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ABSTRACT Blood vessel formation requires dynamic movements of endothelial cells (ECs)
within sprouts. The cytoskeleton regulates migratory polarity, and centrosomes organize the
microtubule cytoskeleton. However, it is not well understood how excess centrosomes, com-
monly found in tumor stromal cells, affect microtubule dynamics and interphase cell polarity.
Here we find that ECs dynamically repolarize during sprouting angiogenesis, and excess
centrosomes block repolarization and reduce migration and sprouting. ECs with excess cen-
trosomes initially had more centrosome-derived microtubules but, paradoxically, fewer
steady-state microtubules. ECs with excess centrosomes had elevated Rac1 activity, and re-
polarization was rescued by blockade of Rac1 or actomyosin blockers, consistent with Rac1
activity promoting cortical retrograde actin flow and actomyosin contractility, which pre-
cludes cortical microtubule engagement necessary for dynamic repolarization. Thus normal
centrosome numbers are required for dynamic repolarization and migration of sprouting ECs

Received: Sep 11, 2015
Revised: Apr 13, 2016
Accepted: Apr 13, 2016

that contribute to blood vessel formation.

INTRODUCTION

Blood vessel formation extends vessel networks that deliver oxy-
gen and nutrients to cells, a process coopted in diseases such as
cancer (Carmeliet and Jain, 2011). The topology of angiogenic
sprouts is dynamic, with extensive cell rearrangements required for
proper blood vessel formation (Jakobsson et al., 2010; Bentley
et al., 2014), but the consequences of perturbing these behaviors
are poorly understood. Centrosomes orient and sustain migratory
polarity via nucleation of microtubules (MTs); centrosome reorien-
tation relative to the nucleus is believed to be required for proper
migration (Doxsey et al., 2005; Cheng et al, 2008; Tang and
Marshall, 2012). In culture, endothelial cells (ECs) establish a cen-
trosome-forward orientation, with the centrosome in front of the
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nucleus relative to migration direction (Luxton and Gundersen,
2011). As blood vessels extend sprouts, individual ECs migrate
both toward and away from the sprout tip (Perryn et al., 2008;
Arima et al., 2011), and EC migration away from the tip is linked to
proper formation of arteries during zebrafish fin regeneration (Xu
etal., 2014). In epithelial Madin—-Darby canine kidney cysts, centro-
somes reorient as cells begin sprouting during tube formation
(Gierke and Wittmann, 2012); however, how centrosomes are ori-
ented in ECs during angiogenic sprouting is not known.

Tumor blood vessels have an abnormal morphology and are
leaky, and the ECs of these vessels have a high frequency of
excess centrosomes (more than two) (Hida et al., 2004). We
previously reported that excess centrosomes alter directional
migration and polarized vesicle trafficking because centrosomes
do not cluster properly in two dimensions (Kushner et al., 2014).
Here we show that, in topologically constrained ECs of three-
dimensional (3D) angiogenic sprouts or micropatterns, excess
centrosomes do not scatter. However, the clustered excess
centrosomes do not behave normally, as they cannot efficiently
repolarize, leading to reduced EC migration and sprouting.
These ECs have abnormal microtubule dynamics and supra-
physiological activation of Rac1. These findings reveal an unex-
pected role for dynamic reorientation of EC migratory polarity in
blood vessel sprouting and a requirement for proper centro-
some numbers, even in the clustered conformation, for this
behavior.
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FIGURE 1: Excess centrosomes prevent centrosome repolarization. (A) Top, schematic of DOX
treatment for Plk4 overexpression in sprouting HUVECs. Bottom, images of dé sprouts stained
for actin (phalloidin; green) and DNA (DRAQ; pink) with indicated treatments. Scale bar, 100 pm.
(B) Scatter plots of sprouting parameters. -DOX, 22 beads; Plk4 + DOX, 29 beads.

(C) Representative images of centrosomes in sprouting HUVECs infected with centrin::GFP-
expressing virus (green) and stained for DNA (blue; 4’,6-diamidino-2-phenylindole). 1-2C, one or
two centrosomes; >2C, more than two centrosomes. Right, area of higher magnification. Scale
bar, 10 pm. (D) Left, diagram of nucleus (N)-centrosome (C) axis. Right, representative time-lapse
images of HUVECs in sprouts expressing centrin::GFP, with N-C axis superimposed. D, distal
(toward bead); P, proximal (toward sprout tip). Green fiduciary mark denotes starting position of
the nucleus. Scale bar, 20 pm. (E) Histogram of N-C angles between groups (1-2C: 227 time
points, 10 ECs; >2C: 186 time points, 10 ECs). (F) Scatter plot of mean velocity of individual
HUVECs in sprouts. 1-2C: 33 ECs; >2C: 21 ECs. (G) Centrosome orientation classifications in
angiogenic sprouts. D, distal; F, forward; N, nuclear; P, proximal; R, reverse. (H) Scatter plot of
mean velocity of individual HUVECs in sprouts. F/R, forward/reverse. 1-2C: F/R, 19 ECs, and N,
14 ECs; >2C: F/R, 9 ECs, and N, 12 ECs. (I) Frequency of successful centrosome repolarization
events per cell in indicated groups. For all experiments, black bars indicate comparison groups
with indicated p values. Error bars are 95% confidence intervals. All p values are from two-tailed
Student’s t test from at least three experiments. *p < 0.05; **p < 0.01; NS, not significant.

RESULTS

(DOX) for 24 h before analysis showed ele-
vated Plk4 transcript expression by quantita-
tive PCR (Supplemental Figure S1A) accom-
panied by increased frequencies of ECs with
excess centrosomes compared with controls
(36 vs. 6%; Supplemental Figure S1, B and
C). Most effects of centrosome overduplica-
tion in ECs were analyzed within 24 h of
DOX treatment to avoid complications from
aneuploidy downstream of cell division, or
the EC were placed on beads in a fibrin ma-
trix, where their division rate is reduced. As
for other cell types (Godinho et al., 2014),
short-term Plk4 overexpression did not sig-
nificantly affect the growth curve of ECs
(Supplemental Figure S1D) or apoptosis, as
assessed by activated caspase-3 expression
(Supplemental Figure S1E).

To analyze effects of excess centrosomes
on EC behaviors during sprouting angio-
genesis, we used a 3D sprouting assay in
which beads coated with HUVECs were em-
bedded in a fibrin matrix (Nakatsu et al.,
2007). Analysis of sprout morphology re-
vealed that DOX-induced, Plk4-mediated
overexpression significantly reduced the
number of sprouts/bead and sprout length
compared with controls (Figure 1, A and B,
and Supplemental Figure S1F). Although
ECs with excess centrosomes exhibited cen-
trosome scattering in two dimensions
(Kushner et al., 2014), ECs with excess cen-
trosomes (averaging three to six centro-
somes) had a single centrosome cluster in
angiogenic sprouts (Figure 1C). Although
cell divisions were rare in sprouts, the few
divisions we saw in sprouting ECs with ex-
cess centrosomes did not have obvious mul-
tipolar spindles, consistent with findings of
others that clustered excess centrosomes
usually form bipolar spindles (Kwon et al.,
2008). We found that ECs with more than
seven centrosomes had scattered centro-
somes in sprouts (Supplemental Figure
S1G), but these ECs were rare (Supplemen-
tal Figure S1C) and were not used for further
analysis except where noted. We next im-
aged centrosome dynamics during sprout
morphogenesis via centrin::green fluores-
cent protein (GFP) expression. Control ECs
frequently alternated between migrating

Endothelial cells with excess centrosomes fail to repolarize
in sprouts

We previously manipulated centrosome duplication in ECs using
lentiviruses that knocked down CDC14 or overexpressed Plk4; how-
ever, we were unable to temporally regulate expression changes in
this system. To temporally regulate centrosome overduplication in
ECs, we used a tetracycline (tet)-inducible lentivirus for Polo-like ki-
nase 4 (Plk4) overexpression in human umbilical vein ECs (HUVECs).
Plk4 regulates centriole duplication without affecting the cell cycle
(Habedanck et al., 2005). Exposure of tet-Plk4 ECs to doxycycline
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toward the proximal and distal ends of the sprout, with repolariza-
tion of the nucleus—centrosome axis paralleling the direction of mi-
gration (Figure 1, D-F, and Supplemental Movie S1). In contrast, in
ECs with excess centrosomes, the nucleus—centrosome axis was of-
ten perpendicular to the sprout axis, and these ECs had reduced
motility (0.08 = 0.01 pm/h) compared with controls (0.11 + 0.01
pum/h; (Figure 1, D-F, and Supplemental Movie S2).

To determine whether the reduced EC velocity in angiogenic
sprouts was due to defects in centrosome repolarization, we binned
centrosome position into three categories based on relationship to
the nucleus: forward or reverse (relative to nucleus and migration
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FIGURE 2: ECs with excess centrosomes have perturbed centrosome
orientation and polarization. (A) Representative images of ECs with
1-2 (top) or >2 centrosomes (bottom) on crossbow micropatterns
stained for actin (phalloidin; red), centrosomes (centrin::GFP; green),
and DNA (DRAQ; blue). Yellow arrowheads, individual centrosomes.
Scale bar, 10 pm. Insets, higher magpnification of centrosomes.

(B) Diagram (left) of centrosome orientation scoring. Right,
percentage of ECs in forward position over time between ECs
containing 1-2 or >2 centrosomes. (C) Time-lapse images of ECs
expressing centrin::GFP with 1-2 or >2 centrosomes on micropatterns;
black/yellow arrows, N-C angles. Dotted red line, nucleus outline.
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direction) or nuclear (laterally positioned or centered over the nu-
cleus; Figure 1G). Evaluation of migration velocities revealed that
sprouting ECs with centrosomes in the nuclear zone (N), regardless
of number, had reduced velocity compared with ECs with centro-
somes in the forward or reverse position (F/R; Figure TH). ECs in F/R
positions with excess centrosomes were also slower than their coun-
terparts with one or two centrosomes, suggesting that EC processes
in addition to polarization are affected by excess centrosomes
(Figure T1H). Consistent with the idea that excess centrosomes affect
migration via effects on polarization, we observed that ECs with ex-
cess centrosomes in sprouts had significantly fewer centrosome re-
polarization events over time (41% for one or two centrosomes vs.
5% for more than two centrosomes over 26 h; Figure 11, Supple-
mental Figure S1, H-J, and Supplemental Movie S3), suggesting
that excess centrosomes hindered centrosome repolarization. Thus,
although excess centrosomes cluster in sprouting ECs, our results
demonstrate that centrosomes do not efficiently repolarize during
sprouting; this behavior is associated with impaired migration in an-
giogenic sprouts and dysfunctional sprouting morphogenesis.

Cell-autonomous polarization defects in endothelial cells
with excess centrosomes

We asked whether excess centrosome-mediated orientation de-
fects in ECs are cell autonomous. Centrosome orientation was as-
sessed on two-dimensional crossbow micropatterns that enable
stereotyped cell polarization with reproducible centrosome polar-
ization in solitary cells (Thery et al., 2006). Consistent with the find-
ings in sprouts, ECs with excess centrosomes on micropatterns ex-
hibited centrosome clustering (Figure 2A). Fixed image analysis
showed that uninduced tet-Plk4 ECs with normal centrosome num-
bers were able to position their centrosomes in a forward orienta-
tion on micropatterns, with 47% in the forward position after 6.5 h,
whereas ECs with excess centrosomes had a lower frequency of
centrosome-forward orientation (13%; Figure 2B). Of note, ECs on
the crossbow micropatterns do not divide during the reorientation
period, eliminating the possibility of effects downstream of cell divi-
sion. We next overexpressed a truncated Plk4 (Plk4'¢%) protein that
has intact kinase activity but does not promote centrosome overam-
plification (Guderian et al., 2010). Overexpression of Plk4'4% did
not affect centrosome number (Supplemental Figure S2A) or mi-
cropattern-induced centrosome orientation (Supplemental Figure
S2B), suggesting that excess centrosomes rather than off-target Plk4

Insets, images of centrosomes. Scale bar, 10 pm. (D) Image and line
scans of CDé3 staining in ECs on micropatterns with indicated
centrosome orientation and numbers. Dotted white lines, line scans.
Scale bar, 10 ym. (E) Left, diagram of how probabilistic density maps
were generated. Right, probabilistic density maps of CDé63,
centrosome, and nuclear staining grouped by centrosome position
(F N, or R) and centrosome number. Key is on the right. Statistical
comparisons (see Materials and Methods) of F vs. N and Rvs. N
maps, ***p > 0.001. (F) Images of tet-Plk4 HUVECs expressing
centrin::GFP (green) in sprouts stained for CD63 (left, pseudocolored;
right, red) and DNA (DRAQ; blue) and binned by centrosome
orientation and centrosome number. Yellow arrowheads,
centrosomes. Scale bar, 10 pm. (G) Quantification of percentage of
time individual sprouting ECs with one or two or more than two
centrosomes spent in N position. 1-2C: 20 ECs; >2C: 17 ECs. For all
experiments, black bars indicate comparison with indicated p values.
Error bars are 95% confidence intervals. All p values are from
two-tailed Student'’s t test from at least three experiments, unless
indicated otherwise. *p < 0.05; ***p < 0.001; NS, not significant.
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kinase activity are responsible for orientation defects. Live imaging
confirmed that ECs with excess centrosomes had a 60% reduction in
a forward orientation and “stalled” in the nuclear zone twice as of-
ten as controls (Figure 2C, Supplemental Figure S2C, and Supple-
mental Movies S4 and S5). These results indicate that ECs with ex-
cess centrosomes have cell-autonomous centrosome orientation
defects, and these defects likely mirror the repolarization defect of
ECs with excess centrosomes during angiogenic sprouting.

We previously showed that in unconstrained ECs, excess centro-
somes scattered and caused disruption and fragmentation of the
Golgi (Kushner et al., 2014). Here we determined the effects of ex-
cess centrosomes in topologically constrained ECs that more faith-
fully mimic the constraints on ECs found in sprouts. In contrast to
unconstrained ECs, HUVECs with excess centrosomes on micropat-
terns did not exhibit obvious Golgi fragmentation in any of the ori-
entations (Supplemental Figure S2D). We next determined the rela-
tive position of CDé3, a vesicle-associated protein that is trafficked
from the Golgi complex to the leading edge in polarized cells
(Verweij et al., 2011) (Figure 2, D and E). Line scans flanking either
side of the nucleus showed an expected accumulation of CDé3 that
paralleled centrosome orientation. In contrast, when centrosomes
were oriented in the nuclear zone, regardless of centrosome num-
ber, CD63 intensity was equal on both sides of the nucleus (Figure
2D). Probability density mapping of CD63 vesicles in multiple ECs
showed similar patterns, and distributions in centrosome-forward,
nuclear, and reverse orientations were significantly different (Figure
2E). We stained for CDé3 in angiogenic sprouts and confirmed lo-
calization toward the appropriate direction (forward or reverse)
when centrosomes were polarized but lack of localization when cen-
trosomes were in the nuclear region (Figure 2F). We next deter-
mined how much time ECs with excess centrosomes spent in the
different orientations in 3D sprouts. Live imaging over 24-36 h
showed that sprouting ECs with excess centrosomes spent signifi-
cantly more time in the nuclear—centrosome orientation (70%) than
did controls (30%; Figure 2G). Thus mispolarization as determined
by CD63 vesicle distribution, a consequence of centrosome stalling
in the nuclear region, is significantly more likely in ECs with excess
centrosomes and occurs despite the fact that excess centrosomes
remain clustered and do not cause obvious Golgi fragmentation.
These findings suggest that, although excess centrosomes are clus-
tered rather than scattered in sprouting ECs, they contribute to a
loss of polarization that likely hinders angiogenic sprout formation.

Endothelial cells with excess centrosomes have aberrant
microtubule dynamics

Because centrosomes function as a MT organizing center, we
asked whether MT dynamics influenced dynamic centrosome re-
polarization on micropatterns. Low doses of either nocodazole or
Taxol suppress MT dynamic instability (Vasquez et al., 1997) but do

not completely depolymerize or overstabilize MTs, respectively
(Figure 3A, top). Both drugs significantly inhibited the ability of
control ECs to dynamically repolarize their centrosomes to a for-
ward orientation (Figure 3A, bottom), indicating that centrosome
orientation is sensitive to small perturbations in MT dynamics. In
contrast, neither drug altered the centrosome orientation frequen-
cies of ECs with excess centrosomes, suggesting that in these cells,
centrosome orientation is randomized and cannot be further per-
turbed by altered MT dynamics.

To determine whether ECs with excess centrosomes have
changes in steady-state MTs, we used structured illumination mi-
croscopy (SIM) to closely examine MT architecture at the cell cortex
(within 7.5 pm of the leading edge). In control ECs, the leading edge
had numerous MTs that contacted the front cortex, bending back
into the cell interior in a stereotypical manner (Figure 3B, top right).
In contrast, ECs with excess centrosomes had fewer MTs in this re-
gion, and these MTs were truncated and less organized (Figure 3B;
bottom right). Quantification of whole-cell and cortex-restricted MT
intensities showed reduced a-tubulin polymer levels in ECs with ex-
cess centrosomes (13.4% whole cell and 19.1% cortical reduction vs.
control, respectively; Figure 3C). We next live-imaged MTs of EC on
micropatterns using an MT-specific dye (Lukinavicius et al., 2014).
ECs with excess centrosomes had normal shrink, stall, and growth
rates of MTs compared with controls but they had significantly ele-
vated MT catastrophes (Figure 3, D and E). These data show that
topologically constrained ECs with excess centrosomes have re-
duced polymerized MTs at steady state, and this reduction is associ-
ated with increased MT catastrophes.

To test whether defective centrosome-derived MT nucleation
contributed the reduced MTs, we examined MT nucleation capacity
after cold depolymerization and washout. MT nucleation from cen-
trosome clusters was significantly enhanced (16.5% higher o-tubulin
intensity at 15 s after renucleation) in ECs with excess centrosomes
compared with controls (Figure 3, F and G). Increased MT nucle-
ation with excess centrosomes has been reported in other cell types
(Lingle et al., 1998; Godinho et al., 2014) but was inconsistent with
our steady-state MT results. To resolve this paradox, we assessed
MT intensities at different time points after recovery from MT depo-
lymerization. ECs with excess centrosomes had elevated polymer-
ized tubulin compared with controls up to 2 h after rewarming. How-
ever, at 8 h, polymerized tubulin intensities in ECs with excess
centrosomes dropped below control levels (Figure 3H). Our finding
that MT density diminishes over time in ECs with excess centro-
somes is unexpected and indicative of a possible secondary path-
way involved in MT defects.

To determine whether centrosome number affected MT renucle-
ation capacity, we quantified MT nucleation capacity after cold de-
polymerization and washout relative to centrosome number (Figure
3, I'and J). Of interest, there was a stepwise increase (20-30% per

16 ECs; >2C, 18 ECs. Stall frequency: 1-2C, 17 ECs; >2C, 22 ECs. Growth rate: 1-2C, 16 ECs; >2C, 21 ECs. Catastrophes:
1-2C, 16 ECs; >2C, 19 ECs. (F) Left, SIM images of EC on micropatterns 15 s after cold washout stained for MTs
(o-tubulin; red), centrosomes (y-tubulin; green), and DNA (DRAQ; blue). Insets, higher magnification of centrosomes.
Middle, inverted o-tubulin staining images. Right, higher magnification of MT-nucleating center. Scale bars, 10 pm (left),
5 pm (right). (G) Quantification of whole-cell MTs (o-tubulin intensity) between indicated groups; 22 ECs for each group.
(H) Quantification of MTs (o-tubulin intensity) over time, normalized to one- or two-centrosome controls at the same
time point. (I) Representative images of ECs with different numbers of centrosomes after rewarming to initiate MT
growth and stained for MTs (a-tubulin; red), centrosomes (y-tubulin; green), and DNA (DRAQ; blue). (J) Quantification of
o-tubulin intensity by centrosome count; 49 ECs in two independent experiments. Error bars are SEM. For all
experiments, black bars indicate comparison with indicated p values. Error bars are 95% confidence intervals unless
indicated otherwise. All p values are from two-tailed Student’s t test from at least three experiments, unless indicated

otherwise. *p < 0.05; **p < 0.01; NS, not significant.
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(B) Scatter plot of average FRET/CFP ratios between EC with 1-2 or >2 centrosomes and with or
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>2C, 19 ECs. (C) Percentage of forward-oriented ECs with indicated treatments between ECs
with 1-2 or >2 centrosomes, normalized to controls. CA, constitutively active; DN, dominant
negative. Comparisons are to 1-2C group by %2 analysis. (D) Percentage of forward-oriented ECs
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indicated in seconds. (H) Time-lapse images of a representative EC on a micropattern expressing
Venus-PA-Rac1 (C450A) light-insensitive mutant in conditions similar to those in G. Red boxes,
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sprouts expressing centrin::tdTomato to mark centrosomes, GFP::Rac1 (DN), and N-C axis
superimposed. Scale bar, 10 pm. (J) Percentage of sprouting ECs that repolarize with expression
of DN Rac::GFP. Control: 1-2C, 22 ECs; >2C, 17 ECs. DNRac: 1-2C, 10 ECs; >2C, 12 ECs. All p
values are from two-tailed Student's t test from at least three experiments, unless indicated
otherwise. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant; N, number of ECs analyzed.
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centrosome) in centrosome MT nucleation
capacity up to four centrosomes. Thereafter,
increasing centrosome number did not re-
sult in increased MT nucleations. These re-
sults indicate that MT nucleation depends
on centrosome number when clustered (i.e.,
topologically constrained) but that this re-
sponse has an upper limit.

Abnormal microtubule dynamics

is associated with elevated Rac1
activation and reorientation defects

in endothelial cells

Initially, there were more MTs after renucle-
ation in ECs, but subsequently MTs were re-
duced in ECs with excess centrosomes. MT
nucleations stimulate Racl activation and
actin remodeling (Waterman-Storer et al.,
1999). Thus we hypothesized that excess
centrosomes initially generate a robust
MT array from increased nucleations that
stimulates elevated and sustained Rac
activity, which in turn drives the increased
actin remodeling at the cell periphery that
subsequently suppresses MT density down-
stream of MT nucleations. To determine
Rac1 activity in tet-Plk4 HUVECs with excess
centrosomes on micropatterns, we used a
Rac1 fluorescence resonance energy trans-
fer (FRET) biosensor (Kraynov et al., 2000).
FRET/cyan fluorescent protein (CFP) ratios
revealed that ECs with excess centrosomes
had 50% more Rac1 activity than controls
(Figure 4, A and B). Nocodazole-induced
MT depolymerization, which also prevents
MT nucleation, significantly reduced Rac1
activation and abolished the differences
(Figure 4B), suggesting that the increased
Rac activity with excess centrosomes de-
pends on MT nucleations. We next overex-
pressed either constitutively active (CA;
Q61L mutation) or dominant-negative (DN;
T17N mutation) enhanced GFP (eGFP)::Rac1
(Kraynov et al., 2000) and assessed centro-
some-forward orientation. Expression of CA
eGFP::Rac1 did not affect centrosome orien-
tation in ECs with excess centrosomes,
whereas expression of DN eGFP::Rac1 par-
tially rescued forward-centrosome orienta-
tion (Figure 4C). Next we pharmacologically
blocked Racl or one of its downstream ef-
fectors that affects actomyosin remodeling,
Arp2/3. Strikingly, blockade of either Rac1 or
Arp2/3 increased forward centrosome orien-
tation on micropatterns in ECs with excess
centrosomes (Figure 4D). Previous studies
showed that Rac and/or Arp2/3 inhibition
increased cortical MTs (Wittmann et al.,
2003). The leading edge of ECs with excess
centrosomes and Rac1 or Arp2/3 inhibition
had increased cortical MT staining, and both
treatments increased polymerized tubulin
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*p < 0.05; **p < 0.01; NS, not significant.

levels relative to untreated ECs with excess centrosomes (Figure 4, E
and F). These results suggest that repolarization in ECs with excess
centrosomes can be rescued by reducing Rac and Arp2/3 activity.
We reasoned that if Rac1 blockade rescued MT levels in ECs with
excess centrosomes, then increasing Rac1 in normal ECs would re-
duce cortical MTs, similar to the effects of excess centrosomes. To
achieve this, we used a blue-light photoactivatable (PA)-Rac1 to
conditionally activate Rac?1 in EC with a normal centrosome comple-
ment (Kraynov et al., 2000). ECs on micropatterns maintained in the
dark state had little membrane ruffling (unpublished data), and MTs
had a typical conformation at the cortex, smoothly bending back-
ward toward the cell interior (Figure 4G, left). On light exposure to
activate Rac1, membrane ruffling rapidly increased (unpublished
data), and MTs at the front cortex gradually retreated away from the
cortex, decreasing overall MT density (Figure 4G, right). In contrast,
light exposure in ECs expressing the light-insensitive mutant (PA-
Rac1 C450A) did not elicit obvious effects on cortical MT density
(Figure 4H). These results are consistent with the biosensor and
inhibitor experiments and suggest that Rac1 activation downstream
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of excess centrosomes affects cortical MT
architecture.

To investigate further the effects of re-
ducing Rac1 activity on EC repolarization in
angiogenic sprouts, we overexpressed DN
Rac1 in sprouting ECs. Strikingly, expression
of DN Rac1 rescued the repolarization de-
fects seen in sprouting EC with excess cen-
trosomes to levels indistinguishable from
those for unmanipulated ECs with normal
centrosome numbers (Figure 4, | and J).
Collectively these results show that ectopic
Rac1 activation promotes defects in reorien-
tation of topologically constrained EC on
micropatterns and in sprouts, likely down-
stream of robust MT nucleation by excess
centrosomes.

We next sought to determine whether
elevated centrosome-derived MT nucle-
ations, independent of centrosome overdu-
plication, mimicked the effects of excess
centrosomes on the MT cytoskeleton and
cell polarization. We used Plk1, a well-char-
acterized positive regulator of centrosome-
derived MT nucleation that we previously
reported increased y-tubulin levels and MT
nucleation in ECs (Kushner et al., 2014). As
predicted, introduction of tet-inducible Plk1
(tet-Plk1 DBN; Lindon and Pines, 2004) into
ECs increased polymerized tubulin levels
during recovery from cold depolymerization
(Figure 5, A and B). Of note, Plk1 overex-
pression also resulted in significantly ele-
vated MT-dependent Racl activity, as as-
sessed by the Rac1 biosensor, and impeded
micropattern-induced centrosome-forward
orientation, whereas blockade of Rac1 activ-
ity rescued centrosome orientation in Plk1-
overexpressing ECs (Figure 5, C-E). These
results suggest that increased centrosome-
derived MT nucleation leads to deregulated
Rac1 activation and reduced ability of cen-
trosomes to dynamically repolarize.

Rac1-mediated actomyosin contractility leads to MT bending,
buckling, and breakage. Thus we blocked myosin light chain kinase
activity, which is a major regulator of actomyosin contractility, in in-
duced tet-Plk4 ECs. This inhibition rescued micropattern-induced
forward-centrosome orientation in ECs with excess centrosomes
(Supplemental Figure S3, A and B). These results suggest that aber-
rant remodeling of the actin cytoskeleton downstream of Rac1 acti-
vation contributes to reduced MT levels and centrosome orientation
defects in ECs with excess centrosomes.
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DISCUSSION

Although excess centrosomes are implicated in generating chro-
mosome instability and aneuploidy, only recently have excess cen-
trosomes been implicated in interphase cell phenotypes linked to
cancer progression (Godinho et al., 2014; Kushner et al., 2014). We
sought a better understanding of the effects of excess centro-
somes during sprouting angiogenesis, given that tumor ECs have
high frequencies of centrosome overamplification. Here we show
that excess centrosomes block the dynamic repolarization of ECs,
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which is part of normal sprout extension, and this defect is reca-
pitulated on cell polarization—inducing micropatterns. Effects of
excess centrosomes occur via effects on MT nucleations and dy-
namics, Rac1 activation, and remodeling of the actin cytoskeleton
and, given the timing, likely do not involve aneuploidy.

Our previous work showed that, in ECs with excess centro-
somes that were not topologically constrained, the centrosomes
were more dynamic and scattered, and as a result, ECs had aber-
rant migration and vesicle trafficking in two dimensions (Kushner
et al., 2014). Here we extended this analysis to ECs that are topo-
logically constrained, either in angiogenic sprouts or by placement
onto micropatterns that confer a leading/trailing-edge polariza-
tion. To our surprise, under these more physiological conditions,
the excess centrosomes remained clustered, but nevertheless the
ECs exhibited defects in repolarization. Normal ECs dynamically
repolarize and migrate both proximally and distally in extending
sprouts (Xu et al., 2014; Sugihara et al., 2015; this study); however,
ECs with excess centrosomes did not repolarize efficiently, but in-
stead remained “stalled” with the centrosomes more central over
the nucleus, a configuration that was recapitulated by ECs with
excess centrosomes on micropatterns. The repolarization defect
correlates with loss of polarity—for example, that seen in localiza-
tion of the vesicle protein CD63. The reduced spouting seen when
sprouts contain significant numbers of ECs with excess centro-
somes implies that dynamic repolarization is an essential compo-
nent of vascular sprouting. This extends recent studies showing
that ECs dynamically compete during sprout extension, with ECs
at the tip exchanging with ECs in the stalk (Jakobsson et al., 2010;
Bentley et al., 2014).

We found that repolarization defects downstream of excess
centrosomes affected the MT cytoskeleton in paradoxical ways.
ECs with clustered excess centrosomes had more MT nucleations,
consistent with other reports (Lingle et al., 1998; Godinho et al.,
2014), but more catastrophes and fewer MTs at steady state. The
increased MT nucleations correlated with higher Rac1 activity, and
conditionally activated Rac1 reduced cortical MTs, whereas Rac
inhibition rescued the repolarization defects of ECs. Because ma-
nipulations of actomyosin contractility also rescued repolarization,
we hypothesize that MT nucleation-induced elevated Rac activity
promotes increased actomyosin remodeling near the cortex,
which leads to more MT catastrophes, or breakage, and this pro-
cess eventually reduces MT levels and affects the ability of ECs to
repolarize. In this model, Rac activation is sustained because ele-
vated MT nucleations at the centrosome and from the broken MT
ends promote elevated Rac1 activity. Our finding that a delicate
balance of MT dynamics and actomyosin contractility is perhaps
required for EC repolarization is in line with reports linking centro-
some positioning and peripheral myosin (Burakov et al., 2003;
Gomes et al., 2005; Rodriguez-Fraticelli et al., 2012). We show,
however, that excess centrosomes might be capable of tipping
this important balance. In sprouting ECs, clusters of excess cen-
trosomes become “trapped” in a nonpolarized state, and these
cells have reduced migration and sprouting defects. Thus vessels
with high frequencies of excess centrosomes, such as those in tu-
mors, are predicted to have reduced migration within the tumor
and aberrant network formation, limiting chemotherapeutic drug
penetration.

MATERIALS AND METHODS

Cell culture

HUVECs (CC-2517; Lonza, Houston, TX) and human lung fibro-
blasts (CC-2512; Lonza) were maintained at 37°C with 5% CO, and
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grown under standard conditions. Rac1-GTPase inhibitor (NCS-
23766; SelleckChem, Boston, MA) was at 100 uM, and Arp2/3
inhibitor (CK-666; Sigma-Aldrich, St. Louis, MO) was at 10 pM.
Nocodazole (M1404; Sigma-Aldrich) and Taxol (T7402; Sigma-
Aldrich) were used at indicated concentrations. Stable HUVEC
populations were generated by inserting relevant transgenes into
pLIX_402 (41394; Addgene, Cambridge, MA), a Gateway-compat-
ible Tet-On lentivirus. P2 HUVECs were transfected with the pLIX
virus, and puromycin at 2 ug/ml (P9620; Sigma-Aldrich) was added
4 d later. After 2 d, puromycin was added at 4 pg/ml. When
HUVECs reached confluency, they were split 1:10 and frozen in lig-
uid Ny. Transgene expression was induced by overnight incubation
with DOX (D9891; Sigma-Aldrich). For all experiments except the
sprouting angiogenesis assay (described later), cells were assessed
within 24 h of DOX treatment, and ECs with nuclear sizes <50% of
median or >200% of median size were excluded from analysis.

Three-dimensional sprouting assay

The sprouting angiogenesis assay was performed as described
(Nakatsu and Hughes, 2008; Kushner et al., 2014). DOX was added
at 500 ng/ml at indicated times. Live-cell imaging was performed on
an Olympus FV1200 live-imaging confocal system with a 40x sili-
cone-immersion objective. HUVECs were infected with centrin::GFP
lentivirus the day before embedding to label centrioles. Nuclei were
identified using phase contrast microscopy. A cell was considered to
have “repolarized” if its centrosomes passed through the nuclear
position from a forward position to a reverse position or vice versa.
Nuclear velocity was measured with the ImageJ plug-in MtrackJ
(National Institutes of Health, Bethesda, MD). Phalloidin labeled
with a fluorescent marker was added at 1:100 postfixation to reveal
sprout morphology.

Micropatterns and centrosome orientation

Micropatterns were fabricated as described (Thery et al., 2006;
Thery and Piel, 2009) or purchased directly from Cytoo (Bethesda,
MD; 10-005-00-18). Briefly, a silicon master with microfeatures of
interest was used to cast polydimethylsiloxane (PDMS) stamps. The
PDMS stamps were coated with fibronectin (F1141; Sigma-Aldrich)
or fluorescent fibrinogen (F13192; Invitrogen, Waltham, MA) and
used to print the polystyrene-coated glass coverslips with a pat-
terned adhesive surface. Coverslips were then immersed in poly-L-
lysine—polyethylene glycol. Micropattern production was at the
Chapel Hill Analytical and Nanofabrication Laboratory at the Univer-
sity of North Carolina. The stamp patterns were designed using
computer-aided design (CAD) software, and the optical mask was
produced by Photo Sciences. ECs were treated, sparsely plated on
micropatterns, and then incubated for indicated times before para-
formaldehyde (PFA) fixation and scoring as indicated in the text.

Immunohistochemistry

The antibodies used were as follows: y-tubulin (1:5000, T6557;
Sigma-Aldrich), GM130 (1:1000, G7295; Sigma-Aldrich), o-
tubulin-555 (1:250, 05-829X-555; Millipore, Darmstadt, Germany),
o-tubulin-488 (1:250, 16-232; Millipore), CDé63 (1:500, ab8219; Ab-
cam), pericentrin (1:1000, ab4448; Abcam), phalloidin (1:100,
A34055; Invitrogen), and DRAQ7 (1:1000, ab109202; Abcam). For -
tubulin staining, ECs were fixed in ice-cold MeOH for 10 min. For
CDé63 and pericentrin staining, ECs were fixed in 4% PFA for 6 min.
For phalloidin staining, ECs were first rinsed in 37°C 1x PEM (100 mM
1,4-piperazinediethanesulfonic acid [PIPES]-KOH, 1 mM MgCl,,
1 mM ethylene glycol tetraacetic acid [EGTA], pH 6.9) and then fixed
in 4% PFA in 1x PEM for 10 min. For o-tubulin staining, ECs were
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dipped in PHEM/Triton-X (60 mM PIPES, 21 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 10 mM EGTA, 685 mM NaCl, 2 mM
MgCly, pH 6.9, 0.2% Triton-X) at 37°C for 15 s before fixation in
MeOH for 10 min. Slides were washed in phosphate-buffered saline
(PBS) with 0.01% Tween 20 (PBST) three times and blocked in 10%
newborn calf serum diluted in PBST (blocking buffer) for 2 h. After
blocking, primary antibodies were added at the indicated concentra-
tions in blocking buffer and incubated overnight at 4°C. After incuba-
tion, slides were extensively washed three times in blocking buffer at
room temperature and then incubated with secondary antibody in
blocking buffer for 2 h. Secondary antibodies were Alexa Fluor con-
jugates (1:250; Invitrogen). Slides were washed in PBST at room tem-
perature and mounted in Vectashield mounting medium (Vector
Labs) before imaging.

Cold MT renucleation

ECs were placed on ice for 20 min, and then growth medium at
37°C was added for the indicated times. For experiments requiring
PHEM/Triton-X treatment, the PHEM was at 37°C and added after
growth medium. ECs were then immediately fixed in cold MeOH.

MT analysis

HUVECs expressing transgenes of interest via lentivirus infection
were seeded onto custom-made micropatterns. Coverslips were
dipped in PHEM/Triton-X for 15 s and then fixed in cold MeOH for
10 min. High-resolution images were acquired using a 60x objective
on either an Olympus FV1200 confocal microscope or a DeltaVision
OMX superresolution microscope (Applied Precision, Marlborough,
MA). Whole-cell tubulin polymer was measured using the Measure
function in ImageJ. To determine tubulin polymer in the cell periph-
ery, a custom macro was written that drew an oval with the same
curvature as the "bow” section of the crossbow micropattern. The
oval was aligned with the edge of the cell and then displaced
~7.5 um toward the “tail” of the pattern. The body of the oval was
then filled with pixels of zero fluorescence intensity, so that only
peripheral MT fluorescent signal was measured. Fluorescence mea-
surements were corrected for background. In some cases, deconvo-
lution using Huygens software was used.

For analyzing live MTs, HUVECs were treated for 18 h (150 nM
final concentration) with SiR-tubulin, a fluorogenic compound for
live-cell imaging (kind gift of Kai Johnsson, Institute of Chemical Sci-
ences and Engineering, Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland) as previously described and then plated on
micropatterns and imaged. MTs were manually tracked using the
ImageJ plug-in MTrackJ. The x- and y-coordinates were placed in a
custom algorithm coded in Visual Basic using Excel (a gift of Dan
Buster, University of Arizona Cancer Center, University of Arizona,
Tucson). Movies of MTs were taken at 6-s intervals using an Olympus
FV1200 confocal microscope at 37°C and an Olympus 60x/numeri-
cal aperture (NA) 1.4 objective.

Rac1 activation assay

Tet-Plkd4—expressing HUVECs were electroporated with a dual-chain
Rac1 FRET biosensor (gift of Klaus Hahn, University of North Carolina
at Chapel Hill; Kraynov et al., 2000) and centrin::tdTomato, using an
Amaxa Nucleofector Kit (VPB-1492; Lonza) and then plated on fibro-
nectin-coated (5 pug/ml) glass-bottom dishes. ECs were fixed (4%
PFA) after overnight incubation with DOX to induce centrosome
overamplification. For FRET imaging, a 453-nm laser was used for
excitation, and both CFP (470/24 nm) and FRET/yellow fluorescent
protein (535/40 nm) emission channels were collected with an
Olympus 60x/NA 1.4 objective on an Olympus FV1200 confocal
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microscope. All images were acquired using the same parameters,
optimized to reduce photobleaching. FRET images were processed
as described previously (Kardash et al., 2011). Briefly, the acquired
CFP/FRET ratios were corrected for background in ImageJ. Single-cell
images were segmented in each channel in ImageJ using the mini-
mum and mean threshold method, and regions of interest were ana-
lyzed. FRET ratio images were produced by dividing the processed
FRET image by the CFP image. Individual cell mean FRET/CFP values
corresponding to Racl activation were obtained by calculating the
mean pixel value of the FRET ratio image for each single cell.

Photoactivation of Rac1

Photoactivatable Rac1 (mCherry-PA-Rac1) and light-insensitive mu-
tants were used. Constructs were subcloned into lentiviral expres-
sion vectors (pLenti705, 17392; Addgene) and virus produced in the
University of North Carolina Virus Core Facility. HUVECs were in-
fected using standard techniques and plated onto micropatterns
protected from light before image acquisition. Cells were first im-
aged using red fluorescent protein and far-red filter sets (568- and
633-nm lasers, respectively) to detect membrane dynamics and
SiR-tubulin—labeled MTs. To activate Rac1, a 488-nm laser was used
as previously described (Wu et al., 2009). Imaging was carried out
on an Olympus FV1200 confocal microscope at 37°C, using an
Olympus 60x/NA 1.4 objective.

Probabilistic density mapping

Density maps were computed as described previously (Schauer
et al., 2010). Briefly, HUVECs expressing pLIX-PLK4 in the presence
of DOX were seeded on either in-house or commercially available
micropatterns (Cytoo) and allowed to polarize for 4 h. ECs were then
stained for CD63 and imaged. Images were rotated and cropped
around the micropattern. The centroids of the vesicle puncta or or-
ganelle centroids in each Z-slice were determined using the Analyze
Particles function in ImageJ. Density maps were created using the ks
library in R (http://cran.r-project.org), a free software package for
statistical computing. Statistical analysis was carried out as reported
by Schauer et al. (2010). Briefly, we took random points from each
distribution and determined the probability that points from each
group belong to the same distribution. In theory, lower probability
indicates that the compared groups are less likely from the same
distribution. The p values were determined using the kde.test func-
tion from the ks package.
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