on day 3 post-L4
stage (5d). In several treatments, percent masculinized germlines decreased on
day 3 post-L4, suggesting that some but not all observed masculinization on day
1 post-L4 was attributable to a delay in the switch to cogenesis. Control RNAi
treatments did not have sterile worms. (n), number of germlines scored.

To test whether splicing factors were selective for fbf-2 or also contribute to fbf-1 function, we
tested whether the splicing factor RNAI is synthetically sterile with the fbf-2 mutation. We found
that knockdowns of two splicing factors, mtr-4 and prp-17, produced significant synthetic sterility
with fbf-2 (Figure 2-1B). In contrast, knockdowns of five genes producing synthetic sterility with

the fbf-1 mutation (rsp-3, teg-1, gut-2, Ism-4, and Ism-7) failed to generate synthetic sterility with
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fbf-2, indicating either specific cooperation of these splicing factors with FBF-2 or a weaker
overall FBF regulation in fbf-1 mutant leading to a greater sensitivity to synthetic interactions.
The synthetic sterility in fbf-2 background was associated with an increased prevalence of
masculinized germlines (Table 2-2). Together, these results suggest that the splicing machinery
contributes to function of both FBF-1 and FBF-2, and depletion of splicing factors promotes

sterility when either FBF-1 or FBF-2 are absent.
SPLICING FACTOR RNAI AFFECTS FBF TARGET REGULATION

Next, we directly tested whether splicing factor RNAi affects FBF function by observing the effect
of splicing factor depletion on an FBF target gene fog-1 (Thompson et al., 2005). Expression of a
transgenic GFP::Histone H2B::fog-1 3’UTR reporter is silenced in the mitotic zones of wild-type,
fbf-1, and fbf-2 worms, but it becomes derepressed in the mitotic zones of fbf-1 fbf-2 double-
mutant germlines (Merritt et al., 2008). Upon splicing factor knockdown, 40-80% of sterile rrf-1;
fbf-1 hermaphrodites derepressed fog-1 3'UTR reporter in the mitotic region (Figure 2-3, A and
B). By contrast, control depletion of the splicing factors in the rrf-1 background did not result in
significant reporter derepression in the mitotic region. These results indicate that depletion of

splicing factors compromises FBF-2 activity in fbf-1 mutant background.
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Figure 2-3 Derepression of FBF target genes upon splicing factor RNA interference (RNAI) in sensitized
backgrounds. (A) Distal gonads of the indicated genotypes expressing a GFP::Histone H2B fusion under
the control of the fog-1 3’UTR after RNAI of the indicated splicing factor genes. Gonads are outlined; white
brackets indicate the position of the transition zone as recognized by the “crescent-shaped” chromatin.
All images were taken with a standard exposure. (B) The percentage of rrf-1 (light gray), rrf-1; fbf-1 (black),
or rrf-1; fbf-2 (dark gray) gonads following indicated RNAi with GFP::H2B::fog-1 3’UTR expression
extending to the distal end. N, number of germlines scored. (C) Background-corrected GFP intensity in
transition zone nuclei (normalized to the average GFP intensity of control RNAi on rrf-1 strain) plotted for
rrf-1 (light gray) and rrf-1,fbf-2 (dark gray) gonads after indicated RNAi treatments. Box plot whiskers
indicate the minimum and maximum intensity values. N, number of germlines scored. Asterisks mark the

treatments that caused significant increase in the reporter intensity of the double-mutant animals

compared to the rrf-1 mutant (Student’s t-test; P < 0.01). Note that the difference between reporter
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fluorescence after F43G9.12(RNAI) in rrf-1 and rrf-1,;fbf-2 backgrounds is significant, although the absolute
value of the increase is small (1.4-fold) and no germlines have fluorescence values twofold higher than

the control. GFP, green fluorescent protein.

To determine whether the splicing factors affect FBF-1 activity, we repeated the same
experiments in the fbf-2 mutant background (Figure 2-3, A and B). Although no treatments
derepressed the transgenic reporter in the distal-most stem cell region, prp-17(RNAi) and mtr-
4(RNAI) resulted in a dramatic increase of fog-1 3'UTR reporter expression in the transition zone
where the cells entered meiosis (Figure 2-3A). Transition zone nuclei expressing fog-1 3’UTR
reporter in the rrf-1; fbf-2 background had on average 1.6 to 3.5 fold more GFP signal compared
to the transition zone nuclei of the control germlines (Figure 2-3C; P < 0.01, Student’s t-test).
Thus, knockdown of splicing factors may limit FBF-1 activity in the fbf-2 mutant background.
These results are consistent with previous findings that splicing factors mog-1 and mog-6 repress

expression of fem-3 3’UTR reporter in somatic cells (Gallegos et al., 1998).
SPLICING FACTOR RNAI ENHANCES FEMINIZATION OF FOG-1(TS) MUTANT

Our results indicate that loss of splicing factors enhances the single fbf mutant phenotype and
that, like the fbfs, splicing factors are required for stem cell maintenance. However, previous
studies suggested that a decrease in splicing factor activity instead leads to the opposite
phenotype: overproliferation and formation of synthetic germline tumors in combination with a
weak gain of function allele of glp-1 (Kerins et al., 2010; Mantina et al., 2009; Wang et al., 2012).
Because of these opposing combinatorial effects, we hypothesize that the role of splicing factors
in germline stem cell proliferation and differentiation extends beyond generating specific splice
isoforms of the stem cell maintenance regulators. We suggest the splicing factors act more

broadly to maintain efficient translational control of germline mRNAs.

To test whether splicing factors are broadly required for RNA regulation, we took advantage of
the fog-1(q253ts) mutant, which leads to failure of sperm production at the restrictive
temperature of 25° but permits spermatogenesis at 15° (Barton and Kimble, 1990; Jin et al.,
2001a). The level of FOG-1 expression is tightly controlled and correlates with sperm number

produced by the hermaphrodite (Barton and Kimble, 1990; Lamont and Kimble, 2007) ; therefore,
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any defect in FOG-1 function would be manifested in decreased or absent sperm production. If
the normal function of splicing factors is to act with the fbfs to promote oogenesis, splicing factor
knockdown would still cause masculinization in the fog-1(ts) background at the permissive
temperature, where FOG-1(ts) is functional. Alternatively, if splicing factor knockdown disrupts
RNA regulation in general rather than selectively affecting fbf function, it would produce

synthetic feminization of the fog-1(ts) mutant at the permissive temperature.

Knockdown of splicing factors at permissive temperature failed to masculinize rrf-1 fog-1(ts)
strain. By contrast, RNAI of all tested splicing factors in rrf-1 fog-1 background produced some
level of synthetic feminization; this feminization reached statistical significance in three cases
(Figure 2-4E). Feminized phenotypes included arrested oocytes characteristic of fog-1 loss of
function (sometimes disorganized) and ovulated unfertilized oocytes, indicating defects in
spermatogenesis (Figure 2-4, B-D). In some cases, feminization was incomplete, and small
amounts of sperm were produced before a switch to oogenesis detected by the presence of two
to three embryos in the adult’s uterus followed by ovulated or arrested oocytes. None of these
phenotypes was observed in fog-1(ts) worms exposed to the control RNAI, in nonmasculinized
rrf-1 mutant worms exposed to splicing factor RNAI, or in previous reports of splicing factor
mutants. Because splicing factor knockdown may lead to either synthetic masculinization (fbf
mutant background) or synthetic feminization (in fog-1(ts) background), the function of splicing
factors in germline sex determination is not specific to the FBFs or oogenesis. Instead, we
conclude that the functional splicing cascade facilitates RNA regulation carried out by multiple

regulatory proteins in the germline.
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Figure 2-4 Defective spermatogenesis in fog-1(ts)
mutants treated with splicing factor RNA
interference (RNAI). (A) Normal germline, containing
both oocytes and sperm. (B-D) A range of
phenotypes caused by splicing factor RNAi in fog-1(ts)
strain at permissive temperature includes arrested,
disorganized, or ovulated oocytes. Each panel
indicates the corresponding RNAI treatment. (E) The
percentage of fog-1(ts) hermaphrodites showing
spermatogenesis defects following indicated RNAI
treatments. Error bars indicate SEM (from three or
four experiments). Asterisks mark the treatments
that caused significant increase in defective
spermatogenesis compared to the control plL4440
RNAI (P < 0.05; corrected for multiple comparisons).
Control and experimental groups were compared by
one-way analysis of variance (P = 0.0002), followed
by post-test comparison of treatments to control by
the Dunnett multiple comparison test. N, number of

hermaphrodites scored.
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SPLICING RNAI DOES NOT ENHANCE EMBRYONIC LETHALITY OF DHC-1(OR195TS)

One potential consequence of splicing factor knockdown is general deterioration of all cellular
functions; in that case, it would be expected to worsen the phenotype of any loss-of-function
mutation, especially those that affect cell viability. To test whether a partial loss of function
mutation would be nonselectively enhanced by depletion of splicing factors, we tested our panel
of splicing factor RNAI in a strain carrying the temperature-sensitive $3200L mutation in the
motor subunit of dynein, dhc-1(or195ts) (Hamill et al., 2002). This mutation causes embryonic
lethality at 25° because of failure of mitotic spindle alignment, chromosome congression defects,
and mitotic spindle collapse within 1 min of temperature upshift; thus, the phenotype most likely
does not involve changes in posttranslational regulation of gene expression (Schmidt et al., 2005).
We expect that if splicing factor depletion causes nonspecific loss of viability and enhances
reduction-of-function mutation phenotypes, the embryonic lethality of dhc-1(ts) would be
enhanced at the permissive temperature. Conversely, if splicing factor depletion primarily affects
RNA regulation, the embryonic lethality of dhc-1(ts) would be equal either to the lethality of

untreated dhc-1(ts) or to the lethality of splicing factor-depleted wild-type control.

RNAi knockdowns of mtr-4, F43G9.12, Ism-4, Ism-7, gut-2, and teg-1 resulted in lethality similar
to that observed in dhc-1(ts) treated with control RNAi. Knockdowns of cacn-1, prp-17, and rsp-
3 showed pronounced embryonic lethality, albeit equal between N2 and dhc-1(ts) strains treated
with splicing factor RNAi (Figure 2-5). teg-4(RNAi) caused small but statistically significant
enhancement of embryo lethality in the dhc-1(ts) mutant. Because the severity of the lethality
caused by combined teg-4(RNAi) and dhc-1(ts) is close to the sum of the effects of the two
perturbations individually, this effect appears additive rather than synthetic. We conclude that
in the majority of cases splicing factor knockdowns do not exacerbate a developmental defect

unrelated to RNA regulation.
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type control (Student’s paired t-test; P = 0.007).

Discussion

Here, we demonstrate that reduction in the activity of the splicing pathway in C. elegans germline
disrupts multiple processes that depend on posttranscriptional control of gene expression. This
destabilization of RNA regulation is uncovered by genetic interaction assays that identify splicing
factor knockdowns as genetic enhancers of partial loss-of-function mutations in RNA-binding
proteins. We suggest that an important function of the splicing pathway is to facilitate RNA
regulation in general, which includes regulation by PUF-family translational repressors FBFs.
Regulation of germline stem cell balance between proliferation and differentiation as well as
spermatogenesis to oogenesis transition is centered at the posttranscriptional level. Our
hypothesis explains the observations that reduction of splicing factor function may exacerbate
defects that lead to opposite phenotypic outcomes such as masculinization and feminization; or
overproliferation and stem cell loss. In our study, the strains that are mutant for RNA-binding
proteins don’t show sterility, sex determination, or reporter misexpression phenotypes unless
splicing factors are knocked down. This suggests that the enhanced phenotypes resulting from a
combination of RNA-binding protein mutation with splicing factor knockdown reflect a synthetic

interaction rather than an additive effect.
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Synthetic interactions observed in this and other studies likely do not result from missplicing of
one specific transcript, because splicing factor knockdowns produce opposite synthetic
phenotypes depending on the genetic background (tumor vs. loss of stem cells; masculinization
vs. feminization). Indeed, so far, no specific missplicing events accounting for overproliferation
or masculinization phenotypes of the majority of splicing factor mutants have been identified
(Puoti and Kimble, 1999; Belfiore et al. 2004; Kasturi et al. 2010; Zanetti et al. 2011), although
general defects in splicing have been suggested (Zanetti et al. 2011). Export of unspliced tra-2
MRNA and aberrant cytoplasmic splicing resulting in accumulation of a dominant-negative
protein is thought to cause masculinization after depletion of exon junction complex components
mag-1 and Y14 (Shiimori et al., 2013). However, cytoplasmic leakage of unspliced tra-2 mRNA
was not a consequence of a general splicing defect, and was not observed upon depletion of

other splicing factors.

Despite the essential contribution of splicing to gene expression, splicing factor knockdowns
change gene expression patterns in germline rather than cause tissue degeneration. This is likely

due to a partial loss-of-function produced by splicing factor RNAi treatments.
TRANSLATIONAL REPRESSION

The switch from spermatogenesis to oogenesis in the adult depends in part on translational
repression of fem-3 mRNA by FBF proteins (Zhang et al. 1997). Splicing factor genes mog-1, mog-
4, and mog-5 were isolated in the screen for mutations that disrupt the sperm to oocyte switch
(Graham and Kimble 1993; Graham et al. 1993). A transgenic reporter expressed in the somatic
tissues and regulated by fem-3 3’UTR was used previously to assess the role of mogs in the
translational control of fem-3 (Gallegos et al. 1998). In wild-type animals, the reporter was
expressed only weakly, but in the mog mutant background, significant derepression was
observed in somatic tissues. The conclusion that mog genes contribute to fem-3 translational
repression in the somatic tissues also was presumed true for the germline, although the

mechanism of regulatory input by MOG proteins remained unclear (Gallegos et al. 1998).

We find that disruption of splicing factor genes by RNAi derepresses a germline-expressed fog-1

transgenic reporter, which is normally silenced by FBF activity in stem cells. We observed two
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types of derepression: expression of the reporter throughout distal mitotic region and up-
regulation of the reporter expression in meiotic cells (typically along with reporter expression in
some but not all mitotic cells). Up-regulation of the fog-1 reporter in meiotic cells is reminiscent
of the regulation of another FBF target, FEM-3. Normally, FEM-3 is expressed in the primary
spermatocytes, but several conditions disrupting fem-3 regulation by the FBFs lead to an
expansion of FEM-3 expression to pachytene, but not to the stem cell region (Zanetti et al., 2012).
We observed fog-1 reporter derepression in the backgrounds where one of two fbf genes was
mutated, but rarely in the wild-type background worms subjected to splicing factor RNAi. We
hypothesize that combined residual activity of FBF-1 and FBF-2 upon splicing factor depletion in
the wild-type background is sufficient to maintain FBF-mediated target repression in germline
stem cells. Why then did the previous study find somatic fem-3 reporter derepression in splicing
factor mutants despite the presence of both FBF-1 and FBF-2 (Gallegos et al. 1998)? Both FBFs
are predominantly expressed in the germline, and the baseline somatic activity of these proteins
is much lower than the germline activity. This marginal activity of FBFs that represses fem-3 3’UTR
reporter in somatic tissues is further reduced by mutation in splicing factors causing fem-3
reporter derepression. By contrast, in germline, the level of FBF protein and activity are greater,
so that one of the genes has to be mutated for the splicing factor RNAi to have an effect.
Combined, our and previous results suggest that deficient splicing activity leads to disruption of

translational control by FBFs.
SPLICING FACTORS AND SEX DETERMINATION

One of the synthetic phenotypes observed upon splicing factor RNAi in the fbf mutant
background is masculinization of the germline. Germline masculinization was reported for single
mutants of several splicing factors, including prp-17 (Kerins et al. 2010). In addition, we observed
synthetic masculinization after mtr-4(RNAi) and F43G9.12(RNAi), that were not reported to
produce masculinization when depleted singly (Kerins et al. 2010). If splicing machinery were
specifically required to work with FBFs (directly or indirectly), splicing factor RNAi would result in
masculinization independent of genetic background. Instead, we observed that splicing factor
RNA. of fog-1(ts) animals at the permissive temperature was associated with weak but significant

synthetic feminization of germline indicative of fog-1 loss of function. We hypothesize that the
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temperature-sensitive mutation in the RNA-binding domain of FOG-1 renders it sensitive to the
ribonucleoprotein (RNP) assembly defects resulting from inefficient splicing activity. Previous
studies of splicing factors in sex determination found that feminizing null mutations in fog-1, fog-
3, and fem-3 are epistatic to masculinization of germline observed in splicing factor mutants
(Graham and Kimble, 1993; Kerins et al., 2010; Wang et al., 2012). Genetically, it suggests that
splicing factors function upstream of the fog/fem genes. However, we find that knockdowns of
splicing factors instead enhance weak fog-1 mutation, suggesting that in addition to regulating

FOG-1 production, splicing machinery is important for FOG-1 function.
HOW DO SPLICING FACTORS CONTRIBUTE TO GENE REGULATION?

We propose that the splicing process contributes to efficient posttranslational control of mature
spliced mRNA. Disruption of the splicing cascade may lead to defects in the assembly of
messenger RNPs, which then fail to undergo normal cytoplasmic regulation. Therefore, the
effects of mild splicing disruption will be most pronounced in systems heavily reliant on the
posttranscriptional control of gene expression, such as C. elegans germline, and readily manifest
in the sensitized mutant backgrounds. Some splicing factors remain associated with the spliced
transcript, such as the exon junction complex, or EJC (Kataoka et al., 2000; Le Hir et al., 2000,
reviewed in ; Le Hir and Séraphin, 2008). Although the core of the EJC persists during RNP
maturation, peripherally associated components change as the messenger RNP is exported from
the nucleus and regulated in the cytoplasm. Splicing-dependent deposition of the EJC plays a
profound role in mMRNA metabolism, regulating nuclear export, nonsense-mediated decay,
efficiency of translation, and RNA localization (Ghosh et al., 2012; Ghosh et al., 2014; Hachet and
Ephrussi, 2004; Popp and Maquat, 2014). One possibility is that deposition of EJC or similar

complexes is disrupted by the treatments reducing overall splicing efficiency.

SPLICING FACTOR KNOCKDOWN SPECIFICALLY ENHANCES MUTATIONS AFFECTING RNA
REGULATION

Our results suggest that down-regulation of splicing pathway enhances the phenotypes caused
by defects in RNA regulation but not embryonic lethality resulting from disruption of cytoplasmic

dynein. Similarly, a whole-genome synthetic interaction screen for genes contributing to function
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of mel-28 failed to retrieve splicing factors as genetic interactors (Fernandez et al., 2014). MEL-
28 is a conserved component of nuclear pores needed for reestablishment of nuclear envelope
after cell division and is not expected to contribute to RNA regulation. In the same vein, mutation
in splicing factor teg-4 does not enhance weak /in-12 mutations interfering with Notch signaling
in the anchor cell/vulval precursor cell fate decision, despite showing genetic interactions with
pathways regulating the balance between germ cell proliferation and differentiation (Mantina et
al., 2009). By contrast, splicing factors were isolated as enhancing the phenotype of lin-35
Retinoblastoma homolog (Ceron et al., 2007), whose regulatory targets are under extensive
posttranscriptional control (Grishok et al., 2008; Grishok and Sharp, 2005). Additionally, splicing
factors were isolated in synthetic screens for the enhancers of germline overproliferation
phenotype in the sensitized backgrounds of weak glp-1(gf) (Kerins et al., 2010; Mantina et al.,
2009; Wang et al., 2012). Together, these data suggest that the processes involving RNA

regulation are likely to produce genetic interaction with splicing factors.

The broad contribution of splicing to posttranscriptional control needs to be taken into account
when interpreting results of large-throughput genetic enhancer screens. We recommend to take
genetic screen results identifying splicing factors as enhancers of a particular mutant phenotype
as an indication that posttranscriptional gene regulation plays a major role in the process under
investigation. However, in absence of other supporting evidence, genetic interaction most likely
reflects a broad role for the splicing factors in maintaining efficient RNA regulation rather than
specific contribution to the function of the gene mutated to sensitize a strain to genetic

interaction.
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Chapter 3. Dynein light chain DLC-1 promotes
localization and function of the PUF protein FBF-2 in

germline progenitor cells

(This chapter is a modified version of the manuscript published in Development, 2016. DOI:

10.1242/dev.140921)

Abstract
PUF family translational repressors are conserved developmental regulators, but the molecular

function provided by the regions flanking the PUF RNA-binding domain is unknown. In C. elegans,
the PUF proteins FBF-1 and FBF-2 support germline progenitor maintenance by repressing
production of meiotic proteins and use distinct mechanisms to repress their target mRNAs. We
identify dynein light chain DLC-1 as an important regulator of FBF-2 function. DLC-1 directly binds
to FBF-2 outside of the RNA-binding domain and promotes FBF-2 localization and function. By
contrast, DLC-1 does not interact with FBF-1 and does not contribute to FBF-1 activity.
Surprisingly, we find that the contribution of DLC-1 to FBF-2 activity is independent of the dynein
motor. Our findings suggest that PUF protein localization and activity are mediated by sequences
flanking the RNA-binding domain that bind specific molecular partners. Furthermore, these

results identify a new role for DLC-1 in post-transcriptional regulation of gene expression.

Introduction

Translational control is essential for numerous processes in development and learning, and it also
impacts disease progression (Brinegar and Cooper, 2016). The PUF family of proteins is an
important class of RNA-binding regulatory proteins that are conserved in most eukaryotes
(Quenault et al.,, 2011). PUF family regulators promote translational repression and/or
degradation of target mRNAs by directly binding conserved elements in the 3’ untranslated
region (UTR). PUF proteins often assemble with their target mRNAs and other translational
regulators into RNA granules, cytoplasmic structures lacking a membrane boundary. For example,
rat PUM2 and human PUM1 are found at stress granules, the sites of storage of translationally

repressed mRNAs (Morris {Morris, 2008, Ribonomic analysis of human Pum1 reveals cis-trans
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conservation across species despite evolution of diverse mRNA target sets}et al., 2008; Vessey et

al., 2006).

To repress target mRNAs, PUF proteins are assembled in protein complexes with other co-
regulator proteins (Miller and Olivas, 2011). The composition of PUF repressive complexes and
the molecular mechanisms resulting in translational repression vary among organisms, tissue
types and mRNA targets. Additionally, several negative regulators of PUF activity have been
documented, including a kinase that inhibits PUF activity by phosphorylation, as well as proteins
that inhibit PUF protein-mRNA interactions (Miller and Olivas, 2011). Most known regulatory
interactions involve the conserved PUF RNA-binding domain, despite the fact that the regions
flanking the RNA-binding domain are required for full PUF activity (Muraro et al., 2008;
Weidmann and Goldstrohm, 2012). There are no reports of PUF protein interactors that promote

PUF subcellular localization or binding to the target mRNA.

In the germline of adult Caenorhabditis elegans, germ cells are arranged in a stereotypic
progression, with stem cells located at the distal mitotic region and differentiating cells in a more
proximal position (Pazdernik and Schedl, 2013). Cells displaced by division from the stem cell
niche switch from proliferation to differentiation and enter meiosis, eventually forming
differentiated gametes at the proximal end of the germline. C. elegans hermaphrodites produce
sperm during late larval development and switch to oogenesis upon reaching adulthood. The
balance between stem cell proliferation and differentiation supports stem cell maintenance and
continued gamete production. Germline stem cell proliferation is regulated at the level of post-
transcriptional control of gene expression (Kimble and Seidel, 2013). The regulatory network
governing stem cell proliferation is closely integrated with the control of the switch from

spermatogenesis to oogenesis (reviewed by Hansen and Schedl, 2013).

C. elegans germline stem cell maintenance depends on the activity of two conserved PUF family
proteins, FBF-1 and FBF-2 (Zhang et al., 1997). In the absence of both FBF-1 and FBF-2, all cells in
the mitotic zone precociously enter meiosis after the L4 stage of development when maintained
at 20 °C (Crittenden et al., 2002), but are maintained in a mitotic state if grown at 25 °C (Merritt

and Seydoux, 2010). FBF-1 and FBF-2 recognize the same motif present in the 3’ UTR of their
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target mRNAs in vitro and form complexes with largely the same mRNAs in vivo (Bernstein et al.,
2005; Merritt and Seydoux, 2010; Prasad et al., 2016). Despite high similarity between FBF-1 and
FBF-2 (89% identity at the amino acid level) and apparent redundancy in their control of the
switch from spermatogenesis to oogenesis, single fbf-1 and fbf-2 mutants have distinct
phenotypes, suggesting that these genes play unique roles (Lamont et al., 2004). By examining
the effects of single mutants on target mRNAs, it has been shown that FBF-1 inhibits
accumulation of the target mRNAs in the mitotic zone and FBF-2 primarily represses mRNA
translation (Voronina et al., 2012). In addition, only FBF-2 localizes to the germ cell-specific
subtype of RNA granules called P granules, and this localization is required for the function of
FBF-2 (Voronina et al., 2012). By contrast, FBF-1 does not localize to P granules and functions
independently of these structures. The basis for these functional differences is not understood,

but could involve interactions with distinct protein partners.

In this study, we report the identification of DLC-1 as a prominent regulator of FBF-2 localization
and function. DLC-1 homologs (known as LC8 family proteins) were first described as subunits of
the cytoplasmic dynein motor complex that traffics organelles, proteins and RNAs towards
microtubule minus ends (reviewed by Vale, 2003; Medioni et al., 2012; Roberts et al., 2013).
More recently, LC8 proteins have emerged as ‘hub’ proteins that support assembly of protein
complexes beyond the dynein motor (Rapali et al., 2011b). Direct DLC-1-FBF-2 interaction
promotes FBF-2 localization to P granules and also promotes FBF-2 function. The DLC-1-FBF-2
complex functions in a dynein motor-independent manner. DLC-1 binds FBF-2 outside of the
RNA-binding domain, and does not interact with FBF-1. Our work suggests that the regions
flanking the FBF-2 RNA-binding PUF domain regulate FBF-2 localization through a specific
molecular interaction. In addition, our results identify DLC-1 as a new player in post-

transcriptional control of gene expression in development.

Materials and Methods
NEMATODE CULTURE AND GENETICS

C. elegans strains were derived from Bristol N2 and cultured as per standard protocols (Brenner,

1974) at 20°C or 24°C (if containing a transgene). FX14547 dlc-1(tm3153)/hT2 Il was obtained
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from the National Bio-Resource Project (Japan), outcrossed to wild type, and rebalanced with a
GFP-marked gqC1 balancer to generate UMT222. dlc-1(tm3153) results in a maternal-effect
embryonic lethal phenotype. Homozygous dlc-1(tm3153) mutants produce both sperm and
oocytes; however, oocytes in diakinesis have unpaired chromosomes similar to the dlc-1(RNAi)

phenotype (Dorsett and Schedl, 2009; Figure 3-1D) and result in dead embryos upon fertilization.
GENERATION OF TRANSGENIC AND GENETICALLY MODIFIED ANIMALS

All transgene constructs were generated by Gateway cloning (Thermo Fisher Scientific);
additional information is in the supplementary Materials and Methods. Transgene insertion into
universal Mosl insertion sites was confirmed by PCR spanning homology region. The
CRISPR/Cas9 co-conversion genome-editing approach (Arribere et al., 2014, Paix et al., 2014) was
used to generate a 26-amino acid C-terminal deletion in endogenous fbf-2; mutants were
identified by PCR genotyping screening and verified by restriction enzyme digest and Sanger
sequencing. Two mutant lines generated by CRISPR/Cas9 approach were outcrossed six times

with wild type before analysis.
IMMUNOLOCALIZATION AND MICROSCOPY

Adult hermaphrodites were washed in M9 and germlines were dissected on poly-L-lysine treated
slides, covered with a coverslip to ensure attachment to slide surface, and flash-frozen on
aluminum blocks chilled on dry ice. The samples were fixed for 1 min in 100% methanol (-20°C)
followed by 5 min in 2% electron microscopy-grade paraformaldehyde in 100 mM K2HPO4 pH
7.2 at room temperature. The samples were blocked for at least 30 min in PBS/0.1% bovine
serum albumin (BSA)/0.1% Tween 20. All primary antibody incubations were overnight at 4°C; all

secondary antibody incubations were for 2 h at room temperature.
IMAGING

Epifluorescence images were acquired with a Leica DFC3000G camera attached to a Leica
DM5500B microscope with a 40x PL FLUOTAR NA1.3 objective using LAS-X software (Leica).
Confocal images were obtained on Olympus FluoView FV1000 confocal mounted on an inverted

IX81 microscope. Image processing was performed in Adobe Photoshop CS4.
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IMMUNOBLOTTING

To determine the effect of dic-1(RNAi) on FBF-2 levels, synchronized cultures of GFP::FBF-2(wt)
were exposed to either dlc-1 or control RNAI. Lysates were separated on 7.5% SDS-PAGE gels
(Bio-Rad), and proteins were transferred to Immobilon-P PVDF membrane (EMD Millipore). After
blocking in TBS/0.1% Tween 20/5% non-fat dry milk, the blots were probed with antibodies
diluted in blocking solution. Antibodies are described in supplementary Materials and Methods.
Blots were developed using Luminata Crescendo Western HRP substrate (EMD Millipore) and

recorded on ChemiDoc MP Imaging System (Bio-Rad).
IMMUNOPRECIPITATION

Immunoprecipitation was performed as previously published (Voronina and Seydoux, 2010). The
amount of proteins pulled down with and without RNase A treatment was compared by spectral
counting label-free quantification (Bantscheff et al., 2007). See supplementary Materials and

Methods for further details.
RNAI

RNAiI clones were either obtained from the Source BioScience RNAi library (Kamath and Ahringer,
2003) or generated by PCR amplification and cloning of genomic sequences into the plL4440
vector. Empty vector plL4440 was used as a control throughout the experiments. All plasmids
were verified by sequencing and transformed into HT115(DE3) Escherichia coli. Three colonies of
freshly transformed RNAI plasmids were combined for growth in LB/75 pg/ml carbenicillin media
for 4 h, and induced with 10 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 2 h at 37°C.
RNAI plates (NNGM plates containing 75 pg/ml carbenicillin and 0.4 mM IPTG) were seeded with
the pelleted cells. RNAi treatments were performed by feeding the L1 hermaphrodites
synchronized by bleaching with bacteria expressing double-stranded RNA for 3 days at 24°C.
Sterility of the treated worms was scored when no embryos were observed in the uterus 1 day
post L4. Masculinization of germlines was assessed after the treated worms were fixed and
chromatin was stained with DAPI. Regulation of the GFP::H2B::fog-1 3'UTR reporter after RNAI

was assessed by imaging dissected germlines (Novak et al., 2015).
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GST PULLDOWN ASSAY

For GST pulldown, cleared cell extracts of 6x-His-FBF proteins were added directly to GST-DLC-1
bound glutathione-Sepharose beads in 2mM Tris pH 7.5, 500 mM NaCl, 10 mM beta-
mercaptoethanol, 1 mg/ml BSA, 0.1% Triton X-100 and 1x protease inhibitor cocktail (Roche).
Binding reactions were incubated at 15°C for 3 h and washed for four times with 10 mM Tris pH
7.5, 150 mM NaCl, 0.1% NP-40 and 1 mg/ml BSA. For elution, beads were heated to 80°C in
sodium dodecyl sulfate sample buffer and 10 mM dithiothreitol. See supplementary Materials

and Methods for details of recombinant protein production.
FLUORESCENCE POLARIZATION ASSAY

Fluorescein-labeled RNA oligonucleotide [5'-(FIc)UCAUGUGCCAUAC-3’; FBEal13; Qiu et al., 2012]
was synthesized by Sigma-Aldrich. Polarization at each protein concentration was measured after
incubation at room temperature for 40 min using a Biotek Synergy 2 plate reader, and
dissociation constants were determined by GraphPad Prism. See supplementary Materials and

Methods for further details, including recombinant protein production.

Results

IDENTIFICATION OF FBF-2-CONTAINING COMPLEXES

To identify novel protein co-factors important for FBF-mediated regulation in germline stem cells
of C. elegans, we affinity purified FBF-2 protein complexes. We used anti-GFP antibodies to
immunoprecipitate GFP::FBF-2 fusion protein expressed as a rescuing transgene in nematodes
mutant for the endogenous fbf-2 gene (data not shown). To test whether any FBF-2
ribonucleoprotein complex components associate with FBF-2 in an RNA-dependent manner, we
immunoprecipitated GFP::FBF-2 in the presence of RNase A (data not shown), and analyzed both
RNA-dependent and RNA-independent interactors. Proteins co-purifying with FBF-2 were
identified by mass spectrometry. Among the proteins co-purified with FBF-2, many are RNA-
binding proteins or splicing factors (Table 3-1). Other co-purifying proteins likely represent
contaminants resulting from very high expression levels (for example, VIT-6/vitellogenin and

UNC-54/myosin; data not shown). Four of the identified proteins were previously isolated with
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glutathione S-transferase (GST)-tagged FBF-2 from C. elegans lysates by GST pulldown (Friend et
al.,, 2012). Proteins identified in negative controls (immunoprecipitations of GFP alone) or as
abundant contaminants were excluded from consideration, leaving a smaller list of FBF-2-
associated proteins; however, this approach does not guarantee that all contaminants were
excluded (Mellacheruvu et al., 2013). Using this approach, we generated a list of candidate FBF-

2 co-regulators for follow-up analysis (data not shown).

Table 3-1 Proteins that co-purify with FBF-2 and are implicated in RNA regulation, cell signaling or

intracellular trafficking

Coverage RNase
Protein  (%)* sensitive? Comment
FBF-2 42 No Immunoprecipitation target
DLC-1 26 No Dynein light chain
GLD-1 23 Yes KH-domain RNA-binding protein
PAR-5 15 No 14-3-3 domain protein
CGH-1 12 Yes DEAD-box helicase
DAZ-1 10 No RNA-binding protein
RACK-1 9 Yes Stress granule component
RSP-3 7 Yes R/S rich, splicing factor
GLH-3 3 No DEAD-box helicase, P granule

component

CACN-1 3 Yes Cactin, splicing factor

*Calculated by dividing the number of amino acids in all peptides identified by
mass spectrometry by the total number of amino acids in the entire protein
sequence.

A GENETIC SCREEN IDENTIFIES DLC-1 AS A POTENTIAL CO-REGULATOR OF FBF-2

We next performed a genetic screen to identify potential FBF-2 co-regulators inactivation of
which causes synthetic enhancement of sterility in an fbf-1 loss-of-function [abbreviated as fbf-
1(If)] background, compared with the wild-type and fbf-2(If) backgrounds. Knockdown of the
genes selectively required for FBF-2 function is expected to cause enhanced sterility when fbf-1
is compromised, but not when FBF-1 is available to compensate for a disruption of FBF-2 activity.
The knockdown experiments were performed in strains mutant for rrf-1 to preferentially direct
the effects of RNAI to the germline and avoid the indirect effects of depleting gene function in

the somatic cells (Sijen et al., 2001; Kumsta and Hansen, 2012). These experiments focused on
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FBF-2 ribonucleoprotein (RNP) components with function related to RNA regulation, but included
a number of other proteins identified in the co-immunoprecipitations. Out of knockdowns of 21
candidates, two, dlc-1(RNAi) and rsp-3(RNAi), reproducibly showed increased sterility in the fbf-
1(If) background, but not in either wild-type or fbf-2(If) backgrounds (data not shown). This study
focuses on the investigation of the synthetic phenotype with the LC8-type dynein light chain dlc-

1. Analysis of synthetic phenotypes with rsp-3 was described elsewhere (Novak et al., 2015).
DLC-1 CONTRIBUTION TO FBF-2 FUNCTION IS INDEPENDENT OF THE DYNEIN MOTOR

DLC-1 was first described as an LC8-type subunit of the dynein motor complex (Pfister et al., 1982);
however, extensive dynein-independent functions of DLC-1 have also been identified (Herzig et
al., 2000; Rapali et al., 2011b). To investigate whether other components of the dynein motor
complex contribute to FBF-2 activity, we tested for their genetic interaction with fbf-1(If). All 23
annotated C. elegans subunits of dynein and dynactin (dynein activity regulator and cargo
adapter) complexes were depleted in fbf-1(If) background and assayed for sterility (Figure 3-1A).
We find that only a single additional knockdown, dynein intermediate chain dyci-1(RNAi), showed
significantly increased sterility in the fbf-1(If) background (P<0.05, paired Student's t-test).
Additionally, we found that RNAi of one of the dynein motor subunits, DHC-1, caused equally
high sterility across the tested backgrounds (Figure 3-1A, B). Knockdown of dlc-1 is expected to
disrupt both dynein-dependent and dynein-independent cellular functions; however,
knockdowns of the other dynein complex subunits affect the motor function without disrupting
motor-independent functions of DLC-1. The lack of genetic interactions between fbf-1(If) and the
majority of dynein motor subunits suggest that DLC-1 might promote the function of FBF-2

independently of the dynein motor.

43



A Percent sterility

0o 20 4 e 8 B .
> dhc-1 l J o rrf-1
§ che-3 u rrf-1; fbf-1
< dhe-3 = @ rrf-1; fbf-2
_ dhc-4 = 601
£ %
0 N -t
€ dyci-1 *p=0.013 g :
; 5 30+
£ di-1 @
£ xbx-1 ]
dlc-1 * h=0.024 0- .
& Ao P dhc-1 dlc-1 dyci-1
g o el RNAI treatment
= —'d/C-3/4_ C 90
g  dic-5/6 i pry
=4 . - u rrf-1; fbf-1
© ayro-1 s £ ) 4. N
z 8 Ees  17f-1; fbf-2
o
w dylt-1 T
38 dylt-2 N
dyit-3 ' 330
& dyla-1 e £
X
dnc-1
-2 0 33 ' 151718 = 271720 413431 N
< control dlc-1 dhc-1 dyci-1
§ Hoce p=0.15 RNAI treatment
g dnc-4 a rrf-1
© m rrf-1; fbf-1

wild type

«e
F

fbf-1;dlc-1(RNAI) fof-1;dyci-1(RNAI)

Figure 3-1 DLC-1 is required for FBF-2 function independent of the dynein motor complex. (A) The
percentage of sterile hermaphrodites in the rrf-1 and rrf-1; fbf-1 genetic backgrounds following RNAi
treatments targeting various subunits of the dynein motor as indicated on the y-axis. Data are represented
as mean * s.e.m. from three or four experiments scoring 25-60 worms per treatment. If a knockdown

appeared to cause enhanced sterility in the rrf-1; fbf-1 background, the differences between strains'
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response to that RNAi were evaluated for statistical significance by Student's paired t-test; P values are
shown next to the treatment pairs, and significant differences are indicated by asterisks. (B) The
percentage sterility in the rrf-1, rrf-1; fbf-1 and rrf-1; fbf-2 genetic backgrounds after the indicated RNAI
treatments. Plotted are mean  s.e.m. from three or four experiments as in A. Asterisks mark the
significant differences between genetic backgrounds in sterility caused by RNAi (P<0.05; corrected for
multiple comparisons). The effects of each RNAi treatment on different strains were compared by one-
way ANOVA [P<0.001 for dlic-1(RNAi); P>0.1 for both dhc-1 and dyci-1(RNAI)], followed by post-test
comparison by Tukey's multiple comparison test. (C-F) Germline masculinization was observed after dlc-
1 knockdown. (C) Masculinization was scored after staining dissected gonads of sterile worms with DAPI
1 day post-L4 stage if formation of sperm but not oocytes was observed. The percentage of masculinized
germlines is plotted for the rrf-1, rrf-1; fbf-1 and rrf-1; fbf-2 genetic backgrounds after the indicated RNAi
treatments. Treatment of rrf-1 and rrf-1; fbf-1 mutants with control RNAi did not produce sterile worms.
n, number of germlines scored (shown below the bars). (D) rrf-1; dic-1(RNAi), germline with small oocytes.
(E) fbf-1,; dlc-1(RNAi), masculinized germline. (F) Control treatment, wild-type germline. (G) fbf-1; dyci-
1(RNAI), germline with degenerating endomitotic oocytes. Insets in D, F and G are magnified views of
DAPI-stained oocyte chromatin. Inset in E shows magnified view of sperm chromatin. Regions enlarged in

the insets are marked in panels D, F,G by dashed boxes. Scale bars: 10 um.

We further tested whether FBF-2 function was affected in the genetic backgrounds with reduced
dhc-1 and dlc-1 function using a hypomorphic temperature-sensitive (ts) mutation dhc-1(or195)
and a deletion loss-of-function (If) allele dlc-1(tm3153) (Hamill et al., 2002; this paper). We find
that 78% of fbf-1(If); dic-1(If) double mutants are sterile. This is a specific synthetic phenotype as
98% of dlc-1(If) single mutants and fbf-2(If); dic-1(If) double mutants are fertile and produce dead
embryos (Table 3-2). By contrast, the dhc-1(ts); fbf-1(If) double mutants grow to fertile adults
when cultured from L1 larvae at the permissive temperature, and display similar penetrance of
sterile adults and dead embryos at the restrictive temperature (Table 3-2). We conclude that dlc-
1, but not dhc-1, shows significant genetic interaction with fbf-1, which is consistent with DLC-1

contributing to FBF-2 function.
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Table 3-2 Synthetic sterility of fbf-1; dlc-1 mutants

Genotype and temperature Sterile (%)* n

dlc-1(tm3153) 20°C 242 156
fbf-1(ok91); dlc-1(tm3153) 20°C 78+12 231
fbf-2(q738); dlc-1(tm3153) 20°C 142 180
dhc-1(or195); fbf-1(0k91) 15°C 4x1% 181
dhc-1(or195) 15°C 5x1% 158
dhe-1(or195); fbf-1(ok91) 20°C 342 245
dhc-1(or195) 20°C 2+0.4 185
dhc-1(or195); fbf-1(0k91) 24°C 1041 210
dhc-1(or195) 24°C 8+2 153

*Sterile animals were identified by the absence of embryos in the uterus >24 h
past the L4 larval stage, unless otherwise noted. Meanzs.d. shown. n, number
of animals scored.

*Animals grown at 15°C were analyzed 2 days post L4.

We next tested whether sterility observed after knockdown of three dynein subunits (dlc-1, dhc-
1 and dyci-1) resulted from the same defect as in fbf-1 fbf-2 double mutants, which fail to initiate
oogenesis following initial spermatogenesis, resulting in masculinized germlines (Crittenden et
al., 2002). By identifying chromatin morphology characteristic of spermatogenesis or oogenesis,
we find that sterility of rrf-1; fbf-1 worms following dlc-1(RNAi) was associated with a significant
degree of masculinization (Figure 3-1C,E). By contrast, dlc-1(RNAi) in other genetic backgrounds
and control RNAi in all backgrounds still allowed oocyte formation (Figure 3-1C,D,F). Furthermore,
we observed that masculinization was the cause of sterility observed in fbf-1,; dlc-1 double
mutant animals (Table 3-3). Knockdowns of the other dynein components dhc-1 and dyci-1 in rrf-
1, rrf-1; fbf-1 and rrf-1; fbf-2 backgrounds did not cause significant masculinization. The sterility
in dhc-1 and dyci-1(RNAi)-treated animals results from formation of small oocytes that became
endomitotic (Figure 3-1 C,G). These results indicate that FBF-2 requires dlc-1 and not dhc-1 or

dyci-1 for function, and that FBF-1 does not require either of these.

Table 3-3 Masculinization of fbf-1; dlc-1 mutant germlines

Genotype Masculinized (%) n

dlc-1(tm3153) 0 27
fbf-1(0k91); dlc-1(tm3153) 89 28
fbf-2(q738); dlc-1(tm3153) 4 23

Animals were grown at 20°C, fixed and stained for gamete identification >24 h
post L4 stage. n, number of animals scored.
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Taken together, these results indicate that DLC-1 has a specific role in FBF-2 regulatory activity.
As DLC-1 is the only subunit of the dynein motor that is required for FBF-2 function promoting
oogenesis, we hypothesize that DLC-1 cooperation with FBF-2 is independent of the role of DLC-
1 in the dynein motor complex. In the following experiments, we focus on testing the
contribution of dlc-1 to FBF-2-mediated regulation and include dynein motor subunit dhc-1
knockdown to further substantiate the conclusion that the dynein motor does not affect FBF-2

function.
DLC-1 IS REQUIRED FOR FBF-2-MEDIATED RNA REGULATION

FBFs act as translational repressors by binding the 3’UTRs of their target mRNAs (Kimble and
Seidel, 2013). We tested whether knockdown of dlc-1 affected regulation of FBF target genes
repressed in the mitotic region. fog-1 is an FBF target that contains FBF regulatory sites in its
3'UTR (Thompson et al., 2005). A transgenic reporter, GFP::H2B::fog-1 3'UTR, recapitulates
repression of fog-1 in the distal cells and becomes derepressed in a fbf-1 fbf-2 double mutant
background (Merritt et al., 2008). Upon dlc-1(RNAi), we observed derepression of the reporter in
54% of gonads of fbf-1(If) mutant background, but not in the control genetic backgrounds (Figure
3-2A,C). By contrast, dhc-1(RNAi) did not produce significant derepression in any genetic
background, consistent with a dynein motor-independent role for DLC-1 in promoting FBF-2

function.
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Figure 3-2 Knockdown of dlc-1 affects FBF-2 regulatory function. (A) The percentage of rrf-1 (light gray),
rrf-1; fbf-1 (black) or rrf-1; fbf-2 (dark gray) gonads following the indicated RNAi with GFP::H2B::fog-1
3’UTR expression extending to the distal end. n, number of germlines scored (shown below the bars). (B)
The percentage of dlc-1, fbf-1; dic-1 and fbf-2; dlc-1 gonads showing HTP-1/2 staining extending to the
distal end. n, number of germlines scored (shown below the bars). (C) Distal gonads of the indicated
genotypes expressing a GFP::Histone H2B fusion under the control of the fog-1 3’UTR after the indicated
RNAi treatments. Gonads are outlined; vertical dashed lines indicate the beginning of the transition zone
as recognized by the ‘crescent-shaped’ chromatin. All images were taken with a standard exposure. (D)
Distal gonads of the indicated genotypes following dlc-1(RNAi) immunostained for the synaptonemal
complex proteins HTP-1 and HTP-2 (the antibody recognizes both proteins; Martinez-Perez et al., 2008).

Gonads are outlined; vertical dashed lines indicate the beginning of transition zone. Scale bars: 10 um.

HTP-1 and HTP-2 are two highly homologous HORMA domain meiotic proteins that are silenced
by the FBFs in the mitotic region (Merritt and Seydoux, 2010). We observed ectopic expression
of endogenous HTP-1 and HTP-2 in 87% of dlc-1; fbf-1 hermaphrodites compared with 18% and
8% derepression in dic-1 and dlc-1; fbf-2, respectively (Figure 3-2B,D). We conclude that dlc-1;
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fbf-1 mutants display the same range of defects as observed in fbf-1 fbf-2 mutants, consistent

with conclusion that dlc-1 is required for fbf-2 activity.
DLC-1 PROMOTES FBF-2 LOCALIZATION TO P GRANULES

In the distal mitotic cells, FBF-2 is localized to perinuclear foci overlapping with P granules, and
this localization is required for FBF-2 activity (Voronina et al., 2012). Because DLC-1 is required
for FBF-2 regulatory activity, we tested whether DLC-1 played a role in FBF-2 localization to P
granules. Using RNAI, we found that DLC-1 knockdown prevents FBF-2 localization to P granules
in both wild-type and fbf-1(If) backgrounds (Figure 3-3A, first and second rows). By contrast, FBF-
1 still localizes to perinuclear foci adjacent to but rarely overlapping with P granules (Figure 3-
3B). We found that FBF-2 protein levels are not affected by dlc-1(RNAi) (Figure 3-3C). We

conclude that DLC-1 is required to localize FBF-2 to P granules.
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Figure 3-3 DLC-1 is required for FBF-2 localization. (A, B) Confocal images of the mitotic zone of gonads
following the indicated RNAi treatments double immunostained for the P granule component PGL-1
(green) and FBF-2 or FBF-1 (red). DNA is in blue. Scale bars: 5 um. (C) Western blot of whole worm lysates
following the indicated RNAi treatments. GFP::FBF-2 protein abundance does not decrease in the dlc-

1(RNAI) or dhc-1(RNAi) backgrounds. Tubulin is used as a loading control.

We next tested whether depletion of the dynein motor subunit DHC-1 or dynein intermediate
chain DYCI-1 would affect FBF-2 protein localization. We found that following dhc-1(RNAi) or dyci-
1(RNAI), FBF-2 still localized to perinuclear P granules (Figure 3-3A, third and fourth rows). The
levels of FBF-2 protein were not affected by dhc-1(RNAi) (Figure 3-3C). The effectiveness of dhc-
1(RNAI) was verified by western blotting for endogenous DHC-1 (data not shown). We conclude

that FBF-2 localization to P granules does not depend on dhc-1 or dyci-1.
DLC-1 1S BROADLY DISTRIBUTED IN THE CYTOPLASM AND OVERLAPS WITH P GRANULES

If DLC-1 is involved with dynein motor-independent activities, the localization of DLC-1 is
expected to be different from that of DHC-1. To compare the distribution of DLC-1 and DHC-1
proteins in the germline, we generated a single-copy FLAG-tagged transgene of DLC-1, which
rescues dlc-1(If), and co-stained FLAG::DLC-1 with either endogenous DHC-1 (Gdnczy et al., 1999)
or the GFP::DHC-1 transgene (Gassmann et al., 2008). Both approaches yielded similar results.
DHC-1 was observed, as previously reported, in perinuclear patches in the transition zone (Sato
et al., 2009) and at the nuclear envelope in pachytene (Figure 3-4A). By contrast, DLC-1 showed
a broad diffuse distribution across the germline, overlapping with DHC-1, but without detectable
enrichment at the sites of DHC-1 accumulation (Figure 3-4 A-C). We conclude that the differential

localization of DLC-1 and DHC-1 supports the proposed motor-independent functions of DLC-1.
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Figure 3-4. DLC-1 overlaps both P granules and DHC-1 patches. (A) Expression of GFP::DHC-1 and
FLAG::DLC-1 in a wild-type germ line. (B) In mitotic cells, FLAG::DLC-1 is broadly distributed and overlaps
with P granules. A cropped image of a single P granule is shown below. (C) In meiotic cells (transition zone),
FLAG::DLC-1 overlaps with both P granules and GFP::DHC-1 patches. GFP::DHC-1 patches do not colocalize
with P granules. A cropped image of a P granule adjacent to a GFP::DHC-1 patch is shown below. Scale

bars: 10 um (A); 5 um (B,C, top panels); 0.5 um (B,C, bottom cropped images).

If DLC-1 is bound to FBF-2, a fraction of DLC-1 might be observed in P granules. Indeed, we find
that FLAG::DLC-1 is present within P granules in both the mitotic region and the transition zone
(Figure 3-4B,C, insets). DLC-1 was not particularly enriched in P granules compared with overall
cytoplasmic background. Additionally, we observed foci of DLC-1 that did not coincide with either
P granules or DHC-1 patches. As DLC-1 overlaps with both P granules and DHC-1 patches, we

conclude that DLC-1 might support function of both protein complexes.

To test whether DLC-1 localization to P granules depends on FBF-2 or dynein motor components,
we documented DLC-1 localization following RNAi-mediated knockdown of FBFs, DHC-1 or DYCI-

1. We find that DLC-1 overlaps P granules in all conditions tested, suggesting that DLC-1
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localization to P granules is not affected by the dynein motor or the presence of FBF-2 (data not

shown).
DLC-1 BINDS FBF-2 IN VITRO

To test whether the interaction between DLC-1 and FBF-2 is direct, we performed GST pulldown
assays with recombinant GST-tagged DLC-1 and His-tagged FBF-2 and FBF-1. We found that His-
tagged FBF-2, but not His-tagged FBF-1, binds GST-DLC-1 in vitro (Figure 3-5A). FBF-1 and FBF-2
are highly similar, and their differences are focused in four ‘variable regions’, three of which map
outside of the RNA-binding domain (Figure 3-5B). We hypothesized that the interaction between
FBF-2 and DLC-1 depends on the sequences in variable regions (VRs). To test which variable
region(s) are important for FBF-2 binding to DLC-1, we created chimeric FBF-1 proteins, referred
to as SWAP constructs that contained a single FBF-2 variable region each (Figure 3-5B). VR1, VR2
and VR4 of FBF-2 were each found to be sufficient to mediate interaction with DLC-1 when
transferred to FBF-1 (Figure 5C). LC8-type dynein light chains interact with linear peptide
sequences of their direct targets that possess a relatively weak (D/S)KX(T/V/1)Q(T/V)(D/E)
sequence motif; however, some interacting targets significantly deviate from this motif (Rapali
etal., 2011a; Bodor et al., 2014). FBF-2 does not contain this sequence motif in the VRs mediating
the interaction with DLC-1. We thus focused on the amino acids that differ between FBF-1 and
FBF-2 in VR1 and VR2, and mutated them individually to identify the residues that contribute to
the interaction between FBF-2 and DLC-1 (data not shown). Binding of FBF-2(VR1) to DLC-1 can
be disrupted by a single mutation, P28A, and binding of FBF-2(VR2) to DLC-1 can be disrupted by
either deleting Y139 and G140, or by mutating S136 and K137 to either asparagines (to imitate
FBF-1) or alanines (data not shown). FBF-2(VR4) maps to the C-terminal tail, which is completely
different from that of FBF-1. C-terminal truncation of VR4 by removing 26 amino acids completely
prevents VR4 from binding DLC-1 (data not shown). Combining these substitutions in VR1 and
VR2 with the VR4 truncation in the context of the wild-type FBF-2 generated an FBF-2 mutant
that was no longer able to bind DLC-1 in vitro (Figure 3-5C). For simplicity, we refer to this mutant

as FBF-2vrm.
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Figure 3-5 FBF-2 binds DLC-1 in vitro. (A) GST-DLC-1 (Coomassie) was assayed for binding to full-length 6x-

His-FBF-2 or 6x-His-FBF-1 (detected by western blotting). (B) Schematics of FBF-1 and FBF-2 proteins;
variable regions 1-4 and RNA-binding domain are indicated. SWAP chimeric proteins were generated by
transferring individual variable regions from FBF-2 to FBF-1. (C) Identification of the FBF-2 variable regions
responsible for the interaction with DLC-1 using GST-pulldown analysis analogous to panel A. SWAP
chimeric proteins are indicated on the right of the blots. FBF-2vrm contains mutations in variable regions
1, 2 and 4 in the background of wild-type FBF-2 (P28A, S136A, K137A, deleted YG139-140, deleted amino
acids 607-632). (D) FBF-2vrm binds to the labeled oligonucleotide with the same affinity as the wild-type
protein (Kd of 2.99 uM and 2.91 uM, respectively; P=0.964). Meants.e.m. is shown.

We next tested whether the RNA-binding activity of FBF-2 was affected by the mutations that
prevent the interaction with DLC-1. FBF-2 binding to RNA oligonucleotides with its recognition
motif has been well characterized in vitro (Crittenden et al., 2002; Qju et al., 2012). Typically, the
FBF-2 RNA-binding domain is expressed and assayed in isolation, but as mutations in FBF-2vrm

are all outside of the RNA-binding domain, we expressed full-length FBF-2wt and FBF-2vrm to
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characterize their binding to a fluorescently labeled target RNA oligonucleotide in vitro. Using
fluorescence polarization, we found that FBF-2wt and FBF-2vrm bind to their target
oligonucleotide with similar affinities (Kd of 2.99 uM and 2.91 uM, respectively; Figure 3-5D) that
are not significantly different from one another (P=0.964). We conclude that mutations
preventing FBF-2 interaction with DLC-1 do not lead to general protein misfolding and do not

affect FBF-2vrm RNA binding in vitro.
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Figure 3-6 Interaction with DLC-1 is required for the localization and function of FBF-2 in vivo. (A) Left
panels: confocal images of GFP::FBF-2vrm and GFP::FBF-2wt expression in distal germ cells double
immunostained with the antibodies to the P granule component PGL-1 (green) and to GFP (red). Right

panels: lower-magnification confocal images of GFP::FBF-2vrm and GFP::FBF-2wt expression in the distal
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end of the germline immunostained for GFP (red); gonads are outlined. DNA is in blue. (B,C) Full gonads
of sterile fbf-1(If) fbf-2(tr) mutants following control or dyci-1(RNAi) treatment stained with DAPI to reveal
chromatin morphology. (B) Control germlines: excess sperm (dotted bracket) and no oogenesis. (C) dyci-
1(RNAI): small oocytes that become endomitotic. (D) Quantification of germline masculinization of fbf-1(If)
fbf-2(tr) mutants following control or dyci-1(RNAi). The average percentage of masculinization is
significantly reduced in the dyci-1(RNAi) treatment compared with control (P<0.01 by Student's t-test).
Meants.d. is shown. (E) Working model of DLC-1 supporting FBF-2 activity. Wild-type FBF-2 binds to DLC-
1 via variable regions 1, 2 and 4. This binding promotes FBF-2 localization to P granules. Mutations in FBF-
2 that preclude its association with DLC-1 interfere with FBF-2 localization to P granules and function.

Scale bars: 5 um (A); 10 um (B,C).

BINDING OF DLC-1 IS REQUIRED FOR FBF-2 LOCALIZATION TO PERINUCLEAR FOCI IN VIVO

To determine the effect of DLC-1 binding on FBF-2 localization in vivo, we generated a transgene
expressing GFP::FBF-2vrm and compared its localization in the germline with that of the wild-
type GFP::FBF-2. As previously reported, wild-type GFP::FBF-2 localized to P granules in the distal
cells (Figure 3-6A). By contrast, GFP::FBF-2vrm, which lacks the ability to interact with DLC-1,
loses its enrichment in perinuclear P granules (Figure 3-6A) and localizes to cytoplasmic
aggregates similar to wild-type GFP::FBF-2 in the absence of DLC-1 (Figure 3-3A). We conclude

that a direct interaction with DLC-1 is necessary for FBF-2 localization to perinuclear P granules.

DIRECT INTERACTION WITH DLC-1 PROMOTES FBF-2 FUNCTION

P granule localization contributes to FBF-2 function (Voronina et al., 2012). Thus, we predict that
FBF-2vrm will show decreased ability to complement the genetic loss of fbf-2. As expected, a
complementation assay showed that the GFP::FBF-2vrm transgene exhibits a partial loss of
function, and rescues the sterile fbf-1 fbf-2 double mutant to fertility in 81% of the progeny. By
contrast, wild-type GFP::FBF-2 rescues sterility of fbf-1 fbf-2 double mutant in 97% of progeny
(Table 3-4).
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Table 3-4 Transgenic rescue of fbf-1 fbf-2 phenotypes and phenotype of fbf-2(tr) mutant in an fbf-1 loss-

of-function background

Sterile (%) n

fbf-1(If) fbf-2(If)+transgene

No transgene 100 61

gfp::fof-2(wt) 3 90

gfp::fbf-2(vrm) 19 803
Genotype

fbf-1(If) 0 419

fbf-1(If) fbf-2(tr) line 1 12 313

fbf-1(If) fbf-2(tr) line 2 10 232

Sterility was scored under dissecting microscope by the absence of embryos in
the uterus >24 h past the L4 larval stage at 24°C. n, number of animals scored.

To test whether the DLC-1-binding regions are important in the context of the endogenous
protein, we truncated 26 C-terminal amino acids from the endogenous fbf-2 using CRISPR/Cas9.
This mutation, designated fbf-2(tr), removed one of the three DLC-1-binding sites and was
generated in the fbf-1 mutant background to allow functional analysis of the truncated FBF-2
without compensation by fbf-1 function. We find that fbf-1(If) fbf-2(tr) strains produce on
average 11% sterile progeny when cultured at 24°C, suggesting that the truncated FBF-2 protein
is not fully functional (Table 3-4). Chromatin staining of the sterile fbf-1(If) fbf-2(tr)
hermaphrodites indicates that sterility is due to a failure to initiate oogenesis during
development, consistent with disruption of FBF function in the germline (Figure 3-6B). Multiple
DLC-1 binding sites might serve to increase overall affinity of FBF-2 for DLC-1 in a manner similar
to other proteins with multiple LC8-binding motifs (Nyarko et al., 2013). We conclude that

removing one of three DLC-1 binding sites affects FBF-2 activity in vivo.
DYNEIN MOTOR-RELATED DLC-1 FUNCTION COMPETES WITH FBF-2-RELATED FUNCTION

All data thus far indicate that DLC-1 functions with FBF-2 independently of its function with the
dynein motor. To test further whether these functions are separable, we sought to determine
whether the dynein motor and FBF-2 might compete for DLC-1 and thus antagonize each other.
If true, release of DLC-1 from the dynein motor would be expected to result in enhanced motor-

independent function of DLC-1. We took advantage of the partial loss of function of the fbf-2(tr)
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mutant, in which interaction of FBF-2(tr) with DLC-1 is weakened. If DLC-1 functions in a motor-
independent manner, additional DLC-1 released from the dynein motor would promote more
efficient FBF-2-DLC-1 complex formation and thus rescue FBF-2(tr) function and oocyte
formation. By contrast, if FBF-2 requires dynein motor function, disruption of the motor by dyci-

1(RNAI) should further compromise FBF-2(tr) function and enhance germline masculinization.

We released DLC-1 from the motor complex by knockdown of dynein intermediate chain dyci-1.
Knockdown of dyci-1 resulted in a significant decrease of germline masculinization compared
with the control (Figure 3-6 C,D). This rescue of oocyte formation upon disruption of the motor
complex, as opposed to enhancement of masculinization, is consistent with DLC-1 functioning

with FBF-2 independently of the dynein motor.

Discussion

This study supports three main conclusions that advance our understanding of PUF protein
activity regulation. First, we reveal that the regions flanking the PUF RNA-binding domain
regulate FBF-2 localization and activity through a specific interaction. Direct association of FBF-2
with DLC-1 is required for FBF-2 concentration in perinuclear P granules and promotes FBF-2
function (Figure 3-6E). Second, by identifying and characterizing the first selective interacting
partner of FBF-2 (versus FBF-1) we are able to improve our understanding of the basis for the
observed differences between FBF-1/FBF-2 localization and regulatory activity. Third, our data
show that the function of DLC-1 in promoting FBF-2 activity is independent of the role of DLC-1
in the dynein motor complex. Although dynein-independent functions of DLC-1/LC8 proteins
have been noted before, this study is the first report describing dynein-independent role of DLC-

1/LC8 in post-transcriptional control of gene expression.
ASSOCIATION WITH DLC-1 IS REQUIRED FOR FBF-2 LOCALIZATION

PUF proteins are conserved regulators of gene expression in development. Their core RNA-
binding domain is required but not sufficient for translational repression (Deng et al., 2008;
Muraro et al., 2008; Weidmann and Goldstrohm, 2012). Drosophila Pumilio and mammalian
Pum2 have glutamine/asparagine-rich domains that might impact their association with RNA

granules, but the mechanism of localization and its relevance to PUF activity are unclear (Vessey
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et al., 2006; Salazar et al., 2010). Our work identifies DLC-1 as the first molecular partner recruited
through binding sites outside of the FBF-2 RNA-binding domain. Interaction with DLC-1 plays a
crucial role in FBF-2 localization to perinuclear foci associated with P granules. DLC-1 does not

appear to influence the stability of FBF-2 as DLC-1 knockdown does not affect FBF-2 protein levels.

How does association with DLC-1 change the spatial distribution of its binding partner? One
possibility is that DLC-1 recruits FBF-2 to P granules by interacting with other P granule
components. However, immunostaining indicates that DLC-1 overlaps with P granules, but is not
enriched in P granules compared with the rest of the cytoplasm, suggesting that it is unlikely to
target FBF-2 to P granules. An alternative is that DLC-1 forms a complex with FBF-2 in the
cytoplasm, which then facilitates stabilization of the disordered regions of FBF-2, forming a
scaffold for interaction with other protein partners to mediate recruitment to P granules. DLC-1
is expressed throughout the C. elegans germline (Dorsett and Schedl, 2009 and Figure 3-4), with
a broader distribution than the motor DHC-1, and is available to form a complex with FBF-2 in

germline progenitor cells.
DLC-1 IS AN INTERACTOR SPECIFIC FOR FBF-2

FBF-1 and FBF-2 are similar and partially redundant translational repressors important for C.
elegans stem cell maintenance. Despite their sequence similarity and association with similar
mRNA targets, FBF-1 and FBF-2 show distinct localization patterns in germ cells (Lamont et al.,
2004; Voronina et al., 2012). Additionally, single mutants of fbf-1 and fbf-2 have opposite effects
on the size of the mitotic region of the germline and distinct effects on their shared target mRNAs
(Lamont et al., 2004; Voronina et al., 2012). These differences might be due to FBF-1 and FBF-2
interacting with distinct protein partners, and in this study we identify DLC-1 as the first
interacting partner specific for FBF-2 over FBF-1. FBF-1 does not interact with DLC-1, and the
localization and activity of FBF-1 are not affected by the presence of DLC-1. It is possible that FBF-
1 assembles with its own specific binding partner(s) to facilitate its respective localization and

function.

LC8 proteins associate with their partners through symmetrical binding sites formed at the two

edges of the LC8 dimer interface and are able to interact with a diverse set of partner peptides
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(Barbar, 2008; Rapali et al., 2011b). LC8 binding motifs are short linear peptides, often found in
intrinsically disordered segments. All three DLC-1-interacting motifs in FBF-2 are located outside
of the well-structured RNA-binding domain and are predicted by the PrDOS algorithm to be
disordered (Ishida and Kinoshita, 2007) at a 2% false-positive rate. The N-terminal DLC-1 binding
sites are not well conserved in nematode FBF homologs. However, C-terminal extension found in
FBF-2, but not FBF-1, is also present in the FBF-1/2 homologs from Caenorhabditis japonica and
briggsae, suggesting that the interaction with DLC-1 might be conserved. Because none of these
regions matches to a consensus DLC-1/LC8-binding site, it would be informative improve our

understanding of the structural basis of the FBF-2—DLC-1 association in the future.

DLC-1 PROMOTES FBF-2 ACTIVITY INDEPENDENT OF THE DYNEIN MOTOR

Cytoplasmic motors contribute to post-transcriptional regulation of gene expression. For
example, the dynein motor complex is required for asymmetric RNP localization during
Drosophila oogenesis and early embryogenesis (Wilkie and Davis, 2001; Bullock and Ish-Horowicz,
2001; Duncan and Warrior, 2002). Our results argue that DLC-1 contributes to FBF-2 function
through a dynein motor-independent mechanism. The strongest evidence leading to this
conclusion is that releasing DLC-1 from the dynein motor complex alleviates the phenotype of
the truncated FBF-2(tr) lacking one of DLC-1 interaction sites. We hypothesize that DLC-1
promotes FBF-2 function by binding to FBF-2 and changing FBF-2 folding or assembly with other

proteins.
DLC-1 AS AN ALLOSTERIC REGULATOR OF PROTEIN FUNCTION

LC8 proteins are highly conserved through evolution and contribute to a variety of biological
processes (reviewed by Barbar, 2008). LC8 proteins function as regulatory hubs that promote
assembly of protein complexes by interacting with short linear motifs of their binding partners
(Rapali et al., 2011b). Structurally, binding of LC8 facilitates folding of its partners and increases
their alpha-helical content (Nyarko et al., 2004; Bodor et al., 2014). The stabilized alpha-helices

could then provide a binding interface for assembly of LC8 partners into larger protein complexes
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or otherwise allosterically modify their function. Further research is needed to elucidate whether

FBF-2 association with DLC-1 changes FBF-2 structure or integration in a larger protein complex.
DLC-1 IN RNA REGULATION

Is the dynein-independent contribution of DLC-1/LC8 to localization and function of RNA-binding
proteins conserved? Similar to C. elegans FBF-2, the Drosophila RNA-binding protein Egalitarian
(Egl), which is important for asymmetric RNP localization, binds the LC8 dynein light chain Dlc,
and this association is required for Egl function (Navarro et al., 2004). Interestingly, a mutation
in Egl that disrupts its binding to Dlc does not affect Egl association with the dynein motor adapter
BicD. This Egl mutant might be tethered to the dynein motor yet non-functional (Navarro et al.,
2004). Similar to FBF-2, the Egl mutant that is unable to bind Dlc can still associate with its RNA

target in vitro (Dienstbier et al., 2009).

We propose that DLC-1/LC8 interactions with RNA-binding proteins might impact their regulatory
output in a motor-independent fashion, analogous to what we observed for FBF-2. Our work adds
post-transcriptional regulation of gene expression to the long list of LC8 functions. This finding
opens new directions for further inquiry, such as what other RNA-binding proteins and mRNAs
are found in association with DLC-1/LC8 and how association with DLC-1/LC8 affects regulatory

activity of its partners.
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Chapter 4. Antagonistic control of C. elegans germline
stem cell proliferation and differentiation by PUF

proteins FBF-1 and FBF-2

(This chapter is a manuscript in revision.)

Abstract
Stem cells support tissue maintenance, but the mechanisms that balance the rate of stem cell

self-renewal with differentiation at a population level remain uncharacterized. We find that two
PUF family RNA-binding proteins FBF-1 and FBF-2 have opposite effects on C. elegans germline
stem cell dynamics: FBF-1 restricts the rate of meiotic entry, while FBF-2 promotes both cell
division and meiotic entry rates. Antagonistic effects of FBFs are mediated by their distinct
activities towards the shared set of target mRNAs, where FBF-1 destabilizes target transcripts
and FBF-2 promotes their accumulation. FBF-1-mediated post-transcriptional control requires
the activity of CCR4-NOT deadenylase, while FBF-2 is deadenylase-independent. These regulatory
differences depend on protein sequences outside of the conserved PUF family RNA-binding
domain. We propose that the combined FBF-1 and FBF-2 activities balance stem cell division rate

with meiotic entry.

Introduction

Adult tissue maintenance relies on the activity of stem cells that self-renew and produce
differentiating progeny (Morrison and Kimble, 2006). It is essential that self-renewal be balanced
with differentiation to preserve the size of the stem cell pool over time. One simple model
achieving this balance is an asymmetric division that always produces a single stem cell daughter
and a daughter destined to differentiate (Chen et al., 2016). Alternatively, tissue homeostasis can
be controlled at a population level (Simons and Clevers, 2011), where some stem cells are lost
through differentiation while others proliferate, with both outcomes occurring with the same
frequency. Such population-level control of stem cell activity is observed in the C. elegans
germline (Kimble and Crittenden, 2007). However, the mechanisms of population-level balance

of stem cell proliferation and differentiation in the adult tissues are largely unclear.
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The C. elegans hermaphrodite germline is a robust system to explore the mechanisms
coordinating stem cell proliferation and differentiation. It is maintained by a stem cell niche that
supports about 200-250 mitotically-dividing stem and progenitor cells at the distal end of the
gonad (collectively called SPCs, Figure 4-1A, Cii). A single somatic distal tip cell serves as a stem
cell niche and activates the GLP-1/Notch signaling necessary for SPC pool maintenance (Austin
and Kimble, 1987), which in turn supports germline development (Hansen and Schedl, 2013). As
germline stem cells move proximally away from the niche, they differentiate by entering meiotic
prophase and eventually generate gametes near the proximal gonad end. Mitotic divisions of
SPCs are not oriented and there doesn’t appear to be a correlation between the position of cell
divisions distributed throughout the SPC zone and the position of cells undergoing meiotic entry
at the proximal end of the zone (Crittenden et al., 2006; Fox et al., 2011; Jaramillo-Lambert et al.,
2007; Maciejowski et al., 2006).

Analysis of C. elegans germline stem cell maintenance identified a number of genes affecting SPC
self-renewal and differentiation (Hansen and Schedl, 2013).Genes essential for self-renewal
include GLP-1/Notch and two highly similar Pumilio and FBF (PUF) family RNA-binding proteins
called FBF-1 and FBF-2 (Austin and Kimble, 1987; Crittenden et al., 2002; Zhang et al., 1997).
Genetic studies of stem cell maintenance led to a model where a balance of mitosis- and meiosis-
promoting activities maintains tissue homeostasis (Hubbard and Schedl, 2019), but the
regulatory mechanism coordinating proliferative SPC activity with meiotic entry remained
elusive.

Importantly, SPC cell cycle is distinct from that of most somatic stem cells. One characteristic
feature of C. elegans germline SPC cell cycle is a very short G1 phase (Fox et al., 2011; Furuta et
al., 2018), reminiscent of the short G1 phase observed in embryonic stem cells (ESCs, (Becker et
al., 2006; Kareta et al., 2015; White and Dalton, 2005). Mouse and human ESCs maintain robust
cell division rates supported by cell cycle with a short G1 phase while the length of S and G2
phases is similar to that observed in differentiated mouse somatic cells (Becker et al., 2006; Chao
et al., 2019; Kareta et al., 2015; Stead et al., 2002). Despite the abbreviated G1 phase, ESCs
maintain S and G2 checkpoints (Chuykin et al., 2008; Stead et al., 2002; White and Dalton, 2005).

Similarly, C. elegans SPCs retain G2 checkpoints despite the shortened G1 phase (Butuci et al.,
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2015; Garcia-Muse and Boulton, 2005; Lawrence et al., 2015; Moser et al., 2009). This may be
due to a constant proliferative demand that both SPCs and ESCs are subject to. By contrast, this
type of modified cell cycle is not observed in the adult stem cell populations that support
regenerative response upon injury, such as adult mammalian bulge stem cells (hair follicle stem
cells; (Cotsarelis et al., 1990) or satellite cells (muscle stem cells; (Schultz, 1974; Schultz, 1985;
Snow, 1977) that remain in GO or quiescent phase for the most of the adult life and only reenter
cell cycle upon injury. Similarly, adult epidermal stem cells maintaining tissue homeostasis
regulate their cell cycle by controlling G1/S transition (Mesa et al., 2018).

Unlike somatic cells” G1 phase that is triggered and marked by increased amounts of cyclins E and
D (Aleem et al., 2005; Guevara et al., 1999), the germ cells and ESCs characterized by a shortened
G1 phase maintain a constitutive robust expression of G1/S regulators Cyclin E and CDK2 (Fox et
al., 2011; Furuta et al., 2018; White and Dalton, 2005). Despite continuous proliferation of C.
elegans SPCs, the SPC mitotic rate changes during development and in different mutant
backgrounds (Kocsisova et al., 2019; Michaelson et al., 2010; Roy et al., 2016) and it is unknown
how SPC division and meiotic entry rates might be altered while maintaining cell cycle with an
abbreviated G1 phase. Here, we report the mechanism through which PUF family RNA binding
proteins FBF-1 and FBF-2 simultaneously change the rates of SPC cell cycle progression and
meiotic entry.

PUF proteins are expressed in germ cells of many animals and are conserved regulators of stem
cells (Salvetti et al., 2005; Wickens et al., 2002). C. elegans PUF proteins expressed in germline
SPCs, FBF-1 and FBF-2, share the majority of their target mRNAs (Porter et al., 2019; Prasad et
al., 2016) and are redundantly required for SPC maintenance (Crittenden et al., 2002; Zhang et
al., 1997). Despite 89% identity between FBF-1 and FBF-2 protein sequences, several reports
suggest that FBF-1 and FBF-2 localize to distinct cytoplasmic RNA granules and have unique
effects on the germline SPC pool (Lamont et al., 2004; Voronina et al., 2012). Specifically, FBF-1
and FBF-2 each support distinct numbers of SPCs (Lamont et al., 2004). Furthermore, FBF-1
inhibits accumulation of target mMRNAs in SPCs, while FBF-2 primarily represses translation of the
target mRNAs (Voronina et al., 2012). Some differences between FBF-1 and FBF-2 function might

be explained by their association with distinct protein cofactors, as we previously found that a
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small protein DLC-1 is a cofactor specific to FBF-2 that promotes FBF-2 localization and function
(Wang et al., 2016). Despite the fact that several repressive mechanisms have been documented
for PUF family proteins (Quenault et al., 2011), it is relatively understudied how the differences
between PUF homologs are specified. Here we sought to take advantage of the distinct SPC
numbers maintained by individual FBF proteins to understand how they regulate the dynamics
of SPCs cell cycle and meiotic entry and probe the functional differences between FBFs.

Elaborating on the general contribution of PUF proteins to stem cell maintenance, we describe
here that FBF-1 and FBF-2 have opposing effects on the rates of germline SPCs cell cycle and
meiotic entry. We discovered that FBFs regulate core cell cycle machinery transcripts along with
transcripts required for differentiation to coordinately change the steady-state amounts of both
transcript classes. We show that FBF-1 decreases steady-state levels of target mRNAs and
requires CCR4-NOT deadenylation machinery. By contrast, FBF-2 functions independently of
CCR4-NOT and promotes accumulation of target mRNAs. These distinct functions of FBFs are
determined by the protein regions outside of the conserved PUF homology domain. The dual
regulation of SPC cell division and differentiation by FBFs effectively allows the stem cells to

match cell division rate with meiotic entry.

Materials and Methods

C. ELEGANS CULTURE AND STRAINS

All C. elegans hermaphrodite strains (Supplemental Table S1) used in this study were cultured on
NNGM plates seeded with OP50 as per standard protocols (Brenner, 1974). All GFP tagged
transgenic animals were cultured at 24°C to avoid GFP silencing. Temperature sensitive allele glp-
1(ar202) is a gain-of-function (gf) mutant and is referred to as glp-1(gf) in this study. glp-1(gf) is
fertile at 15°C, but sterile at 25°C because germ cells fail to enter meiosis and produce tumorous
germlines. glp-1(gf) was crossed with each single fbf loss-of-function (If) mutant, fbf-1(ok91) and
fbf-2(q738), to generate fbf-1(If); glp-1(gf) and fbf-2(If)/min1; glp-1(gf). Double mutant strains
and glp-1(gf) single mutant were maintained at 15°C. Propagation of fbf-2(If); glp-1(gf) for large-

scale sample collection is detailed in Supplemental Materials and Methods. Synchronized L1
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larvae of glp-1(gf) strains were cultured at 25°C until early adulthood. RNA was extracted from
tumorous worms and was subsequently used for qPCR and poly(A) tail length analysis.
GENERATION OF TRANSGENIC ANIMALS

All transgene constructs were generated by Gateway cloning (Thermo Fisher Scientific). GFP::FBF-
1 and GFP::FBF-2 constructs were generated with the g/d-1 promoter, patcGFP containing introns
(Frpkjeer-Jensen et al., 2016), fbf-1 or fbf-2 genomic coding and 3’UTR sequences in pCG150
(Frpkjaer-Jensen et al., 2008). GFP::FBF-2(vrm) was generated with gld-1 promoter, patcGFP, fbf-
2 genomic coding sequences with variable regions 1, 2, and 4 mutated (P28A, S136A, K137A,
[139-140, @607-632; Wang et al., 2016), and fbf-2 3’UTR in pCG150. GFP::FBF-1(FBF-2vr4) and
GFP::FBF-1(FBF-2vr3) constructs were generated with gld-1 promoter, patcGFP, fbf-1 genomic
coding sequences with swapped variable regions 4 or 3 from fbf-2, and fbf-1 3’UTR sequences in
pCG150. 3xFLAG::CCF-1 construct contains gld-1 promoter, ccf-1 genomic coding and 3’ UTR
sequences in pCFJ150. 3xFLAG::CYB-2.1wt and 3xFLAG::CYB-2.1fbm constructs contain gld-1
promoter, cyb-2.1 genomic coding and 3’ UTR sequences with either wild type (wt, 5 UGUxxxAU
3’) or mutated (fom, 5" ACAxxxAU 3’) FBF binding sites in pCFJ150.

A single-copy insertion of each GFP-tagged FBF transgene and CYB-2.1 transgenes was generated
by homologous recombination into universal Mos1 insertion site on chromosome Il after Cas9-
induced double-stranded break (Dickinson et al., 2013; Wang et al., 2016). Similarly, single-copy
insertion of 3xFLAG-tagged CCF-1 was generated by targeting universal Mos1 insertion site on
chromosome Il. Transgene insertion into universal Mos1 insertion sites was confirmed by PCR.
GERMLINE SPC ZONE MEASUREMENT

C. elegans were synchronized by bleaching, and hatched L1 larvae were plated on NNGM plates
with OP50 bacteria or RNAI culture, cultured at specified temperatures and harvested at varying
time points depending on the experiment. L1 larvae of fbf-2(If); cyb-2.1fbm, fbf-2(If); cyb-2.1wt
and fbf-2(If) were grown at 15°C for 5 days until adult stage. For the time course of SPC zone
dynamics, L1 larvae of fbf-1(If), fbf-2(lf) and the wild type (N2) were cultured at 24°C and
dissected at 46 hour (early adults that have initiated oogenesis), 52 hour (adults) and 63 hour
(older adults) time points. In all other SPC zone quantification assays, L1 larvae of all worm strains

were cultured at 24°C and dissected for staining at 52 hour time point. Gonads were dissected
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and stained for mitotic marker REC-8 (Hansen et al., 2004a), and the length of SPC zone in each
germline was measured by counting the number of germ cell rows positive for REC-8 staining
before transition zone, ending with the last row fully occupied by REC-8-positive cells. Measuring
the extent of progenitor zone by counting the number of cell rows positive for mitotic marker
REC-8 provides a reliable estimate of progenitor cell numbers and correlates with progenitor cell
numbers in the key genotypes including wild type, fbf-1(If), and fbf-2(If) (R2=0.779; data not
shown).

DETERMINATION OF G2-PHASE LENGTH AND MEIOTIC ENTRY RATE

G2-phase length analysis and determination of meiotic entry rates were performed by feeding C.
elegans 5-ethynyl-2’-deoxyuridine (EdU)-containing bacteria as previously described (Crittenden
et al., 2006; Fox et al., 2011; Kocsisova et al., 2018), see Supplemental Methods for details.
Germline images were captured as z-stacks spanning the thickness of each germline using a Leica
DM5500B microscope. For each replicate time point 7-14 germlines were scored and the data
represent 3 or 5 biological replicates. Nuclei were manually counted using the Cell Counter plug-
in in Fiji (Schindelin et al., 2012) and the Marks-to-Cells R script (Seidel and Kimble, 2015) was
used to remove multiply-counted nuclei.

Percent differences in median G2-phase length or differentiation rate were calculated as for
mitotic index above.

LARVAL GERM CELL PROLIFERATION RATE

Germ cell proliferation assays were performed using strains where germ cells were identified by
expression of PGL-1::GFP. The nematodes were synchronized by bleaching and hatched L1s were
fed on OP50 NNGM plates. The pgl-1::gfp, fbf-1(0k91); pgl-1::gfp and fbf-2(q738); pgl-1::gfp
strains were grown at 24°C. At 17 and 21-hour time points after the start of feeding samples were
taken to image germ cell accumulation in L2 larvae. The data represents 4 biological replicates,
and 15-21 germlines of each strain were scored per time point in each replicate. To analyze CYB-
2.1 effect on larval germ cell proliferation, the fbf-2(q738); pgl-1::gfp, fbf-2(q738); cyb-2.1(wt);
pgl-1::gfp, and fbf-2(q738); cyb-2.1(fbm); pgl-1::gfp strains were grown at 15°C. At 41 and 46-
hour time points after the start of feeding germ cells were imaged in L2 larvae, and the data

represents 5 biological replicates with 13-20 germlines scored per time point in each replicate.
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The number of germ cells were scored in each germline by counting cells containing P granules.
The doubling rate of larval germ cells was estimated by exponential fits performed independently
for each biological replicate.

RNAI TREATMENT

The following RNAIi constructs were used: ccr-4, let-711 (Kamath and Ahringer, 2003), ccf-1
(cenix:341-c12; (Sonnichsen et al., 2005) and cyb-2.1 (genomic CDS) in pL4440 (Timmons and Fire,
1998). Empty vector pL4440 was used as a control in all RNAi experiments. All RNAi constructs
were verified by sequencing. RNAI plates were prepared as previously described (Wang et al.,
2016) and synchronously hatched L1 larvae were plated directly on RNAI plates, except for let-
711 and ccf-1(RNAI), where L1 larvae were initially grown on OP50 plates and transferred to RNAI
plates at the L2/L3 stage. For CCR4-NOT knockdown, worms were grown at 24°C for 52 hours
before analysis; for cyb-2.1 knockdown, worms were grown at 15°C for 120 hours before analysis.
The effect of cyb-2.1(RNAi) was confirmed by western blot of 3xFLAG::CYB-2.1. The effectiveness
of CCR4-NOT RNAI treatments was assessed by scoring sterility (data not shown) or embryonic
lethality (data not shown) in the F1 progeny of the fed animals.

RNA EXTRACTION AND PAT-PCR

glp-1(gf) and fbf-1(If); glp-1(gf) C. elegans were synchronized using bleach, hatched L1s were
cultured at 25°C and worms were harvested after 52 hours. See notes on the culture of fbf-2(If);
glp-1(gf) strain in Supplemental Methods. A subset of animals from each batch were dissected
and germlines were stained with DAPI, anti-REC-8, and anti-phospho-histone H3 to assess
abnormal proliferation. Although the documented phenotype of glp-1(ar202) at 25°C is ectopic
germline proliferation in the proximal region, we have often observed formation of full germline
tumors in all three genotypes in our culture conditions. The RNA samples were prepared from
the cultures with >77% full germline tumors. Worm pellets were washed 2 times with 1x M9 to
remove OP50 bacteria, weighed, flash-frozen using dry ice/ethanol slurry and stored at -80°C.
Worm pellets of each strain were collected in triplicate and the gPCR data represent 3 biological
replicates. Total RNA was isolated from the worm pellets using Trizol (Invitrogen) and Monarch
Total RNA miniprep kit (NEB). RNA concentration was measured using Nanodrop (Thermo Fisher

Scientific) or Qubit Fluorometric quantitation (Invitrogen). PAT-PCR for the FBF target cyb-2.1 and
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control tbb-2 was performed using a Poly(A) Tail-Length Assay Kit (Thermo Fisher Scientific).
Briefly, G/I tailing, reverse transcription, PCR amplification and detection were performed
following the kit protocol. Each G/I tailing reaction used 1 ug total RNA. During PCR amplification,
1 ul of diluted RT sample was used in each PCR reaction and a two-step PCR program was used:
94°C for 2 min, (94°C for 10 sec, 60°C for 1min 30sec) x 35 cycles, 72°C for 5 min. PCR products
were assessed using 6% polyacrylamide gel (made with 29:1 Acrylamide/Bis Solution, Bio-Rad)
electrophoresis. PCR products were visualized with SYBR Gold stain (Invitrogen) and recorded
using ChemiDoc MP Imaging System (Bio-Rad). Poly(A) tail lengths were compared using

densitometry analysis in ImageJ.
IMMUNOLOCALIZATION AND IMAGE ANALYSIS

For all immunostaining experiments, C. elegans hermaphrodites were dissected and fixed as
previously described (Wang et al., 2016). All primary antibody incubations were overnight at 4°C
and all secondary antibody incubations were for 1.5 h at room temperature. For colocalization
analysis of endogenous FBF-1 and 3xFLAG::CCF-1, dissected gonads of flag::ccf-1 were stained
with anti-FBF-1 (Rabbit) and anti-FLAG primary antibodies (Mouse). For colocalization analysis of
GFP::FBFs and 3xFLAG::CCF-1, dissected gonads of 3xflag::ccf-1, gfp::fbf-2 and 3xflag::ccf-1;
gfp::fbf-1 were stained with rabbit anti-GFP and mouse anti-FLAG primary antibodies. Secondary
antibodies were Goat anti-Mouse or Goat anti-Rabbit. Germline images were acquired using Zeiss
880 confocal microscope. Localization of FBF granules relative to CCF-1 granules were analyzed
in a single confocal section per germline with 4-6 germ cells in SPC zone by Pearson’s correlation
coefficient analysis using the JACoP plugin of Imagel. For each worm strain, 4-8 independent
germline images were analyzed and Pearson’s correlation coefficient values were averaged.
PROXIMITY LIGATION ASSAY (PLA)

PLA was performed on dissected C. elegans gonads following a modified Duolink® PLA Protocol
as described (Day et al., 2020). Fixation was as previously described (Wang et al., 2016). Blocking
step included incubation in 1xPBS/0.1% Triton-X-100/0.1% BSA for 2x 15 min at room
temperature, in 10% normal goat serum for 1 hr at room temperature, and in Duolink blocking
buffer for 1 hr at 37°C. Primary anti-GFP and anti-FLAG antibodies were diluted in Duolink diluent.

After overnight incubation with primary antibodies at 4°C, 1:5 dilutions of PLUS and MINUS
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Duolink® PLA Probes were added to each slide and incubated at 37°C for 1 hr. Next, slides were
incubated at 37°C for ligation (for 30 min) and amplification (for 100 min) steps and finally
mounted with Duolink Mounting medium with DAPI. Images were acquired using Zeiss 880
confocal microscope. The Imagel) “Analyze Particles” plugin was used to quantify PLA foci in
germline images.

FBF TARGET REPORTER REGULATION ASSAY

Reporter transgene with GFP fused to Histone H2B and the 3’ untranslated region (UTR) of htp-2
(Merritt et al., 2008; Merritt and Seydoux, 2010) was crossed into rrf-1(If), rrf-1(If)/hT2; fbf-1(If)
and rrf-1(If); fbf-2(If) genetic backgrounds. RNAI targeting let-711 and ccf-1 were conducted on
these reporter strains as described above. The effectiveness of RNAi treatments was assessed by
scoring F1 embryo lethality. RNAi treated worms were dissected and fluorescent germline images
were acquired on a Leica DFC300G camera attached to a Leica DM5500B microscope with a
standard exposure. Percentage of germlines that exhibited target reporter derepression in the
SPC zone was scored for each strain.

IMMUNOBLOTTING

Synchronous cultures of C. elegans were collected at the adult stage by washing in 1xM9 and
centrifugation and worm pellets were lysed by sonication. Proteins from worm lysates were
separated using SDS-PAGE gel electrophoresis and transferred to a 0.45 um PVDF membrane
(EMD Millipore) as previously described (Ellenbecker et al., 2019). Blots were developed using
Luminata Crescendo Western HRP substrate (EMD Millipore) and visualized using ChemiDoc MP

Imaging System (Bio-Rad).

Results
FBF-1 AND FBF-2 DIFFERENTIALLY MODULATE CELL DIVISION AND MEIOTICENTRY OF C. ELEGANS
GERMLINE SPCS

During tissue maintenance, stem cells adjust their proliferative activity and differentiation rate
through diverse regulatory mechanisms, including RNA-binding protein mediated post-
transcriptional regulation. We hypothesized that two paralogous RNA-binding proteins FBF-1 and
FBF-2 differentially regulate germline stem cell mitotic rate and meiotic entry in C. elegans,
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resulting in distinct effects on the size of stem and progenitor cell (SPC) zone. We first determined
how the extent of SPC zone was affected by loss-of-function mutations of each fbf. SPCs were
marked by staining for a nucleoplasmic marker REC-8 (Figure 4-1A and C) (Hansen et al., 2004a),
and the extent of SPC zone was measured by counting the number of cell rows positive for REC-
8 staining in each germline. Consistent with a previous report (Lamont et al., 2004), we observed
that the SPC zone of fbf-1(0k91, loss-of-function mutation, If) (~15 germ cell diameters, gcd;
Figure 4-1Ci) is smaller than that of the wild type (~20 gcd, Figure 4-1Cii), whereas the SPC zone
of fbf-2(q738, loss-of-function mutation, If) (~25 gcd, Figure 4-1Ciii) is larger than that of the wild
type (Figures 4-1B and C). The differences in the length of SPC zone between fbf single mutants
and the wild type are consistently observed in animals from the late L4 to the second day of

adulthood (data not shown).
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Figure 4-1. FBF-1 and FBF-2 differentially regulate the extent of germline stem and progenitor cell (SPC)
zone. (A) Schematic of the distal germline of C. elegans adult hermaphrodite. In this and following images,
germlines are oriented with their distal ends to the left. GLP-1/Notch signaling from the distal tip cell (blue)
supports germline SPC proliferation. Progenitors enter meiosis when they reach the transition zone. FBF-
1 and FBF-2, downstream of GLP-1/Notch, are required for SPC maintenance. Green circles, stem and
progenitor cells; red diamonds, mitotically dividing cells. (B) Distal germlines dissected from adult wild
type, fbf-1(If), and fbf-2(If) hermaphrodites and stained with anti-REC-8 (green) and anti-phospho-Histone
H3 (pH3; red) to visualize the SPC zone and mitotic cells in M-phase. Germlines are outlined with the
dashed lines and the vertical dotted line marks the beginning of transition zone as recognized by the
‘crescent-shaped’ chromatin and loss of REC-8. Scale bar: 10 um. (C) SPC zone lengths of the wild type,
fbf-1(If) and fbf-2(If) germlines were measured by counting germ cell diameters (gcd) spanning SPC zone.
Genetic background is indicated on the X-axis and the extent of SPC zone on the Y-axis. Differences in SPC
zone lengths were evaluated by one-way ANOVA with Dunnett’s post-test. Data were collected from 3
independent experiments. (D) Median SPC G2-phase length in different genetic backgrounds, as indicated
on the X-axis. Difference in median G2 length was evaluated by one-way ANOVA with Dunnett’s post-test.
G2 length was estimated in 3 independent experiments. (E) Larval germ cell doubling time in different
genetic backgrounds (as indicated on the X-axis). Plotted values are individual data points and arithmetical
means * SD. Difference in germ cell doubling time was evaluated by one-way ANOVA with Dunnett’s post-
test. (F) Meiotic entry rate of germline progenitors in different genetic backgrounds indicated on the X-
axis. Differences in meiotic entry rate between each fbf and the wild type were evaluated by one-way
ANOVA with T-test with Bonferroni correction post-test. Meiotic entry rates were estimated in 5
independent experiments. (C-F) All experiments were performed at 24°C. Plotted values are individual
data points and arithmetical means = SD. Asterisks mark statistically-significant differences (****,

P<0.0001; ***, p<0.001; **, P<0.01; *, P<0.05).

To test whether the differences in the lengths of germline SPC zone between fbf mutants and the
wild type result from changes in the rate of cell division, we compared cell cycle parameters in
each genetic background. We started with measuring the M-phase index (the percentage of SPC
zone cells in M phase) following immunostaining for the SPC marker REC-8 and the M-phase
marker phospho-histone H3 (pH3, Figure 4-1B). We found that the mitotic index of fbf-1(If) was
significantly higher than that of the wild type (by 54%). By contrast, the mitotic index of fbf-2(If)
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was significantly lower than that of the wild type (by 42%). These results suggested that loss of
FBF-2 might reduce SPC proliferation. We also considered the possibility that the loss of FBF-1
might accelerate progression of SPCs through cell cycle. However, as described below, this
hypothesis was rejected. Since C. elegans stem cells have an abbreviated G1 and an extended G2
phases (Fox and others 2011), we tested whether the G2-phase duration is affected differentially
by loss of function mutation of each fbf. Using phospho-histone H3 immunostaining and 5-
ethynyl-2'-deoxyuridine (EdU) pulse we estimated a median G2 length by determining when 50%
of pH3 positive cells become EdU-positive. We found that the median G2 length of fbf-2(If) is
significantly greater than that of the wild type, suggesting that loss of FBF-2 results in slower
progression through the G2-phase of the cell cycle (by 25%; Figure 4-1D). By contrast, the median
G2 length of fbf-1(If) is not significantly different from that of the wild type (Figure 4-1D). We

conclude that FBF-2 accelerates SPC cell cycle by facilitating the G2-phase progression.

Since mutation of fbf-1 did not affect the length of G2 phase, we tested whether percentage of
SPCs in S phase is affected by this mutation. We determined percent SPCs labeled by EdU during
a 30-minute pulse (Fox et al., 2011) and found a minor increase in S-phase index in fbf-1(If)
compared to the wild type (data not shown). These results refute the interpretation that fbf-1(If)

mutation causes faster cell cycle progression.

To directly estimate the rate of germ cell division in wild type and fbf mutants, we assayed germ
cell proliferation during larval development before the onset of meiotic differentiation. In C.
elegans, two primordial germ cells in L1 larvae proliferate to produce germline stem cell pools of
20-30 cells in L2 larval stage within 20 hours (Hansen et al., 2004a; Hirsh et al., 1976; Pepper et
al., 2003b). We found that fbf-1(If) did not affect the rate of germ cell division, while fbf-2(If)
dramatically reduced germ cell accumulation. Exponential fits revealed that fbf-2(If) significantly
increased SPC doubling time from 6.1 h to 8.1 h (Figure 4-1E). By contrast, there was no significant
difference in germ cell proliferation rate between fbf-1(If) and the wild type. We conclude that
the cell division rate is decreased in fbf-2(If) and unaffected in fbf-1(If).

Despite the same SPC cell division rate, the SPC zone of fbf-1(If) is smaller than that of the wild

type, suggesting a possibility that fbf-1(lf) might result in faster meiotic entry. Conversely,
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compared to the wild type, fbf-2(If) maintains a relatively larger SPC population but with slower
proliferation, suggesting that the rate of meiotic entry in fbf-2(If) might be slower than in the wild
type. To test these possibilities, we determined the rate of meiotic entry in each genetic
background. Animals were continuously EdU labeled and stained for EdU and REC-8 at three time
points. The number of germ cells negative for REC-8 but positive for EAU were scored at each
time point and the rate of meiotic entry was estimated from the slope of plotted regression line.
We found that fbf-1(If) results in a significantly increased rate of meiotic entry compared to the
wild type (by 31%; Figure 4-1F), whereas fbf-2(If) results in a significantly reduced rate of meiotic
entry (by 18%; Figure 4-1F). We conclude that FBF-2 stimulates meiotic entry while FBF-1 inhibits

meiotic entry.

To additionally test whether fbf-2 promotes meiotic entry, we tested whether fbf-2(If) enhances
the overproliferative phenotype of the weak glp-1 gain-of-function allele, glp-1(ar202). We find
that fbf-2(If) is a strong enhancer of glp-1(gf) since 97% fbf-2(If); glp-1(gf) animals have tumorous
germlines with 24% germlines showing complete tumors, even at the permissive temperature of

15°C (Table 4-1).

Table 4-1 fbf-2(If) enhances the overproliferation phenotype of glp-1(gf) at 15°C

Genotype Normal germline, % Tum, % Pro, % N
fbf-2(q738If) 100 0 0 many
fbf-1(ok91lf) 100 0 0 many
glp-1(ar202gf) 100 0 0 231
fbf-2(1f); glp-1(gf) 3 24 74 104
fbf-1(1f); glp-1(gf) 99 0 1 414

All animals were maintained at 15°C. For each genotype, after scoring sterility as the lack of embryos in

the uterus, germlines of sterile animals were dissected and stained with DAPI, anti-REC-8 antibodies,
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and anti-phospho-histone H3 antibodies for evaluation of overproliferation. All animals were analyzed at

1 day after L4 stage. Tum, a complete tumorous germline. Pro, proximal overproliferation phenotype.

In summary, mutations in fbf-1 and fbf-2 differentially influence both SPC cell cycle and meiotic
entry rate, suggesting FBF proteins have antagonistic effects on SPC proliferation and
differentiation. FBF-1 promotes a more quiescent stem cell state characterized by a slower rate
of meiotic entry, while FBF-2 promotes a more activated stem cell state characterized by faster
rates of both cell cycle and meiotic entry. Although FBF-1 and FBF-2 share the majority of target
MRNAs and bind to the same motif in the 3’UTRs (Porter et al., 2019; Prasad et al., 2016), they
have different effects on their targets: FBF-1 promotes target mRNA clearance in the stem cell
region, whereas FBF-2 sequesters target mRNAs (Voronina et al., 2012). We hypothesized that
FBF effects on germline SPC proliferation and differentiation might be explained by their
differential regulation of target mRNAs associated with cell cycle progression and meiotic entry

in germline SPCs.

PUF-MEDIATED REPRESSION OF CYCLIN B LIMITS ACCUMULATION OF GERMLINE SPCS

Cyclin B/Cdk1 kinase, also known as M-phase promoting factor, triggers G2/M transition in most
eukaryotes (Lindgvist et al., 2009). Four cyclin B family genes provide overlapping as well as
specific mitotic functions in C. elegans (van der Voet et al., 2009). We hypothesized that the
slower G2-phase and lower M-phase index of fbf-2(If) SPCs results from translational repression
and reduced steady-state levels of four cyclin B family transcripts mediated by the remaining
germline-expressed PUF-family proteins. We addressed this hypothesis in two ways. First, we
tested whether mutation of FBF binding elements (FBEs) in the 3’UTR of cyb-2.1 mRNA would
result in translational derepression of cyb-2.1. Second, we assessed whether derepression of cyb-
2.1 in fbf-2(If) would lead to accumulation of more SPCs by uncoupling PUF-mediated regulation

of cell division and meiotic entry.
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FBFs repress their target mRNAs by binding to the FBF-binding elements (FBEs; UGUxxxAU) in the
3’UTRs (Bernstein et al., 2005; Crittenden et al., 2002; Merritt and Seydoux, 2010). Four mRNAs
encoding Cyclin B family members co-purify with FBF proteins and three of them contain
predicted FBEs in their 3’"UTRs (Porter et al., 2019; Prasad et al., 2016). Since cyb-2.1 mRNA is
consistently isolated in complex with FBFs and contains more canonical FBE sites in its 3’UTR than
the other cyclin B transcripts, we chose to analyze the translational regulation of cyb-2.1. If FBFs
repress translation of cyb-2.1 by binding to FBEs, mutation of FBEs would cause derepression of
CYB-2.1 protein. To test this prediction, we established a transgenic animal 3xflag::cyb-2.1(fbm),
expressing 3xFLAG::CYB-2.1 under the control of 3’UTR with mutated FBEs (ACAxxxAU); as a
control, a transgenic animal expressing 3xflag::cyb-2.1(wt) with wild type FBEs was also
established (Figure 4-2A). Quantification of transgene transcript levels by qPCR suggested that
steady-state transcript levels of 3xflag::cyb-2.1(fbm) were ~4-fold greater than those of
3xflag::cyb-2.1(wt), suggesting that FBEs affect transcript stability (Figure 4-2B). By
immunoblotting, we found that the expression of 3xFLAG::CYB-2.1 protein was increased ~1.4
fold in 3xflag::cyb-2.1(fbm) animals compared to 3xflag::cyb-2.1(wt), suggesting that the
presence of FBEs leads to lower protein production from cyb-2.1 mRNA (Figure 4-2C). The
abundance of cyclin family proteins is subject to extensive post-translational control (Langenfeld
et al., 1997; Peters, 2002), which likely accounts for a larger difference observed at the level of
transcript. C. elegans SPCs express five PUF-family proteins that cluster into three groups based
on sequence similarity: FBF-1/-2, PUF-8, and PUF-3/-11 (Ariz et al., 2009; Crittenden et al., 2002;
Haupt et al., 2019b; Lamont et al., 2004; Stumpf et al., 2008). Each of the three PUF groups has a
distinct RNA-binding specificity (Bernstein et al., 2005; Koh et al., 2009; Opperman et al., 2005),
so it is likely that FBEs in cyb-2.1 3’UTR are predominantly recognized and regulated by FBFs.
However, we cannot exclude the possibility that FBEs in the cyb-2.1 3’UTR mediate association
with PUFs other than FBF-1/-2. We conclude that cyb-2.1 expression in SPCs is downregulated by

PUF proteins recruited to the FBEs.
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Figure 4-2. FBF-mediated repression of cyclin B limits accumulation of germline progenitor cells. (A)
Schematic representation of transgenes encoding 3xFLAG-tagged CYB-2.1(wt) with wild type FBF binding
elements (FBEs, UGUxxxAU) in 3'UTR and 3xFLAG-tagged CYB-2.1(fbm) with FBF binding elements
mutated (ACAxxxAU). (B) gRT-PCR of 3xflag::cyb-2.1 transcript in 3xflag::cyb-2.1(wt) and 3xflag::cyb-
2.1(fbm) worms using actin (act-1) as a normalization control. (C) Immunoblot analysis of 3xFLAG::CYB-
2.1 protein levels in 3xflag::cyb-2.1(wt) and 3xflag::cyb-2.1(fbm) worms using a-tubulin as a loading
control. (D) Larval germ cell doubling time in different genetic backgrounds (as indicated on the X-axis).
Plotted values are individual data points and arithmetical means + SD. Difference in germ cell doubling
time was evaluated by one-way ANOVA with Dunnett’s post-test. (E) Meiotic entry rate of progenitors in

different genetic backgrounds. Time course of accumulating EdU-labeled, REC-8 negative germ cells in



different genetic backgrounds in one biological replicate (the data is representative of two biological
replicates). X-axis displays time points when animals were dissected for staining for EQU and REC-8. Y-axis
indicates the number of EdU-positive cells that are negative for REC-8. Plotted values are arithmetical
means £ SD. (F) Distal germlines dissected from the fbf-2(If), fbf-2(If); cyb-2.1(fom) and fbf-2(If); cyb-2.1(wt)
animals and stained with anti-REC-8 (green) and anti-pH3 (red). Germlines are outlined with dashed lines
and the vertical dotted line marks the beginning of transition zone. Scale bar: 10 um. (G) The extent of
SPC zone in the fbf-2(If), fbf-2(If); cyb-2.1(fbm) and fbf-2(If); cyb-2.1(wt) genetic backgrounds. Plotted
values are individual data points and arithmetical means + SD. Differences in SPC zone lengths were
evaluated by one-way ANOVA with Dunnett’s post-test; asterisks mark statistically-significant difference
(P<0.0001). Data was collected from 3 independent experiments and 57~110 independent germlines were
scored for each genotype. (H) The extent of SPC zone in the fbf-2(If); cyb-2.1(fbm) after cyb-2.1(RNAI)
compared to the empty vector RNAi control. Plotted values are individual data points and arithmetical
means + SD. Differences in SPC zone lengths were evaluated by T-test; asterisks mark statistically-
significant difference (P<0.0001). Data was collected from 2 independent experiments and 44
independent germlines were scored for each condition. (I) Immunoblot analysis of 3xFLAG::CYB-2.1
protein levels in 3xflag::cyb-2.1fbm after cyb-2.1(RNAi) compared to the empty vector RNAi control.

Tubulin was used as a loading control. (B-1) All experiments were performed at 15°C.

Loss of function mutation in fbf-2 is associated with slower SPC cell division in conjunction with
a slower SPC meiotic entry rate. We hypothesized that both these phenotypes might be mediated
by reduced translation of key FBF target mRNAs that are required for cell cycle progression or
meiotic entry respectively. We aimed to disrupt the coordinate repression of cell cycle and
differentiation-related transcripts in fbf-2(If) by introducing 3xflag::cyb-2.1(fbm) transgene that
produces increased levels of corresponding mRNA and protein. fbf-2(If) with its slow cell cycle
rate provides a sensitized background for testing the effects of cyclin B deregulation on cell cycle
dynamics since it is not clear whether SPC cell cycle rate could be accelerated beyond that of the
wild type. We hypothesized that the slower SPC cell cycle in fbf-2(If) is caused by PUF-mediated
destabilization and repression of cyclin B-family mRNAs. If any cyclin B-family gene can promote
SPC proliferation, disrupting translational repression of a single cyclin B-family transcript in fbf-

2(If) would rescue the slow cell cycle phenotype and accelerate SPC cell division. To test this
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hypothesis, we estimated the doubling time of larval germ cells after crossing the 3xflag::cyb-
2.1fbm and 3xflag::cyb-2.1wt transgenes into fbf-2(If) genetic background. We found that the
SPC doubling time of fbf-2(If); 3xflag::cyb-2.1fbm was significantly shorter than that of fbf-2(If)
(17 h vs 19 h; Figure 4-2D). By contrast, there was no significant difference in the doubling time
between fbf-2(If); 3xflag::cyb-2.1wt and fbf-2(If) (Figure 4-2D). We expected that overexpression
of 3xFLAG::CYB-2.1 in fbf-2(If) genetic background would not affect SPC meiotic entry rate.
Determination of SPC meiotic entry rate revealed that there was no significant difference in

meiotic entry rate among fbf-2(If), fbf-2(If); cyb-2.1wt, and fbf-2(If); cyb-2.1(fbm) (Figure 4-2E).

Accelerated SPC cell cycle without a change in SPC meiotic entry rate would be expected to result
in accumulation of SPCs and an increase of SPC zone length. To test this prediction, we measured
the extent of SPC zone of fbf-2(If); 3xflag::cyb-2.1fbm and fbf-2(If); 3xflag::cyb-2.1wt. We found
that the SPC zone of fbf-2(If); 3xflag::cyb-2.1fbm (~32 gcd, Figure 4-2Fiii) is significantly larger
than that of the fbf-2(If) (~26 gcd, Figure 4-2Fi, G, P< 0.0001). By contrast, there is no significant
difference in the length of SPC zone between the fbf-2(If); 3xflag::cyb-2.1wt and fbf-2(If) (Figure
4-2Fii, G). To test whether the expansion of SPC zone in fbf-2(If); 3xflag::cyb-2.1fbm results from
overexpression of cyb-2.1, we measured the extent of SPC zone following knockdown of cyb-2.1
by RNAi. We found that the SPC zone of fbf-2(If); 3xflag::cyb-2.1fbm after cyb-2.1(RNAi) became
significantly shorter (~ 26 gcd) compared to the control RNAi (~31 gcd; Figure 4-2H). Depletion
of CYB-2.1 was confirmed by immunoblot for FLAG::CYB-2.1 after RNAi of cyb-2.1 compared to

the control (Figure 4-2I).

We conclude that disrupting PUF-mediated regulation of CYB-2.1 has uncoupled cell cycle
dynamics from the rate of meiotic entry in the fbf-2(If) background. These results further suggest
that meiotic entry rate and cell cycle progression can be regulated through distinct subsets of
FBF targets rather than meiotic entry rate being a direct consequence of how fast SPCs are

generated by cell divisions.
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Figure 4-3. CCR4-NOT deadenylase complex promotes FBF-1 function in germline SPCs. (A) Schematic of
CCR4-NOT deadenylase complex in humans and C. elegans. (B) The extent of SPC zone after knocking
down CCR4-NOT subunits in the wild type, fbf-1(If) and fbf-2(If) genetic backgrounds. Genetic backgrounds
and RNAi treatments are indicated on the X-axis and the average size of SPC zone + SD is plotted on the
Y-axis. Differences between CCR4-NOT RNAi and the empty vector RNAi control were evaluated by one-
way ANOVA. Asterisks mark the group with significant changes in SPC zone length after CCR4-NOT
knockdown, P<0.01. Data was collected from 3 independent experiments. N, the number of
hermaphrodite germlines scored in each RNAi treatment. (C) Distal germlines of rrf-1(If); fbf-2(If)
expressing a GFP::Histone H2B fusion under the control of the htp-2 3’UTR after the indicated RNAI
treatments. Germlines are outlined with dashed lines and vertical dotted lines indicate the beginning of
the transition zone. All images were taken with a standard exposure. Scale bar: 10 um. (D) Percentage of
germlines showing expression of GFP::H2B fusion extended to the distal end in the indicated genetic
backgrounds and knockdown conditions. Plotted values are arithmetical means + SD. Data was collected
from 3 independent experiments. N, the number of germlines scored. Efficiencies of RNAi treatments

were confirmed by sterility or embryonic lethality. (B-D) All experiments were performed at 24°C.
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FBF-1 FUNCTION REQUIRES CCR4-NOT DEADENYLASE COMPLEX

One mechanism of PUF-dependent destabilization of target mRNAs is through recruitment of
CCR4-NOT deadenylase that shortens poly(A) tails of the targets (Quenault et al., 2011). CCR4-
NOT deadenylase is a complex that includes three core subunits: two catalytic subunits CCR-
4/CNOT6/6L and CCF-1/CNOT-7/8 and one scaffold subunit LET-711/CNOT1, which are highly
conserved in C. elegans and humans (Figure 4-3A; (Nousch et al., 2013). Although multiple PUF
family proteins, including FBF homologs in C. elegans, interact with a catalytic subunit of CCR4-
NOT in vitro, the contribution of CCR4-NOT to PUF-mediated repression in vivo is still
controversial (Suh et al., 2009; Weidmann et al., 2014). We hypothesized that the enlarged
germline SPC zone in fbf-2(lf) mutant results from FBF-1-mediated destabilization and
translational repression of target mMRNAs required for meiotic entry achieved through the activity
of CCR4-NOT deadenylase. If so, knockdown of CCR4-NOT in fbf-2(If) genetic background would

lead to derepression of target mRNAs in SPCs and a decrease of the length of SPC zone.

First, we measured the extent of SPC zone after RNAi-mediated knockdown of core CCR4-NOT
subunits, and found that CCR4-NOT RNAi dramatically shortened the SPC zone in fbf-2(If)
compared to the control RNAI (P<0.01; Figure 4-3B). By contrast, the lengths of SPC zones in the
wild type and fbf-1(If) animals were not significantly affected by CCR4-NOT knockdown (Figure
4-3B). We note that the observed effects of CCR4-NOT knockdown are milder than those
reported by a recent publication (Nousch et al., 2019); the cause for these differences is unclear.
Our findings suggest that CCR4-NOT is required for FBF-1-mediated regulation of germline SPC

zone length, but does not significantly contribute to FBF-2 function.

Next, we tested whether CCR4-NOT knockdown disrupts FBF-1-mediated translational repression
in SPCs. One FBF target mRNA associated with meiotic entry is htp-2, a HORMA domain meiotic
protein (Merritt and Seydoux, 2010). Translational regulation of a transgenic reporter encoding
GFP::Histone H2B fusion under the control of htp-2 3’UTR recapitulates FBF-mediated repression
in germline SPCs, where GFP::H2B::htp-2 3’UTR production is inhibited in the wild type and both
fbf-1 and fbf-2 single mutant gonads, but is strongly derepressed in fbf-1 fbf-2 double mutant
gonads (Merritt and Seydoux, 2010). If CCR4-NOT is required for fbf-1 activity, then fbf-2(If) after
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CCR4-NOT subunit RNAi should show the same phenotype as fbf-1(If) fbf-2(If), or derepression of
the reporter. We performed CCR4-NOT RNA: in the rrf-1(If) background to preferentially direct
the RNAI effects to the germline and avoid any effects on the somatic cells (Kumsta and Hansen,
2012; Sijen et al., 2001) and observed derepression of the reporter in SPCs of 63-69% germlines
of rrf-1(If); fbf-2(If) genetic background (Figure 4-3C, D). By contrast, derepression of the reporter
was observed only in 3-5% of rrf-1(If) and rrf-1(If); fbf-1(If) genetic backgrounds (Figure 4-3D).
These data suggest that the CCR4-NOT deadenylase complex is necessary for FBF-1-mediated
repression of target mRNAs in germline SPCs, but is dispensable for FBF-2 regulatory function.
fbf-1 fbf-2 double mutant hermaphrodites are sterile (Crittenden et al., 2002). We observed
significantly increased sterility upon CCR4-NOT knockdown in rrf-1(If); fbf-2(If) compared to the
rrf-1(If) and rrf-1(If); fbf-1(If) (data not shown). Like fbf-1 fbf-2 double mutants, the majority of
rrf-1(If); fbf-2(If) sterile germlines following CCR4-NOT knockdown failed to initiate oogenesis
resulting in germline masculinization (data not shown). These observations suggest that CCR4-

NOT is required for fbf-1 activity.

CCR4-NOT knockdown might disrupt FBF-1 regulatory function or FBF-1 protein expression and
localization. To distinguish between these possibilities, we determined the abundance of
endogenous FBF-1 after ccf-1(RNAi) by immunoblotting using tubulin as a loading control. We
found that FBF-1 protein abundance is not decreased after CCF-1 knockdown compared to the
control (data not shown). Immunostaining for the endogenous FBF-1 showed that in control
germlines FBF-1 localized in foci adjacent to perinuclear P granules (data not shown) as previously
reported (Voronina et al., 2012). Upon CCF-1 knockdown, FBF-1 foci were still observed next to
P granules (data not shown). Therefore, we conclude that CCR4-NOT is not required for FBF-1

expression and localization, and CCR4-NOT knockdown specifically disrupts FBF-1 function.

In summary, we conclude that CCR4-NOT is required for FBF-1, but not FBF-2-mediated
regulation of target mRNA and germline SPC zone length. We further predicted that FBF-1

localizes together with CCR4-NOT to the same RNA-protein complex in SPCs.
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Figure 4-4. FBF-1 colocalizes with CCR4-NOT complex in germline SPCs. (A-B) Confocal images of SPCs co-
immunostained for endogenous FBF-1 (A) or GFP-tagged FBF-2 (B, red) and 3xFLAG-tagged CCF-1 (green).
DNA staining is in blue (DAPI). Arrows indicate complete overlap of FBF-1 and CCF-1 granules. Asterisks
denote FBF-2 granules localizing close but not overlapping with CCF-1 granules. Scale bars in A and B: 5
um. (C) Pearson’s correlation analysis quantifying the colocalization between FBF and CCF-1 granules in
co-stained germline images. Plotted values are arithmetical means + SD. N, the number of analyzed
germline images (single confocal sections through the middle of germline SPC nuclei including 5-8 germ
cells). Statistical analysis was performed by Student’s t-test, asterisks mark statistically significant
difference, P<0.01. (D) Confocal images of the distal germline SPC zones with PLA foci (grayscale) and DNA
staining (blue). Germlines are outlined with dashed lines and vertical dotted lines indicate the beginning
of the transition zone. Genotypes are indicated on top of each image group. Scale bar: 10 um. (A-D) All

experiments were performed at 24°C.
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FBF-1 COLOCALIZES WITH CCR4-NOT IN GERMLINE SPCS

Using co-immunostaining of endogenous FBF-1 or GFP::FBF-1 and 3xFLAG::CCF-1 followed by
Pearson’s correlation coefficient analysis based on Costes’ automatic threshold (Costes et al.,
2004), we found that both endogenous FBF-1 and GFP::FBF-1 foci colocalize with 3xFLAG::CCF-1
foci in SPC cytoplasm (Figure 4-4A, C). By contrast, the colocalization between GFP::FBF-2 and
3XFLAG::CCF-1 is significantly less robust (Figure 4-4B, C). As an alternative metric of
colocalization, we used proximity ligation assay (PLA) that can detect protein-protein interactions
in situ at the distances <40 nm (Fredriksson et al., 2002). PLA was performed in 3xflag::ccf-1;
gfp::fbf-1, 3xflag::ccf-1; gfp::fbf-2, and 3xflag::ccf-1; gfp animals using the same antibodies and
conditions for all three protein pairs. We observed significantly more dense PLA signals in
3xflag::ccf-1; gfp::fbf-1 than in the control (Figure 4-4D; P<0.0001, Table 4-2). By contrast, PLA
foci density in mitotic germ cells of 3xflag::ccf-1; gfp::fbf-2 was not different from the control
(Figure 4-4D; Table 4-2), although the expression of GFP::FBFs or GFP alone in mitotic germ cells
appeared similar (data not shown). Together, these data suggest that FBF-1, but not FBF-2,
colocalizes with CCR4-NOT in SPCs, in agreement with the dependence of FBF-1 function on

CCR4-NOT.

Table 4-2 Proximity Ligation Assay detects association of FBF-1 with CCR4-NOT complex

component CCF-1

PLA density in SPC | P value,
Genotype N
zone (/um”2) x 102 | vs. control

3xflag::ccf-1; gfp::fbf-1 5.2+2.4 <0.0001 32
3xflag::ccf-1; gfp::fbf-2 1.1 £0.8 ns 27
3xflag::ccf-1; gfp 0.610.2 n/a 12

PLA foci density was determined in maximal intensity projections of confocal image stacks encompassing

germline SPC zones of the indicated strains. Reported values are mean * SD derived from three
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independent biological replicates (3xflag::ccf-1; gfp::fbf-1 and 3xflag::ccf-1; gfp::fbf-2) or a single replicate
(3xflag::ccf-1; gfp), all reared at 24°C. Differences in PLA density between 3xflag::ccf-1; gfp::fbf-1 or
3xflag::ccf-1; gfp::fbf-2 and the control 3xflag::ccf-1; gfp were analyzed by one-way ANOVA with

Dunnett’s post-test. N, number of germline images analyzed.

FBF-1 PROMOTES DEADENYLATION OF ITS TARGET MRNA

Since a knockdown of CCR4-NOT deadenylase compromises FBF-1-mediated target repression,
we hypothesized that FBF-1 promotes deadenylation of target mRNAs. To test this hypothesis,
we compared the length of the poly(A) tail of two FBF target mRNAs among the wild type, fbf-
1(If), and fbf-2(If) genetic backgrounds by Poly(A) tail (PAT)-PCR. We selected the targets
associated with cell cycle (cyb-2.1; (Kershner and Kimble, 2010; Porter et al., 2019; Prasad et al.,
2016)) and with meiotic entry (htp-1; (Merritt and Seydoux, 2010)) and used an mRNA not
associated with FBFs (unc-54) as a control. RNA samples were extracted from animals of gl/p-1
(gain-of-function, gf) mutant background, which produces germlines with a large number of
mitotic cells at the restrictive temperature (Pepper et al., 2003a; Figure 5 — figure supplement

1A), thus allowing us to focus on the mRNAs in the mitotic cell population.
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Figure 4-5. FBF-1 promotes deadenylation of FBF targets cyb-2.1 and htp-1 (A-C) Representative PAT-
PCR analysis of the poly(A) tail length of cyb-2.1 (A), htp-1 (B) and control unc-54 (C) in fbf-1(If); glp-1(gf),
glp-1(gf), and fbf-2(If); glp-1(gf) genetic backgrounds at 25°C. The positions of size markers are indicated
on the left. The areas boxed by dotted lines were quantified by densitometry in Imagel. (D-F)
Densitometric quantification of PAT-PCR amplification products (boxed in A-C). Y-axis, mean intensity
(arbitrary units) represents the average of PAT-PCR reactions from three independent biological replicates.
X-axis, estimated sizes of poly(A) tails. Values are arithmetical means + SD. Vertical dashed lines in (D-F)

mark the sizes of the peak of poly(A) tail length distribution for each mRNA in each fbf mutant background.
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PAT-PCR assays using RNA samples extracted from fbf-1(If); glp-1(gf), glp-1(gf), and fbf-2(If); glp-
1(gf) revealed that fbf mutations led to changes in the poly(A) tail lengths of FBF targets. The
poly(A) tail lengths distributions of cyb-2.1 and htp-1 mRNAs in fbf-2(If) were both shifted to
shorter lengths compared to the wild type background (Figure 4-5A, B, D, E). In fbf-1(If)
background, the predominant cyb-2.1 mRNA species appeared to have a longer poly(A) tail than
in the wild type background, while the poly(A) tail length distribution of htp-1 mRNA appeared
qualitatively similar to the wild type although the peak of the distribution appeared to shift to
longer species (Figure 4-5A, B, D, E). By contrast, the poly(A) tail length of unc-54 mRNA did not
decrease in fbf-2(If) background compared to both wild type and fbf-1(If) (Figure 4-5C, F). We
conclude that FBF-1 promotes deadenylation of target mRNAs, while FBF-2 might protect some

targets from deadenylation presumably by competing for binding with FBF-1.

Cytoplasmic deadenylation of mRNA frequently leads to its decay (Mugridge et al., 2018). To test
whether differential polyadenylation of FBF targets in fbf-1(If) and fbf-2(If) resulted in changes in
their steady-state amounts relative to the wild type, we compared the mRNA abundance of
selected FBF targets among fbf-1(If); glp-1(gf), glp-1(gf), and fbf-2(If); glp-1(gf) genetic
backgrounds by gPCR (data not shown). We determined steady-state levels of both meiotic entry
associated transcripts, him-3, htp-1, and htp-2 (Merritt and Seydoux, 2010) and cell cycle
regulators, cyb-1, cyb-2.1, cyb-2.2 and cyb-3 (Kershner and Kimble, 2010; Porter et al., 2019;
Prasad et al., 2016), and used unc-54 as a control. All transcript levels were normalized to a
housekeeping gene actin (act-1). Surprisingly, we found that the steady-state abundance of all
FBF targets decreased to a variable degree in both fbf mutants relative to the wild type
background (data not shown). By contrast, the abundance of unc-54 mRNA did not show a similar
decrease. We conclude that differential polyadenylation of FBF targets in fbf mutants do not lead

to unequal mRNA accumulation.
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THREE VARIABLE REGIONS OUTSIDE OF FBF-2

PREVENT COOPERATION WITH CCR4-NOT
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Figure 4-6. Three variable regions of FBF-2 prevent its cooperation with CCR4-NOT. (A) Schematics of
FBF-1, FBF-2 and GFP::FBF-2(vrm) mutant transgene (Wang et al.,
variable regions distinguishing FBF-1 and FBF-2 respectively, grey box indicates the RNA binding domain,
and green box indicates GFP tag. (B) Distal germlines of the indicated genetic backgrounds stained with
anti-REC-8 (green) and anti-pH3 (red). Germlines are outlined with the dashed lines, and the vertical
dotted line marks the beginning of transition zone. Scale bar: 10 um. (C) The extent of SPC zone in the

indicated genetic backgrounds (on the X-axis). FBF protein(s) present in each genetic background are
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noted above each data set. Plotted values are individual data points and arithmetical means + SD.
Differences in SPC zone length between fbf-1(If) fbf-2(If); gfp::fbf-2(vrm) and the other strains were
evaluated by one-way ANOVA test with Dunnett’s post-test; asterisks mark statistically significant
differences (P<0.0001). Data were collected from 3 independent experiments and 24-28 germlines were
scored for each genotype. (D) The extent of SPC zone was measured after crossing the GFP::FBF-2(vrm),
GFP::FBF-1(wt) and GFP::FBF-2(wt) transgenes into fbf-1(If) genetic background. As controls, SPC zone
length was also measured in fbf-1(If) and the wild type. Plotted values are individual data points and
arithmetical means + SD. Differences in SPC zone length between fbf-1(If) and all other strains were
evaluated by one-way ANOVA test with Dunnett’s post-test; asterisks mark statistically significant
differences (****, P<0.0001; **P<0.01). (E) The extent of SPC zone after knocking down CCR4-NOT
subunits in the fbf-1(If) fof-2(If); gfp::fbf-2(vrm) genetic background. RNAi treatments are indicated on the
X-axis and average length of SPC zone + SD on the Y-axis. Differences in SPC zone length between CCR4-
NOT knockdowns and control were evaluated by one-way ANOVA (asterisks, P<0.01). Data were collected
from 3 independent experiments. N, the number of independent germlines scored. (B-D): All experiments

were performed at 24°C.

Our findings suggest that FBF-1-mediated SPC maintenance depends on CCR4-NOT deadenylase
complex, while FBF-2 can function independent of CCR4-NQOT. Since FBF proteins are very similar
in primary sequence except for the four variable regions (VRs, Figure 4-6A), we next investigated
whether the VRs were necessary for FBF-2-specific maintenance of germline SPCs and prevented
FBF-2 dependence on CCR4-NOT. We previously found that mutations/deletions of the VRs
outside of FBF-2 RNA-binding domain (VR1, 2 and 4, Figure 4-6A) produced GFP::FBF-2(vrm)
protein with a disrupted localization and compromised function (Wang et al., 2016). We
hypothesized that these three VRs might contribute to FBF-2-specific effects on the extent of SPC

zone as well as prevent FBF-2 from cooperating with CCR4-NOT.

We first tested whether the three VRs are required for FBF-2-specific SPC zone length. To test
this hypothesis, the extent of SPC zone was determined after crossing the GFP::FBF-2(vrm)
transgene into fbf double mutant background. We found that the SPC zone maintained by
GFP::FBF-2(vrm) (Figure 4-6Biv) is significantly longer than that maintained by GFP::FBF-2(wt)
(Figure 4-6Biii) and the endogenous FBF-2 (Figure 4-6Bi) and significantly shorter than that
maintained by FBF-1 (P<0.01, Figure 4-6C), suggesting that the GFP::FBF-2(vrm) effect on SPC
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zone length is distinct from that of FBF-2. Western blot analysis indicated that expression of
GFP::FBF-2(vrm) is comparable to that of GFP::FBF-2(wt), so their distinct effects on SPC zone
length are likely due to functional differences (data not shown). To test whether GFP::FBF-2(vrm)
can rescue either of fbf single mutants, we determined the extent of SPC zone after crossing
GFP::FBF-2(vrm) into fbf-1(If) and fbf-2(If) genetic backgrounds. As controls, the lengths of SPC
zones were also measured after crossing the wild type GFP::FBF-2(wt) and GFP::FBF-1(wt)
transgenes into each fbf single mutant. As expected, the SPC zone length of fbf-2(If); gfp::fbf-2(wt)
is significantly shorter than fbf-2(lf) (P<0.01) while the SPC zone of fbf-2(If); gfp::fbf-1(wt) is
similar to fbf-2(If) (data not shown), suggesting that GFP::FBF-2(wt), but not GFP::FBF-1(wt),
rescues fbf-2(If). Likewise, GFP::FBF-1(wt), but not GFP::FBF-2(wt), rescues fbf-1(If) (P<0.01,
Figure 4-6D). Interestingly, we found that the extent of SPC zone of fbf-2(If); gfp::fbf-2(vrm) is
similar to that of fbf-2(If) (data not shown), suggesting that GFP::FBF-2(vrm) does not rescue fbf-
2(If). By contrast, the SPC zone of fbf-1(If); gfp::fbf-2(vrm) is significantly longer than that of fbf-
1(If) (P<0.01, Figure 4-6D) and there is no significant difference in the SPC zone length between
fbf-1(If); gfp::fbf-2(vrm) and the wild type, suggesting that the GFP::FBF-2(vrm) completely
rescues fbf-1(If). We conclude that the three VRs outside of FBF-2 RNA-binding domain (VR1, 2,
and 4) are important for FBF-2-specific effect on the extent of germline SPC zone and mutation

or deletion of these VRs resulted in a mutant protein FBF-2(vrm) that functions similar to FBF-1.

Since FBF-1 function requires CCR4-NOT complex and FBF-2(vrm) appears similar to FBF-1, we
hypothesized that CCR4-NOT is required for FBF-2(vrm) function. To test this hypothesis, we
measured SPC zone length after knockdown of CCR4-NOT subunits in fbf-1(If) fbf-2(If); gfp::fbf-
2(vrm) animals by RNAi. We found that SPC zone of fbf-1(If) fbf-2(If); gfp::fbf-2(vrm) after RNAi
of CCR4-NOT subunits becomes significantly shorter than the control (P<0.01, Figure 4-6E),
suggesting that GFP::FBF-2(vrm) function requires CCR4-NOT. If GFP::FBF-2(vrm) cooperates with
CCR4-NOT, we expect that it might associate with CCF-1 by proximity ligation assay. Indeed, PLA
foci density in the mitotic cells of 3xflag::ccf-1; gfp::fbf-2(vrm) was significantly greater than in
the control (Figure 4-6F; Table 4-3; P<0.0001). We conclude that the VRs outside of FBF-2 RNA-
binding domain are required for FBF-2-specific effect on the extent of SPC zone and to prevent

FBF-2 from cooperation with CCR4-NOT.
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Table 4-3 Proximity Ligation Assay detects association of FBF-2(vrm) with CCR4-NOT complex

component CCF-1

PLA density in SPC P value,
Genotype N
zone (/um”2) x 102 | vs. control

3xflag::ccf-1; gfp::fbf-2vrm 2.3+0.7 <0.0001 58

3xflag::ccf-1; gfp 1.1+0.5 n/a 48

THE VARIABLE REGION 4 (VR4) OF FBF-2 IS SUFFICIENT TO PREVENT COOPERATION WITH CCR4-
NOT

To test whether one of the three VRs outside of FBF-2 RNA-binding domain (VR1, 2, and 4) is
sufficient to support FBF-2-specific effects on the length of SPC zone, we established a transgenic
FBF-1 chimera with VR4 swapped from FBF-2 (GFP::FBF-1(FBF-2vr4); Figure 4-7A) and crossed it
into fbf double mutant. Since VR3 residing in FBF-2 RNA-binding domain was not sufficient for
FBF-2-specific function, gfp::fbf-1(fbf-2vr3) (with VR3 swapped from FBF-2; Figure 4-7A) chimeric
transgene was made for comparison. SPC zone length assessment showed that the SPC zone
maintained by GFP::FBF-1(FBF-2vr4) (Figure 4-7Biii) is significantly shorter than that maintained
by GFP::FBF-1(wt) (Figure 4-7Bv) and endogenous FBF-1 (P<0.0001; Figure 4-7Bii, C). By contrast,
the SPC zone maintained by GFP::FBF-1(FBF-2vr3) (Figure 4-7Biv) is similar to that maintained by
the GFP::FBF-1(wt) (Figure 4-7Biv, C). This finding suggested that GFP::FBF-1(FBF-2vr4) might
function similarly to FBF-2. Western blot analysis revealed that the protein expression levels of
GFP::FBF-1, GFP::FBF-1(FBF-2vr3), and GFP::FBF-1(FBF-2vr4) were comparable, so the observed
effects on SPC zone length are likely due to functional differences (data not shown). To test
whether GFP::FBF-1(FBF-2vr4) rescues FBF-1- or FBF-2-specific function, we measured the extent
of SPC zones after crossing GFP::FBF-1(FBF-2vr4) into fbf-1(If) and fbf-2(If) genetic backgrounds.
For comparison, GFP::FBF-1(FBF-2vr3) was also crossed into each fbf single mutant. We found

that the SPC zone of fbf-1(If); gfp::fbf-1(fbf-2vrd) is similar to that of fbf-1(lf) (data not shown),
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suggesting that GFP::FBF-1(FBF-2vr4) does not rescue fbf-1(If). Interestingly, SPC zone of fbf-2(lf);
gfp::fbf-1(fbf-2vrd) is significantly shorter than that of fbf-2(If) (P<0.01, data not shown),
suggesting that GFP::FBF-1(FBF-2vr4) rescues fbf-2(If). By contrast, GFP::FBF-1(FBF-2vr3) rescues
fbf-1(If), but not fbf-2(If) (data not shown). We conclude that the presence of VR4 from FBF-2 in

a chimeric GFP::FBF-1(FBF-2vr4) protein is sufficient to impart FBF-2-specific effect on the extent

of SPC zone.
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Figure 4-7. Variable region 4 (VR4) from FBF-2 is sufficient to prevent FBF-1 chimera from cooperation
with CCR4-NOT. (A) Schematics of FBF-1, FBF-2, transgenic GFP::FBF-1(FBF-2vr4) chimera (with VR4
swapped from FBF-2) and transgenic GFP::FBF-1(FBF-2vr3) chimera (with VR3 swapped from FBF-2). Red
and blue colors indicate variable regions distinguishing FBF-1 and FBF-2 respectively, grey box indicates
RNA binding domain, and green box indicates GFP tag. (B) Distal germlines dissected from the indicated

genetic backgrounds stained with anti-REC-8 (green) and anti-pH3 (red). Germlines are outlined with the
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dashed lines and the vertical dotted line marks the beginning of the transition zone. Scale bar: 10 um. (C)
The extent of SPC zone in the indicated genetic backgrounds (on the X-axis). FBF protein present in each
genetic background is noted above each data set. Plotted values are individual data points and
arithmetical means + SD. Differences in SPC zone length between fbf-1(If) fof-2(If); gfp::fbf-1(fbf-2vr4) and
the other strains were evaluated by one-way ANOVA test with Dunnett’s post-test; asterisks mark
statistically significant differences (P<0.0001). Data were collected from 2 independent experiments and

31-60 germlines were scored for each genotype. (D) SPC zone length after knocking down CCR4-NOT
subunits in the fbf-1(If) fof-2(If); gfp::fbf-1(fbf-2vrd) and fbf-1(If) fbf-2(If); gfp::fbf-1(fbf-2vr3) genetic
backgrounds (as indicated on the X-axis). Plotted values are arithmetical means + SD. Differences in the
extent of SPC zone between CCR4-NOT RNAi and control RNAi were evaluated by one-way ANOVA.
Asterisks mark the group with significant changes in SPC zone length after CCR4-NOT knockdown (P<0.01).
Data was collected from 2 independent experiments. N, the number of hermaphrodite germlines scored.

(B-D) All experiments were performed at 24°C.

To test whether VR4 is sufficient to inhibit cooperation of GFP::FBF-1(FBF-2vr4) with CCR4-NOT,
we measured the length of SPC zone after knockdown of CCR4-NOT subunits in fbf-1(If) fbf-2(If);
gfp::fbf-1(fbf-2vr4) animals by RNAI. As a control, CCR4-NOT knockdown was also performed on
fof-1(If) fbf-2(If); gfp::fbf-1(fbf-2vr3). We found that the SPC zone of fbf-1(If) fbf-2(If); gfp::fbf-
1(fbf-2vrd) after RNAi of CCR4-NOT subunits is similar to the control (Figure 4-7D), suggesting
that GFP::FBF-1(FBF-2vr4) function in SPCs does not rely on CCR4-NOT. By contrast, the SPC zone
of fbf-1(If) fbf-2(If); gfp::fbf-1(fbf-2vr3) is significantly shortened after RNAi of CCR4-NOT subunits
compared to the control (P<0.01, Figure 4-7D), indicating that GFP::FBF-1(FBF-2vr3) maintains
dependence on CCR4-NOT. We conclude that FBF-2 VR4 in a chimeric GFP::FBF-1(FBF-2vr4)
protein is sufficient to support FBF-2-specific effect on the extent of germline SPC zone and to

prevent the chimera’s cooperation with CCR4-NOT.

Discussion

This manuscript focuses on the roles of PUF family FBF proteins in the control of rates of cell cycle
progression and meiotic entry of C. elegans germline stem and progenitor cells. Our results
support three main conclusions. First, FBF proteins affect SPC cell cycle and meiotic entry through
translational control of FBF target mRNAs required for both processes. Second, FBF-mediated

repression of cyclin B affects SPC cell division rate. Third, distinct effects of FBF homologs on SPC
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development and their target mRNAs are mediated by differential cooperation of FBFs with
deadenylation machinery. In turn, activation of deadenylation machinery by FBFs depends on the
protein sequences outside of the conserved PUF RNA-binding domain. Collectively, our results
support a model where two paralogous FBF proteins have complementary effects on SPC cell

division and meiotic entry achieved through distinct regulatory mechanisms (Figure 4-8).
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Figure 4-8. Distinct effects of FBF-1 and FBF-2 on germline SPC dynamics are mediated by their effects
on target mRNAs in C. elegans. (A) Complementary activities of FBFs in maintaining germline SPC
homeostasis: FBF-1 promotes SPC self-renewal by inhibiting differentiation, while FBF-2 facilitates both
proliferation and differentiation of SPCs. (B, C) FBFs differentially control target mRNAs that regulate both
stem cell proliferation and differentiation, and FBFs differential cooperation with CCR4-NOT is determined
by their variable regions, VRs, outside of the RNA binding domain of FBFs. (B) FBF-1 cooperates with CCR4-
NOT deadenylase and destabilizes target mRNAs. FBF-1-dependent RNA regulation is required to restrict
the rate of germline stem cell differentiation. (C) FBF-2 does not rely on CCR4-NOT and promotes
accumulation of target mRNAs. FBF-2-dependent accumulation of mRNAs is required to sustain both wild

type rates of germline stem cell proliferation and of meiotic entry.

FBFS AFFECT THE RATES OF BOTH STEM CELL MITOTIC DIVISIONS AND MEIOTIC ENTRY
Here we provide evidence that loss-of-function mutation of fbf homologs change the rates of

both cell cycle and meiotic entry in C. elegans germline SPC. We find that slow proliferation of

93



SPCs in fbf-2(If) is associated with a slower rate of progenitor meiotic entry (differentiation), while
the progenitors of fbf-1(If) mutant have a faster rate of meiotic entry (Figure 4-8A). We propose
that differentiation and proliferation are simultaneously affected by FBF-mediated control of
target mRNAs encoding key molecular regulators of meiotic entry and cell cycle. According to our
model, post-transcriptional regulation by both FBFs is required to promote the wild type balance
of cell cycle progression and meiotic entry. Therefore, changes in the rate of cell divisions and/or
meiotic entry in the individual fbf mutants might lead to changes in SPC zone size. One alternative
mechanism for SPC zone size changes in fbf mutants is through changes in the number of
uncommitted stem cells through altered accumulation of SYGL-1 and LST-1. SYGL-1 and LST-1 are
common cofactors of FBFs that promote FBF-dependent regulation (Haupt et al., 2019a; Shin et
al., 2017). The abundance of SYGL-1 and LST-1 plays a key role in determining the number of
uncommitted stem cells and thus the overall size of SPC zone (Haupt et al., 2019a; Shin et al.,
2017). Since both SYGL-1 and LST-1 are also FBF targets (Kershner and Kimble, 2010; Kershner et
al., 2014; Prasad et al., 2016), it would be interesting to see whether FBF effects on SPC zone size

might be mediated through changes in SYGL-1 and/or LST-1 levels.

Slow meiotic entry rate in fbf-2(If) likely results from enhanced translational repression of FBF
targets that regulate differentiation; indeed, slower accumulation of FBF target GLD-1 has been
documented in this genetic background (Brenner and Schedl, 2016). In a similar fashion,
mutations of FBF targets gld-2 and gld-3 lead to a decrease in meiotic entry rate and to
accumulation of excessive numbers of SPCs (Eckmann et al.,, 2004; Fox and Schedl, 2015).
Conversely, higher meiotic entry rate of fbf-1(lf) SPCs might be explained by partial derepression
of FBF targets. FBF-2 represses FBF target transcripts in fbf-1(If) background, while sequestering
them in large cytoplasmic aggregates (Voronina et al., 2012). However, this repression is less
effective than FBF-1-dependent mRNA deadenylation since partial derepression of GLD-1 has
been previously observed in fbf-1(If) (Brenner and Schedl|, 2016; Crittenden et al., 2002).

We find that FBF-2 promotes SPC cell division through facilitating progression of SPCs through

the G2-phase of cell cycle. Thus, SPCs of the fbf-2(If) mutant are characterized by longer median
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G2-phase length. By contrast, the G2-phase of fbf-1(If) SPCs is the same as in the wild type, even
though this genetic background shows an increase in the mitotic index. There are several possible
explanations for a higher mitotic index in fbf-1(If) background. One is slow progression through
the M-phase of the cell cycle. We tested for activation of mitotic checkpoints in fbf-1(If) genetic
background, but found no difference with the wild type in the prevalence of inactivated NCC-
1/CDK-1 (pTyrl5) (data not shown). Another possibility for the change in mitotic index is the
difference in the proportion of cycling-competent versus non-cycling cells in fbf-1(If). The
proximal SPC zone contains non-cycling cells in meiotic S-phase, estimated to comprise 30-40%
of total SPC zone cells in the wild type germlines (Crittenden et al., 2006; Jaramillo-Lambert et
al., 2007; Fox et al., 2011). Faster meiotic entry rate of fbf-1(If) SPCs might be associated with
faster progenitor transit through the meiotic S-phase. As a result, the number of non-cycling
premeiotic cells (and consequently the total number of SPC zone cells) would be lower, leading
to an inflated SPC mitotic index. We could not address whether fbf-1(If) germlines have a lower
number of progenitors in meiotic S-phase since there are no specific molecular markers for this
developmental stage. Finally, we find that disruption of FBF-mediated regulation of a single B-
type cyclin in slowly proliferating and slowly differentiating fbf-2(If) SPCs is sufficient to disturb
stem cell homeostasis and leads to excessive SPC accumulation. This result also supports the idea
that the rate of meiotic entry is not a direct consequence of the rate of SPC proliferation, but is

controlled separately.

REGULATION OF CYCLIN B BY PUF-FAMILY PROTEINS IN STEM CELLS

PUF mRNA targets have been studied in multiple organisms including C. elegans, mouse and
human identifying thousands of target mRNAs (Chen et al., 2012; Galgano et al., 2008; Kershner
and Kimble, 2010; Morris et al., 2008; Porter et al., 2019; Prasad et al., 2016). One highly
conserved group of PUF regulatory targets is related to the control of cell cycle progression. In
several developmental contexts stem cells undergo rapid G1/S transitions and spend an extended
timein G2, as observed for C. elegans germline stem cells as well as mouse and human embryonic
stem cells (Fox et al., 2011; Lange and Calegari, 2010; Orford and Scadden, 2008). Human, mouse,

and C. elegans PUF proteins repress cell cycle inhibitors such as Cip/Kip family cyclin-dependent
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kinase inhibitors (Kalchhauser et al., 2011; Kedde et al., 2010; Lin et al., 2019). This repression
was found important for cell cycle progression of human and mouse cells through G1 (Kedde et
al., 2010; Lin et al., 2019). Additionally, mitotic cyclins B and A are among the core targets of PUF
proteins across species including nematode FBFs (Kershner and Kimble, 2010; Porter et al., 2019;
Prasad et al., 2016), Drosophila Pumilio (Asaoka-Taguchi et al., 1999), human and mouse PUM1
and PUM2 (Chen et al., 2012; Galgano et al., 2008; Hafner et al., 2010; Morris et al., 2008), and
yeast Puf proteins (Gerber et al., 2004; Wilinski et al., 2015). Cyclin B regulation by PUFs
contributes to cell cycle control of Drosophila embryonic cell divisions (Asaoka-Taguchi et al.,
1999; Vardy and Orr-Weaver, 2007) and to the control of meiotic resumption during Xenopus and
zebrafish oocyte maturation (Kotani et al., 2013; Nakahata et al., 2003; Ota et al., 2011). Here,
we report the function of PUF-mediated regulation of mitotic cyclins in the germline stem cells
of C. elegans. A recent report suggests that regulation of cyclin B by PUFs is also observed in
mouse embryonic stem cells

(Uyhazi et al., 2020).

MRNA DEADENYLATION AND PUF-MEDIATED REPRESSION

Multiple studies indicate that deadenylation contributes to PUF-mediated translational
repression (Goldstrohm et al., 2006; Kadyrova et al., 2007; Van Etten et al., 2012; Weidmann et
al., 2014). CCR4-NOT deadenylation machinery is conserved in evolution from yeast to humans
(Collart et al., 2017; Wahle and Winkler, 2013). Although deadenylation is required for germline
stem cell maintenance in flies, nematodes and mice (Berthet et al., 2004; Fu et al., 2015; Joly et
al., 2013; Nakamura et al., 2004; Nousch et al., 2019; Shan et al., 2017; Suh et al., 2009), the
contribution of deadenylation to PUF translational repression in vivo is still controversial
(Weidmann et al., 2014). Previous studies of CCR4-NOT component CCF-1 in C. elegans suggested
that paralogous PUF proteins FBF-1 and FBF-2 might employ both CCF-1-dependent and CCF-1-
independent regulatory modes (Suh et al., 2009). Here, we find that FBF-1 and FBF-2 differentially

cooperate with CCR4-NOT deadenylation machinery in C. elegans germline SPCs.

Multiple lines of evidence suggest that FBF-1’s function in vivo is supported by the CCR4-NOT

deadenylation. First, the size of germline SPC zone maintained by FBF-1 in the absence of FBF-2
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is significantly reduced by a knock-down of CCR4-NOT deadenylase components. Second, FBF-1-
mediated repression of FBF target reporter in vivo requires CCR4-NOT deadenylase. By contrast,
SPC zone maintained by FBF-2 and the reporter repression by FBF-2 in the absence of FBF-1 are
not affected by CCR4-NOT component knock down. Taken together, these observations provide
genetic evidence that CCR4-NOT promotes FBF-1 function in germline SPCs. The increase in FBF-
1 protein levels that we observed after knocking down the CCR4-NOT subunit ccf-1 (data not
shown) might result from the relief of FBF-1 auto-regulation (Lamont et al., 2004). Third, both
endogenous FBF-1 and GFP::FBF-1 colocalize with a core CCR4-NOT subunit 3xFLAG::CCF-1 in vivo
by co-immunostaining. Additionally, an in vivo test of protein interaction between GFP::FBF-1
and 3xFLAG::CCF-1 using proximity ligation assay detects positive signal suggesting that these
proteins reside in the same complex. By contrast, there’s significantly less in vivo colocalization
and proximity between GFP::FBF-2 and 3xFLAG::CCF-1. These data are consistent with the idea
that FBF-1 and FBF-2 form distinct RNP complexes, of which FBF-1 complex preferentially
includes CCR4-NOT deadenylase. Finally, we assessed the length of FBF target poly(A) tail length
in the nematodes mutant for each fbf, and found that the poly(A) tail length of FBF target cyb-
2.1 was relatively shorter in fbf-2(If) background than in fbf-1(If). We conclude that FBF-1
selectively cooperates with deadenylation machinery to promote translational repression of

target mRNAs (Figure 4-8).

The two FBF proteins are 91% identical in primary sequence (Zhang et al., 1997). If FBFs have
distinct abilities to engage deadenylation machinery, what are the features of FBF-2 that prevent
it from cooperating with CCR4-NOT? PUF RNA-binding domain is sufficient for a direct interaction
with the CCF-1 subunit of CCR4-NOT and its homologs in multiple species, including C. elegans
(Goldstrohm et al., 2006; Hook et al., 2007; Kadyrova et al., 2007; Suh et al., 2009; Van Etten et
al., 2012). However, protein sequences outside of the well-structured RNA-binding domain can
promote PUF-induced deadenylation, and are hypothesized to function either through improved
recruitment of CCR4-NOT complex or through allosteric activation of CCR4-NOT (Webster et al.,
2019). We find that the Variable Region (VR) sequences outside of the RNA-binding domain of

FBF-1 and FBF-2 play a key role in determining whether these proteins are able to cooperate with
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CCR4-NOT (Table 4-4). Mutations of three VRs (VR1, 2, and 4) in FBF-2 result in a protein that
now cooperates with CCR4-NOT, suggesting that these regions are necessary to prevent the wild
type FBF-2 from engaging with the deadenylase. Conversely, swapping the VR4 of FBF-2 onto
FBF-1 renders resulting the chimeric protein FBF-1(FBF-2vr4) insensitive to CCR4-NOT
knockdown, indicating that VR4 of FBF-2 is sufficient to prevent cooperation with CCR4-NOT. By
contrast, swapping VR3 residing within FBF-2 RNA-binding domain into FBF-1 does not affect the
FBF-1(FBF-2vr3) chimera’s cooperation with CCR4-NOT, supporting the importance of protein
sequences outside of the RNA-binding domain affecting cooperation with CCR4-NOT. Overall, we
conclude that the protein regions outside of the conserved PUF RNA-binding domain regulate
the repressive action mediated by each PUF protein homolog. As a result, distinct sequences
flanking the RNA-binding domain may lead to differential preference of regulatory mechanisms
exerted by individual PUF-family proteins (Figure 4-8B, C). Identifying the sequences outside of
FBF-1 RNA-binding domain that promote its cooperation with CCR4-NOT remains a subject for

future studies to understand regulatory impact of PUF domain flanking sequences.

Table 4-4 Variable regions outside of RNA-binding domain regulate FBF function

Mutated variable
) Dependent on
Transgene region (VR) Rescues fbf-1(If)? Rescues fbf-2(If)? CCRA-NOT
sequence
GFP::FBF-2wt N/A No Yes No?®
GFP::FBF-1wt N/A Yes No Yes?
mutated VR1, 2;
GFP::FBF-2(vrm) VR4 deleted Yes No Yes?
VR4 swapped
GFP::FBF-1(FBF-2vr4) with FBF-2 No Yes No®
VR3 swapped
GFP::FBF-1(FBF-2vr3) with FBF-2 Yes No Yes?

Rescue assays were performed by crossing transgenic GFP::FBFs into loss of function mutant of each fbf,
followed by SPC zone length measurement (data not shown). Dependence on CCR4-NOT was defined as

a decrease in the length of SPC zone after knocking down CCR4-NOT subunits. ? — analyzed in single fbf

98



loss-of-function mutants, Figure 4-3B. ® — analyzed in the strains containing GFP::FBF transgenes in fbf-1

fbf-2 double-mutant background, Figures 4-6D and 4-7D.

CONCLUSIONS

Our results suggest a new mechanism contributing to balancing stem cell self-renewal with
differentiation at a population level in C. elegans germline. We propose that antagonistic
regulation of key mRNA targets by PUF family FBF proteins modulates SPC cell division rate
together with the rate of meiotic entry or differentiation. Complementary activities of FBF-1 and
FBF-2 combine to fine tune SPC proliferation and meiotic entry coordinately regulating both
processes. PUF proteins are conserved stem cell regulators in a variety of organisms, and their
control of target mRNAs that affect proliferation and differentiation is wide spread as well. The
future challenge will be to determine whether PUF-dependent RNA regulation in other stem cell
systems might be modulated to adjust stem cell division rate in concert with changing the rate of

differentiation.
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Chapter 5. Conclusions and future directions

Balance of stem cell proliferation and differentiation is pivotal for maintaining body homeostasis
because stem cell overproliferation can cause tumor formation and excess differentiation can
cause tissue degeneration. Still, the mechanisms balancing stem cell proliferation and
differentiation remain one of the open and intriguing questions in stem cell biology. Pumilio and
FBF (PUF) family RNA-binding proteins that are highly conserved among eukaryotes share
evolutionarily conserved roles in regulating stem cell maintenance (Quenault et al., 2011,
Wickens et al., 2002). FBF-1 and FBF-2, two PUF family translational repressors in C. elegans, are
expressed in the mitotic region of the germline and are important for maintaining germline stem
cells. FBF-1 and FBF-2 (or FBFs) are about 89% identical to each other in primary sequence but
have different effects on the stem cell pool size, which might be linked to distinct modes of
regulation of their target mRNAs, indicating that FBFs may have unique roles. In the course of my
dissertation, | set out to investigate whether and how FBF homologs differentially regulate the
balance of stem cell proliferation and differentiation and to elucidate molecular mechanisms
contributing to the differences between FBFs. This dissertation identified that FBF-1 and FBF-2
have distinct effects on stem cell dynamics: FBF-1 restricts the rate of stem cell meiotic entry,
while FBF-2 promotes both rates of proliferation and meiotic entry. This work also identified
several FBF-1- or FBF-2-specific cofactors that contribute to the unique functions of FBFs. FBF-1’'s
function relies on cooperation with CCR4-NOT deadenylation machinery, while FBF-2-dependent
regulation requires interaction with other cofactors, such as dynein light chain DLC-1. Splicing
machinery appears to promote the function of both FBF-1 and FBF-2, but might cooperate with
each FBF through different mechanisms. In this chapter, | first focus on the unique roles of FBFs
in regulation of stem cell proliferation and differentiation, and then discuss possible mechanisms

behind functional divergence of FBFs.

5.1 FBF-1 and FBF-2 differentially regulate germline stem cell proliferation and

differentiation.

100



In C. elegans germline, the number of stem cells is controlled at a population level (Kimble and
Crittenden, 2007), where loss of some stem cells through differentiation is balanced by
proliferation of remaining cells, and the rates of differentiation and proliferation are similar. FBF
homologs are redundantly required for maintaining germline stem cell pool, but loss-of-function
(If) mutations in each fbf result in different sizes of stem cell pool: fbf-1(If) mutation results in a
smaller stem cell pool compared to the wild type whereas fbf-2(If) results in a larger stem cell
pool compared to the wild type (Lamont et al., 2004). Although the two FBF homologs have been
recognized as redundant regulators of germline stem cell maintenance, the effects of FBFs on
stem cell proliferation and differentiation have not been examined. This dissertation
demonstrats that fbf-1(If) mutation leads to a faster rate of stem cell meiotic entry while fbf-2(If)
mutation leads to slower rates of both cell cycle and meiotic entry. This finding suggests a model
where FBFs coordinately regulate cell cycle and meiotic entry rates of stem cells, and loss of
either fbf would disrupt the balance of stem cell proliferation and differentiation, causing a
change in stem cell pool size. Our findings of differential roles of FBFs in stem cell proliferation
and differentiation are consistent with recently published studies regarding the function of two
FBF homologs, PUM1 and PUMZ2, in mouse embryonic stem cells (ESCs), where PUM1 promotes

differentiation while PUM2 promotes self-renewal of mouse ESCs (Uyhazi et al., 2020).

We further concluded that FBFs’ effects on cell cycle rate are mediated by repression of a cyclin
B family gene, one of the conserved regulators of the cell cycle. A previous study by Lin et al. (Lin
et al., 2019) in the mouse demonstrated that binding of PUM1 or PUM2 to the mRNA of cell cycle
regulator Cdknl1b promotes G1-S transition and cell proliferation, and thus controls mouse organ
and body size. Our study found that loss of fbf-2 resulted in significantly longer median G2-phase
of germline stem cells, suggesting that FBF-2 promotes progression through G2 phase of the cell
cycle. We hypothesized that FBFs’ effects on cell cycle were mediated by regulating the mRNAs
affecting G2 progression. Cell cycle regulators, including cyclin B genes, are among the mRNAs
co-isolated with FBF proteins (Porter et al., 2019; Prasad et al., 2016). We tested whether
disruption of PUF-mediated control of one member of cyclin B gene family could impact cell cycle
progression. We found that removal of all canonical FBF binding sites from cyb-2.1 3'UTR results

in increased expression of CYB-2.1 protein and faster cell cycle rate of germline stem cells in fbf-
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2 mutant background. In the future, it would be interesting to test whether the faster cell cycle
of stem cells resulting from elevated expression of CYB-2.1 in fbf-2(If) is associated with a rescue
of G2 phase progression. Additionally, since mRNAs encoding several other members of cyclin B
family have also been co-isolated with FBFs, it would be interesting to test whether disruption of
FBF-mediated regulation of other cyclin B genes in fbf-2(If) would similarly rescue the extended

G2 phase length and cell cycle rate.

FBFs largely bind to the same target RNAs and the same elements within those RNAs (Porter et
al., 2019; Prasad et al., 2016), suggesting that FBFs may be competitively binding to the same
target mRNAs. Why do the two FBF homologs produce distinct regulatory effects on stem cell
maintenance? It is possible that FBFs’ function is modulated by association with different
cofactors. Our findings regarding such cofactors specific for FBF-1 or FBF-2 function are discussed

in the following sections.
5.2 CCR4-NOT deadenylase machinery is an FBF-1-specific cofactor

As reported in Chapter 4, | identified that FBF-1 and -2 have different reliance on CCR4-NOT
deadenylase machinery, suggesting that CCR4-NOT might be one of the factors contributing to

distinct roles of FBFs in stem cell maintenance.

PUF family translational regulators don’t have enzymatic activity and typically recruit specific
cofactors to their target mRNAs to mediate regulatory outcomes (Cho et al., 2006; Cho et al.,
2005; Eckmann et al., 2002; Friend et al., 2012; Goldstrohm et al., 2006; Kadyrova et al., 2007,
Sonoda and Wharton, 1999; Sonoda and Wharton, 2001; Suh et al., 2009). The repressive
function of PUF proteins in C. elegans and other species can be mediated by the CCR4-NOT
deadenylase complex that promotes RNA deadenylation and decay. In vitro, both FBF-1 and FBF-
2 bind CCF-1, one of the enzymatic subunits of CCR4-NOT (Suh et al., 2009). Our study, for the
first time, demonstrated that FBF-1-mediated regulation was more dependent on CCR4-NOT
than FBF-2-mediated regulation. This conclusion was supported by three lines of evidence. First,
a knockdown of CCR4-NOT resulted in a decrease of the stem cell pool size in fbf-2(If) mutant,
but did not affect the stem cell pool size in fbf-1(If) and the wild type backgrounds. Second,

knockdown of CCR4-NOT caused derepression of a transgenic reporter of FBF target htp-2 in the
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stem cell region in fbf-2(If) background. Finally, poly(A) tail length of FBF target mRNAs in fbf-1(If)
mutant animals was longer than in the wild type and shorter in fbf-2(If) than in the wild type,
suggesting that FBF-1 promoted deadenylation of target RNA while FBF-2 protected targets from
deadenylation in vivo. To test whether FBF-1-dependent deadenylation is mediated by CCR4-
NOT enzyme, in the future it would be interesting to analyse the poly(A) tail length in fbf-2(If)
after knocking down CCR4-NOT. Deadenylated mRNA in the cytoplasm can become a target of
RNA decay (tabno et al., 2016), and one mode of PUF-mediated repression is through promoting
decay of target mRNAs (Goldstrohm et al., 2006; Olivas and Parker, 2000; Ulbricht and Olivas,
2008). Interestingly, our gPCR analysis showed that for most of FBF targets, mRNA abundance in
fbf-1(If) mutant is not significantly different from the wild type background, suggesting that FBF-
1 cooperating with CCR4-NOT may promote translational repression rather than mRNA decay. To
connect these findings to the regulation of stem cell pool dynamics, it would be interesting to

test whether CCR4-NOT is required for FBF-1-mediated restriction of stem cell meiotic entry.

Interestingly, our in vivo results contradict the conclusions of an earlier in vitro study, which found
that both FBF proteins interact with CCR4-NOT subunit CCF-1 and FBF-2 can promote in vitro
deadenylation of a target RNA mediated by CCR4-NOT (Suh et al., 2009). We propose that the
differences between in vivo and in vitro results might be explained by selective interaction of
CCR4-NOT with FBF-1 in vivo. How would this selective interaction be achieved? One possible
mechanism could be that CCR4-NOT and FBF-1 localize to the same cytoplasmic RNA-protein
complex, which is different from the compartment that FBF-2 localizes to. In support of this
possibility, we found that in vivo CCR4-NOT colocalizes with FBF-1, but not FBF-2. An alternative
mechanism could be inhibition of FBF-2/CCR4-NOT interaction mediated by a cofactor of FBF-2;
that is, the binding site for CCR4-NOT in FBF-2 might be occupied by other cofactor(s) of FBF-2 in

vivo.
5.3 Splicing machinery facilitates function of both FBF-1 and FBF-2, but in different ways

As described in Chapter 2, we identified several splicing factors as potential cofactors for both
FBF-1 and FBF-2 in C. elegans germline. Interestingly, there are differences in phenotypes

observed after knocking down a subset of these splicing factors in fbf-1(If) and fbf-2(If)
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backgrounds, suggesting that some splicing factors might preferentially promote the function of
one of FBFs, and that the same splicing factors can promote FBF-mediated translational
regulation during different stages of germline development. First, individual knockdowns of five
splicing factors (rsp-3, teg-1, gut-2, Ism-4, and Ism-7) produced synthetic sterility only with the
fbf-1 mutant, but not with fbf-2, suggesting that these five splicing factors are FBF-2-specific
cofactors. Second, individual knockdowns of the remaining two splicing factors (prp-17 and mtr-
4) in fbf-1 mutant resulted in derepression of FBF target reporter in mitotic cells. By contrast, the
same knockdowns in fbf-2 mutant did not cause derepression of the target reporter in mitotic
cells, but instead resulted in overexpression of the target reporter in meiotic cells. These
observations suggest that PRP-17 and MTR-4 promote FBF-2-mediated target repression during
stem cell development and FBF-1-mediated target repression during meiotic entry. To better
understand cooperation between FBFs and splicing machinery, we might pursue the following

directions discussed below.

Is splicing machinery required for FBF-2 or FBF-1 function in stem cell pool maintenance? Our
observations suggest that stem cell pool sizes in fbf mutants were affected by splicing factor
knockdowns. Quantification of stem cell pool sizes after individual knockdowns of all splicing
factors in fbf mutants would determine whether the splicing factor knockdowns are affecting fbf
mutants differently. If some splicing factors are found to selectively promote FBF-1 or FBF-2
function in stem cell maintenance, we could further test whether they are required for FBF-

dependent regulation of the cell cycle or meiotic entry rate.

Our study suggested that five splicing factors are cofactors specific for FBF-2. Several core
components of the splicesome such as Sm proteins have been found to be constitutive P granule
components in C. elegans (Barbee et al., 2002). Interestingly, FBF-2 function depends on its
localization to P granules (Voronina et al., 2012). It is possible that the five splicing factors that
cooperate with FBF-2 colocalize with FBF-2 at P granules. To test this, co-immunolocalization of
individual of the five splicing factors with P granules or GFP tagged FBF-2 could be performed. If
commercial antibodies against these endogenous splicing factors are not available, we would
need to tag these gene with affinity tags (such as 3xFLAG) by CRISPR or transgenesis. Since other

PUF family proteins, such as PUF-8, can also localize to P granules, we propose that splicing
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factors might also cooperate with other PUF family regulators. Additionally, antibodies against
Sm proteins can stain germ granules (like P granules in C. elegans) in mouse (Moussa et al., 1994),
suggesting that splicing factors as germ granule components might be a conserved structure in

germ cells of diverse species.
5.4 Dynein light chain DLC-1 is an FBF-2-specific cofactor

From the list of genes co-immunoprecipitated with GFP tagged FBF-2, | identified an LC8 dynein
light chain DLC-1 as a specific cofactor for FBF-2. As shown in Chapter 3, our study suggests that
DLC-1 is required for FBF-2-specific target regulation as well as for FBF-2 localization in germline
stem cells, and that DLC-1 directly binds to FBF-2. These results lead to two further questions: 1.
Is DLC-1 required for FBF-2 to promote stem cell proliferation and/or differentiation? To test this
possibility, measurement of cell cycle rate and differentiation rate scoring could be performed
after knocking down dlc-1 in fbf-1 mutant. 2. Does DLC-1 presence affect FBF-2 target RNA
binding preference? This question could be investigated through several possible directions. First,
we could employ fluorescence polarization RNA-binding assay to test whether the presence of
DLC-1 changes FBF-2’'s RNA-binding affinity to a few known target mRNAs compared to FBF-2
alone. Second, using SEQRS (in vitro selection, integrating high-throughput sequencing of RNA
and sequence specificity landscapes, Campbell et al., 2012), RNA-binding preferences of FBF-2
bound to DLC-1 versus FBF-2 alone could be compared to uncover any variant RNA-binding
specificity of the FBF-2/DLC-1 complex. Lastly, using iCLIP-seq, we could determine whether FBF-
2/DLC-1 has distinct RNA-binding specificity in vivo by comparing the mRNAs bound to FBF-2 in

dlc-1 mutant compared to the mRNAs bound to FBF-2 in wild type genetic background.

FBF proteins are very similar in primary sequence except for four variable regions (VRs). As
described in Chapter 3, our work identified that DLC-1 physically interacts with FBF-2 protein in
vitro at three of those VRs (VR1, 2, 4) and that these DLC-1 binding sites are required for FBF-2
localization and function in vivo. We further found (Chapter 4) that the same three VRs are
necessary for FBF-2-specific function in stem cell pool maintenance and a chimeric FBF-1 protein
with swapped VR4 of FBF-2 gains the ability to rescue fbf-2 function in stem cell maintenance.

Together, these data suggest a possibility that VRs 1, 2, and 4 might be the key regions mediating
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functional differences between FBF-1 and FBF-2. However, it is still important to tease apart
whether the ability of these VRs to bind DLC-1 or other properties are the key factors that
contribute to the functional differences between FBFs. In the future, more experiments could be
performed to test this question. First, our study found that VR4 can rescue FBF-2-specific function,
but we still don’t know whether the individual VR1 and 2 would similarly be able to rescue FBF-
2-specific function in stem cell maintenance. To test this, stem cell pool sizes of the germlines
expressing FBF-1 chimeras with swapped VR1 or VR2 of FBF-2 could be measured and compared
to that of the germlines expressing wild type FBF-1 or FBF-2 alone. If the experiments show that
both VR1 and VR2 can promote FBF-2-specific function, it would suggest that DLC-1 binding might
be the factor contributing to functional divergence between FBFs. But it is still possible that these
effects are mediated by some unknown factor that can bind to the same regions in FBF-2 as DLC-
1. Alternatively, if either none, or only VR1 or VR2 rescues FBF-2-function, it would suggest that
DLC-1 binding is not important for functional divergence between FBFs. Finally, we could test
whether either VR1, 2, or 4 mediates FBF-2-specific functions in stem cell proliferation and
differentiation. To test this, measurement of cell cycle and meiotic entry rates could be
performed in the animals expressing either FBF-2vrm mutant (with mutated VR1, 2, and 4) or any
of FBF-1 chimeras with single FBF-2 VRs for comparison with the animals expressing only FBF-2wt

and only FBF-1wt.

The studies in Chapter 4 suggest that VRs 1, 2, and 4 in FBF-2 are necessary to prevent FBF-2 from
cooperating with CCR4-NOT deadenylase. How do these VRs prevent FBF-2 from interacting with
CCR4-NOT? We have already found that FBF-1 and CCR4-NOT colocalize to the same RNA
granules while FBF-2 and CCR4-NOT localize to different RNA granules in stem cells. It is possible
that the VRs bring FBF-2 to a cytoplasmic compartment that is different from where CCR4-NOT
localizes. We found that the FBF-2vrm mutant, where the relevant VRs are mutated, can
colocalize with CCR4-NOT, which supports the localization hypothesis. To determine whether
either of VRs 1, 2, and 4 is sufficient to prevent FBF-2 from colocalizing with CCR4-NOT, we could
test whether FBF-1 chimera mutants with swapped VR1 (or 2, or 4) can still colocalize with CCR4-
NOT. Alternatively, it is possible that DLC-1 and CCR4-NOT might be competitive interactors of
FBF-2, or DLC-1 binding might hinder the interaction between FBF-2 and CCR4-NOT complex.
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Previously, Suh et al (Suh et al., 2009) using pull-down showed that the CCR4-NOT subunit CCF-1
interacts with FBF-2 in vitro. To test our hypothesis, GST pull-down could be employed to test
whether CCF-1 can only pull down FBF-2 or the complex of FBF-2/DLC-1. If CCF-1 can only pull
down FBF-2, it would suggest that CCF-1 and DLC-1 are competitive in binding to the same region
of FBF-2, supporting our hypothesis that DLC-1 binding prevents FBF-2 from cooperation with
CCR4-NOT. Alternatively, if CCF-1 can pull down the FBF-2/DLC-1 complex, it would suggest that
CCF-1 and DLC-1 bind to different regions of FBF-2, and DLC-1 binding is not the reason that
disrupts FBF-2’s dependence on CCR4-NOT.

5.5 Summary

This dissertation, for first time, identified clear functional differences between FBF-1 and FBF-2
in controlling stem cell proliferation and differentiation in C. elegans germline. Our results
support a model where FBF-2 promotes both cell cycle progression and meiotic entry of stem
cells while FBF-1 inhibits meiotic entry. We propose that FBFs’ coordinate regulation contributes
to maintaining the balance of stem cell proliferation and differentiation in the germline. We
identified CCR4-NOT deadenylation machinery as an FBF-1-specific cofactor, DLC-1 as an FBF-2-
specific cofactor, and five splicing factors as potential specific cofactors for FBF-2. However, it is
still unknown whether all the identified cofactors contribute to the functional divergence
between FBF-1 and FBF-2 in regulating stem cell proliferation and differentiation. DLC-1 binding
is required for FBF-2 RNP localization to P granules and the VRs containing DLC-binding sites
prevent FBF-2 from localizing to the same compartment as CCR4-NOT deadenylase machinery.
This allows for an exciting possibility that DLC-1 binding could be a key factor that inhibits
interaction of FBF-2 with FBF-1-specific cofactors and therefore causes functional divergence

between FBF-1 and FBF-2.

PUF proteins are conserved stem cell regulators in eukaryotes, from yeast to humans, and they
share conserved mechanisms that affect stem cell proliferation and differentiation. Our studies
give new mechanistic insight into PUF function in C. elegans that is likely relevant for other

organisms.
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