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Figure 6. Plk1 negatively regulates NuMA cortical localization by phosphorylating at its C-terminus.
(A-E) Images from time-lapse microscopy of Hela cells stably expressing mCherry-H2B at metaphase, as indicated, transfected with various mutant forms of C-terminus
(1,411-2,115) of NuMA (see text for details). The GFP signal is shown in green and the mCherry signal in pink. Please note significant enrichment in the GFP signal in cells
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work strongly supports the notion that Plk1 regulation occurs at the
levels of NuMA (Fig 6L). We further reveal that the significantly
reduced mobility of GFP-NuMA upon PLk1 inhibition or of GFP-NuMA
(ss1833/34an) At the cell cortex is presumably responsible by cortical
NuMA enrichment in metaphase and possibly in anaphase cells. It
would be interestingto uncover in the future whether this change in
NUuMA turnover by Plk1 is due to a direct impact of Plk1-mediated
phosphorylation on NuUMA structure or due to an alteration of its
interaction with its binding partners such as F-actin-binding 4.1
family of proteins that is important for its stabilization at the cell
cortex (Seldin et al, 2013). Intriguingly, phosphomimetic mutants for
1833/34 [GFP-NuMA(SS1833/34DD) or GFP-NUMA(SS1833/34EE)]
behave as phospho-dead in their cortical localization (data not
shown), and this could simply be because the phosphomimetic
substitutions often fail to give the same outcome as achieved by
protein phosphorylation (reviewed in Dephoure et al [2013]).

In addition to Plk1, Cdk1/cyclinB and Aurora A kinase were also
shown to impact cortical NuMA and therefore the dynein locali-
zation during metaphase (reviewed in Seldin & Macara [2017]). This
led to the question, why cortical NUMA acts as a potential target for
most of these mitotic kinases? Because, NUMA mediates cortical
localization of dynein during metaphase and in anaphase, one
interesting possibility is that NUMA could function as a strategic
molecule to orchestrate the accurate cortical localization of dynein
for unperturbed mitosis in human cells.

Notably, Plk1 plays a myriad of functions in controlling various
aspects of mitosis, and moreover, Plk1 overexpression is linked with
tumorigenesis (Eckerdt et al, 2005; reviewed in Strebhardt & Ullrich
[2006]). Because of the existence of some evidence that links
spindle misorientation with tumorigenesis (Caussinus & Gonzalez,
2005; Quyn et al, 2010; Hehnly et al, 2015; Noatynska et al, 2012), it
would be interesting for future work to evaluate if Plk1 driven
cancer progression is due to its impact on spindle misorientation.

Materials and Methods

Cell culture, cell synchronization, spindle orientation, and
transfection

Hela cells expressing GFP-Centrin 1 (Piel et al, 2000), Hela Kyoto,
and hTERT1-RPE1 cells were cultured in high-glucose DMEM with

GlutaMAX (CC3004; Genetix) media supplemented with 10% FCS in
a humidified 5% CO, incubator at 37°C. For monitoring spindle
positioning in fixed specimens, Hela cells were synchronized with
2 mM thymidine (T1895; Sigma-Aldrich) for 20 h, released for 9 h,
trypsinized, and plated on fibronectin L-shaped micropatterns
(CYTOO SA). ~80,000 cells were placed on a CYTOO chip in a 35-mm
culture dish. After 1 h, cells that had not attached to the micro-
patterns were removed by gently washing with media. Cells were
then fixed, 9 h after the release, with cold methanol and stained
with antibodies against y-tubulin (GTU88; Sigma-Aldrich) and NuMA
(sc-48773; Santa Cruz). For PLk1 inhibition, cells were treated with
300 nM BI 2536 (S1109; Selleckchem) for 30 min on fibronectin
L-shape micropatterns before fixation with cold methanol. To study
spindle orientation in the z-axis using hTERT1-RPE1 cells, cells were
synchronized using double thymidine, released for 730 h, and
treated with Bl 2536 for 30 min before fixation using cold methanol
and staining with antibodies against y-tubulin (GTU8S; Sigma-
Aldrich). Pole-pole distance in the z-axis was calculated by
taking confocal z-sections of 0.5 pym covering both the brightest
y-tubulin signal intensity at the spindle-pole. The distance in z-axis
was plotted for all the individual cells.

For siRNA experiments, ~100,000 cells were seeded in six-well
plates. 6 ul of 20 uM siRNAs in 100 ul RNase-free water and 4 pl of
Lipofectamine RNAIMAX (13778150; Invitrogen) in 100 ul RNase-free
water were incubated in parallel for 5 min, mixed for 20 min, and
then added to 2.5 ml medium per well. For plasmid transfections,
cells were seeded at 80% confluency. 4 ug of plasmid DNA in 400 pl
serum-free media either with 6 pl of either Turbofect (R0O531;
Thermo Fisher Scientific) or 4 pl Lipofectamine 2000 (11668019; Life
Technologies) incubated for 15-20 min and added to each well.

Plasmids and RNAi

All NUMA clones were constructed using full-length NUMA as a
template with appropriate PCR primer pairs (the sequences of all
primers are available upon request). The amplified products were
sub-cloned into pcDNA3-GFP (Merdes et al, 2000). For recombinant
expression in E. coli, PBD of Plk1 was cloned in pETEM 30 (EMBL-
vectors) containing GST-tag at the N-terminus with the restriction
sites Ncol and EcoRI. NuMA1700-2115 was cloned in pET28a plasmid
with HexaHistidine tag at the N-terminus with the restriction sites
Notl and EcoR1.

expressing GFP-NUMAC.ier(ss1833/34aa) (B) i contrast to cells expressing either a wild-type NUMA(.ie, construct or the other mutant forms. Quantification of cortical
enrichment is shown below for 10 cells in each condition; (P < 0.005 for metaphase cells expressing GFP-NUMA _ter(ss1833/34a4) iN COMparison with either GFP-NUMA_e, Or
other mutant constructs as analyzed by two-tailed t test; error bars: SD). (F, G) Images from time-lapse microscopy of Hela cells stably expressing mCherry-H2B and partly
depleted of endogenous NuUMA at metaphase or at various stages of anaphase, as indicated, transfected either with GFP-NuMA (F) or GFP-NUMA(ss1g33/344) (G). The GFP
signal is shown in green and the mCherry signal in pink. Please note significant enrichment in the GFP signal in a cell expressing GFP-NUMA(ss1g33/34a4) IN CONtrast to the
wild-type GFP-NUMA. Quantification of the cortical enrichment shown on the right representing the cortical signal as cells are progressing from metaphase to anaphase
transition. For cells undergoing metaphase to anaphase transition from -2 min to 6 min, the P < 0.05 for cortical GFP signal between GFP-NuMA and GFP-NUMA(ssig33/34aa)
and P > 0.1 for 8 to 12 min intervals between GFP-NUMA and GFP-NUMA ss1g33/34a4), @S @nalyzed by two-tailed t test; error bars: SD). (H-K) Schematic representation of the
mitotic spindle on an L-shaped micro-pattern as shown in Fig 3A. Spindle orientation was determined as an angle as depicted, with 0° being defined as the position of
spindle along the hypotenuse as shown. (H-K) represents the frequency of angular distribution of spindle positioning every 15°. Note the change in the axis of the spindle
orientation in cells weakly expressing GFP-NuMA(ss1g33/344) (K) in contrast to the untransfected control cells (1) or cells weakly expressing GFP-NuMA (J) [N = 20 for
untransfected, N = 15 for cells expressing GFP-NuMA, and N = 23 for cells expressing GFP-NUMA(ss1g33/34an)). P < 0.005 between GFP-NUMA(ss1g33/34an)-€Xpressing cells and
untransfected control cells, or between GFP-NUMA and GFP-NUMA(ssig33/34a8)-€Xpressing cells as calculated using two-tailed t test. (L) Model illustrating the impact
of PLk1on the cortical localization of NuMA and therefore dynein during metaphase. In control metaphase cells (on the left), spindle-pole pool of PLk1(shown in yellow on
the spindle-pole) creates a gradient (in red) and influences cortical dynein complex localization through phosphorylating NuMA (shown in orange). This process
orchestrates the balanced levels of cortical levels of NuMA/dynein, which is essential for proper spindle orientation. Plk1 inactivation in metaphase (shown on the right),
causes loss of negative regulation on NuMA and thus NuMA/dynein levels augment which causes to spindle orientation defects.
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Double stranded siRNAs oligonucleotides were synthesized with
the sequences: 5'-UAGGAAAUCAUGAUCAAGCAA-3’ (LGN-siRNAs; Life
Technologies), [5’-GAACUAACAGCACGACUUA-3’, 5’-CUUCAGGGAUG-
CAGUUAUA-3’, 5'-ACAGUGAAAUUCUUGCUAA-3" and 5'-UGAAGGGU-
UCUUUGACUUA-3'] (LGN-siRNAs, Dharmacon Smartpool On target
plus), [5'-GGUGGCAACUGAUGCUUUA-3’, 5'-GAACCAGCCUCACCUAUC
U-3’, 5'-GCAAACGGGUCUCCCUAGA-3" and 5'-GGAGUUCGCUACCCU-
GCUA-3'] (NUMA-siRNAs, Dharmacon Smartpool On target plus), [5'-
GAUCAAACAUGACGGAAUU-3’, 5'-CAGAACAUCUCACCGGAUA-3’, 5'-
GAAAUCAACUUGCCAGAUA-3', 5'-GCAAGAAUGUCGCUAAAUU-3']
(DHC1-siRNAs, Dharmacon Smartpool On target plus), [5'-UA-
GAACCCACACCCGAACAUGUACA-3'] (PLk1 siRNAs, Eurogentec).

In the cases where wild-type or mutant NuMA fusion constructs
were expressed in NuMA-depleted cells, endogenous NuUMA was
depleted using siRNAs sequences CCUCUGGAUCUAGAAGGGACC-
AUAA targeting 3’UTR sequence of NuMA that is missing in the
fusion constructs.

Plk1 inhibition using Bl 2536

Hela cells were treated with 2 mM thymidine for 23 h followed by
6-h release in media. Then, the cells were treated with 50 ng/ml
Nocodazole (M1404; Sigma-Aldrich) for 5 h following which the
cells were treated with 10 mM MG132 (M8699; Sigma-Aldrich) for 2 h.
Cells were then released in media for 20 min. After this point, the
cells were either treated with DMSO or 100 nM BI 2536. In the case of
unsynchronized cells, 300 nM of Bl 2536 was used to inhibit PLk1 for
30 min before fixation.

Indirect immunofluorescence and time-lapse imaging of HelLa
cells

For immunofluorescence, cells were fixed in -20°C methanol for
7-10 min and washed in PBS-0.05% Triton X-100 (PBST). After
blocking in 1% BSA (RM3159; HiMedia) in PBST for 1 h, cells were
incubated with primary antibodies for 4 h. Following three washes
in PBST for 5 min each, cells were incubated with secondary
antibodies for 1 h, counterstained with 1 pyg/ml Hoechst 33342
(B2261; Sigma-Aldrich), washed three times for 5 min in PBST and
mounted using Fluoromount-G (SouthernBiotech, 0100-01). Pri-
mary antibodies were used at the following dilutions: 1:200 rabbit
anti-NuMA (sc-48773; Santa Cruz), 1:200 rabbit anti-LGN (HPA007327;
Sigma-Aldrich), 1:200 mouse anti-p150Glued (612709; Transduction
Laboratories), 1:2000 mouse anti-y-tubulin (GTU88; Sigma-Aldrich),
and 1:500 mouse anti-GFP (DsHB, 8H11s). Secondary antibodies
used were 1:500 Alexa flour 488 goat anti-mouse (A11001; Invi-
trogen), 1:500 Alexa flour 488 goat anti-rabbit (A11008; Invitrogen),
1:500 Alexa flour 568 goat anti-mouse (A11004; Invitrogen), and 1:
500 Alexaflour 568 goat anti-rabbit (A11011; Invitrogen). Confocal
images were acquired on an Olympus FV 3000 confocal laser
scanning microscope using a 60x NA 1.4 oil objective and pro-
cessed in Image) and Adobe Photoshop, maintaining relative
image intensities.

Time-lapse microscopy was conducted on an Olympus FV 3000
confocal laser scanning microscope using a 40x NA 1.3 oil (Olympus)
using an imaging dish (0030740017; Eppendorf) at 5% CO,, 37°C, 90%
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humidity. Images were acquired every 3 min or 2 min, capturing 8-10
sections, 3 ym apart at each time point. Time-lapse figures were
obtained using a single confocal section of the Z-stack.

Quantification of cortical intensity

Quantification of cortical NuMA signal or GFP cortical signal in the
case of GFP-tagged proteins for all the Figures was determined by
calculating the ratio of the mean intensity of cortical signal (of an
area of size 1.8 x 4 um as shown in each Figure) divided by the mean
intensity value in the cytoplasm (similar area) and correcting for
the background signal (an analogous area outside the cell). The
brightest polar cortical region was utilized as a selection criterion in
control and in a given experimental condition. Significance was
determined using two-tailed t test for each condition.

Quantification of spindle pole intensity

Quantification of spindle-pole GFP-NuMA signal was determined by
calculating the ratio of the mean intensity of cortical signal (of an
area of size 1.6 ym? as shown in each Figure) divided by the mean
intensity value in the cytoplasm (similar area) and correcting for the
background signal. The brightest spindle pole in each cell is utilized
for the quantification. Significance was determined using two-
tailed t test for each condition.

Quantification of cytoplasmic intensity

Quantification of cytoplasmic GFP-NuUMA signal was determined by
calculating the mean intensity of the cytoplasmic signal (of an area
of size 1.8 x 4 um as shown in each Figure) and correcting for the
background signal. Significance was determined using two-tailed
t test for each condition.

FRAP analysis

Hela cells stably expressing mCherry-H2B were transfected with
GFP-NUMA or GFP-NuMA(SS1833/34AA). FRAP experiments were
performed for a specific region (4.85 um? for the cell cortex and
17 um? for the spindle pole with the 40x objective; as shown in Figs 3
and S4). 40% of the 488-nm laser was used to bleach the region of
interest and images within the same focal plane were acquired for
every 2 s for the cell cortex for the entire duration of 80 cyclesor5s
for the spindle pole for 50 cycles to monitor fluorescence recovery.
For spindle pole FRAP, images were acquired over three planes
(step size =2 um, thickness = 6 um) because the spindle poles were
going in and out of the imaging plane and the recovery was
assessed from the maximum intensity projected images. For Plk1
inhibition, cells were treated with 300 nM BI 2536 for 30 min before
FRAP experiments. To assess the fluorescence loss due to imaging-
induced photobleaching, fluorescence from a cortical region or
spindle pole separated from the bleached region was simulta-
neously recorded. The intensity value in the bleached area was
measured, corrected for the background, and the curves were then
normalized using the following equation:
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| = (lt B |m\'n)

(lmax - |min)

where, | isthe normalized intensity, I is the intensity at a time-point,
Imin is the minimum intensity (at the time of bleaching), and Iy is
the maximum intensity (prebleaching intensity). For the calculation
of half-time of recovery (t;/,), the bleaching due to imaging was
considered, and the values were quantified by fitting to an expo-
nential equation.

Immunoprecipitation, GST pull-down assays, and
immunoblotting

For co-immunoprecipitations, 3 mg of cell lysate from the Noco-
dazole (100 nM) arrested mitotic HelLa cells was incubated with 30 pul
GFP-Trap agarose beads (ACT-CM-GFA0050; ChromoTek) in lysis
buffer (50 mM Tris, pH-7.4, 2 mM EDTA, 2 mM EGTA, 25 mM Sodium
fluoride, 0.1 mM sodium orthovandate (S6508; Sigma-Aldrich),
0.1 mM PMSF (7110; Calbiochem), 0.2% Triton-X100, 0.3% NP-40,
100 nM Okadaic acid, and complete EDTA-free protease inhibitor
(539134; Merck) for 4 h at 4°C. After extensive washing in wash buffer
(50 mM Tris, pH-7.4, 2 mM EDTA, 2 mM EGTA, 25 mM Sodium fluoride,
0.1 mM sodium orthovandate, 0.1 mM PMSF, 0.2% Triton-X100, 0.3%
NP-40, 100 nM Okadaic acid, and complete EDTA-free protease
inhibitor) the beads were denatured at 99°C in 2x SDS-PAGE buffer
and analyzed by SDS-PAGE and immunoblotting.

For GST pull down assays, 4 mg of cell lysate from the Nocodazole
(100 nM) arrested mitotic Hela cells was precleared by incubat-
ing with 25 pg bacterially expressed purified recombinant GST and
50 pl of 50% slurry glutathione sepharose beads (17-0756-01; GE
Healthcare) for 2 h at 4°C. 2-4 mg of the precleared lysate was
incubated with 20 ug of bacterially expressed purified recombinant
GST or GST-PLk1PBD and 50 ul of 50% glutathione sepharose beads
slurry for 4 h. After extensive washing in wash buffer (50 mM Tris,
pH-7.4, 2 mM EDTA, 2 mM EGTA, 25 mM Sodium fluoride, 0.1 mM
sodium orthovandate, 0.1 mM PMSF, 0.2% Triton-X100, 0.3% NP-40,
100 nM Okadaic acid, and complete EDTA-free protease inhibitor),
the beads were denatured at 99°C in 2x SDS-PAGE buffer and
analyzed by SDS-PAGE and immunoblotting.

For immunoblotting, Hela cells synchronized with 100 nM
Nocadazole for 16-20 h were lysed in lysis buffer (50 mM Tris, pH-7.4,
2 mM EDTA, 2 mM EGTA, 25 mM Sodium fluoride, 0.1 mM sodium
orthovandate, 0.1 mM PMSF, 0.2% Triton-X100, 0.3% NP-40, 100 nM
Okadaic acid, and complete EDTA-free protease inhibitor) for2 h on
ice. Cell lysate was denatured at denatured at 99°C in 2x SDS-PAGE
buffer and analyzed by SDS-PAGE followed by immunoblotting. For
immunoblotting, 1:1,000 rabbit anti-NuMA (sc-48773; Santa Cruz), 1:
5,000 rabbit anti-GST (G-7781; Sigma-Aldrich), 1:500 mouse anti-Plk1
(sc-17783; Santa Cruz), and 1:5,000 rabbit anti-GFP (sc-8334; Santa
Cruz) were used.

Far-Western

Protein extracts from the Nocodazole arrested mitotic Hela cells
were resolved on SDS-PAGE and were transferred onto the PVDF
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membrane. Proteins on the membrane were denatured in Tris-
based buffer (20 mM Tris, pH-7.5, 100 mM NaCl, 0.5 mM EDTA, 10%
glycerol, 0.1% Tween-20, 2% skim milk powder, and 1 mM DTT) that
also contains 6 M guanidine-HCl for 30 min at room temperature.
This step is followed by gradual renaturation of the membrane-bound
proteins in the same buffer but with 3 M and 1 M guanidine-HCl. The
last renaturation step was performed with 0.1 M guanidine-HCl at 4°C.
Subsequently, the blot was incubated overnight in the above-
mentioned buffer without guanidine-HCl. The next day, the
membrane was blocked with 5% skim milk powder in 1x PBST
(containing 0.05% Tween 20) for 1 h at room temperature. There-
after, the membrane was incubated with 5 pg (1 ug/ul) of
recombinant GST/GST-PBD in protein binding buffer (20 mM Tris,
pH-7.5,100 mM NaCl, 0.5 mM EDTA, 10% glycerol, 0.1% Tween-20, 2%
skim milk powder, and 1 mM DTT) at 4°C overnight. The membrane
was washed with 1x PBST three times, 10 min each. The blot was
then incubated with primary antibody against GST-fusion protein
subsequent immunoblotting.

In vitro kinase assay

To assay Plk1 kinase activity on recombinantly expressed
C-terminus fragment of NuMA1700-2115, 1 ug of NuMA1700-2115
was incubated with 300 ng PLk1 kinase (14-777M; Merck) in kinase
buffer (20 mM Hepes, pH-7.8, 15 mM KCl, 10 mM MgCl2, 1 mM EGTA,
and 100 pg/ml BSA) supplemented with ATP and y32P-ATP for
30 min at room temperature; the samples were analyzed by
SDS-PAGE followed by autoradiography.

Statistical analysis

To calculate the significance of the differences between the mean
values obtained for the two different experiments two-tailed t test
was used as mentioned in the figure legends. P-value was con-
sidered to be significant if P < 0.05.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201800223.

Acknowledgements

We thank Andreas Merdes, Daniel Gerlich, Arnaud Echard, Sivaram V S
Mylavarapu, and Pierre Gonczy for providing us plasmids and cell lines. We
are thankful to lain Hagan, Sveta Chakrabarti, Cayetano Gonzalez, Phong
Tran, and Claudio Sunken for providing us critical comments on the man-
uscript. We thank Coralie Busso for her great help at the time of Kotak's
lab set-up. We are grateful to the Department of Science and Technology
(DST)-Fund for Improvement of Science and Technology infrastructure
in universities & higher educational institutions (FIST), University Grants
Commission Centre for the Advanced Study, Department of Biotechnology
(DBT)-Indian Institute of Science (11Sc) Partnership Program and IISc for the
infrastructure support. This work is supported by the grants from the
Wellcome Trust-DBT India Alliance (grant no. IA/1/15/2/502077) to S Kotak.
S Kotak is a Wellcome Trust-DBT India Alliance Intermediate Fellow.

https://doi.org/10.26508/1sa.201800223 vol 1 | no 6 | 201800223 12 of 14


https://doi.org/10.26508/lsa.201800223
https://doi.org/10.26508/lsa.201800223
https://doi.org/10.26508/lsa.201800223

<4< o . o
s2ep» Life Science Alliance

Author Contributions

S Sana: data curation, formal analysis, investigation, and methodology.
R Keshri: data curation, formal analysis, investigation, and methodology.
A Rajeevan: data curation, formal analysis, investigation, and
methodology.

S Kapoor: data curation.

S Kotak: conceptualization, resources, data curation, formal analysis,
supervision, funding acquisition, investigation, methodology, and
writing—original draft, project administration, review, and editing.

Conflict of Interest Statement

The authors declare that they have no conflicts of interest.

References

Archambault V, Glover DM (2009) Polo-like kinases: Conservation and
divergence in their functions and regulation. Nat Rev Mol Cell Biol 10:
265-275. d0i:10.1038/nrm2653

Barr FA, Sillje HH, Nigg EA (2004) Polo-like kinases and the orchestration of
cell division. Nat Rev Mol Cell Biol 5: 429-440. doi:10.1038/nrm1401

Bergstralh DT, Dawney NS, St Johnston D (2017) Spindle orientation: A
question of complex positioning. Development 144: 1137-1145.
doi:10.1242/dev.140764

Bruinsma W, Raaijmakers JA, Medema RH (2012) Switching Polo-like kinase-1
on and off in time and space. Trends Biochem Sci 37: 534-542.
doi:10.1016/j.tibs.2012.09.005

Burkard ME, Maciejowski J, Rodriguez-Bravo V, Repka M, Lowery DM, Clauser
KR, Zhang C, Shokat KM, Carr SA, Yaffe MB, et al (2009) PLk1 self-
organization and priming phosphorylation of HsCYK-4 at the spindle
midzone regulate the onset of division in human cells. PLoS Biol 7:
€1000111. doi:10.1371/journal.pbio.1000111

Caussinus E, Gonzalez C (2005) Induction of tumor growth by altered stem-
cell asymmetric division in Drosophila melanogaster. Nat Genet 37:
1125-1129. doi:10.1038/ng1632

Collins ES, Balchand SK, Faraci JL, Wadsworth P, Lee WL (2012) Cell cycle-
regulated cortical dynein/dynactin promotes symmetric cell division
by differential pole motion in anaphase. Mol Biol Cell 23: 3380-3390.
doi:10.1091/mbc.e12-02-0109

Compton DA, Szilak I, Cleveland DW (1992) Primary structure of NuMA, an
intranuclear protein that defines a novel pathway for segregation of
proteins at mitosis. J Cell Biol 116: 1395-1408. d0i:10.1083/jcb.116.6.1395

Compton DA, Luo C (1995) Mutation of the predicted p34cdc2
phosphorylation sites in NUMA impair the assembly of the mitotic
spindle and block mitosis. J Cell Sci 108 (Pt 2): 621-633.

Connell M, Chen H, Jiang J, Kuan CW, Fotovati A, Chu TL, He Z, Lengyell TC, Li H,
Kroll T, et al (2017) HMMR acts in the PLK1-dependent spindle
positioning pathway and supports neural development. Elife 6:
€28672. doi:10.7554/ elife.28672

Dephoure N, Gould KL, Gygi SP, Kellogg DR (2013) Mapping and analysis of
phosphorylation sites: A quick guide for cell biologists. Mol Biol Cell
24: 535-542. doi:10.1091/mbc.e12-09-0677

di Pietro F, Echard A, Morin X (2016) Regulation of mitotic spindle orientation:
An integrated view. EMBO Rep 17: 1106-1130. d0i:10.15252/
embr.201642292

Du Q, Stukenberg PT, Macara IG (2001) A mammalian Partner of inscuteable
binds NuMA and regulates mitotic spindle organization. Nat Cell Biol
3: 1069-1075. d0i:10.1038/nch1201-1069

PLk1 orchestrates spindle orientation through NUMA  Sana et al.

Du Q, Taylor L, Compton DA, Macara IG (2002) LGN blocks the ability of NuMA
to bind and stabilize microtubules. A mechanism for mitotic spindle
assembly regulation. Curr Biol 12: 1928-1933. d0i:10.1016/50960-9822
(02)01298-8

Du Q, Macara |G (2004) Mammalian Pins is a conformational switch that links
NuMA to heterotrimeric G proteins. Cell 119: 503-516. doi:10.1016/].
cell.2004.10.028

Eckerdt F, Yuan J, Strebhardt K (2005) Polo-like kinases and oncogenesis.
Oncogene 24: 267-276. doi:10.1038/sj.0nc.1208273

Elia AE, Cantley LC, Yaffe MB (2003a) Proteomic screen finds pSer/pThr-
binding domain localizing Plk1 to mitotic substrates. Science 299:
1228-1231. doi:10.1126/science.1079079

Elia AE, Rellos P, Haire LF, Chao JW, Ivins FJ, Hoepker K, Mohammad D, Cantley
LC, Smerdon SJ, Yaffe MB (2003b) The molecular basis for
phosphodependent substrate targeting and regulation of Plks by the
Polo-box domain. Cell 115: 83-95. d0i:10.1016/50092-8674(03)00725-6

Gallini S, Carminati M, De Mattia F, Pirovano L, Martini E, Oldani A, Asteriti IA,
Guarguaglini G, Mapelli M (2016) NuMA phosphorylation by Aurora-A
orchestrates spindle orientation. Curr Biol 26: 458-469. d0i:10.1016/].
cub.2015.12.051

Hehnly H, Canton D, Bucko P, Langeberg LK, Ogier L, Gelman |, Santana LF,
Wordeman L, Scott JD (2015) A mitotic kinase scaffold depleted in
testicular seminomas impacts spindle orientation in germ line stem
cells. Elife 4: e09384. doi:10.7554/ elife.09384

Hueschen CL, Kenny SJ, Xu K, Dumont S (2017) NuMA recruits dynein activity to
microtubule minus-ends at mitosis. Elife 6: €29328 doi:10.7554/ elife.29328

Kettenbach AN, Schweppe DK, Faherty BK, Pechenick D, Pletnev AA, Gerber SA
(2011) Quantitative phosphoproteomics identifies substrates and
functional modules of Aurora and Polo-like kinase activities in mitotic
cells. Sci Signal 4: rs5. doi:10.1126/scisignal.2001497

Kiyomitsu T, Cheeseman IM (2012) Chromosome- and spindle-pole-derived
signals generate an intrinsic code for spindle position and
orientation. Nat Cell Biol 14: 311-317. doi:10.1038/nch2440

Kiyomitsu T, Cheeseman IM (2013) Cortical dynein and asymmetric
membrane elongation coordinately position the spindle in anaphase.
Cell 154: 391-402. doi:10.1016/j.cell.2013.06.010

Kotak S, Busso C, Gonczy P (2012) Cortical dynein is critical for proper spindle
positioning in human cells. J Cell Biol 199: 97-110. d0i:10.1083/
jcb.201203166

Kotak S, Busso C, Gonczy P (2013) NuMA phosphorylation by CDK1 couples
mitotic progression with cortical dynein function. EMBO J 32:
2517-2529. d0i:10.1038/emb0j.2013.172

Kotak S, Gonczy P (2013) Mechanisms of spindle positioning: Cortical force
generators in the limelight. Curr Opin Cell Biol 25: 741-748. d0i:10.1016/
j.ceb.2013.07.008

Kotak S, Busso C, Gonczy P (2014) NUMA interacts with phosphoinositides and
links the mitotic spindle with the plasma membrane. EMBO J 33:
1815-1830. doi:10.15252/embj.201488147

Kotak S, Afshar K, Busso C, Gonczy P (2016) Aurora A kinase regulates proper
spindle positioning in C. elegans and in human cells. J Cell Sci 129:
3015-3025. doi:10.1242/jcs. 184416

Laan L, Pavin N, Husson J, Romet-Lemonne G, van Duijn M, Lopez MP, Vale RD,
Julicher F, Reck-Peterson SL, Dogterom M (2012) Cortical dynein
controls microtubule dynamics to generate pulling forces that
position microtubule asters. Cell 148: 502-514. doi:10.1016/j.
cell.2012.01.007

Lenart P, Petronczki M, Steegmaier M, Di Fiore B, Lipp JJ, Hoffmann M, Rettig
W), Kraut N, Peters JM (2007) The small-molecule inhibitor Bl 2536
reveals novel insights into mitotic roles of polo-like kinase 1. Curr Biol
17: 304-315. doi:10.1016/j.cub.2006.12.046

Mclinnes C, Mazumdar A, Mezna M, Meades C, Midgley C, Scaerou F, Carpenter
L, Mackenzie M, Taylor P, Walkinshaw M, et al (2006) Inhibitors of

https://doi.org/10.26508/1sa.201800223 vol 1 | no 6 | 201800223 13 of 14


https://doi.org/10.1038/nrm2653
https://doi.org/10.1038/nrm1401
https://doi.org/10.1242/dev.140764
https://doi.org/10.1016/j.tibs.2012.09.005
https://doi.org/10.1371/journal.pbio.1000111
https://doi.org/10.1038/ng1632
https://doi.org/10.1091/mbc.e12-02-0109
https://doi.org/10.1083/jcb.116.6.1395
https://doi.org/10.7554/elife.28672
https://doi.org/10.1091/mbc.e12-09-0677
https://doi.org/10.15252/embr.201642292
https://doi.org/10.15252/embr.201642292
https://doi.org/10.1038/ncb1201-1069
https://doi.org/10.1016/s0960-9822(02)01298-8
https://doi.org/10.1016/s0960-9822(02)01298-8
https://doi.org/10.1016/j.cell.2004.10.028
https://doi.org/10.1016/j.cell.2004.10.028
https://doi.org/10.1038/sj.onc.1208273
https://doi.org/10.1126/science.1079079
https://doi.org/10.1016/s0092-8674(03)00725-6
https://doi.org/10.1016/j.cub.2015.12.051
https://doi.org/10.1016/j.cub.2015.12.051
https://doi.org/10.7554/elife.09384
https://doi.org/10.7554/elife.29328
https://doi.org/10.1126/scisignal.2001497
https://doi.org/10.1038/ncb2440
https://doi.org/10.1016/j.cell.2013.06.010
https://doi.org/10.1083/jcb.201203166
https://doi.org/10.1083/jcb.201203166
https://doi.org/10.1038/emboj.2013.172
https://doi.org/10.1016/j.ceb.2013.07.008
https://doi.org/10.1016/j.ceb.2013.07.008
https://doi.org/10.15252/embj.201488147
https://doi.org/10.1242/jcs.184416
https://doi.org/10.1016/j.cell.2012.01.007
https://doi.org/10.1016/j.cell.2012.01.007
https://doi.org/10.1016/j.cub.2006.12.046
https://doi.org/10.26508/lsa.201800223

>y D, o . o
s2ep» Life Science Alliance

Polo-like kinase reveal roles in spindle-pole maintenance. Nat
Chem Biol 2: 608-617. doi:10.1038/nchembio825

Merdes A, Heald R, Samejima K, Earnshaw WC, Cleveland DW (2000)
Formation of spindle poles by dynein/dynactin-dependent transport
of NUMA. J Cell Biol 149: 851-862. d0i:10.1083/jcb.149.4.851

Merdes A, Ramyar K, Vechio JD, Cleveland DW (1996) A complex of NuMA and
cytoplasmic dynein is essential for mitotic spindle assembly. Cell 87:
447-458. doi:10.1016/50092-8674(00)81365-3

Miyamoto T, Akutsu SN, Fukumitsu A, Morino H, Masatsuna Y, Hosoba K,
Kawakami H, Yamamoto T, Shimizu K, Ohashi H, et al (2017) PLK1-
mediated phosphorylation of WDR62/MCPH2 ensures proper mitotic
spindle orientation. Hum Mol Genet 26: 4429-4440. doi:10.1093/hmg/
ddx330

Nakajima H, Toyoshima-Morimoto F, Taniguchi E, Nishida E (2003)
Identification of a consensus motif for Plk (Polo-like kinase)
phosphorylation reveals Myt1 as a Plk1 substrate. J Biol Chem 278:
25277-25280. d0i:10.1074/jbc.c300126200

Nguyen-Ngoc T, Afshar K, Gonczy P (2007) Coupling of cortical dynein and G
alpha proteins mediates spindle positioning in Caenorhabditis
elegans. Nat Cell Biol 9: 1294-1302. d0i:10.1038/nch1649

Noatynska A, Gotta M, Meraldi P (2012) Mitotic spindle (DIS)orientation and
DISease: Cause or consequence? J Cell Biol 199: 1025-1035. doi:10.1083/
jcb.201209015

Peters U, Cherian J, Kim JH, Kwok BH, Kapoor TM (2006) Probing cell-division
phenotype space and Polo-like kinase function using small
molecules. Nat Chem Biol 2: 618-626. d0i:10.1038/nchembio826

Petronczki M, Glotzer M, Kraut N, Peters JM (2007) Polo-like kinase 1 triggers
the initiation of cytokinesis in human cells by promoting recruitment
of the RhoGEF Ect2 to the central spindle. Dev Cell 12: 713-725.
doi:10.1016/j.devcel.2007.03.013

Piel M, Meyer P, Khodjakov A, Rieder CL, Bornens M (2000) The respective
contributions of the mother and daughter centrioles to centrosome
activity and behavior in vertebrate cells. J Cell Biol 149: 317-330.
d0i:10.1083/jcb.149.2.317

Price CM, Pettijohn DE (1986) Redistribution of the nuclear mitotic apparatus
protein (NuMA) during mitosis and nuclear assembly. Properties of
purified NUMA protein. Exp Cell Res 166:295-311. d0i:10.1016/0014-4827
(86)90478-7

Quyn AJ, Appleton PL, Carey FA, Steele RJ, Barker N, Clevers H, Ridgway RA,
Sansom 0J, Nathke IS (2010) Spindle orientation bias in gut epithelial
stem cell compartments is lost in precancerous tissue. Cell Stem Cell
6: 175-181. doi:10.1016/j.stem.2009.12.007

Saredi A, Howard L, Compton DA (1997) Phosphorylation regulates the
assembly of NuMA in a mammalian mitotic extract. J Cell Sci 110 (Pt 11):
1287-1297.

Seldin L, Poulson ND, Foote HP, Lechler T (2013) NuMA localization, stability,
and function in spindle orientation involve 4.1 and Cdk1 interactions.
Mol Biol Cell 24: 3651-3662. doi:10.1091/ mbc.e13-05-0277

PLk1 orchestrates spindle orientation through NUMA  Sana et al.

Seldin L, Macara | (2017) Epithelial spindle orientation diversities and
uncertainties: Recent developments and lingering questions.
F1000Res 6: 984. doi:10.12688/f1000research.11370.1

Siller KH, Doe CQ (2009) Spindle orientation during asymmetric cell division.
Nat Cell Biol 11: 365-374. d0i:10.1038/ncb0409-365

Sparks CA, Fey EG, Vidair CA, Doxsey S (1995) Phosphorylation of NUMA
occurs during nuclear breakdown and not mitotic spindle assembly.
J Cell Sci 108 (Pt 11):3389-3396.

Steegmaier M, Hoffmann M, Baum A, Lenart P, Petronczki M, Krssak M, Gurtler
U, Garin-Chesa P, Lieb S, Quant J, et al (2007) BI 2536, a potent and
selective inhibitor of polo-like kinase 1, inhibits tumor growth in vivo.
Curr Biol 17: 316-322. d0i:10.1016/}.cub.2006.12.037

Strebhardt K, Ullrich A (2006) Targeting polo-like kinase 1 for cancer therapy.
Nat Rev Cancer 6: 321-330. d0i:10.1038/nrc1841

Sunkel CE, Glover DM (1988) polo, a mitotic mutant of Drosophila displaying
abnormal spindle poles. J Cell Sci 89 (Pt 1): 25-38.

Tame MA, Raaijmakers JA, Afanasyev P, Medema RH (2016) Chromosome
misalignments induce spindle-positioning defects. EMBO Rep 17
317-325. doi:10.15252/embr.201541143

Théry M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB, Bornens M (2005) The
extracellular matrix guides the orientation of the cell division axis.
Nat Cell Biol 7: 947-953. d0i:10.1038/ncb1307

van de Weerdt BC, Medema RH (2006) Polo-like kinases: A team in control of
the division. Cell Cycle 5: 853-864. doi:10.4161/cc.5.8.2692

Woodard GE, Huang NN, Cho H, Miki T, Tall GG, Kehrl JH (2010) Ric-8A and Gi
alpha recruit LGN, NuMA, and dynein to the cell cortex to help orient
the mitotic spindle. Mol Cell Biol 30: 3519-3530. doi:10.1128/
mcb.00394-10

Yan M, Chu L, Qin B, Wang Z, Liu X, Jin C, Zhang G, Gomez M, Hergovich A, Chen
Z, et al (2015) Regulation of NDR1 activity by PLK1 ensures proper
spindle orientation in mitosis. Sci Rep 5: 10449. doi:10.1038/srep10449

Yang CH, Snyder M (1992) The nuclear-mitotic apparatus protein is important
in the establishment and maintenance of the bipolar mitotic spindle
apparatus. Mol Biol Cell 3: 1259-1267. doi:10.1091/ mbc.3.11.1259

Zheng Z, Wan Q, Meixiong G, Du Q (2014) Cell cycle-regulated membrane
binding of NUMA contributes to efficient anaphase chromosome
separation. Mol Biol Cell 25: 606-619. doi:10.1091/ mbc.e13-08-0474

Zhu M, Settele F, Kotak S, Sanchez-Pulido L, Ehret L, Ponting CP, Gonczy P,
Hoffmann | (2013) MISP is a novel Plk1 substrate required for proper
spindle orientation and mitotic progression. J Cell Biol 200: 773-787.
doi:10.1083/jch.201207050

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.201800223 vol 1 | no 6 | 201800223 14 of 14


https://doi.org/10.1038/nchembio825
https://doi.org/10.1083/jcb.149.4.851
https://doi.org/10.1016/s0092-8674(00)81365-3
https://doi.org/10.1093/hmg/ddx330
https://doi.org/10.1093/hmg/ddx330
https://doi.org/10.1074/jbc.c300126200
https://doi.org/10.1038/ncb1649
https://doi.org/10.1083/jcb.201209015
https://doi.org/10.1083/jcb.201209015
https://doi.org/10.1038/nchembio826
https://doi.org/10.1016/j.devcel.2007.03.013
https://doi.org/10.1083/jcb.149.2.317
https://doi.org/10.1016/0014-4827(86)90478-7
https://doi.org/10.1016/0014-4827(86)90478-7
https://doi.org/10.1016/j.stem.2009.12.007
https://doi.org/10.1091/mbc.e13-05-0277
https://doi.org/10.12688/f1000research.11370.1
https://doi.org/10.1038/ncb0409-365
https://doi.org/10.1016/j.cub.2006.12.037
https://doi.org/10.1038/nrc1841
https://doi.org/10.15252/embr.201541143
https://doi.org/10.1038/ncb1307
https://doi.org/10.4161/cc.5.8.2692
https://doi.org/10.1128/mcb.00394-10
https://doi.org/10.1128/mcb.00394-10
https://doi.org/10.1038/srep10449
https://doi.org/10.1091/mbc.3.11.1259
https://doi.org/10.1091/mbc.e13-08-0474
https://doi.org/10.1083/jcb.201207050
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.201800223

