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Dynein light chain DLC-1 promotes localization and function of the
PUF protein FBF-2 in germline progenitor cells
Xiaobo Wang1, Jenessa R. Olson1, Dominique Rasoloson2, Mary Ellenbecker1, Jessica Bailey1 and
Ekaterina Voronina1,*

ABSTRACT
PUF family translational repressors are conserved developmental
regulators, but themolecular 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.
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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 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 integratedwith 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 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 homologsReceived 7 June 2016; Accepted 4 November 2016
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(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.

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 (Fig. S1A). 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 (Fig. S1A,C), 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 1). Other co-purifying proteins likely represent
contaminants resulting from very high expression levels (for
example, VIT-6/vitellogenin and UNC-54/myosin; Table S1).
Four of the identified proteins were previously isolated with
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
(Table S1, genes tested by RNAi).

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(lf )]
background, compared with the wild-type and fbf-2(lf )
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 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(lf ) background, but not in either wild-type or
fbf-2(lf ) backgrounds (Table S1). 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(lf ). All
23 annotated C. elegans subunits of dynein and dynactin (dynein
activity regulator and cargo adapter) complexes were depleted in
fbf-1(lf ) background and assayed for sterility (Fig. 1A). We find
that only a single additional knockdown, dynein intermediate
chain dyci-1(RNAi), showed significantly increased sterility in
the fbf-1(lf ) 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 (Fig. 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(lf ) and the majority of dynein motor subunits
suggest that DLC-1 might promote the function of FBF-2
independently of the dynein motor.

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 (lf ) allele dlc-1(tm3153) (Hamill et al.,
2002; this paper). We find that 78% of fbf-1(lf ); dlc-1(lf ) double
mutants are sterile. This is a specific synthetic phenotype as 98% of
dlc-1(lf ) single mutants and fbf-2(lf ); dlc-1(lf ) double mutants are
fertile and produce dead embryos (Table 2). By contrast, the dhc-1
(ts); fbf-1(lf ) 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 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.

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

Protein
Coverage
(%)*

RNase
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.
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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
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Fig. 1. DLC-1 is required for FBF-2 function independent of the dyneinmotorcomplex. (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’ 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 aremean±s.e.m. from three or fourexperiments as inA. Asterisksmark the significant differences betweengenetic backgrounds in sterility
caused byRNAi (P<0.05; corrected formultiple comparisons). The effects of eachRNAi treatment on different strainswere compared byone-way ANOVA [P<0.001
for dlc-1(RNAi);P>0.1 for both dhc-1 and dyci-1(RNAi)], followed by post-test comparison by Tukey’smultiple comparison test. (C-F) Germlinemasculinization 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-1mutants with control RNAi did not produce sterile worms. n, number of germlines scored (shown below
the bars). (D) rrf-1; dlc-1(RNAi), germlinewith 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 μm.
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oogenesis, we find that sterility of rrf-1; fbf-1 worms following
dlc-1(RNAi) was associated with a significant degree of
masculinization (Fig. 1C,E). By contrast, dlc-1(RNAi) in other
genetic backgrounds and control RNAi in all backgrounds still
allowed oocyte formation (Fig. 1C,D,F). Furthermore, we observed
that masculinization was the cause of sterility observed in fbf-1;
dlc-1 double mutant animals (Table 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 (Fig. 1C,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.
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(lf )mutant background, but not in the control genetic
backgrounds (Fig. 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.

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 dlc-1
and dlc-1; fbf-2, respectively (Fig. 2B,D). We conclude that dlc-1;
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(lf ) backgrounds (Fig. 3A, first and second
rows; Fig. S2A). By contrast, FBF-1 still localizes to perinuclear
foci adjacent to but rarely overlapping with P granules (Fig. 3B;
Fig. S2B,C). We found that FBF-2 protein levels are not affected by
dlc-1(RNAi) (Fig. 3C). We conclude that DLC-1 is required to
localize FBF-2 to P granules.

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 (Fig. 3A,
third and fourth rows). The levels of FBF-2 protein were not affected
by dhc-1(RNAi) (Fig. 3C). The effectiveness of dhc-1(RNAi) was
verified by western blotting for endogenous DHC-1 (Fig. S2D). We
conclude that FBF-2 localization to P granules does not depend on
dhc-1 or dyci-1.

DLC-1 is 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(lf ), and co-stained
FLAG::DLC-1 with either endogenous DHC-1 (Gönczy 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
(Fig. 4A; Fig. S3A). 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
(Fig. 4A-C). We conclude that the differential localization of DLC-
1 and DHC-1 supports the proposed motor-independent functions
of DLC-1.

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 (Fig. 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 whetherDLC-1 localization to P granules depends on FBF-
2 or dynein motor components, we documented DLC-1 localization

Table 2. Synthetic sterility of fbf-1; dlc-1 mutants

Genotype and temperature Sterile (%)* n

dlc-1(tm3153) 20°C 2±2 156
fbf-1(ok91); dlc-1(tm3153) 20°C 78±12 231
fbf-2(q738); dlc-1(tm3153) 20°C 1±2 180
dhc-1(or195); fbf-1(ok91) 15°C 4±1‡ 181
dhc-1(or195) 15°C 5±1‡ 158
dhc-1(or195); fbf-1(ok91) 20°C 3±2 245
dhc-1(or195) 20°C 2±0.4 185
dhc-1(or195); fbf-1(ok91) 24°C 10±1 210
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. Mean±s.d. shown. n, number
of animals scored.
‡Animals grown at 15°C were analyzed 2 days post L4.

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

Genotype Masculinized (%) n

dlc-1(tm3153) 0 27
fbf-1(ok91); 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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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 localization to P granules is not affected by
the dynein motor or the presence of FBF-2 (Fig. S3D).

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 (Fig. 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 (Fig. 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 (Fig. 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
(Fig. 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/I)Q(T/V)(D/E) sequence motif; however,
some interacting targets significantly deviate from this motif
(Rapali et al., 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 (Fig. S4A,B). 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 (Fig. S4B; X.W.,
unpublished). 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 (Fig. S4C). 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 (Fig. 5C). For simplicity, we refer to this mutant as
FBF-2vrm.

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;
Qiu 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 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 µM and 2.91 µM, respectively; Fig. 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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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-typeGFP::FBF-2 localized
to P granules in the distal cells (Fig. 6A). By contrast, GFP::FBF-2vrm,
which lacks the ability to interact with DLC-1, loses its enrichment in

perinuclear P granules (Fig. 6A) and localizes to cytoplasmic
aggregates similar to wild-type GFP::FBF-2 in the absence of DLC-
1 (Fig. 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
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immunostained for the P granule component PGL-1 (green) and FBF-2 or FBF-1 (red). DNA is in blue. See also Fig. S2. Scale bars: 5 μm. (C) Western blot of
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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 4).
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(lf ) 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 4). Chromatin staining of the sterile fbf-1(lf ) 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 (Fig. 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) 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 (Fig. 6C,D). This rescue of oocyte formation upon
disruption of the motor complex, as opposed to enhancement of
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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 (Fig. 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 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
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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 Fig. 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 (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 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.

MATERIALS AND METHODS
Nematode culture and genetics
C. elegans strains (Table S2) 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 IIIwas obtained from the National
Bio-Resource Project (Japan), outcrossed to wild type, and rebalanced
with a GFP-marked qC1 balancer to generate UMT222. dlc-1(tm3153)

Table 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(lf) fbf-2(lf)+transgene
No transgene 100 61
gfp::fbf-2(wt) 3 90
gfp::fbf-2(vrm) 19 803

Genotype
fbf-1(lf) 0 419
fbf-1(lf) fbf-2(tr) line 1 12 313
fbf-1(lf) 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.
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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; Fig. 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 Mos1 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 (antibodies are described in
supplementary Materials and Methods).

Imaging
Epifluorescence images were acquired with a Leica DFC3000G camera
attached to a Leica DM5500Bmicroscopewith a 40× PL FLUOTARNA1.3
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.

Immunoblotting
To determine the effect of dlc-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 CrescendoWestern HRP substrate (EMDMillipore) 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
RNAi 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 pL4440 vector. Empty vector pL4440was 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 µg/ml carbenicillin media for 4 h, and induced with 10 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) for 2 h at 37°C. RNAi plates (NNGM
plates containing 75 μg/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 RNAiwas assessed by imaging dissected germlines (Novak et al., 2015).

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 2 mM Tris
pH 7.5, 500 mM NaCl, 10 mM beta-mercaptoethanol, 1 mg/ml BSA,
0.1% Triton X-100 and 1× 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′-(Flc)UCAUGUGCCAUAC-
3′; FBEa13; 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.
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