|BC ARTICLE

()

Check for
updates

Gravin-associated kinase signaling networks coordinate
vy-tubulin organization at mitotic spindle poles
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Mitogenic signals that regulate cell division often proceed
through multienzyme assemblies within defined intracellular
compartments. The anchoring protein Gravin restricts the
action of mitotic kinases and cell-cycle effectors to defined mi-
totic structures. In this report we discover that genetic deletion
of Gravin disrupts proper accumulation and asymmetric distri-
bution of y-tubulin during mitosis. We utilize a new precision
pharmacology tool, Local Kinase Inhibition, to inhibit the
Gravin binding partner polo-like kinase 1 at spindle poles.
Using a combination of gene-editing approaches, quantitative
imaging, and biochemical assays, we provide evidence that dis-
ruption of local polo-like kinase 1 signaling underlies the
y-tubulin distribution defects observed with Gravin loss. Our
study uncovers a new role for Gravin in coordinating y-tubulin
recruitment during mitosis and illuminates the mechanism by
which signaling enzymes regulate this process at a distinct sub-
cellular location.

Spatial biology is an emerging aspect of biomedicine
wherein investigators study how the subcellular location of
enzymes underlies health and disease (1, 2). At the molecu-
lar level, intracellular targeting of cell-signaling enzymes is
achieved through the interaction with anchoring, adaptor,
or scaffolding proteins (3). Protein kinase A anchoring pro-
teins (AKAPs) are a prototypic example of these signal-
organizing proteins that are classified by their ability to
anchor PKA (4-6). However, numerous studies have identi-
fied other classes of protein kinases, phosphatases, small
GTPases, and effector proteins that are AKAP-binding part-
ners (7). Thus, an important function of AKAPs is to provide
a locus for the processing, integration, and termination of
chemical stimuli by constraining these signaling molecules
at defined subcellular locations. Recent findings highlight
that AKAPs provide spatial and temporal synchronization
of protein kinases that control the mammalian cell cycle.
Several multivalent AKAPs such as pericentrin, AKAP450,
and Gravin have been implicated in targeting PKA and other
signaling enzymes to mitotic structures (8—11). For exam-
ple, during mitosis Gravin anchors Aurora A and polo-like
kinase 1 (Plk1) at the spindle poles (12). We previously
showed that mitotic defects and cell-cycle delay ensue upon
displacement of either enzyme from the Gravin scaffold.
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However, given the breadth of targets for these enzymes, a
mechanistic dissection of their role in regulating mitotic
machinery remains complex.

y-tubulin participates in various aspects of cell division,
including centrosome duplication, chromosome segregation,
and mitotic progression (13—15). Importantly, y-tubulin also
initiates nucleation of microtubules at the spindle poles during
mitosis (16, 17). Aberrant expression and subcellular distribu-
tion of +y-tubulin has been documented in several cancers
including gliomas, medulloblastomas, breast cancer, and non-
small cell lung cancer (18-22). Thus, gaining greater insight
into how y-tubulin is regulated is paramount to understanding
its role in disease and for the development of novel therapeutics
that target this protein (23, 24).

In this study, we discover that Gravin loss impairs the accu-
mulation of y-tubulin at the spindle poles during mitosis. We
utilize a recently developed precision pharmacology tool, Local
Kinase Inhibition (LoKI), to demonstrate that targeted inhibi-
tion of centrosomal Plk1 alters the accumulation and asymmet-
ric distribution of y-tubulin at mitotic spindle poles. Finally, we
show that deletion of Gravin disrupts the formation of Nedd1/
v-tubulin sub-complexes that are necessary for tubulin ring as-
sembly, thus illuminating a key centrosome-specific function of
this anchoring protein.

Results

Gravin loss perturbs accumulation of y-tubulin at mitotic
spindle poles

Gravin organizes several signaling elements during mitosis
(11, 25, 26). Conversely, removal of Gravin disrupts the local-
ization of active kinases at mitotic centrosomes and is associ-
ated with spindle defects (12, 27). To ensure the proper assem-
bly of mitotic spindles, <y-tubulin initiates nucleation of
microtubules at the spindle poles (28). We examined whether
cells with genetically ablated Gravin exhibited defects in the
expression or localization of this critical spindle assembly com-
ponent. First, immunoblots of mouse embryonic fibroblasts
(MEFs) from WT and Gravin null (—/—) mice established that
total cellular protein expression of y-tubulin was similar for
both genotypes (Fig. 14). Next, immunofluorescence detection
confirmed that y-tubulin (magenta) decorates spindle poles in
WT MEFs during mitosis (Fig. 1B). Counterstaining with
a-tubulin (green) and 4',6-diamidino-2-phenylindole (DAPI;
blue) revealed the mitotic spindle and DNA, respectively (Fig.
1B). Strikingly, y-tubulin is much less concentrated at the
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Figure 1. Loss of Gravin perturbs accumulation of y-tubulin at mitotic spindle poles. A, immunoblot detection of Gravin (top), y-tubulin (middle), and
GAPDH (bottom) in WT and Gravin null (—/—) mouse embryonic fibroblasts (MEFs). B and C, immunofluorescence of representative WT (B) and Gravin —/— (C)
mitotic cells. Composite images (left) show a-tubulin (green), DAPI (blue), and y-tubulin (magenta). Distribution of y-tubulin is presented in grayscale (middle)
and as pseudo-color heat maps (right). Signal intensity scale (in arbitrary units; A.U.) is shown below. D and E, magnified heat maps from image insets in B and
C (white boxes) highlight the y-tubulin signal in WT (D) and Gravin —/— (E) cells. F and G, surface plots representing signal intensity of y-tubulin in WT (F) and
Gravin —/— (G) cells. H, quantification of y-tubulin immunofluorescence at spindle poles in WT (gray) and Gravin —/— (red) MEFs. Points represent individual
cells (n). Data are normalized to WT controls. WT, n = 49; Gravin —/—, n = 54; ****p < 0.0001. Experiments were conducted four times (N = 4). p-values were cal-

culated by unpaired two-tailed Student’s t test. Data are mean = S.E.

spindle poles in Gravin null cells (Fig. 1C). Representative
heat maps highlight this phenomenon (Fig. 1, B-E). Like-
wise, surface plots depicting maximum intensity signals fur-
ther illustrate this result (Fig. 1, D-G). Quantitative analysis
using integrated intensity measurements revealed 33.4% less
v-tubulin at mitotic spindle poles in Gravin null MEFs as
compared with WT cells (Fig. 1H). Complementary experi-
ments in HeLa cells stably expressing a control or Gravin
shRNA provide further evidence for this phenomenon (Fig.
S1, A and B). Gravin-depleted HeLa cells display 23.6% less
v-tubulin at the spindle poles than controls (Fig. S1C). Fur-
thermore, this defect was corrected upon rescue with mu-
rine Gravin (Fig. S1, D—F). Collectively, these findings reveal
that accumulation of y-tubulin during mitosis is disrupted
in cells lacking Gravin.

Generation and validation of genetically engineered human
Gravin KO cells

Although our initial findings postulate that Gravin loss
disrupts y-tubulin targeting to mitotic spindle poles, it is
not clear whether complete deletion of Gravin in human
cells produces a similar outcome. To generate Gravin KO
human lines, we used CRISPR/Cas9-mediated genome edit-
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ing to disrupt the AKAP12 gene on chromosome 6 in U20S
osteosarcoma cells (Fig. 2A4). Targets were selected within
the exon of AKAP12 that is shared by all three Gravin iso-
forms, «, B, and y (Fig. 2A, middle schematic). We employed
either a single guide RNA (gRNA) directed toward target 1
(Gravin KO) or a combination of two gRNAs directed to-
ward both targets 1 and 2 (Gravin KO 2) to generate inde-
pendent Gravin KO cell lines (Fig. 24, bottom schematic).
We validated our clonal cell lines in five stages. First, Sanger
sequencing was used to confirm introduction of indels in
Gravin KO clones (Fig. 2B). Sequence analysis indicates intro-
duction of a premature stop codon that abolishes the Gravin
coding region at target site 1 in our Gravin KO clone (Fig. 2B,
red sequence). Second, immunoblots detected robust Gravin
expression in WT cells, whereas a complete loss of the protein
was observed in KO lines (Fig. 2C). Immunoblot detection of
GAPDH served as a loading control (Fig. 2C). Removal of
Gravin was validated with two separate antibodies against this
anchoring protein (Fig. 2C and Fig. S2A). Third, we assessed
our genome-edited clones for the presence of micronucleated
cells. Micronuclei are structures that contain genetic material
outside of the main nucleus and often result from missegre-
gated chromosomes (29). Our experiments in Gravin-depleted
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Figure 2. Generation of Gravin knockout U20S cells. A, CRISPR/Cas9 gene editing of human chromosome 6 in U20S cells to disrupt the Gravin-
encoding gene, AKAP12 (top). Targets are directed to the exon that is shared by all three Gravin isoforms, «, B, and y (middle). Two unique gRNAs were
designed to targets 1 and 2 (bottom). Target sequences are presented below with protospacer adjacent motif (PAM) sites highlighted in red. B, traces
depicting nucleic (small letters) and amino (large letters) acid sequences for a representative WT (top) and Gravin KO (bottom) clone. A mutation pres-
ent in Gravin KO cells alters the protein coding sequence (red) to generate a premature stop codon (*) and leads to a truncated protein. Traces repre-
sent pooled allele sequences for each individual clone. Two amino acid alterations were detected (S and F). C, immunoblot detection of Gravin (top)
and GAPDH (bottom) in WT and Gravin KO clonal U20S cells. D-F, SIM images of WT (D) and Gravin KO (E and F) cells during interphase. Composite
images (left) show a-tubulin (green) and DAPI (blue). DAPI stain depicted in grayscale (middle). Magnified insets (right) and yellow arrows highlight
micronuclei. G, quantification of amalgamated data representing the percent of cells with micronuclei in WT (gray) and Gravin KO (red) U20S cells.
Points depict individual experiments (n): WT, n = 3; Gravin KO, n = 3; **p = 0.001. A total of 1500 cells were analyzed over three independent experi-
ments. P-values were calculated by unpaired two-tailed Student’s t test. Data are mean = S.E. H, immunoblot detection of Gravin (blot 1), Plk1 (blot 2),

y-tubulin (blot 3), and GAPDH (blot 4) in WT and Gravin KO U20S cells.

HEK 293 cells demonstrate that micronuclei formation can
be used as a functional readout for Gravin loss (Fig. S2B).
Indeed, we observed this phenomenon in our genetically
engineered human U20S clones as well (Fig. 2, D-G). Inter-
phase WT cells displayed a low incidence of micronuclei at
baseline (Fig. 2D). On the contrary, we observed more
micronucleated cells when Gravin was ablated (Fig. 2, E and
F). Gravin loss resulted in a 2.4-fold increase in the number
of micronucleated cells (Fig. 2G). This enrichment was fur-
ther validated in an additional Gravin KO clone (Fig. S2C).
Fourth, immunofluorescent detection and quantitative analyses
confirmed that levels of active Plk1 (assessed by pT210-Plk1 im-
munofluorescence signal), a previously characterized Gravin
interacting partner, were reduced at mitotic spindle poles in
Gravin KO cells as compared with WT controls (Fig. S2, D-G).
Finally, additional immunoblotting established that both WT and
Gravin KO U20S cell lines express normal levels of y-tubulin
and PIk1 (Fig. 2H). Together, these data provide evidence for an
engineered human cell line that lacks the Gravin anchoring
protein.
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Gravin deletion enhances the asymmetric distribution of
y-tubulin

Gravin governs the asymmetric distribution of protein kinases
at mitotic spindle poles (12). We employed super-resolution
structured illumination microscopy (SIM) to examine y-tubulin
organization at each spindle pole. Accordingly, we found that this
key microtubule assembly component distributes asymmetrically
between the two poles in WT MEFs (Fig. 3A4). This result is fur-
ther illustrated by representative line plots depicting maximum
intensity signals across the x-plane (Fig. 3, B and C). Quantitative
analysis using integrated intensity measurements established that
pole 1 clusters 19.9% more <y-tubulin than pole 2 in WT MEF
cells (Fig. 3D). Parallel analyses recapitulated this phenomenon in
WT U20S cells (Fig. 3E and Fig. S3A). These additional studies
demonstrated an 18.9% enrichment of y-tubulin at pole 1 as com-
pared with pole 2 (Fig. 3E). These data reveal the asymmetric dis-
tribution of y-tubulin between individual spindle poles in both
WT murine and human cells.

Loss of Gravin disrupts the recruitment of signaling elements
to mitotic spindle poles (12, 27). Therefore, we tested whether
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Gravin ablation perturbs the distribution of y-tubulin between  (yellow) at one spindle pole over the other (Fig. 3F). Magnified
the two poles (Fig. 3, F-K). As before, immunofluorescent insets and representative surface plots emphasized this result
staining in WT MEFs confirmed an enrichment of y-tubulin  (Fig. 3F). Surprisingly, Gravin null MEFs displayed a more
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pronounced asymmetry in the pole-to-pole distribution of
v-tubulin (Fig. 3G). Quantitative methods were employed to
further probe this observation. First, integrated intensity meas-
urements were used to quantitate the total y-tubulin signal at
each pole. Then, the y-tubulin signal at the pole with the lowest
intensity was divided by the signal at the pole with the highest
intensity, giving us the ratio of y-tubulin between the poles
(lowest/highest pole ratio). In WT MEFs, we calculated a mean
lowest/highest pole ratio of 0.811 (Fig. 3/). However, in Gravin
null cells we observed an average ratio of 0.737 (Fig. 3]). Parallel
analyses in the CRISPR/Cas9-edited U20S cells revealed a sim-
ilar result (Fig. 3, H, I, and K). WT U20S cells displayed a minor
enrichment of y-tubulin at one pole over the other (Fig. 3H).
Quantitative analysis of multiple WT cells yielded a mean low-
est/highest pole ratio of 0.812 (Fig. 3K). Consistent with our
earlier findings, Gravin KO U20S cells displayed a ratio of
0.708. This asymmetry was further validated in an additional
Gravin KO clone (Fig. S3B). Immunofluorescent staining and
quantitative analyses of pericentrin and centrin, two independ-
ent spindle pole markers, revealed no differences between the
genotypes in the accumulation or pole-to-pole distribution of
these control proteins (Fig. 3, L and M and Fig. S3, C-E).
Finally, quantitative analyses of immunoblots established that
total y-tubulin expression was similar between WT and Gravin
null genotypes in both MEF and U20S cell lines (Fig. S3, F-I).
Collectively, these findings suggest that Gravin deletion leads
to enhanced asymmetry of y-tubulin between mitotic spindle
poles.

Precision targeting of Plk1 inhibitors to spindle poles
promotes asymmetric distribution of active Plk1 and
y-tubulin

Gravin interacts with Plkl during mitosis, and depletion of
this scaffold results in loss of Gravin-mediated Plkl anchoring
and reduced pools of active kinase at the mitotic spindle poles
(12, 27). Thus, it is possible that reduced PIk1 activity may con-
tribute to the defects seen in our Gravin null U20S cells. We
previously reported that treatment with the Plkl inhibitor
BI2536 reduces the total levels of pT210-Plkl (an index of
active kinase) at centrosomes (27). Here we examined how the
pT210-Plkl pool that remains after inhibition with BI2536 dis-
tributes between the individual poles. In DMSO-treated con-
trols, immunofluorescent detection of pT210-Plkl revealed a
mild enrichment of active kinase at one spindle pole over the
other (Fig. 4A4). Remarkably, inhibition of Plkl led to greater
asymmetry in the pole-to-pole distribution of pT210-PIk1 (Fig.

4A). This effect is even more pronounced with increasing con-
centrations of PIk1 inhibitor (Fig. 4A4). Representative line plots
further illustrate this result (Fig. 4B). Integrated intensity meas-
urements were used to quantitate the total pT210-Plk1 signal
at the spindle poles for each inhibitor dose (Fig. 4C). Whereas
DMSO-treated cells displayed an 18.7% enrichment in pT210-
Plk1 at one pole over the other, cells treated with 20 nm BI2536
showed a 67.8% difference between the two poles (Fig. 4C).
These data suggest that inhibition of P1k1 perturbs the distribu-
tion of active kinase between the spindle poles.

Because Gravin anchors Plkl at mitotic spindle poles, we
assessed whether selective inhibition of PIk1 at this location
disrupts the pole-to-pole distribution of active kinase. This was
achieved by Local Kinase Inhibition (LoKI), a drug-targeting
approach that allows us to deliver the Plk1 inhibitor chloropyri-
midine (CLP)-BI2536 to centrosomes (27). This precision phar-
macology tool allowed us to inhibit Plk1 specifically at spindle
poles (Fig. 4D). For our studies, we treated the cells with 250 nm
CLP-BI2536 for 4 h because we previously established this as
the optimal drug regime to produce equivalent Plk1 inhibition
as lower concentrations of nonderivatized BI2536 (27). Immu-
nofluorescence detection of pT210-Plk1 assessed the levels of
active kinase at each spindle pole (Fig. 4E and Fig. S4A). Control
cells expressed a mutant construct called LoKI-off that is
unable to conjugate derivatized kinase inhibitors at spindle
poles. When treated with 250 nm CLP-BI2536, these cells dis-
play 37.7% less pT210-PIkl (gray) at pole 2 as compared with
pole 1 (Fig. 4, E and F). Heat plots further emphasize this result
(Fig. 4E). Strikingly, cells expressing the active LoKI-on target-
ing platform exhibited 66.1% less pT210-PIk1 at pole 2 as com-
pared with pole 1 when treated with the same concentration of
drug (Fig. 4, E and F). Quantitative analyses established a 1.8-
fold greater difference in the distribution of active kinase with
spindle pole—targeted inhibitors as compared with the global
drug (Fig. 4F). Additional controls were conducted in DMSO-
treated U20S cells (Fig. S4, A and B). These studies confirmed
that in the absence of the drug we observe comparable distribu-
tions of pT210-Plk1 between the poles in cells expressing either
LoKI targeting platform (Fig. S4, A and B). Additional valida-
tion confirmed that the enhanced asymmetry of pT210-Plkl
does not result from redistribution of total Plkl protein (Fig.
S4C). Together, these data suggest that local targeting of Plkl
inhibitor drugs to mitotic spindle poles leads to enhanced
asymmetry in the distribution of active kinase at the spindle
poles.

Figure 3. Deletion of Gravin enhances the asymmetric distribution of y-tubulin. A, SIM micrograph of a WT MEF during mitosis. Composite images (top
left) show a-tubulin (green) and DAPI (blue). Grayscale images depict y-tubulin at both poles (bottom left). Magnified images reveal that pole 1 (top right) accu-
mulates more +y-tubulin than pole 2 (bottom right). B and C, signal intensity (y axis) is graphed against distance (x axis) to generate plot profiles of maximum
signal measurements. Distance along red lines in A were used to generate representative plot profiles for pole 1 (B) and pole 2 (C). D and E, quantification of
y-tubulin immunofluorescence at pole 1 (blue) and pole 2 (green) for MEF (D) and U20S (E) mitotic cells; (D) pole 1, n = 64, pole 2, n = 64, ***p = 0.0002; (E) pole
1,n =23, pole 2, n =23, *p = 0.0181. F-I, immunofluorescence of representative WT MEF (F), Gravin —/— MEF (G), WT U20S (H), and Gravin KO (/) mitotic cells.
Composite images (far left) show DAPI (blue) and y-tubulin (yellow). Grayscale images (middle left) depict y-tubulin at poles. Magnified insets (middle right)
show signals at individual poles. Surface plots (far right) depict signal intensity profiles of each pole. J and K, quantification of y-tubulin immunofluorescence
at each pole represented as box plots showing lowest/highest pole ratio in WT (gray) and Gravin null (red) MEF (J) and U20S (K) mitotic cells. Central tendency
line indicates median values while mean values are indicated above each plot. (J) WT,n =49, —/—,n =53, *p = 0.0438; (K) WT, n = 23,KO, n =21, *p = 0.0263. L,
composite immunofluorescence images of representative WT (top) and Gravin KO (bottom) U20S mitotic cells show DAPI (blue) and pericentrin (magenta). M,
quantification of pericentrin immunofluorescence at each pole represented as box blots showing lowest/highest pole ratio in WT (gray) and Gravin KO (red)
U20S mitotic cells. Central tendency line indicates median values while mean values are indicated above each plot. WT, n = 38; KO, n = 35; p = 0.8137. NS, not
significant. Points in D, E, J, K, and M represent individual cells (n). Data in D and E are normalized to pole 1. Experiments were conducted at least three times (N
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with DMSO or BI2536; pole 2, DMSO, n = 53, control; 5 nm, n = 44, p = 0.1387; 10 nm, n = 44, p = 0.7016; 15 nm, n = 44, ****p < 0.0001; 20 nm, n = 44, ****p <
0.0001. D, schematic of precision drug targeting of Plk1 inhibitor to spindle poles (pink) using the Local Kinase Inhibition (LoKI) system. E, immunofluorescence
of pT210-Plk1 at individual spindle poles in representative LoKI-off (left) and LoKIl-on (right) U20S cells treated with 250 nm CLP-BI2536 for 4 h. Signal of active
kinase is represented in grayscale (top) and with pseudo-color heat maps (bottom). Signal intensity scale (in arbitrary units, A.U.) is shown below. F, quantifica-
tion of amalgamated pT210-Plk1 immunofluorescence at each pole after 4 h of targeted BI2536 delivery; LoKl-off, pole 1, n = 49, LoKl-off, pole 2, n = 49,
**¥%p < 0.0001; LoKl-on, pole 1, n = 49, LoKl-on, pole 2, n = 49, ****p < 0.0001; LoKI-off, pole 2, n = 49, LoKl-on, pole 2, n =49, **p = 0.0010. G, immunofluo-
rescence of a LoKI-on mitotic cell treated with DMSO (top) or 250 nm CLP-BI2536 (bottom) for 4 h. Composite images (left) show a-tubulin (green), DAPI
(blue), and y-tubulin (magenta). Magnified grayscale images show mCherry (middle) and y-tubulin (right) signals at poles. H, quantification of amalga-
mated y-tubulin immunofluorescence data at each pole. Data are represented as box plots showing lowest/highest pole ratio for LoKl-on cells after 4 h
of treatment with DMSO (white) or 250 nm CLP-BI2536 (purple) followed by a 1-h washout. Central tendency line indicates median values while mean val-
ues are indicated above each plot. DMSO, n = 76, 250 nm, n = 74, **p = 0.0074. Values depicted in C, F, and H represent individual cells (n). Data in Cand F
are normalized to pole 1. Experiments were conducted at least three times (N = 3). p-values were calculated by one-way analysis of variance with Dun-
nett’s multiple comparisons test performed with pole 2 DMSO as control (C) or unpaired two-tailed Student’s t test (F and H). Data are mean = S.E. NS, not
significant.

Recruitment of y-tubulin to centrosomes relies on Plkl ac-
tivity (30, 31). Consequently, inhibition of PIk1 at this location
disrupts y-tubulin targeting to these structures (27). Moreover,
in Gravin null U20S cells we observed a trend in which the
pole with higher levels of y-tubulin corresponded to the pole
with higher active kinase (Fig. S4, D and E). Thus, a logical next
step was to test whether local inhibition of Pkl enhances the
asymmetrical localization of y-tubulin between the individual
spindle poles. Targeted delivery of CLP-BI2536 in LoKI-on cells
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promoted a more asymmetric distribution of y-tubulin as com-
pared with DMSO controls (Fig. 4G). Magnified insets of each
pole further emphasize this result (Fig. 4G). Quantitative analy-
sis revealed that the lowest/highest pole ratio for vy-tubulin
drops from 0.761 to 0.680 when Plk1 inhibitors are targeted to
the mitotic spindle poles (Fig. 4H). In contrast, a less-pro-
nounced effect was observed when experiments were repeated
in LoKI-off cells (Fig. S4, F and G). Additional control analyses
used immunofluorescence of mCherry to confirm that the
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distribution of LoKI platform is equivalent in DMSO- and
drug-treated LoKI-on cells (Fig. 4G and Fig. S4H). These preci-
sion pharmacology experiments reveal that targeted Plk1 inhib-
itor drugs lead to an enhanced asymmetric localization of
v-tubulin at mitotic spindle poles.

Gravin ablation diminishes interactions between vy-tubulin
and upstream regulators

Nedd1, a member of the y-tubulin ring complex (y-TURC),
coordinates y-tubulin accumulation at centrosomes (32, 33).
Furthermore, PIk1 promotes the interaction of y-tubulin with
Nedd1 to ensure proper targeting of y-TURC during mitosis
(34). We employed proximity ligation assay (PLA), a technique
that marks protein-protein interactions that occur within a
range of 40—60 nm, to identify protein interaction pairs in WT
and Gravin null mitotic cells (Fig. 5, A—E). Immunofluorescent
detection of PLA puncta (green) and DAPI (blue) uncovered
Plk1/+y-tubulin interaction pairs in WT MEFs (Fig. 5A). Signifi-
cantly fewer PLA puncta were detected in Gravin null cells (Fig.
5B). Quantitative analysis revealed a 24% reduction in the
number of puncta observed in Gravin null MEFs as com-
pared with WT controls (9.8 versus 12.9, respectively; Fig.
5C). Complementary experiments were carried out to assess
Nedd1/y-tubulin protein-protein interactions (Fig. 5, D—E).
Again, immunofluorescent detection identified PLA puncta
(yellow) and DAPI (blue) in mitotic cells (Fig. 5D). As before,
Gravin null MEFs displayed fewer PLA puncta than WT
control cells (Fig. 5D). Quantitation further revealed that
Gravin-depleted cells displayed 34.8% less PLA puncta than
WT MEFs (Fig. 5E). These findings suggest that Plk1/
v-tubulin and Nedd1/y-tubulin interactions are reduced in
cells lacking Gravin. Thus, abrogation of Plk1-mediated sig-
naling may underlie the abnormalities in y-tubulin accumu-
lation observed in Gravin null cells (Fig. 5F).

Discussion

Subcellular targeting and anchoring of protein kinases is a
recognized molecular mechanism that enhances the precision
and fidelity of protein phosphorylation events (3). Gravin regu-
lates various aspects of mitosis, including the clustering of mi-
totic protein kinases to facilitate spindle formation and mitotic
progression (12, 35, 36). In this study, we discover a new role
for this anchoring protein in modulating the recruitment of
y-tubulin, a major regulator of microtubule nucleation. Our
imaging studies in Fig. 1 reveal that loss of Gravin perturbs the
accumulation of +y-tubulin at mitotic spindle poles. Elevated
expression and ectopic cellular distribution of y-tubulin has
been observed in astrocytic gliomas (18). Delocalization of this
key microtubule-nucleating component has also been detected
in human breast cancer, with the most dramatic changes occur-
ring in tumor cell lines that encompass the greatest metastatic
potential (20). Both reports conclude that inappropriate subcel-
lular distribution of y-tubulin is associated with tumor progres-
sion. Our findings argue that Gravin-mediated signaling further
contributes to this process. Other investigators have shown
that Gravin loss is linked to defective mitoses in a variety of
cancer cell lines (36, 37). Recent phosphoproteomics studies
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further implicate this anchoring protein as a potential prognos-
tic biomarker for high-grade meningiomas (36, 37). Our discov-
ery that Gravin-ablated cells display an enhanced pole-to-pole
asymmetry of y-tubulin provides additional clues into how pro-
tein scaffolds safeguard cell division events (Fig. 3, F-K). Thus,
we postulate that Gravin may serve a protective role during mi-
tosis by ensuring the proper localization of y-tubulin at mitotic
spindle poles. Collectively, these studies suggest that precise
targeting of mitotic signaling components contributes to the fi-
delity of cell division.

Centrosomes exhibit an inherent asymmetry due, in large
part, to their biogenesis from distinctive mother and daughter
centrioles (38). It has been shown in many cell systems that this
unequal distribution of centrosomal proteins correlates with
differential cell fate (39). In addition, higher microtubule organ-
izing activity is often a feature of the mother centriole (40).
Extremes in centrosomal asymmetry must be avoided to ensure
equal cell division and proper spindle assembly (41). Although
the mechanistic details of this process are better understood for
cell fate determination, fewer studies have investigated this
process during cell division. Nonetheless, disrupting the asym-
metric distribution of spindle pole—associated proteins pro-
motes defective chromosome segregation, a hallmark of many
cancers (26). Whereas previous work from our group linked
centrosomal PIkl activity in driving the localization of y-tubu-
lin, data in Fig. 1 and Fig. 3 provide the first evidence for a role
of an AKAP in this process (27). More importantly, the present
study elucidates a new role for the multifunctional kinase scaf-
folding protein Gravin in the maintenance of proper y-tubulin
pole-to-pole asymmetry.

PIk1 is a promising target for therapeutic intervention in can-
cer (42-46). This enzyme catalyzes phosphorylation events
necessary for the efficient and accurate progression of cells
through mitosis (47-49). Although ATP-competitive kinase
inhibitors such as BI2536 are putative anticancer compounds
that have entered clinical trials, conventional approaches for
delivering these drugs increase off-target effects and mask the
contribution of PIk1 at specified subcellular locations (42, 50,
51). With this in mind, we reasoned that manipulating molecu-
lar scaffolds such as Gravin could offer new insight into how
locally constrained signaling enzymes are regulated. Moreover,
pharmacological strategies that inhibit kinase activity within a
specified locale permit the investigation of individual signaling
events. Here, we demonstrate an application of the new preci-
sion pharmacology tool, LoKI, by targeting kinase inhibitor
drugs to the subcellular location where Gravin anchors Plk1l
(27, 52). The rationale for utilizing LoKI targeting was provided
by previous reports that have implicated a role for Plkl in
organizing y-tubulin at mitotic centrosomes (27, 31, 32, 53). A
key advance, illustrated in Fig. 4, is that suppression of Plk1 ac-
tivity at mitotic spindle poles enhances the asymmetric distri-
bution of y-tubulin. By taking advantage of the spatial resolu-
tion afforded by the LoKI system, we discovered that selective
loss of Pkl action at spindle poles perturbs the distribution of
v-tubulin. In addition, the data in Fig. 4, E-H uncover a link
between loss of Plkl activity at the spindle poles and an
enhanced asymmetric distribution of y-tubulin. On the basis of
these results, it is possible that dampened PIkl activity at
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assayed with PLA reveal Plk1 and y-tubulin interaction pairs. Composite images (left) show PLA puncta (green) and DAPI (blue). Differential interference con-
trast shows cell boundaries in mitotic (foreground) and interphase (background) cells. Magnified insets of composite images (top right) depict a mitotic cell.

Grayscale images (bottom right) reveal PLA puncta. C, quantification of PIk1 and +y-tubulin PLA (number of puncta per cell) in WT (gray) and Gravin —/—
0.0357. D, immunofluorescence of WT (top) and Gravin —/— (bottom) MEFs assayed with PLA reveal Nedd1 and
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y-tubulin interaction pairs. Composite images (left) show PLA (yellow) and DAPI (blue). Single channel images of PLA are represented in grayscale (right). E,

quantification of Nedd1 and +y-tubulin PLA (number of puncta per cell) in WT (gray) and Gravin —/—

(red) MEFs; WT, n = 38, Gravin —/—, n =42, *p = 0.0131.

Points in C and E represent individual cells (n). Experiments were conducted three times (N = 3). p-values were calculated by unpaired two-tailed Student’s t
test. Data are mean = S.E. F, schematic depicting that Gravin organizes a signaling network that promotes accumulation of y-tubulin (green circles) when Plk1
and Nedd1 are in proximity to y-tubulin. “P” indicates a phosphorylated species of protein.

mitotic spindle poles underlies the y-tubulin accumulation
defects observed in cells lacking Gravin. Alternatively, Gravin
may facilitate phosphorylation of yet-unknown mitotic sub-
strates that regulate y-tubulin targeting. Irrespective of either
mechanism, our findings advance the concept that Gravin-
anchored kinase activity is necessary to optimally regulate the
distribution of a central y-TURC component during mitosis.
AKAPs constrain enzymes within spatially restricted signal-
ing islands to restrict kinases and phosphatases to the immedi-
ate vicinity of select substrates (54—56). Our previous reports
showed that Gravin organizes Plkl and Aurora A kinases at
spindle poles to facilitate proper spatial relay of signaling dur-
ing mitosis (12, 27). A new concept emerging from this study is
that cells without Gravin have lost the necessary protein-pro-
tein interactions to drive robust localization of y-tubulin at
spindle poles. This is supported by data in Fig. 5, D—E showing
that y-tubulin interaction with Nedd1, a Plk1 substrate, is dis-
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rupted in Gravin null cells. On the basis of these findings, we
conclude that inappropriate targeting of PIkl activity in
Gravin-ablated cells may contribute to the loss of y-tubulin/
Neddl interactions. Moreover, our data are in line with a
recent study that discovered that increased Plk1 mobility in
Gravin-depleted cells results in aberrant phosphorylation of
CEP215, a pericentriolar material component that regulates
the assembly of the y-TURC (26). In addition, these authors
showed that the pole-to-pole asymmetry of this Plkl sub-
strate is impacted by Gravin loss (26). Because Plkl pro-
motes the interaction of y-tubulin with Neddl, it is possible
that loss of this interaction in Gravin null cells drives the
disruptions that we observed in <y-tubulin accumulation
(34). Moreover, these interactions may be necessary for
maintaining the symmetry and composition of the centro-
somes. Thus, our findings in Fig. 5 offer additional mecha-
nistic insight into how Gravin organizes signaling complexes at
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specific subcellular locations to ensure that kinases are positioned
in close proximity to their targets.

A recognized facet of AKAPs is their ability to work within
spatially restricted microenvironments to direct and insulate
kinase action within a few Angstroms of their intended targets
(54, 57). Kinase anchoring is particularly effective for the mod-
ulation of a highly coordinated process such as the cell cycle
(58). Thus, it is perhaps not surprising that subtle perturbations
in the organization of key macromolecular complexes are
responsible for certain defective signaling events that are
observed in a range of cancers (6). This is evidenced by studies
that have identified the AKAPI2 gene, which encodes Gravin,
in a deletion hotspot for a variety of human cancers (59). How-
ever, it is equally worth noting that elevated levels of Gravin in
ovarian cancer have been correlated with poor prognosis (60).
Thus, more studies are necessary to clarify the role of Gravin in
these different pathological contexts. Another theme emerging
from our work is that deploying tools that direct kinase inhibi-
tors to specific subcellular locations provide clues into the con-
tributions of local signaling events. This study provides a prac-
tical application of the LoKI system and demonstrates that
precision pharmacology can be utilized to decipher how anch-
ored PIk1 activity at the spindle poles drives the asymmetric
distribution of y-tubulin. Together, our findings lead us to
speculate that perturbation of Gravin signaling during mitosis
may underlie disease progression. However, future work is nec-
essary to uncover additional Gravin binding partners and
downstream substrates that become dysregulated when this
anchoring protein is ablated in disease contexts.

Experimental procedures
Antibodies and reagents

Antibodies and reagents were obtained from the following
sources: a-tubulin, clone DM1A (Sigma-Aldrich, T9026,
mouse monoclonal; RRID:AB_477593); a-tubulin-FITC, clone
DMI1A (Sigma-Aldrich, F2168, mouse monoclonal; RRID:AB_
476967); anti-Centrin, clone 20H5 (Millipore, 04-1624, mouse
monoclonal, RRID:AB_10563501); FLAG M2 (Sigma-Aldrich,
F3165, mouse monoclonal, RRID:AB 259529); FLAG-HRP
(Sigma-Aldrich, A8592, mouse monoclonal, RRID:AB_439702);
v-tubulin (Abcam, 11317, rabbit polyclonal, RRID:AB_297921);
GAPDH-HRP (Novus, NB110-40405, mouse monoclonal, RRID:
AB_669249); Gravin, clone JP74 (Sigma-Aldrich, G3795, mouse
monoclonal); Gravin, clone R3698 (in-house (12, 35, 36), rabbit
polyclonal); Neddl, clone H-3 (Santa Cruz Biotechnology, sc-
398733, mouse monoclonal); Pericentrin (Abcam, ab4448, rabbit
polyclonal; RRID:AB_304461); phospho-Plkl Thr-210 (Biole-
gend, 628901, rabbit polyclonal, RRID:AB_439786); phospho-
Plk1 Thr-210 clone 2A3 (Abcam, ab39068, mouse monoclonal,
RRID:AB_10861033); Plkl, clone 35-206 (Millipore, 05-844,
mouse monoclonal; RRID:AB_11213632); PIk1, clone F-8 (Santa
Cruz Biotechnology, sc-17783, mouse monoclonal; RRID:AB_
628157); SSeCKS (BD Transduction Laboratory, S63820, mouse
monoclonal); donkey anti-mouse IgG, Alexa Fluor 488 (Invitro-
gen, A-21202); donkey anti-rabbit IgG, Alexa Fluor 647 (Invitro-
gen, A-31573). Amersham Biosciences ECL mouse IgG, HRP-
linked F(ab'), fragment from sheep (GE Life Sciences, NA9310);
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Amersham Biosciences ECL rabbit IgG, HRP-linked F(ab’), frag-
ment from donkey (GE Life Sciences, NA9340).

Plasmid constructs

Constructs for the generation of LoKI cells were generated as
described in (27). In brief, LoKI constructs contain an N-termi-
nal mCherry reporter protein, two soluble NSF attachment
protein—tag domains, and a PACT (Pericentrin AKAP450 cen-
trosomal targeting) sequence. The second soluble NSF attach-
ment protein—tag has a varied codon sequence to simplify
PCR amplification. Individual components were PCR ampli-
fied with overlapping ends and/or Gateway att sites and
assembled using Gibson cloning. Constructs were sub-
cloned into pLIX402 (a gift from David Root; Addgene plas-
mid 41394) using Gateway cloning. Mutant LoKI vectors
were generated by performing site-directed mutagenesis
with a QuikChange II XL kit (Aligent). Constructs for
CRISPR/Cas9-mediated genome editing experiments expressing
Cas9 and gRNAs were generated by cloning into pSpCas9(BB)-
2A-Puro (PX459) vectors (Addgene plasmid 48139). Constructs
were verified by Sanger sequencing.

Cell culture

U20S cells used to generate stable cell lines (27) were pur-
chased from ATCC and tested negative for mycoplasma con-
tamination as assessed by the Universal Mycoplasma Detection
Kit (ATCC, 30-1012K). U20S, control and Gravin shRNA
HeLa (12), control and Gravin shRNA HEK 293 (11), and
immortalized MEF (generated as described in (12)) cells were
maintained in DMEM, high glucose (Life Technologies) at 37 °C
and 5% CO,. All media was supplemented with 10% FBS
(Thermo Fisher Scientific). Infections for generation of stable
knockdown in HeLa and HEK 293 cells were performed with
shRNA lentiviral particles (Santa Cruz Biotechnology). Infec-
tions for generation of stable LoKI cells were performed using
lentiviral particles created in-house (as described in (27)). Tran-
sient gene expression of FLAG-SSeCKS, a murine Gravin rescue
construct, was performed by transfection using TransIT-LT1
reagent (Mirus).

CRISPR/Cas9 editing of Gravin

CRISPR/Cas9-mediated genome editing was used to delete
the AKAP12 gene on chromosome 6 in U20S cells. Two
unique gRNAs were designed to the following targets: gRNA1,
AGAGATGGCTACTAAGTCAGCGG; and gRNA 2, AGCC-
GAATCTGGCCAAGCAGTGG. Bold letters indicate a pepti-
dylglycine a-amidating monooxygenase sequence. Constructs
expressing Cas9 and either gRNA were generated by cloning
into pSpCas9(BB)-2A-Puro (PX459) vectors (Addgene plasmid
48139). Individual vectors were transfected into U20S cells
using TransIT-LT1 reagent (Mirus) in Opti-MEM® (Life Tech-
nologies) media according to the manufacturer’s instructions.
Single clones were isolated using Scienceware cloning discs
(Sigma-Aldrich). Clones were first screened by immunoblot-
ting for loss of Gravin protein expression using two independ-
ent antibodies. Clones that had undetectable levels of Gravin
were further checked for mutations. In brief, cells were pelleted
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and purification of genomic DNA was achieved by treating
with 50 mm NaOH for 20 min at 95 °C followed by treatment
with 1M Tris pH 8.0 and a 10 min spin at 14,000 rpm. Pri-
mers flanking the target sites were designed and the region
was amplified by PCR: gRNA1-forward, TTGGACAGAG-
AGACTCTGAAGATGTG; gRNAl-reverse, CTTCATC-
TTTCTTCACAGTGAGTAGC; and gRNA2-forward, ACT-
GTGAAGAAAGATGAAGGGG. PCR products were cloned
into vectors using the Zero Blunt"™™ TOPO™ PCR Cloning kit
(Thermo Fisher). Individual clones were isolated for plas-
mid DNA mini-prep and verified by Sanger sequencing.

Drug treatments

RO3306 (Sigma-Aldrich) was used to enrich mitotic cells in
Gravin rescue experiments. At least 24 h post transfection, cells
were treated with 10 um RO3306 for 24 h and then incubated
in complete DMEM for 25 min prior to fixation. BI2536
(AdooQ BioScience) and CLP-BI2536 (27) were used to inhibit
Plk1. For LoKI experiments, cells were treated as described in
(27). In brief, prior to drug treatment, cells were incubated with
1 pg/ml doxycycline hyclate (Sigma-Aldrich) in FBS-supple-
mented DMEM for 48-72 h to induce expression of LoKI tar-
geting platforms. The cells were grown on 1.5 poly-p-lysine—
coated coverslips (Neuvitro) for ~16 h in complete DMEM and
then treated with DMSO (Pierce) or CLP-BI2536 in serum-free
DMEM for 4 h. For washout experiments (y-tubulin data), the
cells were incubated in serum-free DMEM without inhibitors
for an additional 1 h. The cells were washed once with PBS
prior to fixation.

Immunoblotting

The cells were lysed in radioimmune precipitation assay
buffer (50 mm Tris HCL, pH 7.4, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mm NaF, 120 mm NaCl, and 5 mm
B-glycerophosphate) with protease and phosphatase inhibitors
(1 mm benzamidine, 1 mm AEBSF, 2 ug/ml leupeptin, and 100
nM microcystin-LR). Samples were boiled for 5 min at 95°C in
NuPAGE™ LDS Sample Buffer 4X (Thermo Fisher Scientific)
and 5% Eagle’s Basal Medium (Sigma-Aldrich), and protein
concentration was determined using a Pierce™ BCA Protein
Assay kit (Thermo Fisher Scientific). The samples were
resolved on Bolt® 4—12% Bis-Tris Plus Gels (Invitrogen), the
proteins were transferred to nitrocellulose for immunoblotting,
and the membranes were probed with primary antibodies.
Detection was achieved with an HRP-conjugated rabbit or mouse
secondary antibody (GE Healthcare) followed by enhanced
chemiluminescence with SuperSignal ™ West Pico PLUS Chem-
iluminescent Substrate (Thermo Fisher Scientific). Representa-
tive blots were adjusted for brightness and contrast in Fiji, and
densitometry measurements were used to generate graphs.

Immunofluorescence

The cells grown on 1.5 poly-pD-lysine—coated coverslips
(Neuvitro) for ~16 h were fixed in ice-cold methanol or in 4%
paraformaldehyde in PBS for 10 min. The cells were permeabil-
ized and blocked in PBS with 0.5% Triton X-100 and 1% BSA
(PBSAT) for 30 min. Primary antibodies and secondary anti-
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bodies, conjugated to Alexa Fluor dyes (Invitrogen), were
diluted in PBSAT, and the cells were stained for 1 h in each.
Counterstaining with FITC-tubulin antibodies and/or DAPI
(Thermo Fisher Scientific) was carried out for 10-45 min in
PBSAT. Washes with PBSAT were carried out in one of two
ways (three times for 5 min or 10 times, quick on and off)
between antibody and/or dye incubation steps and prior to
mounting. Coverslips were mounted on slides using ProLong®
Diamond Antifade Mountant (Life Technologies, P36961).

Proximity ligation assay

The cells were methanol-fixed, permeabilized, blocked, and
stained with primary antibodies as described under “Immuno-
fluorescence.” The cells were incubated with anti-rabbit and
anti-mouse probes (Duolink) and PLA was carried out accord-
ing to manufacturer’s instructions. Where applicable, the cells
were counterstained as described above.

Microscopy

Widefield and super-resolution 3D-SIM images were
acquired on a Deltavision OMX V4 (GE Healthcare) system
equipped with a 60X 1.42 NA PlanApo oil immersion lens
(Olympus), 405-, 488-, 568-, and 642-nm solid-state lasers, and
sCMOS cameras (pco.edge). For SIM, 15 images per optical
slice (three angles and five phases) were acquired. Image stacks
of 4-7 pum with 0.200- (widefield) or 0.125-pum (SIM) optical
thick z-sections were acquired using immersion oil with a re-
fractive index of 1.516 or 1.518. Z-stacks were generated using
the DAPI or a-tubulin channels to define the upper and lower
boundaries of the plane with a 0.5—um step size. SIM images
were reconstructed using a Wiener filter setting of 0.003, and
optical transfer functions measured specifically for each chan-
nel with SoftWoRx software (GE Healthcare) were used to
obtain super-resolution images with a 2-fold increase in resolu-
tion both axially and laterally. Images from different color
channels were registered using parameters generated from a
gold grid registration slide (GE Healthcare) and SoftWoRx.
Widefield images were deconvolved using SoftWoRx. For
micronuclei counts and acquisition of differential interference
contrast images for PLA assays, a DM16000B inverted micro-
scope (Leica) equipped with a 63X Plan-Apocromat NA 1.4 oil
objective, a CSU10 confocal spinning disk (Yokogawa), and a
CooISNAP HQ camera (Photometrics) controlled by Meta-
Morph 7.6.4 (Molecular Devices) was used. Representative
images were adjusted for brightness and contrast in Fiji.

Image analysis

SoftWoRx (GE Healthcare) or NIH Image] (Fiji) software
was used to generate maximum intensity projections from
z-stack images. Immunofluorescence signals were measured
using Fiji software. For analysis of immunofluorescence at
spindle poles, sum slice 32-bit Tiff projections were gener-
ated from z-stack images. The oval selection tool in Fiji was
used to draw a circle (region-of-interest) around the spindle
pole and measure the signal in the 647 (y-tubulin) channel.
The area of the circle remained consistent for all experimen-
tal replicates. Using the measure function in Fiji, with “Area”
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Table 1

Statistical analyses table

Fig. Condition Sample size (n) Test Statistics p-value Summary

1H WwWT 49 Unpaired two-tailed Student’s ¢ test t =5.855, df = 101 <0.0001 R
Gravin —/— 54

S1C Control shRNA 46 Unpaired two-tailed Student’s ¢ test t=3.901, df =90 0.0002 o
Gravin shRNA 46

S1E Control shRNA 45 Unpaired two-tailed Student’s £ test t =6.360, df = 86 <0.0001 R
Gravin shRNA 43

S1E Gravin shRNA 43 Unpaired two-tailed Student’s ¢ test t=7.300, df = 86 <0.0001 s
Gravin shRNA + rescue 45

SIE Control shRNA 45 Unpaired two-tailed Student’s ¢ test t=3.086, df = 88 0.0027 *
Gravin shRNA + rescue 45

2G WT 3 Unpaired two-tailed Student’s ¢ test t=8.527,df=4 0.0010 *
Gravin KO 3

S2B Control shRNA 3 Unpaired two-tailed Student’s ¢ test t=5.340,df =4 0.0059 *
Gravin shRNA 3

S2C WT 2 Unpaired two-tailed Student’s ¢ test t=26.90,df=2 0.0014 *
Gravin KO 2

S2F WT 42 Unpaired two-tailed Student’s ¢ test t=5.391,df=79 <0.0001 ok
Gravin KO 39

S2G WwWT 42 Unpaired two-tailed Student’s ¢ test t=5.595,df=79 <0.0001 R
Gravin KO 39

3D Pole 1 64 Unpaired two-tailed Student’s ¢ test t=3.794, df = 126 0.0002 o
Pole2 64

3E Pole 1 23 Unpaired two-tailed Student’s ¢ test t =2.454, df = 44 0.0181 *
Pole2 23

3] WT 49 Unpaired two-tailed Student’s ¢ test t =2.042, df = 100 0.0438 *
—/= 53

3K WT 23 Unpaired two-tailed Student’s ¢ test t=2.303,df =42 0.0263
KO 21

3M WT 38 Unpaired two-tailed Student’s ¢ test t=0.2365,df =71 0.8137 NS
KO 35

S3B WwWT 23 Unpaired two-tailed Student’s ¢ test t=2.303,df =42 0.0263 *
KO 21

S3B WT 23 Unpaired two-tailed Student’s ¢ test t=2452,df=37 0.0190 *
KO #2 16

S3B KO 21 Unpaired two-tailed Student’s ¢ test t=0.2261,df=35 0.8225 NS
KO #2 16

S3C WwWT 38 Unpaired two-tailed Student’s ¢ test t=1.550,df=71 0.1256 NS
KO 35

S3D WT 49 Unpaired two-tailed Student’s ¢ test t =0.4315, df = 101 0.6671 NS
KO 54

S3E WT 49 Unpaired two-tailed Student’s ¢ test t=0.2692, df = 102 0.7883 NS
KO 55

S3G WT 2 Unpaired two-tailed Student’s ¢ test t=0.6212,df=2 0.5978 NS
—/= 2

S3I WT 2 Unpaired two-tailed Student’s ¢ test t=0.8504, df =2 0.4847 NS
KO 2

4C DMSO (pole 2) 53 one-way analysis of variance with Dunnett’s F (4,224) = 11.47 control -
5 nM (pole 2) 44 multiple comparisons test 0.1387 NS
10 nM (pole 2) 44 0.7016 NS
15 nu (pole 2) 44 <0.0001
20 nM (pole 2) 44 <0.0001 R

4F LoKI-off, pole 1 49 Unpaired two-tailed Student’s ¢ test t=4.770,df = 96 <0.0001 s
LoKI-off, pole 2 49

4F LoKI-on, pole 1 49 Unpaired two-tailed Student’s ¢ test t=5.362,df = 96 <0.0001 sk
LoKI-on, pole 2 49

4F LoKI-off, pole 2 49 Unpaired two-tailed Student’s ¢ test t=3.382,df =96 0.0010 *
LoKI-on, pole 2 49

4H DMSO 76 Unpaired two-tailed Student’s ¢ test t=2716,df =148 0.0074 *
250 nm 74

S4B DMSO, LoKI-off (pole 2) 44 Unpaired two-tailed Student’s ¢ test t=1.163, df = 102 0.2477 NS
DMSO, LoKI-on (pole 2) 60

S4B 100 nm, LoKI-off (pole 2) 46 Unpaired two-tailed Student’s ¢ test t=0.09352, df = 103 0.9257 NS
100 nm, LoKI-on (pole 2) 59

S4B 500 nM, LoKI-off (pole 2) 53 Unpaired two-tailed Student’s ¢ test t=2612,df=111 0.0102 *
500 nm, LoKI-on (pole 2) 60

s4C DMSO, LoKI-off (pole 2) 52 Unpaired two-tailed Student’s ¢ test t=0.6178, df = 109 0.5380 NS
DMSO, LoKI-on (pole 2) 59

s4C 100 nmM, LoKI-off (pole 2) 52 Unpaired two-tailed Student’s £ test t=0.1043, df = 108 0.9172 NS
100 nm, LoKI-on (pole 2) 58

s4C 250 nm, LoKI-off (pole 2) 55 Unpaired two-tailed Student’s ¢ test t=0.7968, df = 100 0.4275 NS
250 nm, LoKI-on (pole 2) 47

s4C 500 nM, LoKI-off (pole 2) 52 Unpaired two-tailed Student’s ¢ test t=0.2530, df = 102 0.8007 NS
500 nM, LoKI-on (pole 2) 52

S4G DMSO 70 Unpaired two-tailed Student’s ¢ test t=2.106, df = 135 0.0370 *
250 nM 67
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Table 1—Continued

Fig. Condition Sample size (1) Test Statistics p-value Summary
S4H DMSO 76 Unpaired two-tailed Student’s ¢ test t=1.737,df =146 0.0846 NS
250 nm 72
5C WwWT 40 Unpaired two-tailed Student’s ¢ test t=2.140,df=72 0.0357 *
Gravin —/— 34
5E WT 38 Unpaired two-tailed Student’s ¢ test t=2538,df=78 0.0131
Gravin —/— 42

and “Raw Integrated Density” predefined as measurements, val-
ues were recorded for each spindle pole and for a nearby back-
ground region.

Total signal at spindle poles: The average raw integrated den-
sity for the spindle poles was determined by adding together
the raw integrated densities for each pole in a cell and dividing
that value by two. The integrated density of the background
was subtracted from the average integrated density of the spin-
dle poles to yield a background-subtracted average integrated
density signal. In the case of a negative value (when the back-
ground signal is higher than that at the poles), a value of zero
was reported. An average spindle pole signal was calculated for
each control and experimental condition. To do this, normal-
ized average integrated densities were added together and di-
vided by the total number of cells for a given condition. This
resulted in a value representing the background-normalized av-
erage integrated density at the spindle poles. Values for Gravin
null and drug-treated cells were normalized to W'T or DMSO-
treated controls, respectively.

Signal at individual spindle poles: The individual raw inte-
grated densities for each spindle pole in a given cell were classi-
fied into two categories: pole 1 (the spindle pole that contains
the highest fluorescence signal) and pole 2 (the pole with the
lowest fluorescence signal). The background signal values
were subtracted from each individual pole. As before, nega-
tive values were replaced with a zero. Values for the low pole
were normalized to average high-pole values of each corre-
sponding condition.

Lowest/highest pole ratios: Background-subtracted inte-
grated intensity values were used to determine the total y-tubu-
lin signal at each pole. The immunofluorescence signal of the
pole with the lowest intensity was divided by the signal of the
pole with the highest intensity to determine the ratio of y-tubu-
lin between the poles. In cases where the value for the ratio was
zero, the value was removed and not included in statistical anal-
ysis. This was to avoid misinterpretation of the data because a
value of zero at both poles and a high value at pole 1 but a zero
value at pole 2 would both yield the same ratio.

Micronuclei analysis: For each experimental replicate, 500
interphase cells were examined using the DAPI channel. The
number of cells with micronuclei was divided by 500 to deter-
mine the percent of micronucleated cells per experiment.

PLA analysis: The number of PLA puncta per cell was quan-
tified using the cell counter tool in Fiji.

Surface and line plots: Plots were generated in Fiji software
from maximum intensity projections of representative images
using the 3D Surface Plot function or the Plot Profile function.
The Image] “fire” lookup table setting was used to generate
pseudo-color images.

SASBMB

Statistical analysis

Statistics were performed using an unpaired two-tailed Stu-
dent’s ¢ test or a one-way analysis of variance in Prism 8 soft-
ware (GraphPad). All values are reported as mean = S.E. with
p-values less than 0.05 considered statistically significant.
Number of independent experiments (N) and number of indi-
vidual points over several experiments (7) are presented. The
sample size was not statistically determined. Where applicable,
n > 20 independent measurements were conducted across N >
3 independent experiments. For micronuclei experiments in
Gravin KO 2 (Fig. S2C), at least 1000 cells per condition over
two independent experiments were assayed. Detailed analyses
are presented in Table 1.

Data availability

All raw image data can be provided upon request.
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