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Centrosomes are required for proper β-catenin 
processing and Wnt response

ABSTRACT  The Wnt/β-catenin signaling pathway is central to metazoan development and 
routinely dysregulated in cancer. Wnt/β-catenin signaling initiates transcriptional reprogram-
ming upon stabilization of the transcription factor β-catenin, which is otherwise posttransla-
tionally processed by a destruction complex and degraded by the proteasome. Since various 
Wnt signaling components are enriched at centrosomes, we examined the functional contri-
bution of centrosomes to Wnt signaling, β-catenin regulation, and posttranslational modifica-
tions. In HEK293 cells depleted of centrosomes we find that β-catenin synthesis and degrada-
tion rates are unaffected but that the normal accumulation of β-catenin in response to Wnt 
signaling is attenuated. This is due to accumulation of a novel high-molecular-weight form of 
phosphorylated β-catenin that is constitutively degraded in the absence of Wnt. Wnt signaling 
operates by inhibiting the destruction complex and thereby reducing destruction complex–
phosphorylated β-catenin, but high-molecular-weight β-catenin is unexpectedly increased by 
Wnt signaling. Therefore these studies have identified a pool of β-catenin effectively shielded 
from regulation by Wnt. We present a model whereby centrosomes prevent inappropriate 
β-catenin modifications that antagonize normal stabilization by Wnt signals.

INTRODUCTION
The Wnt/β-catenin signaling pathway is a conserved strategy in-
volved in cell proliferation, polarity, and fate specification (Loh et al., 
2016). In the absence of signaling, β-catenin is posttranslationally 
processed and marked for degradation by a destruction complex, 
chiefly composed of two kinases—GSK3 andCK1—and two scaf-
folds—APC and axin. β-Catenin processing by the destruction com-
plex begins with phosphorylation of Ser45 by CK1, a priming event 
for subsequent phosphorylation on Ser33/Ser37/Thr41 by GSK3 
(MacDonald et al., 2009; Nusse and Clevers, 2017). The E3 ubiquitin 
ligase β-Trcp then binds the triply phosphorylated β-catenin, result-
ing in polyubiquitination and degradation by the proteasome (Liu 
et  al., 1999). The destruction complex is inactivated when Wnt 

ligand binds to the coreceptors Frizzled and LRP, mediated by the 
scaffold protein Disheveled (Dvl), which recruits the complex to the 
intracellular domains of the coreceptor (MacDonald et  al., 2009). 
Reduced β-catenin degradation upon Wnt signaling allows newly 
synthesized β-catenin to enter the nucleus, bind to the DNA binding 
protein TCF, and activate transcription of Wnt-responsive target 
genes (Hernandez et al., 2012; Gerlach et al., 2014). Defects in Wnt 
signaling and β-catenin regulation promote tumorigenesis and are 
associated with several cancers (Nusse and Clevers, 2017).

Centrosomes are non–membrane-bound organelles that orga-
nize microtubule asters and coordinate the bipolar mitotic spindle, 
but a growing number of observations suggest additional roles in 
regulating signaling proteins (Nigg and Stearns, 2011; Arquint et al., 
2014; Vora and Phillips, 2016). Centrosomes are composed of two 
centrioles, cylindrical appendages that duplicate once per cell cycle, 
and pericentriolar material, a proteinaceaous matrix of centrosomal 
factors that nucleate microtubules to organize the bipolar spindle. 
After centriole duplication, the two centrosomes remain attached 
until they are split and driven to opposite poles of the cell by kinesin 
motors in G2/M (Nigg and Stearns, 2011). β-Catenin has been 
shown to participate in at least two distinct centrosomal functions: 
γ-tubulin recruitment to centrosomes and centrosome splitting 
(Mbom et al., 2013). In mouse neuronal progenitors, β-catenin loss 
results in decreased γ-tubulin at centrosomes and thus defects in 
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microtubule organization (Chilov et al., 2011). In addition, cells with-
out β-catenin form a monopolar spindle due to compromised split-
ting, while β-catenin overexpression results in premature centro-
some splitting and the formation of extracentrosomal structures that 
harbor various centrosomal factors (Kaplan et al., 2004; Bahmanyar 
et  al., 2010). β-Catenin–dependent centrosome splitting requires 
phosphorylation by Nek2 at a variety of sites including Ser33/Ser37/
Thr41, sites also known to be phosphorylated by GSK-3. Unlike 
GSK3, however, β-catenin phosphorylation by Nek2 is CK1-inde-
pendent and is not involved in destruction complex–mediated deg-
radation. Nek2 becomes activated at G2/M, where it phosphory-
lates and stabilizes centrosomal β-catenin to promote centrosome 
splitting (Mbom et al., 2014).

In addition to the above β-catenin centrosomal localization pat-
tern seen in mammals, observations of β-catenin localization in 
Caenorhabditis elegans and Platynereis dumerilii demonstrate that 
its association with the centrosome is conserved (Huang et al., 2007; 
Phillips et al., 2007; Schneider and Bowerman, 2007; Baldwin and 
Phillips, 2014; Baldwin et al., 2016; Vora and Phillips, 2015; Lam and 
Phillips, 2017). In C. elegans, centrosomal localization of the β-
catenin homologue SYS-1 promotes dynamic centrosome–associ-
ated proteasomal degradation during asymmetric cell division, lim-
iting its retention by daughter cells prior to cell fate specification. 
Unlike mammalian β-catenin, SYS-1 is dispensable for centrosome 
separation and mitotic division and thus behaves as a substrate 
rather than an effector of the centrosome (Vora and Phillips, 2015). 
A β-catenin regulation mechanism dependent on centrosomal local-
ization is also suggested in mammals by experiments in embryonic 
stem cells, which showed asymmetric localization of β-catenin as 
well as many other proteasome substrates to one of two centro-
somes after division (Fuentealba et al., 2008). It follows from these 
studies that although β-catenin’s role as an effector of the centro-
some varies between species, its regulation via accumulation at cen-
trosomes may be conserved.

Cell sensitivity to Wnt signals is under complex regulation and 
has been linked to many aspects of basic cell physiology, including 
the cell cycle status (Niehrs and Acebron, 2012; Costa et al., 2019; 
El-Sahli et al., 2019). Cyclin Y-CDK primes LRP6 via phosphorylation 
of PPPSP motifs to boost Wnt signaling competence during G2/M, 
which is also when basal cellular β-catenin concentration and Wnt 
target gene expression is highest (Olmeda et al., 2003; Davidson 
et al., 2009). The converse is also true: Wnt signaling itself controls 
the cell cycle status since induction of its target genes c-myc and 
cyclin D1 promotes G1 progression (Niehrs and Acebron, 2012). 
That the Wnt signaling pathway is so poorly insulated from other cell 
processes combined with the fact that Wnt pathway proteins have 
additional roles in centrosome and spindle organization suggests a 
link between Wnt signaling and centrosome function.

Indeed, various studies have suggested cross-talk between cen-
trosomal components and Wnt signaling as well as regulation of Wnt 
components via centrosomal localization. It was recently shown that 
Dvl localizes to centrosomes and participates in Nek2-mediated re-
lease of centrosome linker components to promote splitting during 
G2/M (Cervenka et al., 2016). Dvl is then released from the centro-
some upon phosphorylation by Nek2. Interestingly, depletion of 
Nek2 results in attenuation of the Wnt response, presumably by in-
creasing centrosomal localization of Dvl and reducing the cytoplas-
mic pool of Dvl available for signaling (Cervenka et al., 2016). Modu-
lation of Wnt signaling by centrosomal localization of pathway 
components was also reported by studies on the centrosomal pro-
tein Diversin, a known antagonist of β-catenin stability. Diversin 
shows punctate localization to centrosomes and dynamically relocal-

izes to cytoplasmic granules upon Wnt signaling, and Diversin alleles 
unable to localize to the centrosome are unable to antagonize Wnt 
signaling. Although the explicit mechanism is unclear, Diversin de-
pends on centrosomal localization to appropriately promote β-
catenin degradation (Itoh et al., 2009). Together, these studies high-
light an intriguing role of mammalian centrosomes in modulating 
Wnt response, a possibility that warrants further investigation by 
virtue of the fact that both Wnt signaling and centrosome copy 
number are often dysregulated in tumors (Gonczy, 2015; Nusse and 
Clevers, 2017). However, the explicit causal relationship between 
centrosome function and Wnt signaling behavior is not known.

Here, we determine the net effects of centrosome loss on β-
catenin regulation and Wnt signaling in human cell lines by deplet-
ing cells of centrosomes entirely. We demonstrate that centrosomes 
prevent inappropriate β-catenin modifications that result in Wnt-
insensitive degradation, allowing cells to efficiently halt β-catenin 
degradation after Wnt signaling and rapidly increase its concentra-
tion. Finally, we discuss possible mechanisms underlying centro-
some-enforced β-catenin posttranslational processing and its rele-
vance to disease states.

RESULTS
Cells without centrosomes accumulate a distinct 
high-molecular-weight species of β-catenin that is 
phosphorylated at Ser33/Ser37/Thr41
To study the influence of centrosomes on β-catenin regulation and 
Wnt signaling, we depleted HEK293 cells of centrosomes by treat-
ing with 200 mM centrinone A (CentA, hereon) for a period of 5–7 
d. HEK293 cells bear no known mutations in key Wnt pathway com-
ponents and are routinely used to study Wnt signaling (Hernandez 
et al., 2012; Li et al., 2012; Kim et al., 2013). CentA is a selective and 
reversible inhibitor of the kinase Plk4, whose activity is necessary for 
centrosome duplication. Chronic treatment with CentA results in a 
progressive loss of centrosomes throughout cell division cycles and 
eventually gives rise to a population of cells without centrosomes 
(Wong et al., 2015). Centrosomal puncta labeled with γ-tubulin were 
lost after CentA treatment but not in control cells treated with di-
methyl sulfoxide (DMSO) using the same regimen. (Figure 1A, top 
panel). Control cells also showed punctate localization patterns of 
phosphorylated β-catenin (pβ-catenin) to γ-tubulin–labeled centro-
somes, consistent with previous reports of pβ-catenin association 
with the centrosome (Figure 1B, bottom panel) (Chilov et al., 2011). 
HEK293 cells treated with CentA did not arrest and were able to 
proliferate in the absence of centrosomes. Continued cell prolifera-
tion during CentA treatment and the presence of mitotic cells lack-
ing centrosomes suggested that HEK293 cells lack a functional cen-
trosome duplication checkpoint. Since HEK293 cells have intact 
Wnt signaling along with the ability to proliferate in the absence of 
centrosomes, we reasoned that this cell line could be used as a 
model to study the effects of centrosome depletion on Wnt/β-
catenin signaling and β-catenin regulation.

Phosphorylation of β-catenin by GSK3 at Ser33, Ser37, and 
Thr41 is required for β-catenin degradation, and modulation of 
these posttranslational marks is key to Wnt signaling. Therefore, to 
examine any potential effects of centrosome depletion on β-catenin 
regulation, we visualized pβ-cateninSer33/37, Thr41 by Western blot 
analysis in control versus CentA-treated cells. Lysates from centro-
some-depleted cells showed similar levels of total pβ-catenin com-
pared with control but accumulated a higher-molecular-weight 
band (pβ-cateninHiMW, hereon) of an approximately 10–20 kDa shift. 
(Figure 1C, CentA lane). Consistent with the fact that pβ-catenin is a 
low-abundance molecule in cells, pβ-cateninHiMW was generally 
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FIGURE 1:  Cells without centrosomes accumulate a distinct higher-molecular-weight species 
of β-catenin. (A) HEK293 cells after chronic treatment with CentA lacking γ-tubulin–positive 
centrosomes (arrowheads) readily observable in cells treated with DMSO (bottom panel). 
(B) HEK293 cells coiimmunostained for γ-tubulin and pβ-catenin confirming colocalization at 
centrosomes in control DMSO-treated cells (highlighted by 1.48 μm dashed box) but not 
CentA cells. An enlarged image of the merged centrosomes appears in the bottom right 
corner of the DMSO window. (C) HEK293 cells were treated chronically with DMSO or CentA 
and blotted for β-catenin, pβ-cateninS33/37/41, pβ-cateninS45, active-β-catenin, and tubulin as a 
loading control. The higher-molecular-weight band (*) corresponds to a migration distance 
between 95 and 130 kDa (arrowheads). (D) Lysates from HEK293 cells treated with either 
DMSO, transient CentA (4 h), or chronic CentA blotted for pβ-catenin demonstrate that the 
high-molecular-weight species accumulates only after chronic treatment associated with 
centrosome loss. (E) HeLa, HEK293, and NCIH28Δβ-catenin cell lysates were blotted for pβ-
catenin and β-catenin showing the absence of the high–molecular–weight species in cells with 
a homozygous deletion of β-catenin (top panel). Quantification shows up-regulation of 
higher-molecular-weight forms of both species in HeLa and HEK293 cells but not in 
NCIH28Δβ-catenin (bottom panel). (F) Accumulation of higher-molecular-weight pβ-catenin species 
after CentA treatment of HCT116p53–/– cells in whole cell lysates and cytosolic extracts (top 
panel). Quantification of pβ-cateninHiMW in cytosolic extracts shows a roughly 40-fold increase 
in CentA cells (p < 0.01, Student’s t test) (bottom panel). (G) Immunoprecipitation of 
FLAG::β-catenin from HEK293 cells. Higher-molecular-weight species is readily stained by 
antibodies against FLAG and pβ-catenin (S33/37, T41) but not pβ-catenin (S45). Arrowheads 
mark 95 kDa except where otherwise mentioned.

present in low, variable abundance and was 
consistently up-regulated by centrosome 
depletion. As previously shown, most pβ-
catenin in control cells exhibited a wild-type 
migration pattern corresponding to 100 
kDa, the approximate molecular weight of 
β-catenin (pβ-cateninLowMW). pβ-Catenin 
bands migrating like pβ-cateninHiMW have 
been observed in previous studies, but their 
identity and relevance to Wnt signaling 
have not been investigated (Hernandez 
et al., 2012; Kim et al., 2013). We were also 
able to detect this species with antibodies 
against total β-catenin (under high-expo-
sure settings) but not with antibodies against 
pβ-cateninS45 (Figure 1C, asterisk). The ob-
servation that β-cateninHiMW is detected with 
antibodies to pβ-cateninS33/37, T41 but not 
S45 suggests CK1 may not be involved in 
generating this particular β-catenin species 
and is addressed below. To test whether pβ-
cateninHiMW accumulation results from direct 
inhibition of Plk4 by CentA rather than the 
centrosome loss after prolonged treatment, 
we visualized pβ-catenin in cells treated with 
CentA acutely (4 h) and chronically (5 d). 
Only cells treated chronically with CentA up-
regulated pβ-cateninHiMW relative to control 
cells (Figure 1D), demonstrating that its ac-
cumulation is not likely due to direct effects 
of Plk4 inhibition. β-CateninHiMW accumula-
tion was also detected in HeLa cells and 
HCT116 p53–/– cells but was not detectable in 
NCI-H28 cells, a malignant mesothelioma 
line with a homozygous β-catenin deletion 
(Figure 1, E and F). CentA-induced accu
mulation of β-cateninHiMW was especially 
apparent in HCT116p53–/– cytosolic extracts, 
where β-catenin levels are elevated (Ilyas 
et  al., 1997) (Figure 1F). Furthermore, β-
cateninHiMW was detected in low abundance 
after immunoprecipitation of FLAG::β-
catenin in 293 cells (Figure 1G). These ex-
periments confirm that the high-molecular-
weight band we observed after centrosome 
loss is specific to β-catenin. Together, these 
data demonstrate the accumulation of a 
higher-molecular-weight β-catenin species 
in cells without centrosomes.

β-Catenin degradation is not impaired 
upon centrosome loss
Since pβ-catenin is ordinarily subject to 
polyubiquitination and degradation, we rea-
soned that accumulation of pβ-cateninHiMW 
in centrosome-depleted cells may result 
from defective degradation. We tested the 
hypothesis that pβ-catenin is degraded at 
centrosomes by inhibiting the centrosome-
associated proteasome. Centrosome-asso-
ciated proteasomal degradation is readily 
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disrupted by expression of a dominant negative allele of the protea-
somal subunit S5a fused to the centrosomal targeting domain PACT 
(Puram et al., 2013). We transfected HeLa cells with the proteasome-
inhibiting dominant negative allele GFP::S5aC with and without fu-
sion to PACT and visualized total polyubiquitinated proteins by im-
munofluorescence. As expected, expression of GFP::S5aC led to a 
dramatic increase in global polyubiquitinated proteins in success-
fully transfected cells (Supplemental Figure S1A) and expression of 
S5aC::PACT led to strong punctate polyubiquitinated protein accu-
mulation specifically at S5aC::PACT-marked centrosomes (Supple-
mental Figure S1B, middle panel), indicative of impaired processing 
of polyubiquitinated substrates. Importantly, we observed strong 
centrosomal accumulation of polyubiquitinated proteins in cells 
where expression of S5aC::PACT was present at centrosomes yet 
virtually undetectable in the cytoplasm and nucleus, confirming po-
tent inhibition of the centrosome-associated proteasome by this fu-
sion protein (Supplemental Figure S1C). Unlike total polyubiquiti-
nated proteins, pβ-catenin showed no apparent increase at 
centrosomes in S5aC::PACT-expressing cells relative to untrans-
fected cells (Supplemental Figure S1D). This result suggests that 
centrosome-associated degradation does not make a major contri-
bution to regulation of β-catenin levels. To confirm this possibility, 
we measured the degradation rate of cytosolic β-catenin by treating 
cells with Wnt-conditioned media for 12 h and recovering them in 
fresh media for various times. Since the majority of β-catenin as-
sociates with adherens junctions where it functions independently 
of Wnt signaling, the Wnt-regulated pool of β-catenin is routinely 
measured in cytosolic extracts here and in other studies (Li et al., 
2012). This assay revealed that the degradation kinetics of cyto-
solic β-catenin in centrosome-depleted cells was indistinguishable 
from that in control cells (SupplementalFigure S2, A andB). To-
gether, these data suggest that accumulation of pβ-cateninHiMW in 
centrosome-depleted cells is not due to attenuated β-catenin 
degradation.

Cells without centrosomes show normal β-catenin synthesis 
rate but attenuated accumulation in response to Wnt 
signaling
Next, we sought to determine whether centrosome loss influenced 
the response to Wnt signaling by treating normal and centrosome-
depleted cells with Wnt and measuring cytosolic β-catenin at vari-
ous time points. Centrosome-depleted cells showed a dramatically 
attenuated rate of β-catenin increase throughout the time course 
and accumulated less β-catenin than control cells (Figure 2, A and 
B). To test whether this phenomenon was due to decreased β-
catenin production, we eliminated β-catenin degradation by protea-
some inhibition with MG132, so that β-catenin levels are deter-
mined only by synthesis. In this assay, cells without centrosomes 
showed a pattern of β-catenin accumulation similar to wild type, 
suggesting that the effects on β-catenin accumulation after Wnt are 
not due to impaired synthesis (Figure 2, C and D). We also visualized 
pβ-catenin formation after MG132 treatment, which showed a simi-
lar pattern (Figure 2C). In CentA cells, pβ-cateninHiMW increased 
throughout the time course, suggesting its negative regulation by 
the proteasome (Figure 2C, asterisk). To test the effects of centro-
some loss on Wnt-dependent transcription, we transfected control 
and CentA-treated cells with the Wnt-responsive reporter TOP-
FLASH, in which β-catenin–dependent TCF binding sites drive ex-
pression of firefly luciferase in response to pathway activation 
(Veeman et al., 2003). After 5 h of stimulation by Wnt-conditioned 
media, CentA cells showed a significant reduction (p = 0.0083, Stu-
dent’s t test) in TOPFLASH reporter activity compared with control 

cells. The control reporter FOPFLASH, in which TCF binding sites 
are mutated, showed no significant difference between control and 
CentA cells (Figure 2E). In CentA cells, reporter activity was damp-
ened ∼1.4-fold, similar to the observed ∼1.3-fold decrease in β-
catenin accumulation (Figure 2, B and E). Together, these data indi-
cate that centrosomes are required for proper accumulation of 
β-catenin in response to Wnt and thus proper Wnt-responsive tran-
scriptional output.

pβ-CateninHiMW immediately accumulates after Wnt 
signaling and is not derived from pβ-cateninLowMW

We have demonstrated key abnormalities in β-catenin regulation 
and Wnt signaling in cells lacking centrosomes. Centrosome-de-
pleted cells: 1) accumulate a distinct higher-molecular-weight β-
catenin species that is dynamically cleared by the proteasome and 
2) have an attenuated β-catenin accumulation rate after Wnt signal-
ing. We reasoned that both phenomena could be explained by a 
single model if cells without centrosomes funnel β-catenin into an 
inappropriate, Wnt-insensitive degradation pathway that yields a 
higher-molecular-weight β-catenin species and maintains a basal 
degradation rate of newly synthesized β-catenin even after Wnt 
signaling.

After Wnt signaling, the pβ-catenin concentration in cells rapidly 
decreases since GSK3-phosphorylation of β-catenin is inhibited and 
residual pβ-catenin is rapidly degraded (Hernandez et al., 2012). If 
these two species are intermediate forms of β-catenin within a sin-
gle, Wnt-regulated degradation pathway such that pβ-cateninHiMW 
is derived from pβ-cateninlowMW, we should expect that pβ-
cateninHiMW decreases along with pβ-cateninLowMW after Wnt signal-
ing (Figure 3A, Model 1). On the other hand, if centrosome-de-
pleted cells harbored an alternative degradation pathway that 
competes with the Wnt-regulated degradation for β-catenin cap-
ture, we should expect that inhibition of β-catenin flux through the 
Wnt-regulated pathway would allow increased incorporation into 
such an alternative degradation pathway. Thus, upon Wnt signaling, 
pβ-cateninHiMW should increase as pβ-cateninLowMW decreases 
(Figure 3B, Model 2).

We tested Model 1 by treating cells with Wnt-conditioned 
media and measuring relative abundances of pβ-cateninLowMW 
and pβ-cateninHiMW at various time points. Cells with and without 
centrosomes all showed the characteristic immediate decrease in 
pβ-cateninLowMW levels after Wnt signaling, confirming decreased 
incorporation into the canonical degradation pathway. Interest-
ingly, cells without centrosomes showed a trend of increasing pβ-
cateninHiMW as pβ-cateninLowMW levels decreased (Figure 3, B–D). 
This result demonstrates that pβ-cateninHiMW is not directly de-
rived from pβ-cateninLowMW and—as is predicted by Model 2—
suggests a distinct posttranslational modification cascade that 
competes for capture of newly synthesized β-catenin in cells with-
out centrosomes.

Low-molecular-weight pβ-catenin is reduced after Wnt addition 
but later recovers to its original concentration as β-catenin concen-
tration rises, thus enforcing a new β-catenin steady-state level after 
Wnt signaling (Hernandez et al., 2012; Kim et al., 2013). Our mea-
surements are consistent with this phenomenon as pβ-cateninLowMW 
recovers to its original concentration 4 h after Wnt stimulation in 
both control and CentA-treated cells. However, a simple yet highly 
predictive kinetic model by Hernandez et al. (2012) demonstrates 
that any Wnt-insensitive degradation of β-catenin should prevent 
pβ-cateninLowMW from fully recovering during Wnt signaling, pre-
senting a potential discrepancy between our data and this model. 
We address this discrepancy in the Discussion.
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Cells without centrosomes accumulate distinct profiles of 
posttranslationally modified β-catenin species
GSK3-phosphorylated β-catenin is polyubiquitinated before deg-
radation by the proteasome, and polyubiquitinated β-catenin can 
be visualized after proteasomal inhibition, which gives rise to a 
laddered migration pattern approaching 130 kDa (Hernandez 
et  al., 2012) (Figure 2C). Our model invoking an alternative β-
catenin degradation cascade predicts that cells without centro-
somes should accumulate an abnormal profile of β-catenin spe-
cies upon proteasome inhibition. Indeed, centrosome-depleted 
cells showed a markedly different laddering pattern involving 
preferential accumulation of β-cateninHiMW, which continued to in-
crease with proteasome inhibition time. We observed the same 
pattern when visualizing pβ-cateninSer33/37/Thr41 (Figure 4A). Inter-
estingly, in anti–pβ-cateninS45 Western blots of centrosome-de-
pleted cells, there was no β-cateninHiMW band (Figure 4, A and B). 
Furthermore, total pβ-cateninS45 levels in centrosome-depleted 
cells were consistently weaker relative to control cells throughout 
the MG132 treatment, suggesting reduced CK1-dependent phos-
phorylation in cells without centrosomes. Together, these data 
further support the idea that cells without centrosomes up regu-
late an alternate, Wnt-independent β-catenin degradation cas-
cade, which likely does not involve phosphorylation by CK1.

FIGURE 2:  β-Catenin accumulation after Wnt but not synthesis rate is attenuated in cells 
without centrosomes. (A) Cytosolic extracts from cells treated with Wnt-conditioned media for 
various time points were blotted for β-catenin, showing rapid increase followed by plateau and 
attenuated increase in DMSO and CentA cells, respectively. (B) Quantification of Wnt-dependent 
β-catenin increase from A. (C) Cytosolic extracts from cells treated with MG132 for various time 
points were blotted for β-catenin, showing increase in β-catenin and characteristic laddering 
associated with polyubiquitination. (D) Quantification of MG132-induced β-catenin (95–130 kDa) 
increase from C. (E) DMSO and CentA-treated cells were treated with Wnt for 5 h and assayed 
for TOPFLASH reporter activity. CentA cells show significantly decreased reporter activity 
compared with control, consistent with decreased β-catenin accumulation observed in C. All 
error bars represent SEM. **Student’s t test.

GSK3 and Nek2 are dispensable 
for β-cateninHiMW phosphorylation
What is the posttranslational modification 
status of the accumulated β-cateninHiMW spe-
cies in cells without centrosomes? β-
CateninHiMW is readily visualized with anti-
bodies against pβ-cateninSer33/S37/Thr41 but 
not pβ-cateninSer45, suggesting its phosphor-
ylation by either GSK3 or NEK2, but not 
CK1. We first confirmed that β-cateninHiMW 
is, indeed, phosphorylated by analyzing pβ-
cateninSer33/S37/Thr41 in lysates harvested in the 
absence of phosphatase inhibitors, which 
showed decreased staining of both the 
higher- and lower-molecular-weight bands 
compared with lysates containing phospha-
tase inhibitors (Supplemental Figure S3A). 
Furthermore, pβ-cateninSer33/S37/Thr41 higher-
molecular-weight species increased in abun-
dance after treatment of cells with 50 nM 
okadaic acid, which inhibits protein phos-
phatase 2A (Supplemental Figure S3B). To 
test whether NEK2 is required for β-
cateninHiMW phosphorylation, we treated 
cells with INH1, a small molecule known to 
down-regulate NEK2 protein level after 
overnight treatment (Cervenka et al., 2016). 
Treatment of cells with 37.5 μM INH1 to a 
dramatic reduction in Nek2 levels but did 
not reduce the reactivity of anti–pβ-
cateninSer33/S37/Thr41 with β-cateninHiMW, indi-
cating that Nek2 is not required for its phos-
phorylation (Supplemental Figure S3C). We 
then tested whether β-cateninHiMW is phos-
phorylated by GSK3 by treating cells with 
6-bromoindirubin-3′-oxime (BIO), a revers-
ible inhibitor of GSK3 activity (Meijer et al., 
2003). Treatment of cells with 10 μM BIO for 
4 h led to robust GSK3 inhibition—indicated 

by an increase in total β-catenin accompanied by loss of lower-mo-
lecular-weight pβ-cateninSer33/S37/Thr41—yet failed to decrease pβ-
cateninHiMW abundance (Supplemental Figure S3D). Rather, GSK3 
inhibition by BIO led to an increase in pβ-cateninHiMW levels, consis-
tent with increased β-catenin flux into an alternate degradation cas-
cade in the absence of processing by the destruction complex as we 
observed with Wnt treatment (Supplemental Figure S3D and Figure 
3, A and B, Model 2). Thus, β-cateninHiMW is phosphorylated at 
Ser33/37/Thr41 in a Nek2- and GSK3-independent manner.

Mass spectrometry reveals distinct posttranslational 
modifications on β-cateninHiMW

To identify posttranslational modifications on β-cateninHiMW, we re-
solved control and CentA pβ-catenin immunoprecipitates by SDS–
PAGE and performed liquid chromatography–mass spectrometry 
(LC-MS/MS) on a region of the gel harboring a band corresponding 
to β-cateninHiMW. Both samples gave a distinct band in the region 
corresponding to β-cateninHiMW (∼110–120 kDa) after silver staining 
(Figure 5A, left panel). However, our LC-MS/MS analysis detected 
β-catenin peptides in our CentA samples but not in our control 
samples, consistent with up-regulation of β-cateninHiMW after 
centrosome loss. We used LC-MS/MS data from FLAG::β-catenin 
immunoprecipitates prepared in parallel to serve as a reference for 



1956  |  S. M. Vora et al.	 Molecular Biology of the Cell

unmodified β-catenin to compare with any CentA-specific post-
translational modifications (PTMs) (Figure 5A, right panel). In CentA 
samples, LC-MS/MS identified 14 unique peptides that mapped 
exclusively to the β-catenin protein sequence, obtaining a 16% 
amino acid coverage (Figure 5, B and C). Further analysis of these 

FIGURE 3:  pβ-cateninHiMW immediately accumulates after Wnt signaling and is not derived from 
pβ-cateninLowMW. (A) Schematic of the two models for pβ-cateninHiMW synthesis. Model 1 posits 
that pβ-cateninHiMW (red) is directly derived from pβ-cateninLowMW (blue) in the same 
posttranslational modification cascade (i.e., destruction complex). After Wnt, cells without 
centrosomes should show a simultaneous decrease in both species (top right). Model 2 posits 
that pβ-cateninHiMW and pβ-cateninLowMW are both derived from newly synthesized β-catenin 
(gray) via two distinct degradation cascades that compete for its capture, and pβ-cateninLowMW is 
processed by the destruction complex. Reducing β-catenin flux into the destruction complex via 
Wnt signaling should lead to an immediate decrease in pβ-cateninLowMW that is accompanied by 
a simultaneous increase in pβ-cateninHiMW since its degradation cascade no longer competes 
with the Wnt-disengaged cascade for capture of newly synthesized β-catenin (bottom right). 
(B) Lysates from DMSO and CentA cells treated with Wnt for various time points blotted for 
pβ-catenin and β-catenin. (C) Quantification of pβ-cateninLow in DMSO-treated cells and 
CentA-treated cells from the blot. (D) Quantification of pβ-cateninHiMW and pβ-cateninLowMW 
only in CentA-treated cells, showing a pattern consistent with Model 2 (top panel, bottom right).

peptides revealed 10 PTMs with perfect 
ambiguity scores (1000), eight of which 
were not present on immunoprecipitated 
FLAG::β-catenin, despite a greater number 
of identified peptides and nearly full cover-
age of the overexpressed FLAG::β-catenin. 
We detected a range of PTMs in the pβ-
cateninHiMW sequences with instances of 
amino acid substitutions (e.g., Met → Xle, 
Arg→Lys) and residue modifications (Carb-
amidomethylation) (Figure 5B). Though the 
amino acid substitutions could be simple 
translational misincorporations or artifacts 
from sample processing, one modification 
of particular interest was a predicted ubiqui-
tination tag at K394, a residue previously 
known to be ubiquitinated by the ubiquitin 
conjugating enzyme Rad6B (Gerard et  al., 
2012) (Figure 5Bj). Combined with the fact 
that pβ-cateninHiMW displays an approxi-
mately 10–20 kDa shift (Figure 1C) in appar-
ent molecular weight, this finding suggests 
that the accumulation of pβ-cateninHiMW in 
centrosome-depleted cells could be due to 
β-catenin monoubiquitination, which would 
theoretically add 8.5 kDa to its mass. These 
data identify distinct PTMs present on pβ-
cateninHiMW and offer a potential explana-
tion for its apparent molecular weight shift.

DISCUSSION
Our experiments suggest that centrosomes 
prevent inappropriate β-catenin modifica-
tions that antagonize the normal stabiliza-
tion of β-catenin by Wnt signals. We show 
that cells without centrosomes undergo at-
tenuated response to Wnt and also accumu-
late a distinct, higher-molecular-weight spe-
cies of pβ-catenin (Figures 1C and 2, A–E). 
This species is turned over by the protea-
some and is apparently distinct from Wnt-
regulated pβ-catenin as well as polyubiquiti-
nated β-catenin derived by the destruction 
complex (Figures 3B and 4). We propose 
that centrosomes inhibit a Wnt-insensitive 
β-catenin degradation cascade that gener-
ates a higher-molecular-weight phosphory-
lated β-catenin species as an intermediate.

Wnt-insensitive degradation fully 
accounts for the observed formation and 
dynamics of a higher-molecular-weight 
β-catenin species as well as reduced 
β-catenin accumulation after Wnt signaling 
but is inconsistent with two observations 
from our data:

1.	 As previously mentioned, Wnt-insensitive β-catenin degrada-
tion should theoretically prevent pβ-cateninLowMW levels from 
fully recovering during late Wnt signaling, yet we observe ro-
bust recovery in CentA-treated cells 4 h after Wnt addition 
(Figure 3, B and C).
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2.	 The addition of a second β-catenin modification/degradation 
cascade should theoretically increase its overall degradation 
rate, simply due to its consumption by two degradation cas-
cades rather than one. Yet CentA-treated cells exhibit β-catenin 
degradation kinetics similar to those of control (Figure S2, A 
and B).

We investigate these discrepancies by formalizing our postulate 
into a kinetic model (simplified from Hernandez et al., 2012) for the 
behavior of β-catenin species in cells with and without centrosomes 
(schematized in Figure 6A). The model for control cells is composed 
of a simple linear synthesis→modification→degradation cascade 
and recapitulates the Wnt-induced concentration dynamics of vari-
ous β-catenin species observed here and in other studies (Figure 6B, 
left and right panels) (Hernandez et al., 2012; Kim et al., 2013). To 
model CentA-treated cells, we included a second modification 
branch to simulate β-cateninHiMW formation and degradation, whose 
catalytic rate constants are denoted by k2 and kDEG2, respectively 
(Figure 6A, top right). Given that this alternative modification branch 
is Wnt-independent, we expect k2 and kDEG2 to be equal when [β-
cateninHiMW] is at steady state, which we assumed in our model un-
der both +/– Wnt conditions (Supplemental Figure S4A). We varied 
the strength of Wnt-insensitive degradation by simultaneously 
changing k2 and kDEG2 relative to k1 (hereon referred to as the Wnt-
insensitive degradation rate) and show that β-cateninLowMW recovery 
approaches 100% as Wnt-insensitive degradation approaches zero 
(Supplemental FigureS4B). Interestingly, we find a stable parameter 
range of Wnt-insensitive degradation rates that simultaneously re-
solve the two discrepancies mentioned above and also recapitulate 
our four key observations in CentA cells: 1) Moderate β-cateninLowMW 
recovery after Wnt addition, 2) β-cateninHiMW increase after Wnt ad-
dition, 3) β-catenin accumulation after Wnt addition, and 4) intact 
total β-catenin degradation rate compared with control. Simulations 
within this parameter range suggest that all of our observations of 
the unique β-catenin dynamics exhibited by CentA cells are parsi-
moniously accounted for under a simple model assuming a low rate 
of Wnt-insensitive degradation during Wnt signaling (Supplemental 
Figure S4). An example corresponding to a β-cateninHiMW degrada-

tion rate 1/20th of that of β-cateninLowMW is shown in Figure 6, C and 
D. Importantly, these kinetics predict that a low level of Wnt-insensi-
tive β-catenin degradation exerts minimal effects on the overall β-
catenin degradation rate (Supplemental Figure S2 and Figure 6D) 
yet dramatically reduces β-catenin accumulation after Wnt addition, 
as we measured in cells lacking centrosomes (Figure 2, A and B). 
This model is also consistent with our observation that pβ-
cateninHiMW is in low abundance relative to pβ-cateninLowMW (Figure 
1C). Thus, even a mild Wnt-insensitive degradation/modification 
cascade that produces a higher-molecular-weight intermediary in 
low abundance results in attenuated total β-catenin increase after 
Wnt signaling. In a broader sense, the apparent sensitivity of β-
catenin dynamics to Wnt-insensitive degradation suggests that 
Wnt-insensitive degradation can very powerfully tune the Wnt re-
sponse, indicating that it may serve as a key modulator and a poten-
tial interface for cross-talk between the Wnt pathway and any signal-
ing events with links to global β-catenin metabolism.

Many examples of Wnt-insensitive β-catenin degradation have 
been revealed over the past decade and have been proposed as 
possible drug targets in the treatment of malignant cells with over-
active Wnt signaling (Nusse and Clevers, 2017). Recently, the E3 li-
gase Huwe1/Arf-BP1 (Mule) has been shown to trigger β-catenin 
degradation in murine intestinal organoids after prolonged Wnt hy-
peractivation due to APC loss-of-function mutations, thus limiting 
β-catenin levels during aberrant Wnt signaling (Dominguez-Brauer 
et al., 2017). Siah1, an E3 ligase up-regulated by p53 activation after 
genotoxic stress, was shown to bind APC to recruit ubiquitination 
machinery to β-catenin independent of GSK3 activity (Liu et  al., 
2001). Centrosome loss may likewise lead to genotoxic stress, as 
cells without centrosomes exhibit chromosome segregation de-
fects. However, Siah-1–mediated β-catenin degradation is unlikely 
to be the mechanism underlying the effects on Wnt signaling in 
CentA cells because β-cateninHiMW accumulated in HCT116 cells 
with a homozygous p53 deletion (Figure 1F).

Our LC-MS/MS data show pβ-cateninHiMW ubiquitination at K394 
in cells without centrosomes. Given the apparent molecular weight 
of the hiMW species, we propose that it is monoubiquitinated 
(Figure 5, A and C). The effect of this species in promoting Wnt-in-
sensitive degradation (Figures 2, A and B, and 3B) distinguishes it 
from the Rad6B polyubiquitinated K394 (Gerard et al., 2012), which 
is thought to have a stabilizing effect on the protein (Gerard et al., 
2012). A recent study supports the possibility that monoubiquitina-
tion can trigger proteasomal degradation (Braten et al., 2016). As 
polyubiquitin chains have higher affinity for the proteasome than 
single ubiquitin moieties, monoubiquitination is consistent with our 
model’s prediction that Wnt-insensitive degradation is slow relative 
to Wnt-sensitive degradation involving polyubiquitination by β-Trcp 
(Supplemental Figure S4, A and B) (Thrower et al., 2000; Lu et al., 
2015). Weak Wnt-insensitive degradation is also indicated by the 
lack of β-catenin reduction upon centrosome depletion in 
HCT116p53–/– cells, which have chronic Wnt overactivation due to a 
heterozygous β-catenin deletion of Ser45, the CK1 phosphorylation 
site (Figure 1F) (Ilyas et al., 1997).

More recently, β-catenin was shown to be subjected to citrullina-
tion, an amino acid modification in which arginine residues are 
deiminated to form citrulline, promoting protein unfolding and deg-
radation. Further, inhibition of peptidyl arginine deiminase 2 (PAD2) 
results in increased citrullination and degradation, an effect shown 
to decrease β-catenin levels after constitutive Wnt signaling (Qu 
et  al., 2018). Although citrullination is not indicated by our mass 
spectrometry data per se, amino acid modifications we detected 
on β-cateninHiMW (such as Asn carbidomethylation and threonine 

FIGURE 4:  Cells without centrosomes accumulate distinct profiles of 
β-catenin species. Lysates from DMSO and CentA cells treated with 
MG132 for various time points were blotted for β-catenin and 
β-cateninS33/37/41 (A) or β-cateninS45 (B). For β-catenin and β-
cateninS33/37/41, a ladder of various molecular weights accumulates 
with MG132, but is mostly restricted to β-cateninHiMW(*) in CentA 
cells. β-CateninS45 also accumulates in a ladder after MG132 but its 
accumulation is attenuated in CentA cells and is not enriched with a 
distinct high-molecular-weight species like the other forms of 
β-catenin.
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thiophosphorylation) might also promote destabilization and degra-
dation (Figure 5B). Further studies are needed to determine the role 
of each of the CentA–up-regulated PTMs on β-cateninHiMW abun-
dance and Wnt-dependent β-catenin stabilization.

How does β-cateninHiMW become phosphorylated at Ser33/S37/
Thr41? Our data show that GSK3 and Nek2 are dispensable for β-
cateninHiMW phosphorylation (Supplemental Figure S4). β-Catenin is 
known to be phosphorylated by protein kinase C (PKC) at these sites 
to promote its degradation in a manner independent of Wnt but 
dependent on the E3 ligase β-Trcp (Gwak et al., 2006). Although our 

FIGURE 5:  Mass spectrometry identifies distinct PTMs on β-cateninHiMW. (A) Silver-stained 
SDS–PAGE gel resolving anti–pβ-cateninS33/37, S45 immunoprecipitates in CentA and DMSO-
treated cells as well as anti-FLAG immunoprecipitate after FLAG::β-catenin expression (used as 
a reference “unmodified species” for analysis of posttranslational modifications). Dashed boxes 
correspond to approximate locations of gel slices abscised for LC-MS/MS analysis. (B) List of 
modified residues identified by LC-MS/MS showing residue identity and number as well as 
modification. Letters in gray represent modifications that were either detected in the FLAG::β-
catenin control band or have ambiguity scores less than 20. “Frequency” corresponds to 
#occurences/#peptides spanning residue. (C) Sequence coverage histogram for pβ-cateninHiMW 
with β-catenin amino acids on X-axis (represented to scale with domain schematic; R1-R12 
correspond to β-catenin armadillo repeats). (D) Sequence coverage histogram for FLAG::β-
catenin (control band). Letters from list in B are mapped onto the protein schematic at 
approximate positions in C and D.

data suggest that β-cateninHiMW accumu-
lates at the expense of β-Trcp–polyubiquiti-
nated β-catenin, it is possible that PKC 
somehow participates in Wnt-insensitive 
degradation in centrosome-lacking cells 
(Figure 4A). PKC involvement is also sup-
ported by the fact that its proper function 
depends on localization to centrosomes 
(Passalacqua et al., 1999; Chen et al., 2004).

How might centrosome loss trigger Wnt-
insenstive β-catenin degradation? We imag-
ine that a protein responsible for promoting 
β-cateninHiMW formation and degradation is 
inhibited or sequestered upon localization to 
the centrosomes but is active upon centro-
some loss. Previous studies have shown cen-
trosomal localization of many β-catenin reg-
ulators (Itoh et al., 2009; Mbom et al., 2014; 
Vora and Phillips, 2015; Cervenka et  al., 
2016). Any bifunctional protein that pro-
motes core centrosome functions but also 
β-catenin degradation will become available 
to degrade β-catenin when it is no longer 
sequestered by the centrosome. If this is 
true, the presence of supernumerary centro-
somes in colorectal cancers may synergize 
with Wnt hyperactivation to further enhance 
β-catenin stability. CentA treatment of differ-
ent hyperactive Wnt colorectal tumors with 
supernumerary centrosomes might test this 
possibility. Of course, the opposite scenario 
in which centrosomes are completely lacking 
may also be considered. Diseases in which 
centrosome organization is disrupted such 
as Down syndrome, primordial dwarfism, 
and primary recessive microcephaly—all of 
which share severe defects in cortical devel-
opment—may have attenuated Wnt signal-
ing as a contributing pathophysiological fac-
tor (Bettencourt-Dias et al., 2011).

Another possibility is that cell cycle 
checkpoints disrupted upon centrosome 
loss affect β-catenin regulation. The discov-
ery of cell cycle checkpoints has revealed 
basic cellular processes such as chromo-
some segregation and cell cycle progres-
sion halt in the case of stress-related insults 
to the cell (Barnum and O’Connell, 2014). 
A p53-dependent checkpoint is known to 
induce G1 arrest in cells with abnormal 
centrosome number or composition (Mikule 
et  al., 2007). The accumulation of β-

cateninHiMW in HCT116p53–/– cells indicates that p53-downstream 
signaling events such as the centrosome-integrity checkpoint are 
not likely involved (Figure 1F). Nevertheless, it remains possible that 
similar mechanisms triggered by centrosome loss may function to 
modulate output from Wnt and other signaling pathways. Indeed, 
data by the Niehrs group indicate an intimate link between Wnt and 
cell cycle regulation (Niehrs and Acebron, 2012; Huang et al., 2015). 
It is thus possible that engagement of cell cycle checkpoints upon 
centrosome loss increases the activity of Wnt signaling components 
and other β-catenin regulators and contributes to attenuated Wnt 
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output in CentA-treated cells. Furthermore, since centrosomal regu-
lation of β-catenin would be predicted to peak at mitosis when β-
catenin and pericentriolar material accumulation reach their maxi-
mum, these mechanisms could contribute to the reported increased 

FIGURE 6:  Wnt-insensitive β-catenin degradation model recapitulates the behaviors of 
β-catenin species in centrosome-depleted cells. (A) Model for β-catenin degradation in control 
(left panel) and CentA (right) cells. β-Catenin is synthesized (with rate S), modified (k1), 
unmodified (k-1), and degraded (kDEG). A second modification (k2) and degradation (kDEG2) 
reaction is added to simulate Wnt-insensitive degradation in CentA cells. Model assumptions at 
steady state are listed below each panel. (B, C) Comparison of β-catenin species behavior after 
Wnt addition in control (B) and CentA (C) cells between kinetic simulations (left panels) and 
experimental data (right panel). (D) Comparison between kinetic simulations (left) and 
experimental data (right) of β-catenin degradation rates. Simulations in CentA cells correspond 
to a k2/k1 ratio of 1/20. Note that experimental data from the Wnt washout assay only 
approximates β-catenin degradation rate since residual destruction complex inhibition is 
expected after Wnt washout. B–D were taken from Figures 2B (top) and 3B (middle) and 
Supplemental Figure S2B (bottom) and replotted with the same scale as simulations.

sensitivity of mitotic cells to Wnt ligand 
(Davidson et al., 2009; Mbom et al., 2014).

Future studies might address the explicit 
effects of centrosome loss on the ability of 
cells to execute a broad range of signaling 
events as other effectors may be dysregu-
lated in response to centrosome abnormali-
ties. Since the GSK3 phosphorylation site 
that is phosphorylated in β-cateninHiMW is 
also included in other phosphorylation tar-
get motifs, we searched the centrosomal 
proteome sequences bearing tandem [S/T]
XXX[S/T] sites (Amanchy et al., 2011). Bioin-
formatic analysis showed that more than 
20% (40/191) of proteins within the known 
centrosomal proteome are predicted to 
contain this motif (Supplemental Figure S5) 
(Nogales-Cadenas et  al., 2009; Beurel 
et  al., 2015). Phosphotargets identified by 
our analysis are known to participate in a 
variety of biological functions including cell 
cycle regulation, stress response, and pro-
tein degradation (Supplemental Figure S5). 
Thus, there may exist additional centrosomal 
proteins whose posttranslational processing 
may be disrupted by centrosome abnormali-
ties, and future studies might address this 
possibility. A more thorough understanding 
of the systemic cellular effects of centro-
some abnormalities would greatly inform 
therapeutic strategies targeting malignan-
cies with compromised centrosome function 
and reveal how the subcellular arrangement 
of signaling components modulates their 
signaling function.

MATERIALS AND METHODS
Cell culture and treatment with 
Wnt-conditioned media
HEK293 and HeLa cells were cultured in 
DMEM, supplemented with 10% fetal bo-
vine serum, and 100 U/ml penicillin–strepto-
mycin and were incubated at 37°C with 5% 
CO2. Wnt-conditioned media was obtained 
from L-cells stably expressing Wnt3a. Cells 
were initially cultured at 10% confluency, 
and media was harvested at 4 and 8 d of 
growth prior to filter-sterilization. Wnt-
conditioned media was combined with 
DMEM and used at a final concentration of 
50%. HCT116p53–/– cells (kindly provided 
by Bert Vogelstein) were cultured with 
McCoy’s 5a medium with 10% fetal bovine 
serum. TOPFLASH assays were performed 
by transfecting cells via lipotransfection 
(Lipofectamine 2000; Thermo Fisher) with 
either Super 8X TOPFLASH plasmid or Su-
per 8x FOPFLASH control plasmid along 

with pRL for general expression of renilla luciferase as a transfection 
control. Passive lysates were collected and analyzed for firefly and 
renilla luciferase activity using the Promega Dual luciferase reporter 
assay system according to the manufacturer’s instructions.
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Immunofluorescence
Cells were plated on 12 mm circular coverslips precoated with 
poly-d-lysine 24 h before fixation with 100% ice-cold methanol for 
10 min at –20°C. Cells were washed 2X in phosphate-buffered saline 
(PBS), permeabilized with 0.25% Triton X-100 in PBS for 10 min, and 
blocked for 1 h with blocking buffer composed of 10% goat serum 
in PBS. Cells were stained overnight at 4°C with primary antibodies 
diluted in blocking buffer at the appropriate dilutions (mouse anti–γ-
tubulin [ab11317], 1:500, Abcam; rabbit anti–GSK3-phosphorylated 
β-catenin [9561], 1:500, Cell Signaling Technologies) followed by 3X 
wash in PBS and 1 h incubation with appropriate secondary antibod-
ies diluted in blocking buffer (oat anti-rabbit Alexa Fluor 594 [A-
11008], 1:500, Thermo Fisher Scientific; and goat anti-mouse Alexa 
Fluor 488 [ab150105], 1:500, Abcam). After 3X wash with PBS, cells 
were counterstained with 4′,6-diamidino-2-phenylindole (50 μg/ml), 
mounted in Fluorogel with DABCO (Electron Microscopy Sciences), 
sealed with nail polish, and analyzed with a Zeiss D1 epifluores-
cence microscope with a 63X oil-immersion objective lens (NA = 
1.4). Fluorescent images were processed and using ImageJ (Na-
tional Institutes of Health).

Western blotting analysis and immunoprecipitation
Cells were scraped in lysis buffer containing 25 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, 1X Halt phos-
phatase, and protease inhibitor (Thermo Fisher Scientific) and 5 mM 
N-ethylmalemide. Protein concentrations of lysates were deter-
mined by Red 660 assay (BG Biosciences). For immunoprecipitation, 
1 mg of lysate was precleared with agarose beads, incubated with 
antibodies overnight at 4°C (2 μg mouse anti–β-catenin [clone 14], 
BD Transduction Labs; or mouse anti-FLAG M2 [Sigma Aldrich]), and 
immunoprecipitated with protein A/G agarose beads for 1 h at 4°C.

For Western blot analysis, NuPage LDS buffer (Thermo Fisher 
Scientific) was added to samples at a final concentration of 1X and 
lysates were incubated at 70°C for 10 min and run on 4–12% Nu-
Page Bis-Tris Gels (Thermo Fisher Scientific) followed by overnight 
transfer at 4°C onto nitrocellulose membranes. Blots were washed 
in PBS, blocked in Licor TBS-based blocking buffer (ab166952; Ab-
cam), and incubated with primary antibodies diluted in blocking 
buffer at appropriate concentrations (mouse anti–β-catenin [12F7], 
1:5000, Abcam; rabbit anti–GSK3-phosphorylated β-catenin 
[#9561], 1:1000, Cell Signaling Technologies; rabbit anti–CK1-phos-
phorylated β-catenin [#9564], 1:1000, Cell Signaling Technologies; 
mouse anti-tubulin [12G10], 1 μg/ml, Developmental Studies Hy-
bridoma Bank, University of Iowa). Blots were washed 4X in PBS with 
0.1% Tween, incubated with secondary antibodies for 1 h at room 
temperature (goat anti-mouse DyLight 800, 1:10,000, Rockland; 
goat anti-rabbit Alexa Fluor 680, 1:10,000, Thermo Fisher Scien-
tific), washed 4X in PBS with 0.1% Tween, and scanned using the 
LI-COR Odyssey imaging system. Western blots were quantified us-
ing LI-COR Image Studio Lite software. A rectangular box was 
drawn around each band to be quantified, and marginal fluores-
cence slightly outside each box (background) was subtracted from 
fluorescence inside each box (signal + background). For each blot, 
tubulin intensity was used to quantify relative protein abundance 
per lane and each band subject to quantification was normalized 
accordingly.

Cytosolic extracts were obtained by scraping cells in hypotonic 
lysis buffer containing 10 mM Tris, pH 7.5, 10 mM KCl, 2 mM 
EDTA, 5 mM N-ethylmalemide, and 1x Halt proteasome and phos-
phatase cocktail. Cells suspensions were passed 10 times through 
a 26-gauge needle, and nuclei and membrane were pelleted by 
centrifugation at 13,000 × g for 30 min.

Liquid chromatography and mass s
Samples from control and CentA-treated cells were subject to im-
munoprecipitation using anti-FLAG M2 (Sigma Aldrich) or rabbit 
anti–GSK3-phosphorylated β-catenin (#9561; Cell Signaling Tech-
nologies) as described above. Samples were resolved using SDS–
PAGE, and bands corresponding to regions of interest were excised 
for trypsin digest following LC-MS/MS analysis. LC-MS/MS data were 
analyzed using Scaffold and Scaffold PTM (Proteome Software).

Kinetic modeling
Ordinary differential equations based on Hernandez et  al. (2012) 
were used to model the dynamics of β-catenin species over time. 
The following equations were used to model β-catenin dynamics in 
the “DMSO” and “CentA” scenarios (terms schematized in Figure 6):

DMSO:
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dB dt Bk B k k( )

*
1 1

*
1
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DEG 1

= + −

= − +

−

−

where B = β-catenin, B* = β-cateninLowMw (destruction complex–
modified); k1 and k -1 = forward and reverse formation rates, respec-
tively; and kDEG = degradation rate.

CentA:
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where B* = β-cateninLowMW (destruction complex–modified), B’ = β-
cateninHiMw; k1 and k –1 = forward and reverse formation rates for β-
cateninLowMw, respectively; k2 and k –2 = forward and reverse forma-
tion rates for β-cateninHiMw, respectively; and kDEG1 and kDEG2 = 
degradation rates for β-cateninLowMW and β-cateninHiMw, respectively.
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