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Canonical Wnt signaling plays critical roles in development and
tissue renewal by regulating p-catenin target genes. Recent evi-
dence showed that p-catenin-independent Wnt signaling is also re-
quired for faithful execution of mitosis. However, the targets and
specific functions of mitotic Wnt signaling still remain uncharacter-
ized. Using phosphoproteomics, we identified that Wnt signaling
regulates the microtubule depolymerase KIF2A during mitosis. We
found that Dishevelled recruits KIF2A via its N-terminal and motor
domains, which is further promoted upon LRP6 signalosome forma-
tion during cell division. We show that Wnt signaling modulates
KIF2A interaction with PLK1, which is critical for KIF2A localization
at the spindle. Accordingly, inhibition of basal Wnt signaling leads
to chromosome misalignment in somatic cells and pluripotent stem
cells. We propose that Wnt signaling monitors KIF2A activity at the
spindle poles during mitosis to ensure timely chromosome align-
ment. Our findings highlight a function of Wnt signaling during cell
division, which could have important implications for genome main-
tenance, notably in stem cells.
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he canonical Wnt signaling pathway plays essential roles in

embryonic development and tissue homeostasis (1, 2). In
particular, Wnt signaling governs stem cell maintenance and
proliferation in many tissues, and its misregulation is a common
cause of tumor initiation (3, 4).

Wnt ligands bind Frizzled (FZD) receptors and the cor-
eceptors low-density lipoprotein receptor-related proteins 5 and
6 (LRP5/6) (5). The activated receptor complexes cluster on
Dishevelled (DVL) platforms and are internalized via caveolin
into endosomes termed LRP6 signalosomes, which triggers se-
quential phosphorylation of LRP6 by GSK3p and CKly (6-10).
LRP6 signalosomes recruit the p-catenin destruction complex,
which contains the scaffold proteins AXIN1 and adenomatous
polyposis coli, the kinases CKla and GSK3p, and the E3 ubiquitin
ligase p-TrCP (11). This recruitment inhibits GSK3p and releases
B-TrCP, which leads to p-catenin stabilization and nuclear translo-
cation in a IFT-A/KIF3A-dependent manner (12-16). LRP6 sig-
nalosomes mature into multivesicular bodies, sequestering the Wnt
receptors together with GSK3p, thereby maintaining long-term ac-
tivation of the Wnt pathway and promoting macropinocytosis (14,
17-21). In contrast to Wnt ligands, the Wnt inhibitor Dickkopf-
related protein 1 (DKK1) induces the clathrin-dependent inter-
nalization and turnover of LRP5/6 and thereby abrogates canonical
Wht signaling (22).

LRP6 signalosome formation peaks in mitosis (23, 24). On the
one hand, the LRP6 competence to respond to Wnt ligands is
promoted during G2/M by a priming phosphorylation at its intra-
cellular domain by CDK14/16 and CCNY/CCNYLI1 (24, 25). On
the other hand, CDKI1 phosphorylates and recruits B-cell CLL/
lymphoma 9 (BCL9) to the mitotic LRP6 signalosomes (23). BCL9
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protects the signalosome from clathrin-dependent turnover,
thereby sustaining basal Wnt activity on the onset of mitosis.

Mitotic Wnt signaling not only modulates p-catenin (24) but in-
creasing evidence suggests that it promotes a complex posttransla-
tional program during mitosis (26). For instance, we have shown
that mitotic Wnt signaling promotes stabilization of proteins (Wnt/
STOP), which is required for cell growth and ensures chromosome
segregation in somatic and embryonic cells (23, 26-31). Particularly,
basal Wnt/STOP activity maintains proper microtubule plus-end
polymerization rates during mitosis, and its misregulation leads to
whole chromosome missegregation (31, 32). Furthermore, mitotic
Wnt signaling controls the orientation of the spindle (33) and
promotes asymmetric division in stem cells through components
of the LRP6 signalosome (34). Accordingly, several Wnt com-
ponents functionally associate with centrosomes, kinetochores,
and the spindle during mitosis (25, 33, 35, 36). Consequently,
both aberrant up-regulation or down-regulation of Wnt signaling
have been associated with chromosome instability (CIN) (31, 32,
35, 37), which is a hallmark of cancer (38). Despite the impor-
tance of these processes for tissue renewal and genome mainte-
nance, the targets and specific functions of mitotic Wnt signaling
remain largely uncharacterized.

Kinesin family member 2A (KIF2A) is a member of the kinesin-
13 group (KIF2A,B,C) of minus-end microtubule depolymerases
(39-41). KIF2A is essential for the scaling of the spindle during
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early development (42) and plays critical roles in neurogenesis by
modulating both cilium disassembly and neuronal wiring (43-47).
In dividing cells, KIF2A was thought to be required for the as-
sembly of a bipolar spindle due to a small interfering RNA
(siRNA) off-target effect (48, 49). Current evidence supports a
role of KIF2A in microtubule depolymerization at the spindle
poles, which can generate pulling forces on attached kinetochores,
thereby ensuring the congression, alignment, and segregation of
chromosomes (50-56). Genetic depletion of KIF2A in mouse
leads to neonatal lethality and to severe brain malformations, in-
cluding microcephaly (43, 44, 57). KIF2A recruitment to micro-
tubules is tightly coordinated by several protein kinases (45, 47,
50-52, 58-60). For instance, phosphorylation of KIF2A at several
sites by Polo-like kinase 1 (PLK1) stimulates its recruitment to and
activity at the spindle (45, 58, 61). On the other hand, Aurora
kinase A and B inhibit KIF2A activity and restrict its subcellular
localization during mitosis (50, 58, 60).

Here, we show that mitotic Wnt signaling promotes chromo-
some congression and alignment in prometaphase by recruiting
KIF2A to the spindle in both somatic cells and pluripotent stem
cells. We found that KIF2A is recruited by the LRP6 signal-
osome during mitosis. Mechanistically, we identified that KIF2A
clusters with DVL via the N-terminal and motor domains of the
depolymerase. We show that Wnt signaling controls KIF2A in-
teraction with PLK1, which is critical for KIF2A localization at
the spindle poles. We propose that basal Wnt signaling ensures
timely chromosome congression and alignment prior cell division
by modulating the spindle minus-end depolymerization dynamics
through KIF2A.

Results

Mitotic Wnt Signaling Recruits KIF2A to the Spindle. Mitosis is driven
by posttranslational modifications of proteins, most notably
phosphorylation (62). To identify direct targets and functions of
Wnt signaling in mitosis, we performed a phosphoproteome-
wide analysis using stable isotope labeling with amino acids in
cell culture-based mass spectrometry (SILAC-MS) (Fig. 14). In
detail, we synchronized SILAC-labeled immortalized RPE1-
hTert (RPE1) cells at G1/S phase, released the cells into the
cell cycle and harvested cells synchronized in mitosis with the
kinesin-5 inhibitor dimethylenastron (DME). To inhibit basal
canonical Wnt signaling, synchronized cells were treated with
DKXKI1 ligands for 1.5 h before harvesting (Fig. 1 4 and B and S/
Appendix, Fig. S1 A-C). Phosphorylated peptides were enriched
from whole cell lysates, followed by their identification using
ultra-high-performance liquid chromatography-tandem mass
spectrometry (MS).

We quantified 12,208 phospho-sites in two independent repli-
cate experiments (Fig. 1B and Supplemental Dataset 14). We
observed a high quantitative reproducibility between the replicate
experiments (Fig. 1B) and identified 21 up-regulated and 73 down-
regulated phosphopeptides upon treatment with DKK1 (Supple-
mental Dataset 1B). Among the DKKIl-regulated proteins, we
found a moderate enrichment of proteins involved in cytoskeleton
organization (P = 1.3 x 10™*) and regulation of cell cycle arrest
(P = 6.7 x 107*), suggesting an active role of Wnt signaling in
mitotic progression (Fig. S1D and Supplemental Dataset 1C). To
select Wnt target candidates with potential functions in mitosis, we
examined the Mitocheck database (63), which provides a com-
prehensive dataset of mitotic phenotypes obtained upon a genome-
wide siRNA screen. Five of our candidates (KIF2A, KATO6A,
MASTL, CDKI, and SPATAZ2L) displayed specific mitotic phe-
notypes (Fig. 1C). For this study, we focused on KIF2A, which is
required for chromosome congression, alignment and segregation
of chromosomes (42, 50-55).

Our MS analysis revealed that DKK1 treatment during mitosis
reduced the phosphorylation of KIF2A serine 100 by >9-fold
(Fig. 1 B-D and Supplemental Dataset 1D). This uncharacterized
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phospho-site has been shown in previous proteomics analyses to be
reduced upon PLK1 inhibition (61), and it is located in the
N-terminal region, which modulates KIF2A recruitment to the
spindle (50, 52, 61) (Fig. 1D). Notably, we found that mutation of
serine 100 to alanine reduced KIF2A localization at the spindle,
without affecting its total protein levels (Fig. 1 E and G). Hence, we
examined by immunofluorescence whether Wnt signaling controls
endogenous KIF2A localization during mitosis (Fig. 1D). Impor-
tantly, inhibition of Wnt signaling by DKK1 for 1.5 h during G2 to
M-phase markedly reduced spindle-bound KIF2A in metaphase in
RPE1 cells (Fig. 1 H and I), thereby phenocopying the KIF2A
S100A phospho-inactive mutant. Conversely, exogenous stimulation
with Wnt3a during G2/M boosted the localization of endogenous
KIF2A at the spindle (Fig. 1J).

Mitotic Wnt signaling has been shown to regulate its targets by
different mechanisms including via B-catenin—dependent tran-
scription, Wnt-dependent stabilization of proteins (Wnt/STOP),
and direct interactions with components of the LRP6 signal-
osome (25, 26). Neither DKK1 nor Wnt3a treatment impacted
KIF2A transcriptional or protein levels (Fig. 1 K and L). Fur-
thermore, we have previously reported that Wnt/STOP regulates
microtubule plus-end dynamics in mitosis (31, 32). However,
knockdown of KIF2A did not impact this function (SI Appendix,
Fig. SIE). Taken together, these results exclude a role of Wnt/
STOP and p-catenin in KIF2A regulation and suggest that Wnt
signaling directly promotes KIF2A recruitment to the mitotic
spindle.

KIF2A Is Recruited by LRP6 Signalosomes in Mitosis. We next exam-
ined whether any Wnt signaling transduction components interact
with KIF2A by proximity ligation assays (PLA) using validated
antibodies in HeLa cells (Fig. 24). We identified in situ KIF2A
complexes with the signalosome scaffolding proteins AXIN1 at
the spindle, and specially with DVL2 in the cytoplasm of mitotic
cells (Fig. 2 B and C, complexes are shown in red). On the other
hand, GSK3p, CKle, B-TRCP, and p-catenin only displayed
background signal (Fig. 2 B and C). Importantly, coexpression of
Wnt3a, FZDS, AXIN1, and LRP6, which induce LRP6 signal-
osomes (Fig. 2D) (10), boosted KIF2A recruitment to DVL2
during mitosis (Fig. 2 E and F). Furthermore, additional PLAs
revealed in situ interaction between endogenous DVL (DVLI1-3)
and KIF2A in the cytoplasm of mitotic cells, which was further
validated by knockdown of DVLI1-3 and KIF2A. Critically, en-
dogenous DVL-KIF2A in situ interaction in mitotic cells was
significantly impaired also upon inhibition of Wnt signaling by
DKK1 (Fig. 2 G and H).

To further validate the association between DVL and KIF2A,
we performed immunofluorescence experiments. As shown previ-
ously, ectopic expression of DVL leads to the formation of puncta
in interphase representing high molecular complexes through the
DIX domains of DVL, which mimic LRP6 signalosomes (10, 64)
(ST Appendix, Fig. S24). Notably, DVLI-3 recruited KIF2A to
these puncta (SI Appendix, Fig. S2A4), further supporting a role of
the signalosomes recruiting KIF2A through DVL (Fig. 2F). Next,
we examined which domains of KIF2A are involved in its re-
cruitment to the signalosomes (S Appendix, Fig. S2B). Deletion of
the KIF2A Neck or Stalk domains, which modulate the motor
activity and dimerization respectively (59), did not impair KIF2A
localization in DVL2 puncta. On the other hand, deletion of the
N-terminal (KIF2AAN) or the motor domain (KIF2AAmotor and
KIF2A N-term) abolished the colocalization of KIF2A in DVL2
puncta (SI Appendix, Fig. S2 C and D). Interestingly, both domains
integrate signals that modulate KIF2A activity and localization,
including by PLK1 (45, 47, 50, 52, 58, 61). Strikingly, SI00A mu-
tation largely abolished KIF2A recruitment to DVL2 puncta (SI
Appendix, Fig. S2 E and F), phenocopying the deletion of the whole
N-terminal domain of KIF2A (SI Appendix, Fig. S2C). Thus, we
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Fig. 1. Mitotic Wnt signaling recruits KIF2A to the spindle. (A) Scheme of SILAC-MS analysis to identify changes in the phosphoproteome upon Wnt inhi-
bition by DKK1 in mitotic cells. (B) Scatter plot comparing the differential counts of phosphopeptides of two biological replicates. Axes show the log,-fold
change in phosphopeptide counts between control and DKK1 treatment in mitotic RPE1 cells. Phosphopeptides are color-coded for their modified residue. (C)
Table containing the log,-fold change in the phosphopeptide counts of the indicated proteins from our performed MS screen, and the mitotic phenotypes
identified for their siRNAs in the Mitocheck database. (D) Scheme showing the Wnt receptor complex and KIF2A. The phosphopeptide sequence identified in
A and B is shown below with KIF2A phospho-S$100, which is down-regulated by DKK1, highlighted in blue. (E) Representative immunofluorescence microscopy
images showing overexpressed EGFP-KIF2A protein levels (green) in HeLa cells during metaphase. (F) Quantification of overexpressed KIF2A wt and S100A at
the spindle of mitotic HelLa cells from E. Means of n > 61 cells per condition of a representative experiment of n = 3 independent experiments are shown. (G)
Representative Western blots showing lysates from Hela cells transfected as indicated. (H) Representative immunofluorescence microscopy images showing
endogenous KIF2A protein levels (green) in RPE1 cells during metaphase treated as indicated 1.5 h before mitosis. (/ and J) Quantification of spindle asso-
ciated KIF2A in mitotic RPE1 cells upon 1.5 h treatments with control or DKK1 conditioned media (/) and with control or Wnt3a conditioned media (J). In /,
mean of n > 43 cells per condition of a representative experiment of n = 3 independent experiments is shown. In J, mean of n > 44 cells per condition from n =
2 independent experiments that were pooled are shown. (K) qPCR analysis of KIF2A and AXIN2 expression levels in G2/M arrested RPE1 cells upon 1.5 h
treatment with the indicated conditioned media. Data are displayed as mean =+ SD of 3 replicates. (L) Representative Western blots from n = 3 independent
experiments showing cytoplasmic lysates from RPE1 cells synchronized in mitosis and treated for 1.5 h with the indicated conditioned media.
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Fig. 2. KIF2A is recruited by the LRP6 signalosome in mitosis. (A) Scheme of the Wnt signaling transduction components analyzed in this figure. (B) Rep-
resentative microscopy images of in situ PLAs in mitotic Hela cells transfected with EGFP-KIF2A and the indicated FLAG-tagged constructs. (C) Box plot
showing the quantification of the PLA signal from B normalized to the empty vector control. Data are displayed as median PLA signal flanked by upper and
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croscopy images of in situ PLAs of endogenous proteins in mitotic HelLa cells. (H) Box plot showing the quantification of the endogenous PLA signal from G.
Data are displayed as median PLA signal flanked by upper and lower quartile, followed by the 10% to 90% extremes of n > 26 mitotic cells representing n = 2
independent experiments. (/ and J) Representative microscopy images of in situ PLAs of endogenous proteins in mitotic HeLa cells quantified as indicated in H.
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conclude that KIF2A requires its motor domain and the serine 100
at the N-terminal domain to functionally interact with DVL.

DVL is known to associate with PLK1 during mitosis (33).
Importantly, PLK1 inhibition was shown to reduce both KIF2A
activity and S100 phosphorylation (45, 51, 58, 61). Hence, we in-
vestigated whether Wnt mediates KIF2A interaction with PLK1.
First, we identified the association of endogenous KIF2A and
PLK1 in the cytoplasm of mitotic cells by PLA experiments, which
was strongly reduced upon knockdown of DVLI-3 or DKKI1
treatment (Fig. 2 I and J). Second, we performed coimmunopre-
cipitation experiments with endogenous proteins from cells syn-
chronized in prometaphase. As recently reported (51), PLK1
coprecipitated KIF2A (Fig. 2K). Importantly, treatment of syn-
chronized mitotic cells with DKK1 or the PLK1 inhibitor BI-2536
strongly reduced PLK1-KIF2A interaction (Fig. 2K). In agree-
ment with these results, we found that ectopic expression of LRP6
signalosome components was sufficient to recruit PLK1 to DVL
(SI Appendix, Fig. S3 A and B), and to promote PLKI-KIF2A
colocalization in DVL puncta in interphase cells (Fig. 2 L and M).

Serine 100 does not match a PLK1 consensus phospho-site (S/
Appendix, Fig. S3C) (65). However, PLK1 directly phosphorylates
several sites in KIF2A, including the N-terminal and the motor
domains (45, 47, 61), which we found to be required for KIF2A
interaction with DVL (SI Appendix, Fig. S2 C and D). Given that
PLK1 is required for KIF2A recruitment to microtubules (51, 58,
61) and that PLK1 inhibition reduces serine 100 phosphoryla-
tion, we suggest that PLK1 functions upstream of other kinase(s)
regulating KIF2A activity and localization, including through
serine 100.

Taken together, these results indicate that LRP6 signalosomes
recruit KIF2A and promote its interaction with PLK1.

Wnt Signaling Promotes Chromosome Congression and Alignment through
KIF2A. Both the N-terminal and motor domains of KIF2A are
required for its localization and activity (50, 52, 59), and are es-
sential for the functional interaction with DVL (SI Appendix, Fig.
S2 C and D). Besides, our data indicate that inhibition of mitotic
Wnt signaling reduces KIF2A association with the spindle and
PLK1 (Fig. 1 H and [ and 2 I and J). Hence, we next investigated
whether Wnt signaling controls chromosome congression and
alignment through KIF2A.

Fig. 3.

Knockdown of KIF2A by two independent siRNAs resulted in
elongated spindles and misaligned chromosomes or incomplete
chromosome congression in mitosis (Fig. 3 A-D and SI Appendix,
Fig. S4A), similarly as reported previously (51, 52, 54, 58).
Knockdown of the signalosome components LRP5/6 and DVL1-3
reduced the recruitment of KIF2A to the mitotic spindle in RPE1
cells (Fig. 3.4 and D and SI Appendix, Fig. S44), as we showed for
DKXK1 (Fig. 1 H and I). Knockdown of LRP5/6 and DVL also led
to elongated spindles and misaligned chromosomes (Fig. 3 A-C),
which suggests a role of Wnt signaling in promoting chromosome
congression and alignment. On the other hand, knockdown of
KIF2A, LRP5/6, or DVL neither promoted centrosome duplica-
tion nor impacted bipolar spindle assembly (SI Appendix, Fig. S4 B
and C). These results are consistent with the function of KIF2A in
spindle depolymerization (42, 43, 49, 51, 52, 55, 58, 59), which
generates pulling forces on attached kinetochores (54, 56). Ac-
cordingly, knockdown of KIF2A, LRP5/6, or DVL resulted in
recruitment of the spindle checkpoint protein BUBR1 to the ki-
netochores of misaligned chromosomes (SI Appendix, Fig. S4D),
which suggests a loss of tension at the sister kinetochores (66).

Defects in chromosome congression or alignment can lead to
CIN (56). However, recent evidence on loss of KIF18A shows
that chromosome misalignment does not necessarily lead to
aneuploidy, unless kinetochore attachments are affected (67).
We found that most cells (~70%) lost one or more chromosomes
upon prolonged loss of KIF2A or LRP5/6 over 30 d (SI Ap-
pendix, Fig. S4 E and F). Our data are consistent with previous
evidence on the roles of Wnt signaling in promoting chromo-
somal stability (31). However, given the complex functions of
both KIF2A and WNT during mitosis, it is likely that different
mechanisms converge into their roles in chromosome stability.

To confirm a role of Wnt signaling in chromosome con-
gression and alignment, we performed live cell imaging experi-
ments (SI Appendix, Fig. S5). Knockdown of KIF2A or LRP5/6
in RPEI cells stably transfected with EGFP-H2B resulted in 1) a
mild delay in the congression of all chromosomes to the spindle
equator after nuclear envelope breakdown (NEB) (SI Appendir,
Fig. S5 A-C, referred to as congression delay), as well as 2) one
or more chromosomes being clearly detached from the central
forming metaphase plate (SI Appendix, Fig. S5 A-C, referred to
as alignment/metaphase delay). In both instances, RPE1 cells
eventually completed congression and progressed to anaphase.
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Basal Wnt signaling promotes chromosome congression and alignment. (A) Representative immunofluorescence microscopy images from n = 4 in-

dependent experiments showing mitotic RPE1 cells transfected with the indicated siRNAs and stained with DAPI and antibodies against KIF2A and pericentrin
(PCNT). (B-D) Quantification of chromosome alignment (median), distance between spindle poles (mean), and KIF2A immunofluorescence (mean) of all single
cells from A. In B, the length occupied by the chromosomes at the metaphase plate was divided by the width toward the spindle poles. In C, spindle length
was measured between pericentrin-stained centrosomes. n > 25 mitotic cells per condition.
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Fig. 4. Wnt signaling promotes chromosome congression and alignment through KIF2A. (A) Representative time lapses of mitotic Hela cells stably
expressing EB3-EGFP, which marks the microtubule plus ends and centrosomes. Cells were transfected with the indicated siRNAs and stained with SiR-DNA
before imaging to label the chromosomes. (B) Analysis of congression and alignment delay in n = 20 Hela cells from A. (C) Analysis of mitotic progression
from NEB to anaphase onset in HeLa cells from A. (D-/) Quantification of chromosome alignment in mitotic HeLa cells transfected with siRNA, cotransfected
with empty or EGFP-KIF2A plasmid or treated as indicated for 1.5 h. In D, F, and H, representative immunofluorescence microscopy images of n > 2 inde-
pendent experiments are shown. In E, G, and /, the length occupied by the chromosomes at the metaphase plate was divided by the width toward the spindle
poles in n > 35 mitotic cells per condition. All single cells and the median values are shown.
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Fig. 5. Wnt signaling promotes chromosome congression and alignment via KIF2A in hiPSCs. (A) Representative time lapses of mitotic hiPSCs stained with SiR-DNA and
treated with control or DKK1 conditioned medium. (B) Analysis of congression and alignment delay in n = 25 hiPSCs from A. (C) Analysis of mitotic progression from NEB
until anaphase in hiPSCs from A. (D) Analysis of congression and alignment delay in n > 20 hiPSCs transfected with empty vector or EGFP-KIF2A and treated with or without
DKK1. See images and detailed analyses in S/ Appendix, Fig. S7 A and B. (E) Analysis of mitotic progression from NEB until anaphase in hiPSCs from D and S/ Appendix, Fig.
S7 A and B. (F) Representative immunofluorescence microscopy images of mitotic hiPSCs transfected with empty vector or EGFP-KIF2A and treated with the Wnt inhibitor
DKK1 for 1.5 h. (G) Quantification of the chromosome alignment from F. The length occupied by the chromosomes at the metaphase plate was divided by the width
toward the spindle poles in n > 42 mitotic cells per condition. The median value is indicated. Representative images and analyses of n = 3 independent experiments.

We also investigated HeLa cells, stably transfected with EB3-  these cells, knockdown of KIF2A led to congression or align-
EGFP and stained with SiR-DNA, which allowed us to monitor ment delay in over 50% of divisions (Fig. 4 A and B and SI
centrosome and spindle orientation during live cell imaging. In ~ Appendix, Fig. S6A4), resulting in longer mitoses, or even mitotic
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Fig. 6. Wntsignaling induces KIF2A interaction with and activation by PLK1
to promote congression and alignment of chromosomes during mitosis.
Scheme of the suggested model for Wnt modulating chromosome con-
gression in mitosis. Basal Wnt signaling during G2/M induces DVL clustering
in LRP6 signalosomes, which serves as platforms for PLK1 and KIF2A inter-
action. Downstream of PLK1, phosphorylation of KIF2A at $S100 by an un-
known kinase further stabilizes the interaction, leading to KIF2A activation
and transfer to the spindle poles. Finally, by monitoring KIF2A at the mitotic
spindle, Wnt signaling ensures timely chromosome congression and align-
ment in mitosis.

arrest in 10% of the cases (Fig. 4 B and C). We obtained similar
results upon knockdown of LRP5/6 and DVL (Fig. 4 A-C), as
well as DKKI1 treatment (SI Appendix, Fig. S6 B and C). The
more severe phenotypes in HeLa compared to RPEI1 cells could
be due to additional stress derived from aneuploidy in the cancer
cell line, which is also reflected in higher basal errors.

Analyses of metaphases in fixed HeLa cells further confirmed
that knockdown of KIF2A in HeLa cells leads to chromosome
misalignment (Fig. 4 D and E). We generated siRNA insensitive
KIF2A constructs and found that wild-type (wt) KIF2A, but not
KIF2A S100A, rescued siKIF2A induced defects (Fig. 4 D and
E), confirming the specificity of the siRNA, as well as the im-
portance of the S100 phospho-site for KIF2A activity. Inhibition
of Wnt signaling by DKK1 or knockdown of LRP5/6 phe-
nocopied siKIF2A effects leading to chromosome misalignment
in mitosis (Fig. 4 F and G and SI Appendix, Fig. S6 D and E).
Importantly, ectopic expression of wt KIF2A, but not KIF2A
S100A, rescued both DKKI1 and siLRP5/6 effects (Fig. 4 F and G
and SI Appendix, Fig. S6 D and E). Next, we partially knocked
down KIF2A, which still resulted in chromosome misalignment
(Fig. 4 H and I and SI Appendix, Fig. S6F). In agreement with a
role of mitotic Wnt signaling controlling KIF2A recruitment to
the spindle, acute Wnt3a treatment in mitosis restored KIF2A
levels at the spindle under low siKIF2A conditions and rescued
the misalignment (Fig. 4 H and I and SI Appendix, Fig. SOF).

Finally, given the importance of Wnt signaling in stem cell
proliferation and maintenance (1, 68), we investigated whether
Whnt also promotes faithful execution of mitosis in human induced
pluripotent stem cells (hiPSCs) through the regulation of chro-
mosome congression and alignment. Inhibition of basal Wnt sig-
naling in hiPSCs by DKKI1 resulted in 1) chromosome congression
delay in 28% of divisions compared to 0% of controls and 2) the
misalignment of single chromosomes in 20% of divisions com-
pared to 4% of controls (Fig. 5 4 and B). Consequently, DKK1
treatment delayed progression from NEB to anaphase (Fig. 5C)
but did not promote mitotic arrest. Notably, ectopic expression of
KIF2A was sufficient to rescue chromosome congression and
alignment delay induced by DKKI1 (Fig. 5 D and E and SI Ap-
pendix, ST A and B). As in the case of RPE1 and HeLa cells,
analyses of fixed hiPSCs confirmed the induction of chromosome
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misalignment upon inhibition of autocrine Wnt signaling by
DKK1 as well as by the Wnt secretion inhibitor LGK-974 (SI
Appendix, Fig. S7 C and D). Ectopic expression of KIF2A also
rescued the chromosome misalignment induced by DKKI1 in fixed
hiPSCs in immunofluorescence experiments (Fig. 5 F and G).
Taken together, these results indicate that Wnt signaling pro-
motes chromosome congression and alignment by recruiting
KIF2A to the spindle in somatic cells and pluripotent stem cells

(Fig. 6).

Discussion

The roles of Wnt signaling in G1/S progression are well estab-
lished (25), but its functions during cell division are poorly un-
derstood. The main discovery of our study is that Wnt signaling
promotes chromosome congression and alignment during mitosis
by controlling KIF2A localization to the spindle poles. Our results
support the following model: Wnt activity during G2/M promotes
DVL clustering in LRP6 signalosomes. DVL recruits KIF2A
through its motor and N-terminal domains, thereby facilitating its
interaction with and activation by PLK1. Downstream of PLKI,
phosphorylation of KIF2A at S100 by an unknown kinase further
promotes the interaction with DVL and subsequent binding to the
spindle. Finally, by monitoring KIF2A levels at the spindle poles,
Wt ensures timely chromosome alignment (Fig. 6).

Our results further highlight a critical role of canonical Wnt
signaling in modulating spindle dynamics during mitosis by dif-
ferent mechanisms. First, our previous research identified that
Wnt/STOP signaling increases microtubule plus-end dynamics,
which leads to whole chromosome missegregation and aneuploidy
(31, 32). Second, this study shows a role of Wnt regulating KIF2A,
a depolymerase functioning at the microtubule minus ends, i.e., at
the spindle poles. Notably, both mechanisms converge to ensure
proper chromosome alignment and segregation (39, 52, 59, 69).
Interestingly, recent evidence on KIF18A shows that chromosome
misalignment does not necessarily lead to aneuploidy (67). Hence,
it would be important to further characterize the different pro-
cesses controlled by KIF2A during mitosis and assess their rela-
tionship with chromosome missegregation and CIN. A standing
question is whether the Wnt-mediated control of KIF2A plays a
role in spindle scaling during development (42), especially con-
sidering that Wnt/STOP signaling is also required during the first
embryonic cleavages (30). Furthermore, it is possible that these
mechanisms may contribute to the Wnt conserved roles in spindle
orientation and asymmetric cell division (33, 34, 70-72).

Another important conclusion from our study is that Wnt sig-
naling not only regulates proliferation and self-renewal (68, 73),
but also controls faithful execution of mitosis in pluripotent stem
cells. Our research is consistent with—and suggests a mechanism
for—previous evidence showing that Wnt secretion controls ge-
nome stability in mouse embryonic stem cells (74). Interestingly, it
has been shown recently that self-renewal of pluripotent cells is
tightly linked to their genome integrity (75). Hence, mitotic Wnt
signaling may contribute to the known TCF/p-catenin functions in
stem cell renewal by promoting faithful execution of mitosis.

Finally, our data indicates that KIF2A can be recruited by DVL
also in interphase. Given the critical roles of KIF2A in neuro-
genesis by modulating both cilium disassembly and neuronal wir-
ing (43-47), which are also key biological processes monitored by
Want signaling (71, 76, 77), it would be important to explore
whether Wnt modulates KIF2A’s functions beyond mitosis.

Methods

Cell Culture. HelLa, HEK293T, and L cells (American Type Culture Collection
[ATCC]) were cultured in DMEM (Gibco) supplemented with 10% FBS and 1%
penicillin/streptomycin. RPE1-hTert cells (ATCC) were cultured in DMEM-F12
medium (Gibco) supplemented with 10% FBS, 1% penicillin/streptomycin and
4% Sodium Bicarbonate. All cells were grown at 37 °C with 5% CO,. Hela
Kyoto cells, stably expressing EB3-EGFP, were purchased from CLS (depositor:
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J. Ellenberg). The RPE1-hTert were stably transfected using H2B-EGFP
(a kind gift from S. Gaubatz, University of Wurzburg, Germany) and single
cell clones were selected with medium containing Geneticin (G418). The
hiPSCs were a gift from Kyung-Min Noh and were cultured in Essential E8
Medium (Thermo Scientific) supplemented with Penicilin/Streptomycin
(78). Revitacell Supplement (Thermo Scientific) was added for the first 24 h
after plating. Medium was changed every day and cells were split every 4
to 5 d using versene solution. All the experiments were carried out with
hiPSCs below passage 13.

Control and Wnt3a conditioned media were obtained from stably trans-
fected L cells (ATCC) as described in the manufacturer’s protocol. DKK1 con-
ditioned medium was produced by transiently transfecting HEK293T cells with
pCS-FLAG-DKK1 plasmid (a gift from C. Niehrs) using the calcium-phosphate
method (15 pg plasmid per 10 cm dish). Medium was changed 7 h post
transfection and harvested 48 h after transfection.

To enrich cells in prometaphase, cells were first synchronized in G1/S for
24 h with 2 mM thymidine. After washing and releasing for 5 h in culture
medium, cells were synchronized in mitosis using 2 M DME for 4 h. Treat-
ments were applied in the presence of DME 1.5 h prior to harvesting.

siRNA Transfection. Hela cells were transfected with 30 nM and RPE1 cells with
50 nM siRNA (Sigma Aldrich or Dharmacon) using Lipofectamine RNAIMAX
transfection reagent (Thermo Scientific). 48 h after transfection, cells were
further analyzed. The following siRNAs were used: siControl (MISSION siRNA
Universal Negative Control #1 (SIC001) for imaging experiments and siGENOME
Non-Targeting siRNA #5 (D-001210-05-20) for Western blots), siKIF2A #1
(SASI_Hs02_00319177, GAAGCUAUUCUUGAGCAAA), siKIF2A #2 (GGAAUG
GCAUCCUGUGAAA) (58), siKIF2C (SASI_Hs01_00111628), siLRP5/6 (1:1 mix of
SASI_Hs01_00086821 and SASI_Hs01_00039493), and siDVL1-3 (mix of 1:1:1
SASI_Hs01_00142403, SASI_Hs01_00142404 and SASI_Hs01_0004203).

DNA Transfection and Expression Constructs. Cells were transfected with 250
to 800 ng DNA per well of a 12-well plate or 500 ng per well of a 6-well plate
using X-tremeGENE 9 DNA transfection reagent (Roche), and harvested after
24 h.

FLAG-GSK3, FLAG-B-catenin, FLAG-DVL1, FLAG-mDvl2, FLAG-DVL3, FLAG-
CK1g, LRP6, mFzd8, AXIN1, Myc-DVL2, pCS2+, pCS-FLAG-DKK1, TOPflash and
Renilla plasmids were kindly provided by C. Niehrs (DKFZ Heidelberg, Ger-
many). pEGFP-KIF2A (#52401), 3xFLAG-DVL2 (#24802), FLAG-AXIN1 (#109370)
and FLAG-B-TrCP (#10865) plasmids were obtained from Addgene. The
KIF2A-phospho-mutant (KIF2A S100A), truncation mutants and siKIF2A resis-
tant KIF2A constructs were generated by PCR and blunt-end cloning. More
details and the primers that were used are included in the S/ Appendix,
Supplemental Methods.

MS Sample Preparation and Analysis. RPE1 cells were seeded in 15 cm dishes,
synchronized in prometaphase, and treated with in-house produced control
(Medium) or DKK1 (Heavy) SILAC media (79) for 1.5 h before harvesting. The
experiment was performed in duplicates. Phosphoproteome analysis was
performed as described previously (80). In brief, proteins were extracted by
full lysis of cells, digested by protease, enriched for phosphopeptides with
TiO; beads, and analyzed by MS. For the downstream analysis, only peptides
with fold changes > 2 in both replicate experiments were considered sig-
nificant. Further details on the MS procedures are provided in the S/ Ap-
pendix, Supplemental Methods.

Immunofluorescence. RPE1 or Hela cells were seeded on coverslips in 12-well
plates. Cells were transfected with siRNA for 48 h, transfected with DNA for
24 h and treated with conditioned medium for 1.5 h, as indicated. Cells were
fixed with 2% paraformaldehyde in PBS and stained with antibodies against
the indicated proteins and DAPI.

The following primary antibodies were used: rabbit anti-a-tubulin (Sigma
Aldrich, SAB4500087), mouse anti-KIF2A (Santa Cruz, sc-271471), rabbit anti-
Pericentrin (Abcam, ab4448), rabbit anti-FLAG (Invitrogen, PA1-984B), rabbit
anti-DVL 2 [N1N3] (GeneTex, GTX111156), mouse anti-BUBR1 (BD Bioscience,
612502), guinea pig anti-CENPC (MBL, PDO03). The following secondary anti-
bodies were employed: anti-mouse AF488 (Thermo Scientific, A21202), anti-
rabbit AF488 (Thermo Scientific, A21206), anti-mouse AF594 (Thermo Scientific,
A21203), anti-rabbit AF594 (Thermo Scientific, A21207), and anti-guinea pig Cy3
(Millipore, AP193C).

Coverslips were imaged with a Nikon Eclipse Ti using a 60x objective with
oil immersion and the NIS Elements software. Data were analyzed using
ImagelJ 2.0.0. To access KIF2A levels at the spindle, a threshold for the KIF2A
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signal was set to only detect KIF2A at the poles. To determine chromosome
congression and alignment in mitosis, the length of the forming metaphase
plate was divided by its width toward the spindle poles. Cells for which not
both poles were distinctively visible, including tilted cells, were excluded
from the analyses.

To assess KIF2A recruitment to DVL interphase puncta (S/ Appendix, Fig.
S2), the ratio of cells showing KIF2A in puncta was quantified relative to the
total number of cells expressing DVL. To detect colocalization of KIF2A and
PLK1 in interphase puncta in relation to signalosome overexpression (Fig. 2 L
and M and S/ Appendix, S3 A and B) the number of puncta per cell was
counted and divided by its total cell area.

Western Blotting. For Western blotting, cells were lysed in full lysis buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.05% SDS, 1 mM
B-mercaptoethanol, 2 mM EDTA, 1x protease phosphatase inhibitor mixture
[Thermo Scientific]) or cytoplasmic lysis buffer (PBS supplemented with 0.05%
saponin, 10 mM f-mercaptoethanol, 2 mM EDTA, 1x protease phosphatase
inhibitor mixture). The cleared lysates were mixed with 4x NuPAGE LDS
sample buffer (Thermo Scientific) containing 50 mM DTT, resolved on 8%
NuPAGE gels and transferred to nitrocellulose membranes. For Western blot
experiments the following antibodies were used: mouse anti-a-tubulin (Sigma
Aldrich, T9026), mouse anti—B-catenin (BD Bioscience, 610153), mouse anti-
KIF2A (Santa Cruz, sc-271471), rabbit anti-LRP6 (Cell Signaling, 2560S), rabbit
anti-DVL (Merck Millipore, ABD122), chicken anti-GFP (Abcam, ab13970), and
mouse anti-FLAG M2 (Sigma Aldrich, F1804).

Real-Time PCR. Cells were synchronized as described above, treated with
control, DKK1 or Wnt3a conditioned medium for 1.5 h and harvested. Total
cellular RNA was extracted by using the RNeasy Plus Mini Kit (QIAGEN) and
cDNA was synthesized from 500 ng of total RNA using the Bioline SensiFAST
cDNA Synthesis Kit. Quantitative PCR was performed with the SensiFAST
SYBR Hi-ROX Kit (Bioline) using a StepOnePlus 96-well plate reader (Applied
Biosystems). Gene expression was normalized to GAPDH. The primers used in
this study are described in the S/ Appendix, Supplemental Methods.

Proximity Ligation Assay (PLA). HeLa cells were seeded on coverslips in 12-well
plates. Cells were transfected with siRNA for 48 h, transfected with DNA for
24 h and treated with conditioned medium for 1.5 h, as indicated. Cells were
fixed with 2% paraformaldehyde in PBS and PLAs were performed with the
Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma Aldrich) according to the
manufacturer’s protocol.

For the overexpression PLAs, EGFP-KIF2A and a FLAG-tagged component
were overexpressed and the following antibodies were used: rabbit anti-GFP
(Abcam, ab290), mouse anti-FLAG M2 (Sigma Aldrich, F1804). For the en-
dogenous PLAs, mouse anti-KIF2A (Santa Cruz, sc-271471), rabbit anti-DVL
(Merck Millipore, ABD122), and rabbit anti-PLK1 (Abcam, ab14209) were
used.

Coverslips were imaged with a Nikon Eclipse Ti using a 60x objective with
oil immersion and the NIS Elements software. Data were analyzed using
ImageJ 2.0.0. The PLA signal was quantified by the number of PLA complexes
per cell (Fig. 2 C, H, and J) or the total fluorescence signal per cell (Fig. 2F).
Values are displayed relative to the control.

Wnt Reporter Assay (TOPflash). RPE1 or Hela cells were seeded into 96-well
plates. RPE1 cells were transfected with 50 ng DNA per well, including 5 ng
TOPflash luciferase and 1 ng Renilla luciferase. Hela cells were transfected
with 100 ng of DNA containing 30 ng TOPflash luciferase, 20 ng Renilla lu-
ciferase and, where indicated, 25 ng Myc-DVL2 or 25 ng Myc-DVL2, 22 ng
LRP6, 2 ng mouse Fzd8 and 1.25 ng AXIN1. An empty vector (pCS2+) was
added to fill up the reactions to the final DNA mass. The transfection was
performed using X-tremeGENE 9 DNA transfection reagent (Roche) accord-
ing to manufacturer instructions. After 24 h, cells were treated overnight as
indicated, and lysed with 1x Passive Lysis Buffer (Promega) on a shaker for
15 min at 4 °C. Lysates were analyzed using a Dual-Luciferase Reporter Assay
System (Promega) with a Tecan Microplate Reader (Tecan Infinite M1000).
TOPflash signals were normalized to the Renilla reporter and Wnt activity
was calculated relative to the control condition.

Immunoprecipitation. HeLa cells were synchronized in prometaphase as de-
scribed above, treated with control medium, DKK1 medium or 1 uM BI-2536
(PLK1 inhibitor, Selleckchem) for 1.5 h, and endogenous PLK1-KIF2A interac-
tion was analyzed by immunoprecipitation (IP). One day before the IP, protein
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G agarose (Roche) was washed three times with IP lysis buffer (25 mM Tris-HC
pH 7.5, 150 mM NadCl, 1% Nonidet P-40, 1 mM EDTA, 5% glycerol, 1x protease/
phosphatase inhibitor mixture [Thermo Scientific], 4 units/mL DNase | [NEB])
and mixed 1:1 with IP lysis buffer containing 5% BSA. For each IP with roughly
1 mg protein lysate, 5 pg anti-PLK1 antibody (Santa Cruz, sc-17783) was mixed
with 20 pL of washed beads in BSA-lysis buffer and incubated in rotation at
4 °C overnight. The next day, cells were lysed with IP lysis buffer for 15 min on ice.
The lysates were cleaned with 20 pL of washed agarose for 1 h at 4 °C in rotation.
One-thirteenth of each lysate was saved as the “input” and prepared with
NuPAGE sample buffer including DTT for gel electrophoresis by 10 min heating at
95 °C. The antibody-agarose-complex from the day before was added to the ly-
sates and IP performed for 4 h at 4 °C in rotation. Beads were washed three times
with lysis buffer containing 10 uM MG132 and proteins were eluted in 1x
NUPAGE sample buffer with 12.5 mM DTT for 10 min at 95 °C. Samples were
analyzed by Western blotting as described above using rabbit anti-PLK1 (Bethyl
Laboratories, A300-251A) and rabbit anti-KIF2A (Novus Biologicals, NB500-180).

Bipolar Spindle Maintenance and Centrosome Amplification. The analysis of
bipolar spindle maintenance was done as previously described (49). In detail,
Hela cells were seeded in 12-well plates with coverslips and transfected with
30 nM siRNA against KIF2A, LRP5/6, DVL1-3, as well as the positive control
KIF2C (MCAK). One day after transfection, cells were synchronized in G1/S by a
2.5 mM thymidine treatment for 24 h, released for 7.5 h, and synchronized in
metaphase with 5 uM MG132 for 2.5 h. Lastly, the Eg5 inhibitor DME (2 pM)
was applied for 1.5 h. Cells were fixed with 2% paraformaldehyde and stained
with mouse anti—a-tubulin (Sigma Aldrich, T9026), rabbit anti-Pericentrin
(Abcam, ab4448), and DAPI. Coverslips were imaged with a Nikon Eclipse Ti
using a 60x objective with oil immersion and the NIS Elements software. Data
were analyzed using ImageJ 2.0.0. The presence of monopolar spindles as well
as number of centrosomes per cell was quantified and displayed relative to the
total number of cells analyzed. Note that Eg5 inhibition induces monopolar
spindles in prometaphase; however, when cells are arrested in metaphase
before its application, formation of monopolar spindles requires a concomi-
tant loss of a component required for spindle maintenance.

Karyotype Analysis. RPE1 cells were transfected every 5 d with 10 nM siRNA
against KIF2A, LRP5/6 and scrambled (Control) over 30 d and karyotype analyses
were performed as described previously (31). In brief, cells were treated with
2 uM DME for 4 h to enrich for mitotic cells. Cells were pelleted, washed with
PBS, and incubated in hypotonic medium (40% DMEM-F12, 60% H,0) at RT
for 15 min. Cells were fixed in Carnoy’s solution (methanol:acetic acid = 3:1).
Chromosomes were spread onto glass slides and stained with Giemsa solution.
Chromosome number variability was determined by chromosome counting.

Live Cell Imaging. RPE1 cells stably expressing H2B-EGFP, Hela cells stably
expressing EB3-EGFP or wt hiPSCs were seeded in 10-well CELLview slides
(Greiner Bio-One). Where indicated, cells were transfected with 30 nM siRNA
for 48 h. For imaging, medium was replaced by DMEM-F12 (RPE1) or DMEM
(HeLa) medium containing Hepes and no phenol red (Gibco), supplemented
with 10% FBS, 1% penicillin/streptomycin and 1% sodium pyruvate. HiPS cells
were cultured in Essential E8 Medium (Thermo Scientific), supplemented with
penicillin/streptomycin, during image acquisition. Cells were incubated with
500 nM SiR-DNA (Spirochrome AG, SC007) 1 h prior to and during the experi-
ment. In preliminary analyses, we validated that this concentration of SiR-DNA
did not induce mitotic delay or phenotypes in hiPSCs and Hela cells. Treatments
with control or DKK1 conditioned medium were applied just before starting
the imaging for Hela cells and overnight for hiPSCs. Live cell imaging was
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performed using an automated Nikon Eclipse Ti2 inverted microscope equipped
with a 40x water immersion objective (Nikon Apo LWD, NA 1.15) and a NEO
sCMOS camera (Andor). Multipoint acquisition was controlled by NIS Elements
5.1 software. 5 z-stacks with 2-um interval were recorded every 5 min for up to
5 h in a preheated chamber (STXG-WSKM, Tokai Hit) at 37 °C and 5% CO,.
Images were analyzed using ImageJ 2.0.0 software. Mitotic timing (time from
NEB until the onset of anaphase), chromosome misalignment (chromosomal
width), as well as phenotypic aberrations in metaphase were analyzed. Phenotypes
were scored as “chromosome congression delay” for cells failing to recruit all
chromosomes at the spindle equator in a timely manner, “alignment/metaphase
delay” characterized as one or more chromosomes being clearly detached from
the forming metaphase plate, or “misalignment + arrest” for cells with con-
gression or alignment defects leading to mitotic exit or arrest beyond 75 min.

FACS. RPE1 cells were synchronized in mitosis as described above and treated
for 1.5 h with control SILAC Medium or DKK1 SILAC Heavy media. Cells were
harvested and fixed for FACS analysis measuring the DNA content (propidium
iodide) and mitotic phospho-epitopes (MPM-2) as described previously (69).

Determination of Microtubule Plus-End Assembly Rates. Microtubule plus-end
growth rates were determined by tracking EB3-EGFP in living cells as de-
scribed previously (69). Briefly, cells were transfected 48 h prior to the
measurement with siRNA as indicated and pEGFP-EB3 (kindly provided by
L. Wordeman, University of Washington), seeded onto glass bottom dishes
(Ibidi) and treated with 2 M DME for 2 h before measurement. Live imaging
was performed using a Deltavision ELITE microscope (GE Healthcare) with a
60x objective. Images were recorded every 2 seconds while cells were in-
cubated at 37 °C and 5% CO,. Images were deconvolved using SoftWorx 5.0/
6.0 software and average assembly rates were calculated from 200 individual
microtubules (20 individual microtubules per cell, n = 10 cells).

Image Data Processing. Raw images were imported to Fiji (ImageJ 2.0.0) prior
to their export to Photoshop 2020 for panel arrangement. Linear changes in
contrast or brightness were equally applied to all controls and across the
entire images. The models and schemes were created with BioRender.com.

Statistical Analyses. Data are shown as mean + SD or median + upper and
lower quartile with 10% to 90% extremes, as indicated in the figure legends.
Where indicated, Student'’s t tests (two groups) or one-way ANOVA analyses
with Tukey correction (three or more groups) were calculated using Prism v8.
Live cell imaging phenotypes were analyzed using Fisher Exact tests. The
curves showing the time from NEB until chromosome separation were an-
alyzed with Mantel-Cox log-rank tests using Prism v8. Significance is indi-
cated as *P < 0.05, **P < 0.01, ***P < 0.001, or n.s., not significant.

Data Availability. All study data are included in the article and/or supporting
information.
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