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14-3-3e and 14-3-3c localize to the centrosome and regulate centrosome duplication, by inhibiting cdc25C function. As
14-3-3c and 14-3-3e form a complex with centrosomal proteins, we asked if this ability was required to regulate centrosome
duplication. The results in this report demonstrate that 14-3-3e and 14-3-3c form a complex with Centrin2 and that the
binding site is located in the N-terminal EF hand in Centrin2, EF1. A Centrin2 mutant that does not form a complex with
14-3-3 proteins displays a punctate cytoplasmic localization and does not localize to the centrosome. These results suggest
that in addition to negatively regulating centrosome duplication as previously reported, 14-3-3 proteins might also be
required for centriole biogenesis by regulating the localization of Centrin2 at the centrosome.
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1. Introduction
The 14-3-3 protein family comprises a group of small,
dimeric, acidic proteins that regulate multiple cellular pathways (Aitken 2006; Tzivion et al. 2006; Gardino and Yaffe
2011). 14-3-3 proteins bind to ligands such as cdc25C, Raf1, IRS-1, via two consensus motifs (modes I and II) containing a phosphorylated serine/threonine residue (Muslin
et al. 1996; Ogihara et al. 1997; Yaffe et al. 1997). Alternatively, they also recognize ligands via a phosphorylation
independent mode III sequence (Coblitz et al. 2005). 14-3-3
proteins can function as molecular scaffolds and association
of ligands with 14-3-3 proteins can affect ligand function
(Tzivion et al. 2001). 14-3-3c and 14-3-3e have been
demonstrated to localize to centrosomes and the spindle
apparatus (Pietromonaco et al. 1996) and loss of either 14-33e or 14-3-3c leads to centrosome ampliﬁcation
(Mukhopadhyay et al. 2016).
The centrosome is a membrane-less organelle, which is
the primary microtubule organizing centre in mammalian
cells (Conduit et al. 2015). It consists of a pair of centrioles;
the mother centriole and the daughter centriole and a

proteinaceous cloud, the pericentriolar matrix (PCM) (reviewed in Azimzadeh and Marshall 2010). The centrosome
undergoes a duplication cycle that is coupled with DNA
replication. In G1, the mother and daughter centrioles disengage, procentriole synthesis is initiated in S-phase, the
new mother centriole acquires distal and sub-distal appendages and procentrioles elongate during G2, and prior to
mitosis the two centrosomes migrate to the two poles
resulting in formation of the spindle and chromosome segregation (reviewed in Nigg and Holland 2018).
Centrin2, which is the most ubiquitously expressed of the
centrin family of proteins (Wolfrum and Salisbury 1998),
localizes to the distal end of the centriolar lumen (Paoletti
et al. 1996) and is absolutely required for centriole duplication (Salisbury et al. 2002). Centrin2 is a calcium binding
protein and contains four EF hand domains that are essential
for calcium binding (Nishi et al. 2013). Experiments in
different model systems have shown that Centrin2 is
essential for basal body development (Dantas et al. 2012).
Centrin2 is phosphorylated differentially through the cell
cycle, and this phosphorylation is said to play a key role in
its ability to induce centrosome duplication (Lutz et al.
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2001). The N-terminal 25 amino acids of Centrin2 that lie
upstream of the EF1 domain are required for self-assembly
and this property might be important for the ability of
Centrin2 to contribute to centriole formation (Tourbez et al.
2004; Yang et al. 2006). In addition to the functions required
for centrosome formation, Centrin2 mediates nucleotide
excision repair through complex formation with XPC (Wood
1996; de Laat et al. 1999; Araki et al. 2001).
Previous results have demonstrated that 14-3-3e and 14-33c localize to the centrosome and form a complex with
various centrosomal proteins (Pietromonaco et al. 1996;
Mukhopadhyay et al. 2016). The results in this report indicate that these 14-3-3 proteins form a complex with Centrin2
and Centrin2 mutants that do not form a complex with 14-33 proteins fail to localize to the centrosome. These results
indicate that in addition to negatively regulating centrosome
duplication (Mukhopadhyay et al. 2016), 14-3-3 proteins
might regulate the intra-cellular localization of centrosomal
proteins, thus regulating centriole biogenesis.

2.3

Antibodies and western blotting

Protein extracts were prepared in SDS sample buffer and
protein estimations were performed as described previously
(Kundu et al. 2008). Details of the antibodies used in this
study are provided in supplementary materials and methods.

2.4

Immunoﬂuorescence and confocal microscopy

Transfected cells were ﬁxed with 4% paraformaldehyde. The
protocol for staining has been previously described
(Mukhopadhyay et al. 2016). The secondary antibodies used
in immunoﬂuorescence assays were conjugated with Alexa
Fluor 633 or Alexa Fluor 568, to avoid spectral overlap with
GFP. All images were captured using Leica SP8 confocal
microscope. Thin sections of 0.8 lm of the entire cell were
captured. Images are represented as a projection of the entire
Z stack. Cells were imaged at either a 6309 magniﬁcation
with a 49 digital zoom or 10009 with a 49 digital zoom.
Images were processed using the Leica LASX software.

2. Materials and methods
2.1

Plasmids and constructs

All plasmids used in this report are described in supplementary materials and methods.

2.2

Cell lines and transfection

The HCT116 cell line was cultured as described previously
(Kundu et al. 2008). The various EGFP Centrin2 constructs
were transfected into HCT116 cells using polyethyleneimine
(Polysciences, Inc.). At 48 h post transfection, cells were
harvested for western blotting or ﬁxed for immunoﬂuorescence assays as described below. For staining mitotic cells, the
cells were synchronized with nocadozole as described
(Mukhopadhyay et al. 2016). At 18 h post incubation, the
nocadozole was removed, cells were allowed to enter mitosis
and ﬁxed, stained and imaged using confocal microscopy. For
performing live cell imaging, at 48 h post transfection, the
cells were treated with nocadozole for 2 h. An hour before
imaging, cells were treated with ascorbic acid to reduce
phototoxicity. To test the effect of reduced levels of both 14-33c and 14-3-3e on Centrin2 localization, shRNA constructs
designed previously in the laboratory were used (Hosing et al.
2008; Telles et al. 2009). HCT116 cells were co-transfected
with 1 lg of the pTU6-based shRNA constructs, a suitable vector control and EGFP-Centrin2 using Lipofectamine
3000. At 72 h post transfection, the cells were ﬁxed and
stained for pericentrin and DAPI and imaged. To count the
percentage of mitotic cells with multiple centrosomes, the
transfected cells were synchronized with nocadozole as
described (Mukhopadhyay et al. 2016) and centrosome
number determined in three independent experiments.

2.5

GST pulldown

HCT116 cells were transfected with GFP tagged WT or
mutant Centrin2 constructs or GFP as a control. At 48 h post
transfection, EBC extracts of HCT116 cells were incubated
with various GST fusion proteins as indicated. The complexes were resolved on a 10% SDS-PAGE gel and western
blotted with antibodies against GFP.

3. Results
3.1 Centrin2 EF1 is sufﬁcient for complex formation
with 14-3-3c
Mass spectrometry analysis and ﬂuorescence resonance
energy transfer (FRET) assays demonstrated that 14-3-3c
potentially formed a complex with centrosomal proteins
(Mukhopadhyay et al. 2016). GST pulldown assays
demonstrated that 14-3-3c formed a complex with Centrin2
(ﬁgure 1A) and pulldowns for cdc25C (Peng et al. 1997),
served as a positive control (ﬁgure 1A). Centrin2 consists of
four EF hand domains and an N-terminal region required for
oligomerization (Tourbez et al. 2004; Yang et al. 2005). To
identify the region in Centrin2 required for complex formation with 14-3-3c, a number of C-terminal domain deletions of Centrin2 were generated and cloned downstream of
GFP (ﬁgure 1B). The constructs were transfected into
HCT116 cells and protein extracts were prepared from the
transfected cells and subjected to GST pulldown assays as
described in the materials and methods. It was observed that
WT GFP-Centrin2 and all the GFP-tagged C terminal
deletion mutants formed a complex with 14-3-3c in contrast
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Figure 1. The ﬁrst EF hand domain of Centrin2 interacts with 14-3-3c. (A) Protein extracts prepared from HCT116 cells were
incubated with the indicated GST fusion proteins. The complexes were resolved on 10% SDS-PAGE gels and western blots performed
with antibodies against Centrin2 and cdc25C. Note that Centrin2 forms a complex with GST-14-3-3c but not GST alone. (B–D) Cartoon
of the various Centrin2 mutants used in this study. (E, F) HCT116 cells were transfected with each of the GFP tagged Centrin2
C-terminal deletion constructs and GFP as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with
the various GST fusion proteins as indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blotted with
antibodies against GFP. Note that the WT and mutant proteins formed a complex with GST-14-3-3c but not GST alone. Arrows indicate
the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. (G) HCT116 cells were
transfected with each of the GFP tagged Centrin2 constructs. At 48 h post transfection, the cells were ﬁxed and stained for pericentrin
and counterstained with DAPI. The inset is a zoomed image of the box in the main ﬁeld. Note that the mutant constructs do not show the
typical orthogonal arrangement observed with the WT construct. Magniﬁcation was a 10009 with 49 digital zoom and scale bars
indicate distance in micrometres
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to GFP alone (ﬁgure 1E). Therefore, we concluded that the
N-terminal 63 amino acids of Centrin2 are essential for
complex formation with 14-3-3c. Shorter C-terminal deletions of Centrin2 expressing amino acids 1-37 and 1-47,
were tested for their ability to form a complex with 14-3-3c
and it was observed that both 1-37 and 1-47 formed a
complex with 14-3-3c (ﬁgure 1F).
In order to assess the localization of the C-terminal
mutants of Centrin2, they were transfected in HCT116 cells.
Post-transfection, the cells were stained with antibodies to
pericentrin and counter-stained with DAPI. It was observed
that all the C-terminal mutants localized to the centrosome as
demonstrated by their co-localization with pericentrin, in a
manner similar to that observed for the WT Centrin2 protein
(ﬁgure 1G). However, as opposed to what was observed in
the WT Centrin2 construct, none of the C-terminal mutants
appeared as two (G1 and S phase) or four (G2 and M phase)
distinct Centrin2 dots (Paoletti et al. 1996). This could imply
that the fourth EF hand domain might be involved in the
accurate self-assembly of Centrin2 at the centrosome. In
addition, one mutant, 1-136, showed a signiﬁcant enrichment in nuclear localization that was not observed with
either the other mutants or the WT protein (ﬁgure 1G). This
is similar to the localization of only the C terminal region of
Centrin2 (aa. 95-172) observed previously (Nishi et al.
2013). This region has been implicated in the binding to
XPC and the nuclear localization of Centrin2. Nuclear
sequestration of Centrin2 is suggested to play a role in the
DNA damage response (Acu et al. 2010). It is possible that
the third EF hand domain of Centrin2 alone is sufﬁcient for
its nuclear localization.

3.2 Deletion of EF1 in Centrin2 abrogates binding
with 14-3-3c and leads to loss of the centrosomal
localization of Centrin2
As the construct with the longest C terminal deletion (1-37)
of Centrin2 formed a complex with 14-3-3c, there were two
possibilities. One, that the 14-3-3c binding site in Centrin2
lies in the ﬁrst 37 amino acids and second, that there are
multiple 14-3-3 binding sites in Centrin2. To test this
hypothesis, two types of N-terminal deletion mutants were
generated (ﬁgure 1C). One lacked the ﬁrst 28 amino acids
(29-172) that are required for the self-assembly of Centrin2
(Tourbez et al. 2004; Yang et al. 2006). The second type
were mutants that had sequential deletions in EF1 or deleted
EF1 entirely. These mutants were transfected into HCT116
cells and WT Centrin2 and GFP alone served as positive and
negative controls, respectively. GST pull-down assays
demonstrated that deletion of the N-terminal region and EF1,
abrogated binding to 14-3-3c (ﬁgure 2A). A deletion of the
ﬁrst 28 amino acids (29-172) formed a complex with 14-33c (ﬁgure 2A) suggesting that the 14-3-3c binding site was
present in EF1. However, further N-terminal deletions (38172 and 48-172) formed a complex with 14-3-3c

(ﬁgure 2A). These results were surprising as the C-terminal
deletion mutants, 1-47 and 1-37, also formed a complex with
14-3-3c (ﬁgure 1F). These results suggest that there might
be multiple 14-3-3c binding sites in the N-terminal 63 amino
acids of Centrin2.
The prediction web server (http://www.compbio.dundee.
ac.uk/1433pred) was used to identify potential 14-3-3
binding sites in Centrin2 (Madeira et al. 2015). Two
potential 14-3-3 binding sites were identiﬁed within EF1 in
Centrin2; T45 and T47. The threonine residues that were the
putative phosphate acceptors in these potential 14-3-3
binding sites were altered to alanine (T45A and T47A). In
addition, we hypothesized that an aspartic acid residue at
position 39 (D39) could potentially serve as a phosphomimetic residue in a potential 14-3-3 binding site. This
residue was altered to alanine (D39A). All these point
mutants were tested for their ability to form a complex with
14-3-3c in GST pull-down assays. It was observed that all of
the point mutants were able to form a complex with 14-3-3c
(ﬁgure 2B). A double mutant (T45/47A) also formed a
complex with 14-3-3c (ﬁgure 2B). These results suggested
that none of these potential 14-3-3c binding sites in Centrin2
was required for complex formation with 14-3-3c.
All the N-terminal Centrin2 mutants that formed a complex with 14-3-3c localized to the centrosome as demonstrated by the observation that the GFP signal co-localized
with the pericentrin signal (ﬁgure 2C). Interestingly, the
organization of these mutants at the centrosome was similar
to that of the C-terminal mutants, i.e. unable to form the 2 or
4 dots typical of Centrin2 localization, but accumulated
strongly at the centrosome. The single amino acid mutants
also localized to the centrosome, in a pattern similar to the
full-length construct (supplementary ﬁgure 1A). However,
the 64-172 mutant that failed to form a complex with 14-33c did not localize to the centrosome or the nucleus (ﬁgure 2C) and showed a punctate pattern throughout the
cytoplasm. This was observed in all cells transfected with
the mutant 64-172 and suggests that 14-3-3c binding to
Centrin2 is required for the localization of Centrin2 to the
centrosome.

3.3

Centrin2 binds to both 14-3-3e and 14-3-3c

Our previous results had indicated that both 14-3-3e and
14-3-3c can regulate centrosome duplication and that loss of
14-3-3c did not lead to a disruption of centrin localization to
the centrosome (Mukhopadhyay et al. 2016). This raised the
possibility that multiple 14-3-3 proteins can bind to Centrin2
and regulate its localization to the centrosome. To test this
hypothesis, protein extracts from HCT116 cells were incubated with either GST alone or GST tagged 14-3-3e or 14-33c, the reactions resolved on SDS-PAGE gels followed by
western blotting with antibodies to Centrin2 and cdc25C. As
shown in ﬁgure 3A, both 14-3-3e and 14-3-3c formed a
complex with Centrin2. To determine if 14-3-3e bound to the
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Figure 2. Deletion of the ﬁrst EF hand domain of Centrin2 abrogates binding with 14-3-3c and leads to loss of the centrosomal
localization of Centrin2. (A, B) HCT116 cells were transfected with the indicated GFP tagged WT or Centrin2 mutant constructs and GFP
as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with the various GST fusion proteins as
indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blots performed with antibodies against GFP. Note that
64-172 does not form a complex with GST-14-3-3c in contrast to the WT or other Centrin2 mutants. * Indicates a non-speciﬁc band.
Arrows indicate the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. (C) HCT116
cells seeded on coverslips were transfected with the GFP tagged WT or mutant Centrin2 constructs. At 48 h post transfection, the cells were
ﬁxed and stained for pericentrin and DAPI. The inset is a zoomed image of the box in the main ﬁeld. Note that the 64-172 construct does
not localize to the centrosome unlike the WT or other mutant constructs. The deletion mutants do not show the typical orthogonal
arrangement observed with the WT construct. Magniﬁcation was a 10009 with 49 digital zoom and scale bars indicate distance in
micrometres
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same sequence in Centrin2, GFP tagged WT or Centrin2
deletion mutants were transfected into HCT116 cells and the
lysates incubated with either GST alone or GST tagged 14-33e or 14-3-3c, the reactions resolved on SDS-PAGE gels
followed by western blotting with antibodies to GFP and bactin. As shown in ﬁgure 3B, both 14-3-3 proteins formed a
complex with the 1-63 mutant, but not the 64-172 mutant.
These results suggest that both 14-3-3 proteins bind to the
same region in Centrin2. Neither of the 14-3-3 proteins
bound to b-actin, which served as a negative control.
To determine if loss of 14-3-3e, 14-3-3c or both proteins
results in a defect in Centrin2 localization, previously
characterized shRNA constructs for 14-3-3e (Telles et al.
2009) and 14-3-3c (Hosing et al. 2008) were transfected into
HCT116 cells along with GFP-Centrin2. At 72 h post
transfection, the cells were stained with antibodies to pericentrin, counter-stained with DAPI and Centrin2 localization
determined. Loss of either 14-3-3e, 14-3-3c or both proteins
did not result in an alteration in the localization of Centrin2
(ﬁgure 3C). A decrease in the levels of both proteins was
observed in a western blot suggesting that the constructs
were functional (ﬁgure 3D). In addition, centrosome ampliﬁcation was observed upon loss of these proteins as previously reported, suggesting that these constructs are
functional and the knockdown was effective in inhibiting
cdc25C function (Mukhopadhyay et al. 2016). Due to the
absence of a complete knockdown of both 14-3-3e and 14-33c, it is possible that sufﬁcient 14-3-3 protein is available to
mediate Centrin2 localization. Alternatively, it is possible
that Centrin2, like Raf (Fischer et al. 2009) binds to all the
14-3-3 isoforms and therefore loss of one ormore isoforms is
not sufﬁcient to induce a defect in Centrin2 localization.

3.4 Centrin2 mutants that do not bind to 14-3-3
proteins do not affect mitotic progression
Since the 14-3-3 binding deﬁcient mutant of Centrin2 was
unable to localize to the centrosome, we wished to determine
whether its expression could inhibit spindle formation and
mitotic progression. As a ﬁrst step, we wished to determine
if these structures could anchor microtubules. HCT116 cells
transfected with either the GFP control, WT Centrin2 or
64-172 mutant constructs were stained with antibodies to
pericentrin and a-tubulin. We observed that spindle formation in these cells was comparable to that seen in cells
expressing the WT or the vector control constructs (supplementary ﬁgure 1B). However, the puncta formed by the
64-172 mutant did not anchor microtubules or serve as
spindle poles (supplementary ﬁgure 1B). Therefore,
expression of a 14-3-3c binding-deﬁcient mutant of Centrin2
does not interfere with spindle organization. Further, we
observed that expression of this mutant has no effect on
mitotic timing, with cells expressing both the WT and the
64-172 constructs completing mitosis in *40 min (supplementary ﬁgure 1C). These results suggest that the 64-172

mutant does not function as a dominant-negative mutant and
does not inhibit WT Centrin2 function. These results suggest
that 14-3-3c binds to multiple sites in the ﬁrst EF hand
domain of Centrin2 and that this interaction is required for
the accumulation of Centrin2 at the centrosome.

4. Discussion
14-3-3 proteins have been demonstrated to regulate the
subcellular localization of their ligands (Dalal et al. 1999;
Toshima et al. 2001; Dunaway et al. 2005; Li et al. 2008;
Vishal et al. 2018). The results in this report indicate that
14-3-3 proteins form a complex with Centrin2 and regulate
Centrin2 localization to the centrosome. While we have been
unable to identify the exact residues in Centrin2 required for
14-3-3 binding, our results indicate that there could be at
least two possible regions within Centrin2 that mediate its
binding to 14-3-3 proteins; amino acids 29-37 and amino
acids 48-63. As there are no consensus 14-3-3 binding sites
within either sequence, it is possible that these amino acids
form an as yet unreported 14-3-3 binding site and that
complex formation is required for the localization of Centrin2 at the centrosome. Alternatively, it is possible that this
is not a direct interaction and that the 14-3-3 proteins bind to
Centrin2 via another protein or proteins that are required for
the recruitment of Centrin2 to the newly synthesized centriole and 14-3-3 proteins and Centrin2 may be part of a
multi-protein complex, which might be essential for centriole biogenesis and for the accurate localization of Centrin2
at the centrosome. Therefore, the association between 14-3-3
proteins and Centrin2 might be indirect and depend on
proteins that bind to two different domains in Centrin2
leading to the presence of two different regions in Centrin2
that serve as 14-3-3 binding sites.
Multiple reports have attempted to decipher how Centrin2
localizes to the centrosome, given its essential role in centriole biogenesis (Lutz et al. 2001; Dantas et al. 2013; Nishi
et al. 2013). Experiments in XP4PASV cells, a human
ﬁbroblast cell line deﬁcient for XPC, have demonstrated that
three amino acids in EF3 and one amino acid in EF4 of
Centrin2 are essential for both, its localization at the centrosome and binding to XPC (Nishi et al. 2013). However,
all the C-terminal deletion constructs used in this report
exhibit an accumulation at the centrosome and co-localize
with pericentrin, albeit not in the characteristic 2 or 4 dot
organization. It is possible that other factors might bind to
the C-terminal end of Centrin2 and mediate the accurate
localization of Centrin2 at the centriolar lumen, after it is
initially directed to the centrosome. Experiments in chicken
DT40 cells suggest that localization of Centrin2 at the centrosome depends upon its binding to calcium, as mutation of
the four residues (D41, D77, D114 and D150) essential for
calcium binding to alanine, results in a loss of Centrin2
signal at the centriole (Dantas et al. 2013). However, we
have not observed similar results as the mutant expressing
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Figure 3. Loss of both 14-3-3e and 14-3-3c does not alter the localization of Centrin2. (A) Protein extracts from HCT116 cells were incubated
with GST, GST-14-3-3e or GST-14-3-3c. The reactions were resolved on SDS-PAGE gels followed by western blotting with the indicated
antibodies. Note that both 14-3-3e and 14-3-3c form a complex with Centrin2. (B) HCT116 cells were transfected with the indicated GFP tagged
WT or Centrin2 mutant constructs and GFP as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with the
various GST fusion proteins as indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blots performed with antibodies
against GFP or actin. Note that 64-172 does not form a complex with GST-14-3-3e or GST-14-3-3c in contrast to the WT or the 1-63 mutant.
Arrows indicate the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. b-Actin serves as a
negative control. (C, D) HCT116 cells seeded on coverslips were transfected with the GFP tagged WT Centrin2 and either the vector control or
the indicated 14-3-3 shRNA constructs. At 72 h post transfection, the cells were ﬁxed and stained for pericentrin and DAPI. The inset is a zoomed
image of the box in the main ﬁeld. Magniﬁcation was a 6309 with 49 digital zoom and scale bars indicate distance in micrometres. Note that loss
of both 14-3-3e and 14-3-3c does not lead to an alteration in Centrin2 localization. Western blots indicated that the knockdown constructs were
effective (D). (E) HCT116 cells transfected with the indicated shRNA constructs were synchronized in mitosis with nocodazole and centrosome
number determined by staining the cells with antibodies to pericentrin and counterstaining with DAPI. Note that loss of either 14-3-3e or 14-3-3c
leads to centrosome ampliﬁcation with an additive increase in centrosome ampliﬁcation when the expression of both genes is inhibited. ***
Indicates a p-value\0.001 and all p values were generated using the Student’s t-test. (F) Model illustrating the signiﬁcance of 14-3-3c binding to
Centrin2. In cells expressing Centrin2 with an intact 14-3-3 binding site, Centrin2 is targeted to the centrosome via its interaction with 14-3-3 and
possibly other proteins. Once it is present at the centrosome, other factors regulate its correct localization at the centrosome. In cells expressing a
14-3-3 binding defective mutant of Centrin2, Centrin2 can no longer be targeted to the centrosome and is thus not observed at the centrosome
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the shortest Centrin2 fragment, 1-37, does not possess any of
the four calcium binding residues, but still localizes to the
centrosome. These differences might reﬂect minor differences in centriole biogenesis between species. It has been
reported that the N-terminus of Centrin1 might form a
complex with the C-terminus of Centrin1 (Kim et al. 2017),
which suggests that the N-terminal mutants of Centrin2
might form a complex with the endogenous Centrin2.
However, the entire EF1 domain in Centrin1 is required for
dimerization with the C-terminal EF hands in Centrin1 and
the 1-37 mutant does not have the entire EF hand. Therefore,
it is unlikely that the 1-37 mutant localizes to the centrosome
by forming a dimer with the endogenous Centrin2. Further,
the 14-3-3c binding defective mutant, 64-172, showed no
nuclear localization. This could be due to the fact that
nuclear localization of Centrin2 has been linked to its
modiﬁcation by SUMOylation (Klein and Nigg 2009). Three
putative SUMOylation sites are present within the ﬁrst 64
amino acid region of Centrin2. It is possible that one of these
sites could be responsible for SUMOylation and that is why
deletion of this region results in loss of its nuclear
localization.
Our previous results have demonstrated that 14-3-3e and
14-3-3c can inhibit premature centrosome duplication by
inhibiting cdc25C function (Mukhopadhyay et al. 2016).
Cdc25C has a mode I 14-3-3 binding site (Muslin et al.
1996; Yaffe et al. 1997) and association between cdc25C
and 14-3-3 proteins requires an intact serine residue at
position 216 (S216) in cdc25C (Peng et al. 1997; Dalal
et al. 1999, 2004). However, while cdc25C binds to only
14-3-3e and 14-3-3c (Dalal et al. 2004), Raf, which also
contains a mode I 14-3-3 binding site forms a complex with
all the 14-3-3 isoforms (Fischer et al. 2009). Therefore,
some redundancy exists in the requirement for 14-3-3
binding to ligands. In this report, we demonstrate that both
14-3-3e and 14-3-3c form a complex with Centrin2, however, a decrease in the levels of both proteins does not
affect Centrin2 localization but does result in centrosome
ampliﬁcation (ﬁgure 3), possibly due to an increase in
cdc25C function as previously reported (Mukhopadhyay
et al. 2016). 14-3-3 proteins bind to Centrin2 via a noncanonical 14-3-3 binding site while they form a complex
with cdc25C through a mode I 14-3-3 binding site.
Therefore, it is possible that even though the levels of 14-33e and 14-3-3c are lowered upon the knockdown of these
proteins, sufﬁcient protein is available to mediate localization to the centrosome. Alternatively, it is possible that
like Raf (Fischer et al. 2009), Centrin2 can form a complex
with all the 14-3-3 isoforms suggesting that the role of
14-3-3 proteins in regulating the localization of Centrin2
could be shared by multiple 14-3-3 isoforms. This redundancy is consistent with the observation that Centrin2 is
essential for centrosome duplication and cell viability
(Salisbury et al. 2002). Therefore, multiple 14-3-3 proteins
might be required to regulate the localization of Centrin2 to
the centrosome.

On the basis of our results, we propose the following
model (ﬁgure 3F). We have demonstrated previously, that
14-3-3e and 14-3-3c localize to the centrosome
(Mukhopadhyay et al. 2016). In cells expressing Centrin2
with an intact 14-3-3 binding site, Centrin2 is targeted to the
centrosome via its binding to 14-3-3c. Once there, it self
assembles at the centriole permitting centriole biogenesis.
Given that mutation of all potential phosphorylated residues
in EF1 that could serve as 14-3-3 binding sites does not
abolish complex formation with 14-3-3 proteins, it is possible that the interaction between 14-3-3 proteins and Centrin2 is either independent of phosphorylation or complex
formation between 14-3-3 proteins and Centrin2 is dependent on other proteins required for centriole biogenesis.
Once it is present at the centrosome, presumably, other
factors which might bind to the C-terminal region of Centrin2, direct the organization of Centrin2 to form the centriolar lumen. In cells expressing a mutant of Centrin2 that
either fails to form a complex with 14-3-3 proteins or an
adaptor protein that bridges the interaction with 14-3-3
proteins, 14-3-3e and 14-3-3c are no longer able to target
either Centrin2 or the Centrin2 protein complex to the centrosome resulting in the absence of Centrin2 at the centrosome. Thus, in addition to inhibiting premature centrosome
duplication in late S and G2 phase by inactivating cdc25C
function (Mukhopadhyay et al. 2016), 14-3-3e and 14-3-3c
might promote centriole biogenesis by mediating the localization of Centrin2 to the centrosome.
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