
A tetrameric kinesin, Kif25, suppresses centrosome separation 
to establish proper spindle orientation

Justin Decarreau1, Michael Wagenbach1, Eric Lynch2, Aaron R. Halpern3, Joshua C. 
Vaughan1,3, Justin Kollman2, and Linda Wordeman1

1Department of Physiology and Biophysics, University of Washington

2Department of Biochemistry, University of Washington

3Department of Chemistry, University of Washington

Abstract

Microtubules tether centrosomes together during interphase 1. How this is accomplished and what 

benefit it provides to the cell is not known. We have identified a bipolar, minus-end directed 

kinesin, Kif25, that suppresses centrosome separation. Kif25 is required to prevent premature 

centrosome separation during interphase. We show that premature centrosome separation leads to 

microtubule-dependent nuclear translocation, culminating in eccentric nuclear positioning that 

disrupts the cortical spindle positioning machinery. Kif25’s activity during interphase is required 

to maintain a centered nucleus to ensure the spindle is stably oriented at the onset of mitosis.

Centrosome separation represents an inaugural step in the entry into mitosis. In many 

organisms centrosome separation and bipolar spindle formation are driven by the action of 

molecular motors, namely kinesin and dynein motors 2–4. In interphase, centrosomes are 

physically held together by a protein linker composed of Rootletin and C-Nap15–7. This 

linker is resolved at the onset of mitosis by phosphorylation of C-Nap1 by Nek2A 

facilitating its release from the centrosome and allowing the centrosomes to be driven 

apart 8,9. However, early studies clearly show a microtubule (MT)-dependent component to 

centrosome tethering that is not explained by the simple centrosome-linker model 1.

When premature centrosome separation is triggered using epidermal growth factor 

treatment, cells proceed through mitosis faster yet show fewer chromosome segregation 

errors 10. Why then, are centrosomes tethered at all during interphase? And what is the 

contribution of MTs to centrosome tethering? In this study we have answered both of these 

questions by identifying a centrosome-tethering molecule: the kinesin-14 motor Kif25.
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Kinesin-14 motors exhibit minus-end directed MT motility 11 and MT crosslinking 

activity 12. By combining these two modalities kinesin-14 motors focus poles and coalesce 

supernumerary centrosomes into a single spindle pole 13–15. Suppression of centrosome 

separation during interphase by Kif25 represents a unique kinesin-14 function distinct from 

those previously described.

Kif25 is expressed at low levels in a range of human tissues making its presence in HeLa 

cells ambiguous 16,17. Quantitative-PCR confirmed the presence of Kif25 in HeLa cells (Fig. 

S1A). We depleted endogenous Kif25 using 2 independent siRNA constructs, again 

confirming the expression of Kif25 in our human cell line (Fig. S1B). For in vitro 
characterization of this motor we synthesized the Macaca fascicularis testis, clone 

QtsA-10923 of Kif25 (GenBank accession number AB168279), possessing almost complete 

identity with predicted hsKif25 sequences (Fig. S2). This clone comprises the full length 

Kif25 cDNA sequence as the originally identified Kif25 gene is known to be missing the full 

N-terminus of the motor 16,18. We determined the native MW of the EGFP-Kif25 motor to 

be 404 kDa (Fig S1C). The expected MW of Kif25 with attached GFP is 90 kDa therefore 

the native MW indicates that Kif25 is a tetrameric motor in solution. EM analysis confirmed 

the structure of the isolated motor as a bipolar tetramer, similar to kinesin-5 motors (Fig 

1A) 19. Kif25 retains the ability to crosslink MTs in vitro (Fig. S3) and translocates toward 

the minus-end of the MT with an average run length of 1.39±0.13 (mean± s.e.m.) μm and 

velocity of 0.39 ±0.06 μm/s (Fig. 1B). To date, Kif25 is the first identified tetrameric minus-

end directed kinesin motor.

Expressed EGFP-Kif25 is centrosomally localized during all stages of the cell cycle (Fig. 

1C). Super-resolution expansion microscopy38 localized EGFP-Kif25 to a ring at the 

centrosome with radial projections (Fig. 1D). The diameter of the EGFP-Kif25 ring 

measured greater than RFP-pericentrin (Fig. 1E) in co-localized images of unexpanded cells 

collected with structured illumination microscopy (SIM). Microtubules could be detected 

passing between duplicated interphase centrosomes that co-localized with EGFP-Kif25 

rings, suggesting a direct role for Kif25-mediated centrosomal linkage via crosslinked MTs 

(Fig. 1F).

Collectively, the structure, activity and directionality of Kif25 suggest that it may antagonize 

Eg5. Eg5 drives centrosome separation using plus-end directed motor activity 4,20, therefore 

we expect Kif25 to suppress centrosome separation. Accordingly, the average distance 

between duplicated centrosomes in fixed cells increases without Kif25 in interphase and 

prophase (Figs 2A and 2B, from 2.44 ± 0.21 μm for control to 3.54 ± 0.25 μm for Kif25 KD 

in interphase, mean± s.e.m., P=0.0009, and from 8.57 ± 0.76 μm in control cells to 11.39 

± 0.69 μm in Kif25 KD cells in prophase, P=0.008). Rescue of Kif25 knockdown by EGFP-

Kif25 expression restores control-like interphase centrosome separation distances (1.984 

± 0.21 μm, P=0.036 compared to control). Thus, Kif25 prevents interphase centrosome 

separation by tethering duplicated centrosomes together. Tethering is dependent on the 

presence of MTs as nocodazole treatment promotes interphase centrosome separation that 

cannot be rescued by Kif25 overexpression 1(Fig. S3B). In control and Kif25 knockdown 

cells, washout of monastrol leads to the rapid establishment of a bipolar spindle 21(Fig 2C, 

top). Overexpression of Kif25, however, significantly delayed bipolar spindle formation with 
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many cells not separating their centrosomes during the acquisition time (t1/2= 46.3 min) (Fig 

2C, top).

Kif25 also impacts pole separation during metaphase (Fig 2E). Kif25 knockdown increases 

mitotic spindle length while Kif25 overexpression decreases spindle length relative to 

control cells (Control 11.28±0.19 μm, Kif25 KD 11.86±0.17 μm, P=0.02, Kif25 OE 

10.44±0.16, P=0.001, distance mean ± s.e.m). Collectively, it appears that Kif25 plays a 

major role in antagonizing centrosome separation during interphase to maintain centrosome 

coupling and, to a lesser extent, during mitosis to impact spindle length.

During canonical centrosome separation Aurora A is activated by cdk1/CyclinB2 leading to 

downstream activation of Plk1, Mst2 and finally Nek2A which ultimately phosphorylates C-

Nap1 triggering centrosome separation (Fig. S3C). To determine if Kif25 knockdown 

promotes activation of this signaling pathway we measured centrosome localized levels of 

phospho-Aurora A, phospho-Plk1, Nek2A and C-Nap1 in fixed interphase cells (Fig S3D). 

Negligible decreases in C-Nap1 and Nek2A levels followed Kif25 knockdown suggested 

that Kif25 loss is not activating this centrosome-signaling pathway. We further confirmed 

this by promoting premature centrosome separation with epidermal growth factor (EGF)10, 

and rescuing this phenotype by overexpression of GFP-Kif25 (Fig 2F). This demonstrates 

that Kif25 can tether centrosomes in the absence of C-Nap1 and represents a key part of the 

machinery preventing centrosome separation during interphase.

Live cell cycle timing of Kif25-induced premature centrosome separation was determined 

using PCNA (Proliferating cell nuclear antigen) to monitor cell cycle stage and pericentrin to 

mark centrosomes 22,23. Control cells exhibit tethered centrosomes until the onset of mitosis 

whereas Kif25 knockdown causes centrosome separation following the transition to S-phase 

(Fig 3A). This timing is significant because centrosomes are duplicated during S-phase, 

suggesting that Kif25 is required to tether centrosomes commensurate with duplication. We 

measured the speed and displacement of centrosomes following loss of Kif25 (Figs. 3B and 

3C). The averaged speed and displacement data for the total population of centrosomes was 

similar with or without Kif25. However, we did observe differential behavior for individual 

centrosomes within a single cell. Comparing the displacement lengths of individual 

centrosomes we found that loss of Kif25 caused one of the centrosomes to move much more 

than the other (Figs. 3D, 3D′ and 3E, Movies 1 and 2). Because centrosome position is 

important for nuclear position and movement 24,25 we also measured the nuclear position in 

cells lacking Kif25. We measured an increase in the average eccentric displacement of the 

nucleus in cells without Kif25 and also an increase in mean speed of nuclear movement 

(Figs. 3F and 3G). The increase in nuclear displacement is phenocopied by EGF treatment 

indicating that premature centrosome separation results in changes in nuclear dynamics. The 

ability of separated centrosomes to increase nuclear movement is related to their role as 

microtubule organizing centers as treatment of cells with EGF and nocodazole, to 

depolymerize MTs, abolishes the nuclear movement phenotypes (Figs. 3F and 3G, Green 

dots). These results are surprising as nuclear position is reportedly tightly controlled 26.

EGF-dependent premature centrosome separation decreases the time spent in mitosis 10. 

Unlike EGF treatment, we find that centrosome separation induced by loss of Kif25 does not 
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speed the timing of mitosis (Fig. S4A). This may be related to cellular changes following 

EGF treatment that are independent of centrosome separation. Conversely, we do see an 

increase in time spent in mitosis in Kif25 overexpressing cells (Fig. S4A). We determined 

that this increased time is the result of decreased inter-centromere tension leading to 

activation of the spindle assembly checkpoint (Figs. S4B and S4C). The checkpoint is never 

satisfied in many Kif25 overexpressing cells causing cell slippage out of mitosis and 

significant increases in the number of multinucleate cells (Fig. S4D). We hypothesize that 

increased Kif25 levels interfere with normal spindle force balance. Testing this will require 

additional experimentation.

We observed spindle orientation defects in cells lacking Kif25 (Figs. 4A and B). HeLa cells 

grown in culture align their mitotic spindles parallel to the growth substrate, illustrated by 

control cells preferentially exhibiting spindle angles within 0–10 degrees (Fig. 4B, blue 

bars). Loss of Kif25 shifts this distribution toward higher angles (Fig 4B, red bars). We 

confirmed that the defect in spindle orientation is specific to loss of Kif25 by rescuing cells 

treated with Kif25 siRNA with co-expressed EGFP-Kif25 (Fig 4B, orange bars).

Spindle orientation is controlled through interactions of astral MTs and force generators 

located at the cell cortex 27,28. Changes in cell or spindle size could alter this interaction. We 

used utrophin 29 to label the cell periphery and ruled out changes in cell length, width or 

height as causes of the spindle orientation defect (Figs. S5A and B). Increasing spindle 

length by depleting Kif18A 30, also had no effect on orientation (Fig. S5C).

We reasoned that the spindle positioning defects are the direct result of premature 

centrosome separation and tested this by treating cells with EGF and measuring spindle 

angle profiles in mitotic cells (Fig. 4C). Cells treated with EGF show severe defects in 

spindle orientation similar to loss of Kif25 (Fig. 4C, pink bars) that was rescued by 

expressed EGFP-Kif25 (Fig. 4C, orange bars). This shows for the first time the direct 

influence of premature centrosome separation on spindle orientation during the ensuing 

mitosis.

We parsed our live cell data to directly correlate centrosome separation and spindle 

orientation (Fig. 4D). In control cells the majority of the population display normal 

centrosome separation and form a properly oriented parallel spindle (grey bars, 66% of 

cells). The remaining control cells display a roughly equal distribution between three 

classes; normal centrosome separation and angled spindles (light blue bars, 10% of cells), 

premature centrosome separation and a parallel spindle (pink bars, 14% of cells), or 

premature centrosome separation and angled spindles (dark blue bars, 10% of cells). 

Depletion of Kif25 causes a significant decrease in normal centrosome separation>Parallel 

cells (grey bars, 17% of cells). Cell exhibiting normal centrosome separation and angled 

spindles does not change relative to control cells (light blue bars, 13% of cells), suggesting a 

baseline level of spindle misorientation via alternate pathways. Importantly, cells displaying 

premature centrosome separation have an equal probability of forming a parallel or angled 

spindle (pink and dark blue bars in Kif25 KD, 33 and 37%, respectively). This suggests that 

premature centrosome separation randomizes spindle orientation.
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We also quantified positional data as cells rounded at the onset of mitosis as this time point 

would have the greatest effect on the position of chromosomes and assembling bipolar 

spindles. We see no change in the position of the centrosomes with respect to the center-of-

mass of the cell and the center-of-mass of the nucleus (Fig S5D). However nuclear position 

shows a small non-significant change in cells lacking Kif25 (Fig. S5D). Parsing the data 

shows that only cells that exhibited a significant displacement of the nucleus from the cell 

centroid prior to mitosis went on to produce angled spindles (Figs. S5E and S5F). Thus, the 

position of the interphase nucleus influences the orientation of the forthcoming mitotic 

spindle31.

We measured the distance from the nuclear center to the cortex, using the future cell division 

axis as a reference 32. Nuclear position at cell rounding was parsed as before (Fig 5A) 

between parallel or angled mitotic spindles. Control cells do not show any significant 

differences in cells with parallel vs. angled mitotic spindles (Fig. 5B, top). Following loss of 

Kif25 the short axis distance between the nucleus and the cortex is significantly shorter in 

cells that subsequently form angled mitotic spindles (Fig. 5B, bottom). This is further 

reflected in the distance ratios where Kif25 KD cells with angled mitotic spindles show a 

higher ratio of long axis to short axis distance. This confirms that loss of Kif25 and 

premature centrosome separation promotes eccentric interphase nuclear positioning and that 

this, more than any other parameter, correlates with misoriented spindles.

How could nuclear position alter spindle orientation? Previous work has shown that 

chromosomes and centrosomes have considerable influence on mitotic spindle 

positioning 31,33. In these studies, chromosomes approaching too closely to the cell cortex 

promote release of cortical LGN. LGN is a crucial component of the cortical force 

generation machinery that localizes the force generator dynein 34. We used LGN to visualize 

the establishment of the force generation machinery during mitosis as well as H2B to 

visualize chromosome position (Fig. 5C, Movie 3). In cells depleted of Kif25 chromosomes 

are offset from the cell center while the cell is still rounding at the onset of mitosis (Fig. 5C, 

top left, Movie 4). Establishment of the cortical force machinery can be visualized as an 

increased intensity of LGN at the cortex of the rounding cell. Importantly, in the vicinity of 

the offset chromosomes it is clear that LGN is being excluded from this region of the cortex. 

The cell is then unable to establish a metastable spindle position. The movement of the 

metaphase plate towards each cortex coincides with the release of LGN from the proximal 

cortex and the strengthening of the LGN staining on the opposite cortex. Similar spindle 

oscillations were observed in 16/21 recorded Kif25 KD cells and only 4/25 control cells. 

This result is consistent with other studies that have experimentally introduced chromosomes 

near the cell cortex 31,33.

Collectively, our data shows that premature centrosome separation promotes eccentric 

positioning of the nucleus within the cell. If this is not spontaneously corrected by nuclear 

envelope breakdown the spindle will not achieve a metastable position in the center of the 

cell (Fig. 5D) and spindle orientation will be stochastic. Centered positioning of the 

centrosomes and chromosomes in a normal cell promotes a centralized mitotic spindle, 

which is important for the equal division of chromosomes and other cellular organelles into 

each of the two daughter cells. Because spindle position during mitosis is metastable, 
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eccentric positioning of the spindle at mitotic onset is, in most cases, unrecoverable. This 

model accounts for our observation that following premature centrosome separation there is 

an equal probability that cells will form a parallel or an angled spindle. The difference in 

these two populations comes down to the position of the nucleus as the cell enters mitosis, 

which in the case of Kif25 KD is randomized. This highlights the importance of nuclear 

positioning at the cell center for the correct symmetrical establishment of the cortical force 

generation machinery.

Materials and Methods

Cell culture, transfection, and immunofluorescence

No cell lines used in this study were found in the database of commonly misidentified cell 

lines that is maintained by ICLAC and NCBI Biosample. Cells were purchased from ATCC 

and are tested monthly for viral and mycoplasma contamination. HeLa cells were grown in 

MEM Alpha medium (Invitrogen) supplemented with 10% FBS (Hydroclone;Thermo Fisher 

Scientific) in the presence or absence of Pen-Strep. LLCPK-1 cells were cultured in 

RPMI-1640 (Gibco|Thermofisher, Waltham, MA) +10% FBS (Hyclone, Logan, UT). Cells 

were transfected with 1.5 μg EGFP-Kif25 plasmid DNA and 2 μg all other constructs, unless 

specified otherwise, by electroporation using Nucleofector II (Lonza, Basel, Switzerland) 

according to the manufacturer’s instructions. Cells were transfected with 24 nM Control 

(negative control siRNA1, Ambion) or Kif25 siRNA using Lipofectamine RNAiMAX 

(Invitrogen) and incubated for 36–48 hours prior to experiments. For Kif25 depletion, two 

siRNAs targeted to distinct regions of the Kif25 gene were used independently to assess 

Kif25 KD phenotypes (targeting sequences (1) 5′-AGUGGAAGUUUACAAUAAU-3′ and 

(2) 5′-CAGAGUGACUUAGGAAUUA-3′ (Ambion)). Both siRNA constructs produced 

identical spindle orientation profiles and the number 2 construct was used in all further 

experiments. For fixed cell assays cells were plated on 12 mm coverslips and fixed in 1% 

PFA in −20°C methanol for 10 minutes. Coverslips were then blocked with 20% donkey 

serum for 1 hour. Cells were labeled with the following primary antibodies: mouse-anti-α-

tubulin (1:100; Sigma DM1α), mouse-anti-γ-tubulin (1:1000; sigma GTU-88), mouse-anti-

Plk1 (1: 200;Santa Cruz Biotechnology Sc-17783), rabbit-anti-NuMA (1:500; Novus 

NB500-174), rabbit-anti-phospho-Aurora A (1:100; Cell Signaling Tech 3079), mouse-anti-

C-Nap1 (1:100; Santa Cruz Biotechnology 3090540), rabbit-anti-nek2A (1:100; kind gift of 

Elmar Schiebel), mouse-anti-phospho T210-Plk1 (1:300; Abcam 2A3) for 1 hr at room 

temperature. Anti-mouse and anti-rabbit antibodies conjugated to fluorescein or rhodamine 

(Jackson Laboratories) were used at 1:100 for 1 hr at room temperature. Stained cells were 

mounted in Vectashield with DAPI (Vector).

Samples used for super-resolution imaging were transfected with GFP-Kif25 and RFP-

Pericentrin using a Nucleofector II (Lonza, Basel, Switzerland). Cells were fixed after 24 

hours of protein expression in 37°C, PBS containing 3.2% paraformaldehyde (EM Sciences, 

Hatfield, PA) and 0.1% gluteraldehyde (EM Sciences, Hatfield, PA) for 10 minutes and then 

reduced in 0.1% Sodium Borohydride (Sigma, St. Louis, MO). After blocking in full 

strength FBS (Hyclone, Logan, UT), cells were labeled with YL1/2 (Abcam, Cambridge, 

MA) antibody against detyrosinated tubulin and Cy5-donkey anti-rat (Jackson 
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Immunochemical, West Grove, PA) secondary antibodies. Labeled cells were post-fixed in 

0.2% glutaraldehyde (EM Sciences, Hatfield, PA) in PBS.

DNA plasmid construction

The gene coding for the Macaca fascicularis testis cDNA clone QtsA-10923 was designed to 

be siRNA resistant and synthesized (Bio Basic Inc., Ontario, Canada). The Kif25 clone was 

conjugated to both EGFP and td-Tomato fluorophores with both constructs showing 

identical localization at the centrosome.

RT-PCR

Total cell RNA was isolated using an RNeasy mini kit (Qiagen). Reverse transcription was 

carried out using a Quantitect Reverse transcription kit (Qiagen) and primers specific for 

Kif25 (cat. No QT00024934, Qiagen) and Kif18A (cat. No QT00042455, Qiagen) as a 

positive control. RT-PCR reactions used the SYBR Green PCR kit (Qiagen) according to the 

manufacturers instructions. Samples lacking cDNA or reverse transcriptase were used as 

negative controls, no signal was observed in either case.

Western Blot

HeLa cells were lysed in 1X Laemmli sample buffer 48 hr after addition of siRNA. Lysates 

was passed through a 21-gauge needle, boiled for 10 min, and separated on 4%–12% 

acrylamide gradient gels by SDS-PAGE. Proteins were transferred to nitrocellulose 

membrane and analyzed by western blot with polyclonal anti-Kif25 antibodies (1:500;Santa 

Cruz Biotechnology, SC-133709) and monoclonal anti-α-tubulin antibodies (1:1000; Sigma, 

T6199). Proteins were visualized by chemiluminescence.

Hydrodynamic analysis of EGFP-Kif25

For gel filtration, EGFP-Kif25 (280 micrograms) plus standard proteins thyroglobulin, 

apoferritin and BSA (Sigma) were run on a 40 ml bed volume, 1.4 cm diameter Sephacryl 

S-400-HR column in buffer A (300 mM KCl, 200 mM imidazole-HCl pH 7.0, 25 mM 

KPO4, 2 mM MgCl2, 0.1 mM EGTA, 10% glycerol, 0.01 mM ATP, 5 mM beta-

mercaptoethanol, 0.1% CHAPS) at 0.25 ml/min, 4°C. One mL samples of eluted fractions 

were precipitated with TCA, neutralized with NH4OH, dissolved in 0.05 ml SDS sample 

buffer, and analyzed by PAGE. Thyroglobulin was quantified by western blot, using anti-

thyroglobulin antibody, following transfer to nitrocellulose membrane of the same gel used 

to quantify other standards. Velocity sedimentation was carried out using EGFP-Kif25 (35 

micrograms) plus standard proteins apoferritin, beta-amylase and BSA. Samples were 

centrifuged on a 5–20% sucrose gradient in buffer A in an SW 55Ti rotor 5 hours at 210 K g, 

4°C. Recovered fractions were analyzed by SDS-PAGE. EGFP-Kif25 molecular weight was 

calculated as previously described 35.

Negative stain electron microscopy

To prepare negative stain samples, purified GFP-Kif25 was diluted 100-fold in buffer A, 

applied to carbon-coated grids, and stained with 0.7% uranyl formate. Electron microscopy 
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was performed on a Morgagni microscope (FEI co.) operating at 100 kV, and images were 

acquired at 22,000X magnification on an Orius SC1000 CCD camera (Gatan, Inc.).

Drug Treatments

For monastrol release experiments cells were incubated in media containing 100 μM 

monastrol for 2 hr, then quickly washed with fresh 37°C CO2-independent media 

(Invitrogen) 3X prior to imaging, as previously described (21). To measure mitotic timing 

cells were transfected with either EGFP-Kif25 or Kif25 siRNA prior to thymidine block for 

synchronization. Resting inter-centromere length in live cells was measured following 

treatment with 20 μM Nocodazole for 2 hr to depolymerize MTs. EGF-induced centrosome 

separation was carried out by treating asynchronous HeLa cells with 50 ng/ml recombinant 

human EGF (Invitrogen) for 4 hrs, as previously described 10.

In vitro MT-crosslinking and motility assays

EGFP-Kif25 protein was expressed and purified from sf9 cells. MT-crosslinking assays were 

carried out in flow cells using taxol stabilized MTs, grown from purified bovine brain 

tubulin labeled with Alexa 568 in BRB80 + 1mg/ml casein, 2 mM GTP, 100 μM ATP, 10 μM 

taxol and 10% DMSO. Purified EGFP-Kif25 was used at 500 nM and spun at 80,000 x g for 

5 minutes to clear aggregates then mixed with labeled taxol-stabilized MTs in the flow cell 

and incubated 5 minutes prior to imaging. Kif25 motility was carried out by binding 0.06 

mg/ml GMPCPP Cy5 labeled MT seeds to coverslips using rigor kinesin. Dynamic MTs 

were grown by flowing in 1.05 mg/ml Alexa-568 labeled tubulin. EGFP-Kif25 was used at a 

concentration of 150 nM in motility experiments. 97 motile spots were analyzed to 

determine the average velocity and run length of the motor. Imaging was carried out using a 

Personal Deltavision microscope (Applied Precision) outfitted with 4-laser TIRF 

capabilities, Olympus 60 x 1.49 NA TIRF objective and Ultimate focus (Applied Precision) 

at 37°C.

Fixed and live cell imaging

Fixed cells were imaged on a Nikon upright microscope equipped with a CCD camera and a 

60x 1.4 NA lens (Nikon) or a Deltavision system equipped with a CCD camera and a 60x 

1.42 NA lens (Olympus). Selected images were deconvolved using a Deltavision image-

processing workstation (Applied Precision). Live cells were plated on a 35-mm glass 

coverslip coated with poly-d-lysine (MatTek Corporation) for 24–48 hr prior to imaging. 

Before imaging, cells were switched to 37°C CO2-independent media (Invitrogen) with 10% 

FBS. Live-cells were imaged either with a Deltavision RT system (Applied Precision) 

equipped with a CCD camera and a 60x 1.42 NA lens (Olympus) and a 37°C environmental 

chamber (Applied Precision) or on a Nikon Biostation IM-Q for long-term imaging.

CenpB was imaged as previously described to calculate inter-centromere distance 30. Mad1 

persistence and spindle assembly starting in prophase were carried out using the continuous 

Z-sweep function in the Deltavision software imaging 4 μm sections every 30 s. 

Quantification of MAD1 persistence time was measured as the time elapsed between the 

spindle reaching 8 μm in length and the disappearance of the last Mad1 foci. We chose 8 μm 

as the cutoff because once the spindle reached this length it always formed a bipolar 
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structure. Mitotic timing was measured using a 20x 0.75 NA lens (Olympus) taking images 

every 5 min.

For long-term observation of centrosome and nuclei movements images were taken on the 

Biostation IM-Q every 7 minutes for 72 hours. Centrosome and Nuclear movements were 

tracked using CellProfiler 2.0 36(Cellprofiler.org) to select and track the relevant structures. 

Centrosome velocity and distance measurements were carried out on >60 individual 

centrosomes from >30 cells. Nuclei displacement and velocity was measured in 

asynchronous interphase cells tracking 500 nuclei per condition.

For super-resolution SIM imaging labeled cells were imaged on a Deltavision OMX Blaze 

V4 instrument (GEHealthcare, Issaquah). Reconstructed images were further evaluated 

using Fiji.

Spindle orientation analysis

Asynchronous HeLa cells fixed and were labeled with α- and γ-tubulin following Kif25 

KD, Kif25 OE, and EGFP-Kif25 rescue following siRNA KD. Cells were imaged by taking 

0.25 μm slices through the cell. The angle and length of the mitotic spindle was determined 

using an automated MATLAB protocol to identify the spindle poles 37 and automatically 

calculate length and distance based on their x-, y-, and z-axis separation.

Nucleus and centrosome localization analysis

Interphase HeLa cells were analyzed using Fiji to identify the centroid of the cell and the 

centroid of the nucleus for each cell. Centrosome locations were manually selected. The 

linear distance between each position was then calculated. Data plotted as mean ± SEM.

Statistics and Reproducibility

All statistical analysis was carried out using a Student’s t test in Prism (version 5.0) to 

compare the significance of two data sets. Quantitative experiments were repeated in at least 

3 independent experiments with further experiments done if necessary to reach desired 

population number. Other experiments were performed at least twice, as indicated in the 

figure legends.

Data availability—All data supporting the findings of this study are available from the 

corresponding author on reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Kif25 structure and localization. (A and A′) EM structure of EGFP-Kif25 motor. Panels in 

A′ are identical to A with the addition of pseudo coloring to show motor domains (blue) and 

neck regions (red) of the motor (scale bar = 25 nm). (B) Kymograph showing movement of 

EGFP-Kif25 on dynamic MTs. Arrows indicate motor movement in the direction of the 

unlabeled seed at the minus end of the MT. Run length and velocity are calculated from n= 

97 moving spots pooled from 6 separate movies. (C) EGFP-Kif25 localizes to the 

centrosome at all stages of HeLa cell cycle (scale bar = 5 μm). (D) Confocal image of 

expanded HCT-116 cells stably expressing EGFP-Kif25 and stained for α-tubulin. Kif25 

localizes to a ring-like structure at the centrosome, zoomed-in view shows Kif25 also on 

radial spokes around the centrosome (D″) (scale bar 15 μm for D and D′, 1.5 μm for D″). 

(E) Localization of EGFP-Kif25 relative to RFP-pericentrin in unexpanded LLCPK1 cells 

imaged using structured illumination microscope (scale bars = 1 μm). Inset, zoomed-in view 

of area around centrosome in interphase cell. Right, line-scan of fluorescence of EGFP-

Kif25 and RFP-pericentrin measured in the inset showing greater diameter of Kif25 relative 

to pericentrin at the centrosome. (F) SIM image of 2 centrosomes in interphase LLCPK1 cell 

(scale bars = 1 μm). MTs are labeled in magenta. Inset, zoomed-in view of centrosome 

region with arrows indicating the presence of MTs between duplicated centrosomes and 

Kif25 foci at the centrosomes. Four separate transfections of LLCPK cells were fixed, 

labeled and mounted on separate days. All were imaged individually on the same day and 

between 3 and 20 images collected from each slide depending on cell density. 
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Representative images are presented from 2 different slides (1E and F). Expansion 

microscopy was performed on two separate sets of fixed, stained GFP-Kif25 expressing cells 

on separate days. Twenty-five cells were imaged and a representative cell presented (1D).

Decarreau et al. Page 13

Nat Cell Biol. Author manuscript; available in PMC 2017 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Kif25 suppresses centrosome separation. (A) Asynchronous HeLa cells stained for α- and 

γ-tubulin to determine centrosome separation. Cumulative frequency plot shows data pooled 

from 3 separate experiments (n values; control=148 cells, Kif25 KD=146 cells, Kif25 

OE=148 cells, Kif25 Rescue=150 cells). Kif25 KD red line, control blue line, Kif25 OE 

green line, and Kif25 rescued black line, are shown. (B) Same experimental conditions as 

(A) except imaging prophase cells, 30 cells/condition pooled from 3 independent 

experiments. (C) Live HeLa cells released from monastrol treatment were used to measure 

centrosome separation in control (n=13 cells), Kif25 KD (n=13 cells), or Kif25 OE cells 

(n=15 cells), each trace represents an individual cell. (D) The t1/2 for centrosome separation 

measured as the time for the spindle to reach ½ the maximum measured length. Each point 

is a single cell, error bars represent mean±SEM, ***P=0.002 from an unpaired t test. (E) 

Bipolar spindle length in fixed cells following Kif25 KD or overexpression of EGFP-Kif25. 

Data are from n=104 control, n=108 Kif25 KD and n=74 Kif25 OE cells/condition pooled 

from 3 independent repeated experiments. **P=0.001, *P=0.02. (F) Cumulative frequency 

plot of centrosome separation in EGF-treated HeLa cells for n=148 control, n=148 EGF and 

n=150 EGF Kif25 cells for each condition pooled from 3 separate experiments. Average 

centrosome separation for EGF: 4.32±0.3 μm. P < 0.0001 compared to control. EGFP-Kif25 

rescue in EGF treated cells average centrosome separation: 1.86±0.2 μm. All measurements 

are mean ± SEM.
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Figure 3. 
Centrosome and nuclear movements following premature centrosome separation. (A) HeLa 

cells were imaged every 7 min for 72 hrs to determine cell cycle timing of centrosome 

separation. Traces are the averaged centrosome separation distances for n=39 control cells 

and n=34 Kif25 KD cells where separation timing was normalized to the initial centrosome 

separation at the onset of mitosis. (B) Centrosome dynamics in cells were imaged every 30 s 

for 3 hrs. Centrosomes were analyzed for their (B) average velocity, (C) total displacement 

of each centrosome measured as the sum of displacements from each frame of the movie and 

(E) centrosome displacement ratio calculated by dividing the shorter centrosome 

displacement by the longer centrosome displacement for each cell observed. N=30 

individual cells and 60 centrosomes for quantification in B, C and E. *P=0.01 (D and D′) 

Representative time-lapse images of centrosome movements in control (D) and Kif25 KD 

(D′) cells. Representative images represent the 30 live cells imaged for each condition 

quantified in Figures 3B, C, and E. Colored arrows indicate the position of each centrosome 

Decarreau et al. Page 15

Nat Cell Biol. Author manuscript; available in PMC 2017 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at each timepoint. H2B is labeled to visualize the nucleus while Pericentrin marks the 

centrosome. Scale bar equals 5 μm. (F) Nuclear Displacement and (G) velocity was tracked 

over time, **P=0.001 ***P=0.0005, ****P<0.0001. n=243 cells per condition. Error bars 

represent mean±s.e.m., statistics done using unpaired t test.
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Figure 4. 
Spindle orientation is altered following premature centrosome separation. (A) Schematic 

showing the difference between parallel and angled spindles and the measurement of spindle 

orientation angle, α°, relative to the coverslip. (B) Histogram of measured spindle 

orientation profiles of cells fixed and labeled with α- and γ-tubulin following Kif25 KD, 

Kif25 OE, and EGFP-Kif25 rescue following siRNA KD. (C) Histogram of measured 

spindle orientation profiles of cells fixed and labeled with α- and γ-tubulin following EGF 

treatment and EGF-treated cells overexpressing EGFP-Kif25. (D) Parsed data showing the 

relationship between centrosome separation state and spindle angle during mitosis. Data is 

initially separated based on whether cells show normal centrosome separation or premature 

centrosome separation then each cell is classified based on whether the mitotic spindle is 

parallel to the coverslip or angled. Data is from live asynchronously cycling cells transiently 

expressing mRFP-Pericentrin and GFP-H2B (n=26 cells, Kif25 KD; n=25 cells Control).
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Figure 5. 
Eccentric nuclear position at mitosis onset randomizes spindle orientation. (A) Schematic 

showing measurements made to quantify the position of the nucleus in pre-mitotic cells. (B) 

Nuclear position was determined using the center-of-mass of the nucleus and measuring the 

distance from the cell cortex along the future cell division axis for each individual cell. A 

ratio of long axis-to-short axis was taken as a second measurement of nuclear centering 

(control cells; n=18 cells parallel group, n=7 angled group. Kif25 KD; n=22 parallel group, 

n=15 angled group). *P=0.025 using unpaired t test. Data are Mean ± s.e.m. (C) 

Representative cell kymographs showing spindle oscillations following Kif25 KD. Cells 

expressing tdTom-LGN and EGFP-H2B were selected while in prophase followed by 

imaging every 30 s. Arrows show the loss of LGN at the cortex is concurrent with close 

chromosome approach. Scale bars, 5 μm in X-axis and 15 min in Y-axis. (D) Model of how 

loss of Kif25 leads to spindle misorientation. During the normal cell cycle Kif25 suppresses 

centrosome separation prior to the onset of mitosis using its MT cross-linking activity (upper 

left). Centrally localized centrosomes and nucleus at the onset of mitosis allow Plk1 

gradients from the centrosome (Pink circle) and RanGTP from the metaphase plate (Yellow) 

to symmetrically localize cortical force generation machinery. Without Kif25, centrosome 

tethering is lost and premature centrosome separation (upper right) leads to changes in 

centrosome movements and nuclear repositioning causing the inappropriate establishment of 

the spindle orientation machinery (bottom right).
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