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Proper regulation of microtubule dynamics during mitosis is essential for faithful chromosome segregation. In fact,
recently we discovered increased microtubule plus end assembly rates that are frequently observed in human cancer
cells as an important mechanism leading to whole chromosome missegregation and chromosomal instability (CIN).
However, the genetic alterations responsible for increased microtubule polymerization rates in cancer cells remain
largely unknown. The identification of such lesions is hampered by the fact that determining dynamic parameters of
microtubules usually involves analyses of living cells, which is technically difficult to perform in large-scale screening
settings. Therefore, we sought to identify alternative options to systematically identify regulators of microtubule plus
end polymerization. Here, we introduce a simple and robust phenotypic screening assay that is based on the analyses
of monopolar mitotic spindle structures that are induced upon inhibition of the mitotic kinesin Eg5/KIF11. We show
that increased microtubule polymerization causes highly asymmetric monoasters in the presence of Eg5/KIF11
inhibition and this phenotype can be reliably assessed in living as well as in fixed cells. Using this assay we performed a
siRNA screen, in which we identify several microtubule plus end binding proteins as well as centrosomal and cortex
associated proteins as important regulators of microtubule plus end assembly. Interestingly, we demonstrate that a
subgroup of these regulators function in the regulation of spindle orientation through their role in dampening
microtubule plus end polymerization.

Introduction

Most human cancer cells show an increased rate of whole
chromosome missegregation during mitosis leading to an evolve-
ment of highly aneuploid progenitors. This cancer-associated
phenotype is known as chromosomal instability (CIN) and can
be found in almost all types of human cancer.1 It is believed that
CIN contributes to the generation of a high genetic variability
and a high adaption capability of cancer cells and thereby, sup-
ports tumorigenesis and tumor progression.2,3 However, the
molecular mechanisms leading to CIN are not well understood.

Various abnormalities during mitosis have been suggested to
be involved in CIN. These include the presence of supernumer-
ary centrosomes, impaired spindle checkpoint function or abnor-
mal microtubule-kinetochore attachments.4 Most recently, we
have revealed that an increase in microtubule plus end assembly
rates within mitotic spindles is not only frequently detected in
chromosomally unstable cancer cells, but can also act as a trigger
for CIN.5 Thus, it is of utmost interest to identify the genetic
alterations that are responsible for an increase in microtubule

plus end polymerization in human cancer cells. As a very first
step into this direction we found that loss of the tumor suppres-
sor CHK2 or gain of the oncogene AURKA can result in increased
microtubule assembly rates during mitosis. However, the under-
lying mechanisms leading to increased microtubule dynamics at
microtubule plus ends are still elusive.5,6

So far, regulation of microtubule plus end assembly is poorly
understood, although a growing number of proteins that specifi-
cally bind to the microtubule plus ends have been identified.
These microtubule plus end tracking proteins (CTIPs) include
proteins such as "end binding proteins" (EBs), "adenomatous
polyposis coli" (APC), "cytoplasmic linker protein of 170 kDa"
(CLIP-170), "cytoplasmic linker associated proteins" (CLASPs)
and members of the dynein-dynactin complex (e.g. dynein,
p150Glued, Lis1), which were all shown to influence the dynamic
behavior of microtubules.7 However, the underlying mechanisms
of how CTIPs regulate microtubule dynamics are still poorly
understood.

Interestingly, CTIPs have also been implicated in the regula-
tion of mitotic spindle orientation by stabilizing the interaction
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of plus tips of astral microtubules with protein complexes local-
ized at the cell cortex.8 In fact, complexes of heterotrimeric G
proteins (Ga), LGN and NuMA reside at the cell cortex and
interact with dynein-dynactin complexes that attach to microtu-
bule plus tips to provide the pulling forces on astral microtubules
required for proper spindle positioning.8 It is yet unknown how
this interaction and the dynein-dynactin activity is regulated, but
the dynamics of microtubules might play an important role. This
is also supported by our recent findings showing that increased
microtubule plus end polymerization rates in chromosomally
instable cancer cells cause spindle orientation defects that subse-
quently lead to erroneous microtubule-kinetochore attachments
and chromosome missegregation.5 Thus, the identification of
regulators of microtubule plus end polymerization has a great
potential to provide significant novel insights into both, the
mechanisms of CIN in cancer cells and the mechanisms of spin-
dle orientation. However, the systematic identification of regula-
tors involved in microtubule plus end polymerization is difficult,
because the dynamic behavior of microtubule ends is usually
experimentally determined by tracking fluorescently labeled EB
proteins at individual microtubule plus ends in live cells.9 It is
conceivable that this approach is difficult to be performed in a
large-scale screening setting, although a first attempt for this has
been described.10 To systematically identify mitotic regulators of
microtubule plus end assembly, we introduce here a robust and
simple phenotypic screening assay that can easily be applied to
fixed and living cells. Interestingly, we show that this assay can be
used to systematically dissect regulators of spindle orientation
that act dependently or independently of microtubule plus end
dynamics.

Results

Chromosomally instable cancer cells with increased
microtubule plus end assembly rates exhibit asymmetric
monopolar spindles after Eg5/Kif11 inhibition

Inhibition of the mitotic kinesin Eg5 (also known as
KIF11, kinesin-5 or KSP) by small molecule inhibitors is
known to prevent centrosome separation at the beginning of
mitosis. This leads to the formation of monoastral microtu-
bule arrays, which are fully capable to attach to mitotic chro-
mosomes yielding a rosette-like alignment of chromosomes
around a monopolar spindle (Fig. 1A).11,12 When treating var-
ious cancer cell lines with the Eg5 inhibitors monastrol12 or
dimethylenanstron (DME)13 we noticed dramatic differences
in the formation of monopolar spindles. While some cell lines
formed symmetric spindle microtubule arrays and rosette-like
chromosome alignment, others exhibited highly asymmetric
monopolar spindles associated with asymmetrically dispersed
chromosomes (Fig. 1A).6 This difference was in particular
apparent in a panel of colorectal cancer cell lines that differ in
their chromosomal stability status14. In fact, chromosomal sta-
ble cell lines (SW48, HCT116, RKO) showed symmetric
monopolar spindles associated with rosette-like chromosome
alignment while chromosomally instable cell lines (SW837,

SW620, SW480) displayed highly asymmetric monoasters and
asymmetrically dispersed chromosomes upon DME treatment
(Fig. 1B). Since we recently showed that CIN in colorectal
cancer cells can be triggered by an increase in microtubule
plus end assembly rates,5 we reasoned whether asymmetric
monopolar spindle assembly might be a read-out for this phe-
notype. This hypothesis was indeed supported by our observa-
tion that transient loss of the tumor suppressor CHK2 or
overexpression of AURKA, both of which represent conditions
that increase microtubule plus end polymerization rates,5 was
sufficient to induce asymmetric monopolar spindle assembly
in the presence of DME (Figs. 1C and S1). Moreover, treat-
ment of HCT116 and RKO cells with low doses of nocoda-
zole increased microtubule plus end assembly rates as
determined by live cell analyses tracking EB3-GFP at microtu-
bule plus tips5 (Fig. 1D) and resulted in the formation of
asymmetric monopolar spindles upon Eg5 inhibition
(Fig. 1E). Hence, we found an intriguing correlation between
abnormally increased microtubule assembly rates in chro-
mosomally instable cancer cells and the formation of asymmet-
ric monopolar spindles after treatment with Eg5 inhibitors. It
is of note that our quantification of asymmetric monopolar
spindles are likely to be underestimations since asymmetric
spindles viewed from the top might appear as symmetric spin-
dles in some cases (Videos S1-S3).

Asymmetric monopolar spindle formation after Eg5
inhibition is a robust indicator for increased microtubule
assembly rates during mitosis

To test whether the asymmetric monopolar spindle forma-
tion upon Eg5 inhibition is indeed a consequence of
increased microtubule plus end polymerization, we restored
proper microtubule growth rates in chromosomally instable
cancer cells. As shown in our previous work,5 this can be
achieved by various means including treatment with low
doses of Taxol�, which stabilizes microtubule plus ends,15,or
by partial repression of the microtubule polymerase ch-TOG/
CKAP5 that catalyzes the incorporation of a/b-tubulin subu-
nits at the microtubule plus ends.16 Indeed, restoring proper
microtubule plus end assembly rates by low doses of Taxol�

in chromosomally instable colorectal cancer cells as well as in
CHK2 deficient or AURKA overexpressing HCT116 cells effi-
ciently suppressed the formation of asymmetric monoasters
(Figs. 2A and B). Similarly, partial depletion of ch-TOG/
CKAP5 also suppressed the formation of asymmetric monop-
olar spindles in CHK2 deficient or AURKA overexpressing
cells that exhibit otherwise increased microtubule polymeriza-
tion rates (Figs. 2C and S2). Moreover, since an elevated
level of Aurora-A kinase activity was shown to be involved in
mediating an increase in microtubule plus end assembly rates
in colorectal cancer cells5 we analyzed monopolar spindle for-
mation after inhibition of Aurora-A by the small molecule
inhibitor MLN8054.17 Similar to the Taxol� treatments,
selective inhibition of Aurora-A fully suppressed the forma-
tion of asymmetric monopolar spindles in the presence of
DME in cancer cells with increased microtubule assembly
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rates (Fig. 2D). This result was also
confirmed in living cells where asym-
metric monopolar spindles were rap-
idly reverted into symmetric
monopolar microtubule arrays upon
MLN8054 or Taxol� treatment
within a few minutes (Fig. 2E, F and
Videos S4 and S5). These findings demonstrate that increased
microtubule plus end assembly rates result in asymmetric
monopolar spindle arrays in the presence of Eg5 inhibition.
Moreover, our results indicate that detection of asymmetric
monopolar spindles might be used as a robust readout for
abnormally increased microtubule assembly rates in fixed and
living cells and opens up the opportunity to systematically
screen for regulators of microtubule plus end assembly.

Identification of Cep192 as a positive regulator
of microtubule plus end assembly

Our previous work demonstrated that an increase in Aurora-A
kinase activity localized at mitotic centrosomes can trigger an
increase in mitotic microtubule plus end assembly rates.5 During
mitosis, Aurora-A can associate with different co-factors includ-
ing TPX2 and Cep192, which direct the kinase to mitotic spin-
dles and centrosomes, respectively.18,19 Hence, we reasoned

Figure 1. Chromosomally instable cancer
cells with increased microtubule plus end
assembly rates exhibit asymmetric monopo-
lar mitotic spindles after Eg5/Kif11 inhibi-
tion. (A) Example images of symmetric and
asymmetric monopolar spindles after treat-
ment with Eg5/Kif11 inhibitors (spindles,
anti-a-tubulin: green; kinetochores, CREST:
red; chromosomes, DAPI: blue; scale bar,
10 mm). (B) Detection and quantification of
asymmetric monopolar spindles in chro-
mosomally stable and instable colorectal
cancer cell lines after Eg5/Kif11 inhibition.
Cells were treated with 2 mM of dimethyle-
nastron (DME) for 3 hrs and monopolar
spindles and mitotic chromosome align-
ment were detected by immunofluores-
cence microscopy analysis as indicated and
quantified (scale bar, 10 mm; mean § s.d.;
1500–2000 monopolar spindles from 3 inde-
pendent experiments were evaluated). (C)
Detection and quantification of asymmetric
monopolar spindles in HCT116 cells after
loss of CHK2 or upon overexpression of
AURKA. Cells were transiently transfected
with siRNAs or with plasmids and monopo-
lar spindle formation was evaluated after
treatment with DME as in (B). Scale bar,
10 mm. The graphs show mean values § s.
e.m. and 1500–2000 monopolar spindles
from 3 independent experiments were eval-
uated. (D) Measurements of mitotic micro-
tubule plus end assembly rates in
chromosomally stable HCT116 and RKO
cells after treatment with 0.125 nM nocoda-
zole. Scatter dot plots show average assem-
bly rates (20 microtubules per cell, mean §
s.e.m., t-test, n D 10–24 cells from 3 inde-
pendent experiments). (E) Quantification of
the proportion of HCT116 or RKO cells
exhibiting asymmetrically monopolar spin-
dles after treatment with 2 mM DME and
2.5 nM Nocodazole for 3h (mean values §
s.d.; HCT116: 3 independent experiments
with a total of 1400 monopolar spindles;
RKO: 2 independent experiments with a
total of 500 monopolar spindles).
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whether these co-factors are also involved in the regulation of
microtubule plus end assembly. To test this, we expressed YFP-
tagged TPX2 or GFP-tagged CEP192 in chromosomally stable

HCT116 cells (Fig. S3) and
detected, in agreement with
previous findings,18,19 spin-
dle localization for TPX2
and centrosomal localiza-
tion for Cep192 (Fig. 3A).
By performing the monopo-
lar spindle assay, we found
an induction of asymmetric
monopolar spindles upon
expression of CEP192, but
not after expression of
TPX2 (Fig. 3B). Impor-
tantly, the formation of
asymmetric monopolar
spindles after expression of
CEP192 could be fully sup-
pressed by treatment with
Taxol� or MLN8054 indi-
cating that the phenotype is
induced by an Aurora-A
dependent increase in
microtubule polymerization
(Fig. 3B). To verify this, we
tracked mCherry-EB3 in
living cells and confirmed
indeed an increase in the
microtubule polymerization
rates upon expression of
CEP192 (Fig. 3C). Thus,
by increasing the expression
of CEP192 the monopolar
spindle assay reliably pre-
dicted a role of Cep192 as a
positive regulator of micro-
tubule plus end assembly.

Systematic screening for
regulators of microtubule
plus end assembly

In addition to identify-
ing positive regulators of
microtubule plus end
assembly such as Aurora-A
or Cep192 we reasoned that
the monopolar spindle assay
should also be useful to
identify negative regulators
of microtubule assembly.
To identify such regulators,
we used siRNAs targeting
24 pre-selected candidate
genes previously implicated

in centrosomal regulation, microtubule plus end binding or spin-
dle orientation. After siRNA transfection, we verified the effi-
ciency of the siRNAs (Fig. S4) and performed the monopolar

Figure 2. For figure legend, see page 831.
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spindle assay (as outlined in Fig. 4A). Upon microscopic evalua-
tion of asymmetric monopolar spindle formation in fixed cells,
we identified 11 siRNAs that induced asymmetric monopolar
spindles (Fig. 4B) indicating that those genes might be negative
regulators of microtubule plus end assembly. Among these candi-
dates are CTIPs such as the CLASPs, CLIP-170, dynein, Lis1,
p150glued, but also the centrosomal or cortex associated proteins
Cep170, PCM-1, NuMA and Ga1–3 suggesting that microtu-
bule plus end assembly is not only regulated at the plus tip, but
also by centrosomes and the cell cortex.

Potential application for large-scale screens
Our results strongly nominate the monopolar spindle assay as

an approach to systematically identify novel regulators of microtu-
bule plus end assembly. To allow large-scale or even genome-wide
screens in the future, we reasoned to simplify the evaluation step
of the assay approach. Since asymmetric spindle formation is
accompanied with a spindle pole displacement from the center of
the cell, the relative position of the spindle pole with its 2 centro-
somes can serve as a parameter for asymmetric spindle formation
and thus, for increased microtubule assembly rates (Fig. 4C).
Therefore, we visualized both, the monopolar spindle (by detect-
ing a-tubulin) and the 2 centrosomes (by detecting g-tubulin) by
immunofluorescence microscopy and calculated a "spindle pole
displacement factor (SPDF)" (Fig. 4C). To test the robustness of
this approach, we used cells transfected with siRNAs targeting
luciferase (control), CHK2, DYNHC1 or EB1 and calculated the
SPDF from more than 100 cells. In fact, in full accordance with
the results form the evaluation of the asymmetric spindle struc-
tures (Fig. 4B), we found a significant, approximately fold3-
increase of the SPDF upon depletion of CHK2 or DYNHC1, but
not after EB1 repression (Fig. 4D). Thus, calculating the relative
position of the spindle pole/centrosomes after treatment with Eg5
inhibitors provides a reliable readout for asymmetric monopolar
spindle assembly and hence, for increased microtubule assembly
rates. Therefore, we propose that automated calculation of the
SPDF might be a useful tool for future large-scale screens to iden-
tify novel regulators of microtubule plus end polymerization.

Determination of the role of microtubule plus end assembly
rates for the regulation of mitotic spindle orientation

Interestingly, most of the candidates identified in our siRNA
screen (Fig. 4B) have been previously implicated in the regula-
tion of spindle orientation, which might indicate a role of micro-
tubule plus end dynamics for proper spindle positioning during
mitosis. To test this hypothesis, we treated siRNA transfected
cells with low doses of Taxol� to restore normal microtubule
assembly rates and assessed spindle orientation in metaphase
cells. As controls, we used siRNAs targeting APC, EB1 and
TPX2, which are known to result in spindle misorientation, but
neither affected microtubule plus end growth rates nor symmetric
monopolar spindle formation in the absence or presence of
Taxol� (Fig. 5A and B). As expected, all siRNAs that were hits
in our monopolar spindle assay also caused increased microtu-
bule assembly rates and both phenotypes were efficiently sup-
pressed upon Taxol� treatment (Fig. 5A and B). Importantly, all
siRNAs caused spindle orientation defects and, interestingly, in
the cases of CEP170, CLIP170 and NuMA these defects were
suppressed upon restoration of normal microtubule polymeriza-
tion (Figs. 5C and S5) indicating that these genes regulate spin-
dle orientation indeed through their role in microtubule plus end
assembly. Thus, we conclude that the monopolar spindle assay
can efficiently identify microtubule plus end regulators that can
also function in the regulation of spindle orientation through
their role in microtubule plus end polymerization.

Discussion

Here, we introduced a simple, cost effective and reliable phe-
notypic assay for the detection of increased microtubule plus end
assembly rates during mitosis, which reflects a key mitotic pheno-
type strongly associated with whole chromosome instability
(CIN) in human cancer cells.5 In fact, our recent work has
revealed that an increase in microtubule plus end polymerization
is involved in the generation of so-called lagging chromosomes
that represent a frequent pre-stage of chromosome missegrega-
tion leading to aneuploidy in human cancer cells.5,20 Therefore,

Figure 2 (See previous page). Asymmetric monopolar spindle formation after Eg5 inhibition is a robust indicator for increased microtubule assembly
rates during mitosis. (A) Suppression of asymmetric monopolar spindle formation after restoration of normal microtubule plus end assembly rates by
low dose Taxol� treatment. The indicated cell lines were treated with 2 mM DME in the absence or presence of Taxol� and cells with monopolar spindles
were quantified by immunofluorescence analysis. Representative images are shown (spindles, anti-a-tubulin: green; kinetochores, CREST:red; chromo-
somes, DAPI: blue; scale bar, 10 mm). The graphs show mean values § s.d. and 650–1300 monopolar spindles from 2–3 independent experiments were
evaluated. (B) Suppression of monopolar spindle formation in CHK2 deficient or AURKA overexpressing cells after treatment with low doses of Taxol� .
Cells were treated as in (A) and the proportion of cells with asymmetric monopolar spindles were assessed by immunofluorescence microscopy and
quantified. Representative images are shown (spindles, anti-a-tubulin: green; kinetochores, CREST:red; chromosomes, DAPI: blue; scale bar, 10 mm).
The graphs show mean values § s.d.; 3 independent experiments with a total of 1500 monopolar spindles evaluated. (C) Suppression of monopolar
spindle formation in CHK2 deficient or AURKA overexpressing cells after partial loss of ch-TOG. Cells were transfected with siRNAs targeting CH-TOG
treated with DME and the proportion of cells with asymmetric monopolar spindles were quantified (mean § s.d.; 2 independent experiments with a
total of 1000 monopolar spindles evaluated). (D) Suppression of asymmetric monopolar spindle formation after restoration of normal microtubule
plus end assembly rates by inhibition of Aurora-A. The indicated cell lines were treated with 2 mM DME and 0.5 mM MLN8054 for 2.5 h and asymmet-
ric monopolar spindle formation was assessed. Representative immunofluorescence microscopy images are shown (spindles, anti-a-tubulin: green;
kinetochores, CREST: red; chromosomes, DAPI: blue; scale bar, 10 mm). The graphs show mean values § s.d. (2–4 independent experiments with a
total of 430–1680 monopolar spindles evaluated). (E and F) Live cell video image sequences showing HCT116-CHK2-/- cells expressing GFP-tagged
histone H2B and mCherry-tagged a-tubulin and treated with 2 mM DME for 2 h and subsequently with 0.5 mM MLN8054 (E) or 2 nM Taxol� (F). Live
cell videos according to these images are provided as supplementary videos 1 and 2.
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it is of utmost interest to identify the genetic lesions that are
responsible for the induction of this intriguing cancer-associated
phenotype. The assay system we present here now provides the
opportunity to systematically identify regulators that restrain
microtubule polymerization and thus, ensure proper microtubule
plus end assembly rates. Since CIN can contribute to tumorigen-
esis and tumor progression, those regulators might represent
important tumor suppressor genes.

Our assay relies on the inhibition of Eg5/Kif11 to generate
monopolar spindles, which can easily be assessed for their sym-
metry. Although we found a robust causal relationship
between increased mitotic microtubule polymerization rates
and asymmetric monopolar spindle formation, it is unclear
why monopolar spindles become asymmetric when plus end
assembly rates increase. In live cell analyses we observed a
rapid re-formation of symmetric monopolar spindles upon res-
toration of normal plus end assembly rates suggesting that the
spindle asymmetry is not caused by centrosome mis-position-
ing before cells enter mitosis. Instead, these analyses reinforces
a causal role of abnormally elevated microtubule polymeriza-
tion rates during mitosis that determine the symmetry status
of monopolar spindles.

Interestingly, recent work has revealed that the human
kinesin-12 Kif15 can mediate centrosome separation and
bipolar spindle assembly when Kif11/Eg5 is absent.21,22 This
Kif15 dependent mechanism involves the formation of
monopolar spindle intermediates, which resembles the asym-
metric monopolar spindles we observe in our assay using
Kif11/Eg5 inhibitors.21 Thus, it might be possible that the
formation of asymmetric monopolar spindles in the absence
of Kif11/Eg5 not only involves increased microtubule plus
end assembly, but also the function of Kif15. Alternatively,
one might even speculate that Kif15 itself might support
microtubule plus end assembly. Thereby, Kif15 might medi-
ate asymmetric monopolar spindle assembly in the absence of
Kif11/Eg5 and might also contribute to misorientation of
bipolar spindles.

The results we obtained using the novel monopolar spindle
assay were verified by direct measurements of microtubule plus
end polymerization rates, which is routinely performed by track-
ing GFP-tagged "end binding" proteins (EBs) in single living
cells.5,9 However, systematically screening for increased microtu-
bule assembly rates using a live cell approach is technically diffi-
cult and usually restricted to the analyses of a few cells. However,

Figure 3. Identification of Cep192 as a regulator of microtubule plus end assembly. (A) Representative examples of HCT116 cells expressing mCherry-
tagged a-Tubulin and GFP-tagged Cep192 (upper panel) or YFP-tagged TPX2 (lower panel). Scale bar, 10 mm. (B) Detection and quantification of
HCT116 cells overexpressing CEP192 or TPX2 and showing asymmetric monopolar spindles after Eg5/Kif11 inhibition. Cells were transfected with plas-
mids expressing GFP-Cep192 or YFP-TPX2 and asymmetric monopolar spindles were evaluated by immunofluorescence analysis in the presence of
2 mM DME. Representative examples are given (spindles, anti-a-tubulin: green; kinetochores, CREST:red; chromosomes, DAPI: blue; scale bar, 10 mm).
The graphs show the quantification of the proportion of cells showing asymmetric monopolar spindles in the absence or presence of 2 nM Taxol� or
0.5 mM MLN8054 (mean values § s.e.m.; 3–8 independent experiments with a total of 1500–4000 monopolar spindles evaluated). (C) Determination of
mitotic microtubule plus-end assembly rates in response to overexpression of Cep192 or TPX2. HCT116 cells expressing GFP-Cep192 or YPF-TPX2 were
transfected with mCherry-EB3 and microtubule growth rates were determined in living cells. The scatter dot plots show average assembly rates (20
microtubules per cell, mean § s.e.m., t-test, n D 17–20 cells from 3 independent experiments).
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a recent report indicated that EB3-GFP tracking might be per-
formed in an automated manner.10 Since EB3-GFP tracks in
mitosis are very complex, automated tracking faces the risk to fol-
low individual microtubules with diminished accuracy. This

might be the reason why automatically calculated microtubule
polymerization rates derived from automatically recorded EB3-
GFP tracks show a rather high mean variation.10 Nevertheless,
automated tracking of EB3-GFP in living cells might represent a

Figure 4. Screening for regulators of microtubule plus end assembly. (A) Experimental outline for the identification of regulators of microtubule plus end
assembly. (B) Identification of regulators of microtubule plus end assembly using the monopolar spindle assay. HCT116 cells were transfected with the
indicated siRNAs and the proportion of cells with asymmetric monopolar spindles was determined after treatment with DME for 3 h. The graphs show
mean values § s.d. (3 independent experiments with a total of 1500 monopolar spindles evaluated). (C) Outline for the calculation of a spindle pole dis-
placement factor (SPDF). (D) Determination of the spindle pole displacement factor (SPDF) in HCT116 cells transfected with siRNAs targeting CHK2,
DYNHC1 or EB1. The dot plots show SPDF values (mean § s.e.m.; t-test; 3 independent experiments with a total of 116–123 cells).
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Figure 5. Determination of the role of microtubule plus end assembly rates for the regulation of mitotic spindle orientation. (A) Monopolar spindle assay
of HCT116 cells transfected with the indicated siRNAs and treated with or without 2 nM Taxol� for 3.5 hrs. The proportion of cells exhibiting asymmetric
monopolar mitotic spindles was quantified (mean values § s.e.m., t-test; 3–7 independent experiments with a total of 1500–3500 mitotic cells).
(B) Determination of microtubule plus end assembly rates in mitotic HCT116 cells transfected with siRNAs as in (A) and treated with or without 0.2 nM
Taxol� for 2 h. Scatter dot plots show average assembly rates (20 microtubules per cell, mean § s.e.m., t-test, n D 20–30 cells from 3 independent
experiments). (C) Determination of angles of the spindle axes in HCT116 cells synchronized in metaphase and transfected with siRNAs as in (A) in the
presence or absence of 0.2 nM Taxol� . The box and whisker plots show the range, mean and quartile of the measurements (t-test, n D 40–151 cells from
2–7 independent experiments).
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promising methodology for future systematic microtubule
dynamics measurements, in particular in interphase cells where
the complexity of individual microtubules is lower than in
mitotic cells.

Our phenotypic assay specifically detects increased microtu-
bule plus end assembly rates, which is a highly cancer-relevant
phenotype underlying chromosome missegregation in cancer
cells.5 Therefore, the most important result form our study is
that we have now a simple detection assay available that can be
used to systematically identify genes that contribute to CIN and
aneuploidy in human cancer cells.

In fact, with this study we have already embarked on sys-
tematically identifying those genes. By using pre-selected can-
didate siRNAs we identified genes that have not been
previously implicated in CIN in human cancer. For instance,
loss of CTIPs such as CLASPs and CLIP-170 and also com-
ponents of the dynein-dynactin complex (dynein,
p150GLUED, Lis1)7 significantly increases microtubule plus
end polymerization rates suggesting a restraining role of these
proteins for microtubule polymerization. Interestingly, also
centrosomal proteins such as PCM-1 and Cep170 were found
to be involved in dampening microtubule plus end polymeri-
zation, which is in agreement with our previous findings
showing that loss of centrosomal Chk2 or elevated levels of
centrosomal Aurora-A kinase also contributes to increased
microtubule plus end assembly.5 It is currently unknown
how these centrosomal proteins affect microtubule plus ends,
but it is interesting to note that many CTIPs are also local-
ized at centrosomes where they might also contribute to the
regulation of microtubule plus end behavior.23

Based on the identification of the first candidates that
restrain microtubule plus end assembly it will be also of
great interest to investigate whether those genes are downre-
gulated in CIN cancer cells that are characterized by
increased plus end assembly rates. For this, comparative gene
expression profiling of cell lines with or without abnormal
microtubule assembly would be a valuable and complemen-
tary approach to identify novel regulators of microtubule
plus end assembly.

It is intriguing that many microtubule plus end regulators
we identified and validated in our screen are also required for
proper orientation of a bipolar mitotic spindle. This suggests
that microtubule plus end assembly might influence spindle
orientation. Indeed, restoration of proper microtubule assem-
bly rates by low dose Taxol� treatment showed that a subset
of spindle regulators such as Cep170, Clip170 and NuMA
contribute to proper spindle orientation by restraining proper
microtubule plus end dynamics. However, other spindle ori-
entation regulators that are also required for proper microtu-
bule plus end assembly act on spindle positioning
independent of microtubule plus end polymerization, which
suggests that these regulators might have dual functions, in
spindle orientation and in the regulation of microtubule plus
end polymerization.

In sum, our work provides an easy and efficient pheno-
typic assay for the identification of microtubule plus end

assembly regulators. This will not only provide novel insights
into a key process in mitosis, but is also likely to identify
novel genes that contribute to chromosomal instability in
human cancer.

Materials and Methods

Cell culture
HCT116 and isogenic CHK2-deficient cells24 were a gift from

Bert Vogelstein (Baltimore, USA); colorectal cancer cell lines
were from ATCC. All cell lines were cultured at 37�C with 5%
CO2 in RPMI1640 containing 10% fetal calf serum, 1% Gluta-
mine, 100 mg/ml streptomycin and 100 U/ml penicillin
(Invitrogen).

Cell treatments
To restore normal microtubule plus end assembly rates, cells

were either treated with 0.2 - 2 nM of Taxol� (Sigma)5 or with
0.5 mM of the Aurora-A inhibitor MLN8054 (Selleck Chemi-
cals).17 To increase microtubule plus end assembly rates, cells
were treated with 0.125 - 2.5 nM of nocodazole (Sigma).5

cDNAs and plasmid transfection
pcDNA3-AURKA plasmid was a gift from Martin Eilers

(W€urzburg, Germany). Stable HCT116 cell lines overexpressing
AURKA were described previously.5 For live-cell microscopy,
pEGFP-EB3 (kindly provided by Linda Wordeman, Seattle,
USA) was used to track microtubule plus tips. pCR3.1-Cep192-
GFP and pEYFP-TPX2 were kind gifts from David J. Sharp
(New York, USA) and Oliver Gruss (Heidelberg, Germany),
respectively. All DNA transfections were carried out by electro-
poration using an electroporator (BioRad) at 300 V and 500 mF.

siRNA transfection
siRNA transfections were carried out using Interferin transfec-

tion reagent (Polyplus) according to the manufacturer0s instruc-
tions and the following siRNAs (Sigma) were used:

LUCIFERASE (control): 50-CUUACGCUGAGUACUUC-
GAUU-30

APC: 50-AAGACGUUGCGAGAAGUUGGA-30

AURKA: 50-GGCAACCAGUGUACCUCAU-30

CEP170: 50-GAAGGAAUCCUCCAAGUCA-30

CEP192: 50-AGCAGCUAUUGUUUAUGUUGAAAA-30

CHK2 #1: 50-CCUUCAGGAUGGAUUUGCCAAUC-30

CHK2 #2: 50-AAUGUGUGAAUGACAACUACU-30

CH-TOG: 50-GAGCCCAGAGUGGUCCAAA-30

CLASP1: 50-GGAUGAUUUACAAGACUGG-30

CLASP2: 50-GACAUACAUGGGUCUUAGA-30

CLIP170: 50-GCACAGCUCUGAAGACACC-30

DYNHC1: 50-GCCAAAAGUUACAGACUUU-30

EB1: 50-AUUCCAAGCUAAGCUAGAA-30

EB3: 50-ACUAUGAUGGAAAGGAUUAC-30

Ga1/3: 50-CCGAAUGCAUGAAAGCAUG-30

Ga2: 50-CUUGAGCGCCUAUGACUUG-30

KIF18B: 50-CGUACAACACCCUCAAAUA-30
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LIS1: 50-AAGAGUUGUGCUGAUGACAAG-30

MCAK: 50-GCAGGCUAGCAGACAAAU-30

NuMA: 50-CAGCGCCAACUCAUCGUUCUA-30

PCM1: 50-GUAUCACAUCUGAACUAAA-30

TP53: 50-GUAAUCUACUGGGACGGAA-30

P150GLUED: 50-GACUUCACCCCUUGAUUAA-30

RHAMM: 50-GGUGCUUAUGAUGUUAAA-30

SLAIN2: 50-CUCUAUAGAUAGUGAGUUA-30

TACC3: 50-GUGGAUUACCUGGAGCAGU-30

TPX2: 50-GAAUGGAACUGGAGGGCUU-30.

Immunofluorescence microscopy
To evaluate monoastral mitotic spindles, cells were treated

with Eg5/Kif11 inhibitors (68 mM monastrol (Sigma)12 or
2 mM of the Dimethylenastron (DME; Calbiochem)13) for
3 hours and then fixed with 2% p-formaldehyde in PHEM
(60 mM Pipes, 27 mM Hepes, 10 mM EGTA, 4 mM MgSO4,
pH 7.0) followed by treatment with methanol at –20�C for 5
minutes. The following antibodies and dilutions were used for
immunofluorescence microscopy experiments: anti-a-tubulin
(1:700, B-5–1–2, Santa Cruz), anti-g-tubulin (1:600, Sigma,
#T3559), anti-Centromere (CREST, 1:1000, Europa Bioprod-
ucts, #90C-CS1058). Secondary antibodies conjugated to Alexa
Fluor-488/-594 (1:1000, Molecular Probes, A11029/A11032)
were used. DNA was stained with Hoechst33342 (Sigma).
Microscopy of fixed cells was performed on a Leica DM6000B
microscope (Leica) equipped with a charged-coupled device
Orca-II-ERA camera (Hamamatsu). Images were recorded with a
Z-optical spacing of 0.2 mm, deconvolved and analyzed using
the Leica LAS-AF software (Leica).

Live cell microscopy
Live cell time-lapse microscopy was performed as described.5

Cells expressing GFP-H2B and mCherry-tubulin were seeded
onto glass-bottom dishes (Ibidi), treated with 2 mM DME for
2 hours before 15 z-stack images were recorded every 30–90 sec-
onds using a DeltaVision Elite microscope (GE Healthcare) with
an Olympus 60X or 100X, 1.42 NA objective at 37�C and 5%
CO2 atmosphere. Images were deconvolved and maximal projec-
tions were used to construct videos.

To follow the re-formation of symmetric monopolar spindles
in response to Taxol� or MLN8084 treatment in living cells, cells
expressing GFP-tagged H2B and mCherry-tagged a-tubulin were
treated with 2 mM DME for 2 hrs before time-lapse microscopy
was started. After one minute of recording the growth medium
was replaced with medium containing either 2 nM Taxol� or
0.5 mM MLN8054 in the continued presence of DME. Images
were recorded with 15 z-stacks every 30–90 seconds.

Determination of microtubule plus end assembly rates
Microtubule assembly rates were measured as described.5

Briefly, cells were transfected with plasmids expressing GFP- or
mCherry tagged EB3 and treated with 2 mM of DME for one
hour before z-stack images were recorded every 2 seconds. Aver-
age assembly rates (mm/min) per cell were calculated from 20
individual microtubules per cell.

Determination of spindle orientation
Cells were transfected with siRNAs, synchronized at G1/S by

a double thymidine block and seeded onto Fibronectin coated
cover slips (BD Biosciences, Germany, #354088) in the presence
or absence of 0.2 nM Taxol�. Eight hours after release form the
synchronization block when the proportion of metaphase cells
was maximal cells were fixed in ice cold methanol for 6 min.
Fixed cells were stained for a-tubulin, g-tubulin and with
Hoechst33342 to visualize metaphase spindles, centrosomes and
chromosomes, respectively. Microscopy was performed on a Del-
taVision-ELITE microscope (GE Healthcare) equipped with a
PCO Edge� sCMOS camera (PCO, Germany). Images were
recorded with a Z-optical spacing of 0.4 mm, deconvolved and
analyzed using the SoftWorx 5.0 (Applied Precision) software.
Spindle orientation was determined by measuring the angle
between the centrosome axis and the growth surface (substratum)
following the mathematic formula a D (sina £ 180�)/p.

Western blotting
Western blotting was performed as described previously,25

using the following antibodies and dilutions: anti-Aurora-A
(1:2000, H130, Santa Cruz), anti- Cep192 (1:1000; Bethyl,
A302–324A), anti-Chk2 (1:800, DCS-270, Santa Cruz), anti-
ch-TOG (1:1000; H4, Santa Cruz), anti-Clasp2 (1:1000; F-3,
Santa Cruz), anti-Clip170 (1:800, Cell Signaling, #8977), anti-
EB1 (1:1000; F-7, Santa Cruz), anti-EB3 (1:1000; 7, Santa
Cruz), anti-MCAK (1:250; kindly provided by Linda Worde-
man, Seattle, USA), anti-NuMA (1:400, A73-B/D12, Santa
Cruz), anti-PCM1 (1:1000; kindly provided by Oliver Gruss,
Heidelberg, Germany), anti-p53 (1:1000; DO-1, Santa Cruz),
anti-p150glued (1:800; BD Biosciences), anti-RHAMM (1:6000,
kindly provided by V. Assmann, Hamburg, Germany), anti-
TACC3 (1:1000; H300, Santa Cruz), anti-Tpx2 (1:1000; 18D5,
Santa Cruz), anti-b-actin (1:40000, AC-15, Sigma). Secondary
antibodies conjugated to horseradish peroxidase (1:10000, Jack-
son ImmunoResearch) were used and proteins were detected by
enhanced chemoluminescence.

RNA Isolation and RT-PCR
When antibodies were not available, knockdown efficiencies

of the siRNA transfections were determined by RT-PCR. Total
RNA was isolated from HCT116 cells after siRNA transfections
using the RNeasy� Mini Kit (Qiagen) according to the manufac-
turer`s protocol. cDNA was synthesized from 1mg of isolated
RNA using Maxima reverse transcriptase (Thermo Scientific)
and used for real-time PCR analysis using DreamTaq DNA-
Polymerase (Thermo Scientific). GAPDH was used as reference
gene. The following primer pairs were used for PCR analysis:

APC forward, 50-AGGAATTTGTCTTGGCG-30, and
reverse, 50-GCAGCACTTCCCATAGC-30;

CEP170 forward, 5’-TGGAAGCAAACGTTGGG-3’, and
reverse, 5’-CACTGAGCCTCCTCCC-3’

CLASP1 forward, 50-GGGCCTGCAGAACTTAC-30, and
reverse, 50-GCTGCCTTTCTCACGTC-30;

DYNHC1 forward, 50-GTTAACCGCTGGATCC-30, and
reverse, 50-CTTCAAAGCATGCTACC-30;
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KIF18B forward, 50-CAGTGATGATCGCTGCC-30, and
reverse, 50-CTCTGGCAGTGCATGTG-30;

LIS1 forward, 50-GGCCAAATCAAGATGGC-30, and
reverse, 50-GGCACTCCCACACTTTT-30;

SLAIN2 forward, 50-TTCTAGCCCGGATGCAG-30, and
reverse, 50-AAGGTATGGCTGAAGCC-30.

Statistical analyses
All data are shown as mean § standard deviations (SD) or

standard error of the mean (SEM). Where indicated students t-
tests using the Prizm software package, version 4 (Graphpad)
were applied. Quantification of mitotic spindles are based on at
least 3 independent experiments, in which at least 1500 mitotic
figures were evaluated. Spindle orientation was determined in
40–151 individual cells (see Fig. S5) and spindle angles were cal-
culated according to the formula: a D (sina £ 180�)/p using
the Prism software package, version 4 (GraphPad Software).
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