












Fig. 5. See next page for legend.
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exhibits highly dynamic patterns of subcellular localization during
the cell cycle. KIN-3 localizes to nuclei during interphase and early
mitosis, and associates with mitotic spindles and centrosomes at
mitosis. At later steps of cell division, KIN-3 becomes highly
enriched as a distinct focus at the midbody. Our observations are
consistent with subcellular localization of the catalytic subunit
CK2α described in human cells, where CK2α localizes to nuclei
(Penner et al., 1997), midbodies (Salvi et al., 2014), microtubules
(Lim et al., 2004) and centrosomes (Faust et al., 2002). In the
C. elegans germ line, the regulatory subunit KIN-10 is also shown
to localize at centrosomes in mitotic cells (Wang et al., 2014). Many
known midbody components are known to be required for proper
cytokinesis (Green et al., 2012). A role for CK2 at the midbody is
further supported by a proteomic survey of the mammalian
midbody, where the regulatory subunit CK2β was identified
(Skop et al., 2004). Our mass spectrometry analysis also suggests
that KIN-3 physically associates with several known midbody
proteins including ZEN-4 and CYK-4 (Table S1) (Jantsch-Plunger
et al., 2000; Raich et al., 1998). In addition, we show that kin-3
exhibits a positive genetic interaction with air-2 and zen-4 that
encode midbody proteins regulating cytokinesis (Kaitna et al.,
2000; Severson et al., 2000), suggesting that CK2 functions as a part
of the midbody structure. Therefore, the holoenzyme CK2 is
required for early cell division in C. elegans embryos, which
appears to be conserved between nematodes and mammals.

CK2 negatively regulates centrosome duplication in the
C. elegans embryo
Protein kinase CK2 was identified as part of the SZY-20
immunocomplex. Given that szy-20 is a genetic suppressor of
zyg-1 (Kemp et al., 2007; Song et al., 2008), we speculated that
CK2 might have a role in centrosome assembly. Our results show
that inhibiting either subunit of CK2 restores centrosome
duplication and embryonic viability to zyg-1(it25) mutants at the
semi-restrictive temperature, suggesting the C. elegans CK2
holoenzyme functions in centrosome assembly as a negative
regulator. In contrast, CK2 depletion did not restore embryonic
viability to zyg-1(it25) mutants at the restrictive temperature,
suggesting that CK2 is not a bypass suppressor but requires
ZYG-1 activity. Furthermore, kin-3 appears to exhibit a positive
genetic interaction with szy-20 in regulating centrosome
duplication, consistent with their physical association. Inhibiting
CK2 kinase activity with TBB leads to restoration of centrosome
duplication and embryonic viability to zyg-1(it25) mutants,
indicating that CK2-dependent phosphorylation plays a critical
role in centrosome duplication. While it has been shown that
aberrant CK2α activity leads to centrosome amplification in
mammalian cells (St-Denis et al., 2009), it remains unclear how
CK2 function is linked to centrosome assembly. Given that KIN-3
localizes at centrosomes, CK2 might influence centrosome
assembly via phosphorylation of centrosome-associated factors,

although it is also possible that CK2 targets centrosome regulators
in the cytoplasm before they are recruited to centrosomes.

Our work suggests that C. elegans CK2 might function in
centrosome duplication by targeting ZYG-1. Both RNAi and TBB
mediated inhibition of CK2 function led to elevated levels of ZYG-1
at centrosomes, suggesting that CK2-dependent phosphorylation
regulates ZYG-1 by controlling either localization or stability.
ZYG-1 phosphorylation by CK2 might interfere with ZYG-1
recruitment to centrosomes. Alternatively, CK2-dependent
phosphorylation of ZYG-1 may be a targeting signal for
proteasomal degradation. Thus, inhibiting CK2 activity prevents
ZYG-1 from degradation, increasing overall ZYG-1 abundance and
thereby centrosomal levels. The latter is consistent with previous
studies showing that phosphorylation is required for proteasomal
degradation of the ZYG-1 homolog Plk4 in the mammalian system
(Cunha-Ferreira et al., 2013; Guderian et al., 2010; Holland et al.,
2010; Klebba et al., 2013). In either case, increased ZYG-1 levels at
centrosomes by inhibiting CK2 activity, at least partially, explains how
reducing CK2 activity restores centrosome duplication to zyg-1(it25)
embryos. It has been known that CK2 is a constitutively active Ser/Thr
kinase that favors a conserved target motif including acidic amino acid
residues near the phosphorylated residue (Salvi et al., 2009). Although
it is beyond the scope of our current study, identifying substrates
and specific amino acid residues targeted by CK2 will help in
understanding how CK2 regulates centrosome duplication, in
particular, how protein kinase CK2 influences ZYG-1 levels at
centrosomes inC. elegans embryos. In any event, our data suggest that
the holoenzyme CK2 functions to influence ZYG-1 levels at
centrosomes through its kinase activity and thus, we report the
protein kinase CK2 as a negative regulator of centrosome duplication.

In this study, we investigated the role of the conserved protein
kinase CK2 in early C. elegans embryos, and show that CK2 acts as
a negative regulator of centriole duplication and is required for
proper cell cycle progression and cytokinesis.

MATERIALS AND METHODS
C. elegans strains and genetic analysis
TheC. elegans strains used in this studywere obtained fromwere obtained from
the Caenorhabditis Genetics Center (CGC) (and indicated in Table S3) and
maintained onMYOBplates seededwithE. coliOP50. All strains were derived
from the wild-type Bristol N2 strain using standard genetics (Brenner, 1974;
Church et al., 1995). Strains were maintained at 16 or 19°C unless otherwise
indicated. A full list of strains used in this study is listed in Table S3. The KIN-
3::GFP::3xFLAG strain (MTU5) was generated by standard particle
bombardment (Praitis et al., 2001). The KIN-3::GFP::3XFLAG construct
was acquired from TransgenOme (Sarov et al., 2012, construct number:
6236103120536928D08), which contains 22kbp of the kin-3 5′UTR and 9kbp
of the kin-3 3′UTR (Sarov et al., 2012). RNAi feeding was performed as
previously described (Kamath et al., 2003), and the L4440 empty feeding
vector was used as a negative control (Kamath et al., 2003).

For embryonic viability and progeny number assays, individual L4
animals were transferred to new plates and allowed to self-fertilize for 24 h
at the temperatures indicated. For extended RNAi treatments (36-48 h),
animals were transferred to a new plate in 24 h, and allowed to self-fertilize
for an additional 24 h before removal. Progeny were allowed at least 24 h to
complete embryogenesis before counting the number of hatched larvae and
unhatched (dead) eggs.

Cytological analysis
For immunostaining, the following primary antibodies were used at 1:2000-
3000 dilutions: α-Tubulin: DM1a (Sigma, St-Louis, MO, USA), α-GFP:
IgG1κ (Roche, Indianapolis, IN, USA), α-ZYG-1 (Stubenvoll et al., 2016),
α-TBG-1 (Stubenvoll et al., 2016), α-SAS-4 (Song et al., 2008), α-SAS-5
(this study; Fig. S8B) and α-SZY-20 (Song et al., 2008). Alexa Fluor 488

Fig. 5. Subcellular localization of KIN-3::GFP. Still images of embryos
expressing KIN-3::GFP, mCherry::histone and mCherry::plasma membrane,
illustrating that KIN-3 is enriched in nuclei at prophase (a), localizes to the
mitotic spindle and centrosomes at mitosis includingmetaphase (b), anaphase
(c) and telophase (d) (see Fig. S6). At completion of the first cytokinesis, KIN-3
becomes highly enriched at the midbody-associated structure (e-i, arrows).
KIN-3 localization at the nuclei, mitotic spindles and midbody can be observed
during second mitosis and later cell cycle stages (f-i). All subcellular
localizations of KIN-3::GFP are abolished by depletion of KIN-3 by RNAi (a’-g’).
The midbody localization of KIN-3::GFP is highlighted ( j) by co-localization of
plasma membrane (PM). Insets are magnified 4-fold. Scale bar: 10 µm.
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Fig. 6. See next page for legend.
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and 561 (Invitrogen, Carlsbad, CA, USA) were used as secondary
antibodies. Affinity-purified rabbit polyclonal antibody for KIN-3 was
generated (YenZym, South San Franscisco, CA, USA) against the following
peptides (aa361-373): Ac-VEDSSDHEEDVVV-amide. Immunostaining
was performed as described previously (Song et al., 2008).

Confocal microscopy was performed as described in (Stubenvoll et al.,
2016) using a Nikon Eclipse Ti-U microscope equipped with a Plan Apo
60×1.4 NA lens, a Spinning Disk Confocal (CSU X1) and a Photometrics
Evolve 512 camera. Images were acquired using MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA). MetaMorph was used to draw
and quantify regions of fluorescence intensity and Adobe Photoshop CS6
was used for image processing. To quantify centrosomal signals (SPD-2::
GFP, TBG-1), the average intensity within a 25-pixel (1 pixel=0.151 µm)
diameter region was measured within an area centered on the centrosome
and the focal plane with the highest average intensity (corresponding to the
centrosome) was recorded. The average fluorescence intensity within a 25-
pixel diameter region drawn outside of the embryo was used for background
subtraction. Centriolar signals (ZYG-1, SAS-5, SAS-4) were quantified in
the same manner, except that 8-pixel diameter regions were used.

Immunoprecipitation
Embryos were extracted by bleaching gravid worms in a hypochlorite
solution [1:2:1 ratio of M9 buffer, bleach (5.25% sodium hypochlorite) and
5 M NaCl], washed with M9 buffer, flash-frozen in liquid nitrogen and
stored at −80°C until use. For α-GFP immunoprecipitation experiments,
20 μl of Mouse-α-GFP magnetic beads (MBL, Naka-ku, Nagoya, Japan)
were used per reaction. Beads were prepared by washing twice for 15 min in
PBST (PBS; 0.1% Triton-X), followed by a third wash in 1× lysis buffer
[50 mM HEPES (pH 7.4), 1 mM EDTA, 1 mM MgCl2, 200 mM KCl,
and 10% glycerol (v/v)] (Cheeseman et al., 2004). Embryos were ground in
microcentrifuge tubes containing an equal amount of 1× lysis buffer
supplemented with complete protease inhibitor cocktail (Roche,
Indianapolis, IN, USA) and MG132 (Tocris, Avonmouth, Bristol, UK)
and briefly sonicated prior to centrifugation. Samples were spun in a desktop
centrifuge at 12,000 g twice for 20 min, collecting the supernatant after
each spin. Protein quantification was then determined using a NanoDrop
spectrophotometer (Thermo-Fisher, Hanover Park, IL, USA) and adjusted
such that the same amount of total protein was used for each reaction. Beads
were then added to the microcentrifuge tubes containing embryonic lysates.
Samples were incubated and rotated for one hour at 4°C, and subsequently
washed three times with PBST. Samples were then resuspended in 20 µl of a
solution containing 2× Laemmli Sample Buffer (Sigma, St-Louis, MO,

USA) and 10% β-mercaptoethanol (v/v) and boiled for five minutes. Mass
spectrometry analysis was performed as described previously (Song et al.,
2011).

Western blotting
For western blotting experiments, samples were sonicated for 5 min and
boiled in a solution of 2× Laemmli Sample Buffer and 10% β-
mercaptoethanol before being fractionated on a 4-12% NuPAGE Bis-Tris
gel (Invitrogen, Carlsbad, CA, USA). The iBlot Gel Transfer system
(Invitrogen, Carlsbad, CA, USA) was then used to transfer samples to a
nitrocellulose membrane. The following antibodies were used at 1:3000-
10,000 dilutions: α-Tubulin: DM1a (Sigma, St-Louis, MO, USA), α-GFP:
IgG1κ (Roche, Indianapolis, IN, USA), α-SPD-2 (Song et al., 2008), α-
SZY-20 (Song et al., 2008), α-TBG-1 (Stubenvoll et al., 2016), α-SAS-5
(Song et al., 2011) and α-KIN-3 (this study; Fig. S8A). IRDye secondary
antibodies (LI-COR Biosciences, Lincoln, NE, USA) were used at a
1:10,000 dilution. Blots were imaged using the Odyssey infrared scanner
(LI-COR Biosciences, Lincoln, NE, USA), and analyzed using Image
Studio software (LI-COR Biosciences, Lincoln, NE, USA). Affinity-
purified rabbit polyclonal antibody for KIN-3 was generated (YenZym,
South San Franscisco, CA, USA) against the following peptides (aa338-
356): Ac-CQADGQGASNSASSQSSDAK-amide.

TBB treatment
MYOB plates were first seeded with OP50 bacteria and allowed to dry
overnight. The media was then supplemented with 0.5 mM TBB (Tocris,
Avonmouth, Bristol, UK) dissolved in a solution of 50% DMSO. TBB was
added to the surface of plates, such that the final concentration of TBB was
15 µM based on the volume of media, and allowed to soak and diffuse
through media overnight. Final TBB concentrations were derived from
(Wang et al., 2014). An equal volume of solution containing 50% DMSO
was added to plates and used as a control.

Statistical analysis
All P-values were calculated using two-tailed t-tests assuming equal
variance among sample groups. Statistics are presented as mean±s.d. unless
otherwise specified. Data were independently replicated at least three times
for all experiments and subsequently analyzed for statistical significance.
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