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Abstract
In this issue of Developmental Cell, a pair of papers from the Gönczy and O’Connell labs show
that the protein phosphatase PP2A regulates SAS-5 to control centriole duplication. Two
paradigms are presented to explain how PP2A regulates SAS-5.

The intricate beauty of the centriole, with its cartwheel architecture and nine-fold radial
symmetry, has awed and intrigued cell biologists for decades since electron micrographs
first revealed its elegance in reports published in the 1950’s. While much remains to be
discovered regarding the biogenesis of the elaborate centriole, the key proteins involved in
its assembly were discovered in C. elegans in the last ten years. How these players are
regulated to execute accurate centriole assembly is poorly understood. In a pair of papers
that appear in this issue of Dev Cell from the Gönczy and O’Connell labs, the serine/
threonine protein phosphatase 2A (PP2A) is shown to regulate an early essential component
of centriole biogenesis, SAS-5 (Kitagawa et al., 2011a; Song et al., 2011). While both
reports demonstrate a role for PP2A in regulating SAS-5 recruitment to nascent centrioles,
their results point to two different models for how it is accomplished: in one scenario
phosphorylation inhibits SAS-5 targeting to centrioles, and in the other phosphorylation
promotes SAS-5 destruction. Either way, these reports establish that PP2A activates
centriole duplication by promoting SAS-5/SAS-6 incorporation at early centrioles.

Prior genetic screens in C. elegans revealed remarkably few proteins involved in centriole
replication. These core factors, zygote defective-1 (ZYG-1), spindle deffective-2 (SPD- 2),
and spindle assembly abnormal -4, -5 and -6 (SAS-4, -5 and -6) are mostly conserved in
vertebrates (Azimzadeh and Marshall, 2010). The hierarchical relationship among these
factors in centriole assembly is shown schematically in Figure 1. SPD-2, SAS-5, SAS-6, and
SAS-4 are coiled-coil proteins with no discernable enzymatic activities. ZYG-1, on the other
hand, is a kinase that phosphorylates SAS-6 to regulate its recruitment to centrioles
(Kitagawa et al., 2009). SAS-6 is required for the earliest steps of centriole assembly,
establishing the 9-fold symmetry by contributing to assembly of the cartwheel in some
organisms or to the central tube in C. elegans (Azimzadeh and Marshall, 2010; Kitagawa et
al., 2011b; van Breugel et al., 2011). SAS- 5 and SAS-6 are direct binding partners and are
codependent for localization to centrioles (Leidel et al., 2005). But SAS-5 is more dynamic,
shuttling between the cytoplasm and centrioles, while SAS-6 is retained at centrioles
(Delattre et al., 2004; Leidel et al., 2005). These dynamics suggest that SAS-5 chaperones
SAS-6 to the emerging centriole where SAS-6 contributes directly to the construction of
centriole architecture. Since PP2A is required for SAS-6 localization in C. elegans embryos
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and in human cells (Kitagawa et al., 2011a; Song et al., 2011), dephosphorylation of SAS-5
by PP2A appears to be a conserved mechanism for centriole replication control.

PP2A is a highly conserved phosphatase that regulates a wide host of activities (Shi, 2009;
Virshup and Shenolikar, 2009). It is a heterotrimeric enzyme comprised of a catalytic “C”
subunit, a scaffold “A” subunit, and a variety of “B” subunits (seven in C. elegans, at least
fifteen in human) that confer substrate specificity. Kitagawa et al and Song et al showed that
the C and A subunits are required for centriole duplication, working in conjunction with the
B subunit SUR-6.

The results from Kitagawa et al and Song et al indicate that PP2A phosphatase does not
antagonize ZYG-1 kinase as one might guess. ZYG-1 phosphorylates SAS-6, yet PP2A
dephosphorylates SAS-5 (Figure 1). Moreover, potent genetic interactions between PP2A,
zyg-1, and sas-5 do not point to an antagonistic relationship but rather to a strong
interdependency of the roles these genes play in centriole duplication. Accordingly, the
SAS-5/SAS-6 pair is positively regulated by dephosphorylation of SAS-5 by PP2A and by
phosphorylation of SAS-6 by ZYG-1 (Figure 1).

Kitagawa et al show that the PP2A C subunit associates with SAS-5, while SAS-6 associates
with the A and B subunits. They demonstrate that the interaction between PP2A and SAS-5
is not dependent on SAS-6, and that depletion of the C subunit by RNAi did not impact the
levels of SAS-5, its association with SAS-6, or the recruitment of ZYG-1 to centrioles.
Instead, they show that PP2A dephosphorylates SAS-5, which leads to the recruitment of the
SAS-5/SAS-6 complex to centrioles, and propose that the phosphorylation of SAS-5 (by an
unknown kinase) inhibits such recruitment.

Song et al show instead that PP2A stabilizes SAS-5 and ZYG-1. Their results show that
depletion of PP2A causes approximately 50% reduction of ZYG-1 and SAS-5. This result is
in accordance with the inhibition of centriole duplication seen in the zyg-1 sas-5 double
heterozygous mutant, a strong genetic interaction. These findings indicate that PP2A
inactivates a phosphodegron at SAS-5 and ZYG-1. Consistent with this model, depletion of
RPT-4, a subunit of the proteasome protein destruction machinery, can rescue the centriole
duplication defects caused by depletion of PP2A and ZYG-1. Together, these results
indicate that PP2A blocks destruction of SAS-5 and ZYG-1 to promote centriole assembly.

Previous work showed that ZYG-1 is required for maintenance of SAS-6 at centrioles, rather
than for its recruitment, by serine phosphorylation at position 123 (Kitagawa et al., 2009).
Presumably, the localization of ZYG-1 at centrioles is a prerequisite for this regulation,
suggesting that ZYG-1 may act on SAS-5/SAS-6 after PP2A-SUR6, which does not localize
to centrioles (Figure 1). Moreover, since SAS-5 is undetectable at centrioles in PP2A-
depleted embryos, PP2A likely dephosphorylates SAS-5 prior to its targeting to centrioles
(Kitagawa et al., 2011a; Song et al., 2011). Once the relevant SAS-5 residues that need to be
dephosphorylated by PP2A are identified, development of SAS-5 phosphorylation mutants
will enable experimental tests for these models. The data from these two papers predict that
a non-phosphorylatable SAS-5 mutant will be constitutively active, perhaps amplifying
SAS-6 targeting and centriole duplication.

Both papers show that PP2A regulates SAS-5 to induce centriole assembly, yet two distinct
models are presented. Both models are substantiated by the data presented. These
mechanisms, however, are not mutually exclusive, and the data can be reconciled if both
mechanisms are operating. In this scenario SAS-5 phosphorylation inhibits its recruitment to
centrioles and also marks it for elimination. Additional experimentation will be necessary to
bear this out. Identification of the site(s) of phosphorylation on SAS-5, and the inhibitory
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kinase involved, will be important steps toward probing these models further and for
understanding this newfound role for PP2A in the control of centriole duplication.
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Figure 1. Role of PP2A in the centriole assembly pathway
Shown is the molecular epistasis for the proteins involved in centriole assembly in C.
elegans, with the potential position of PP2A shown. The components within the dotted box
are at the centriole and were shown previous to the work by Kitagawa et al and Song et al.
There is no direct evidence that ZYG-1 is epistatic to PP2A in the pathway, but this position
is suggested by the available data (see text). PP2A dephosphorylates SAS-5, which then
results in its localization, together with its partner SAS-6, to centrioles. The putative kinase
that phosphorylates SAS-5 is unknown. PP2A may also act on ZYG-1, as PP2A may be
required for stability of SAS-5 and ZYG-1. ZYG-1 localizes to centrioles after PP2A
depletion, so while PP2A may prevent its destruction according to Song et al, it is not
required for its localization as it is for SAS-5. Previous studies showed that ZYG-1
phosphorylates SAS-6, a requirement for SAS-6 maintenance at nascent centrioles. Thus,
recruitment of SAS-6 to centrioles requires phosphorylation by ZYG-1, and
dephosphorylation of its partner SAS-5.
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