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Small Molecule Inhibitor of
Mitotic Spindle Bipolarity
Identified in a Phenotype-Based

Screen

Thomas U. Mayer,'* Tarun M. Kapoor,' Stephen J. Haggarty,>?
Randall W. King,? Stuart L. Schreiber,?® Timothy J. Mitchison'

Small molecules that perturb specific protein functions are valuable tools for
dissecting complex processes in mammalian cells. A combination of two phe-
notype-based screens, one based on a specific posttranslational modification,
the other visualizing microtubules and chromatin, was used to identify com-
pounds that affect mitosis. One compound, here named monastrol, arrested
mammalian cells in mitosis with monopolar spindles. In vitro, monastrol spe-
cifically inhibited the motility of the mitotic kinesin Eg5, a motor protein
required for spindle bipolarity. All previously known small molecules that
specifically affect the mitotic machinery target tubulin. Monastrol will there-
fore be a particularly useful tool for studying mitotic mechanisms.

Cell-permeable small molecules can rapid-
ly perturb the function of their targets and
are therefore powerful tools to dissect dy-
namic cellular processes. However, such
modulators are not available for most of the
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proteins involved in essential processes,
and many of the ones that are available are
nonspecific. The only known small mole-
cules that specifically affect the mitotic
machinery target tubulin (/), a subunit of
the microtubules in the mitotic spindle. To
identify cell-permeable small molecules
that target other mitotic proteins, we devel-
oped the screening strategy in (Fig. 1A).
First, we used the versatile whole-cell im-
munodetection (cytoblot) assay (2) to iden-
tify compounds that increase the phospho-
rylation of nucleolin. Nucleolin is a nucle-
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whole cell mitotic in vitro tubulin in vivo staining for
arrest assay

polymerization assay chromosomes and tubulin
| I3 51 B Es

e

B 5 affect only mitosis
86 no effect .
139 42 affect interphase
out of 16,320 52 destabilize and mitosis
compounds 1 stabilizes 27 no visible effect

12 pleiotropic effects

Fig. 1. Identification of five small molecules that affect mitosis. (A) From a whole-cell immuno-
detection assay, we selected 139 cell-permeable compounds that caused increases in phospho-
nucleolin staining in A549 cells (4). After molecules that target pure tubulin (5) were eliminated,
the effect of the antimitotic compounds on microtubules (green), actin (not shown), and chromatin
(blue) distribution was imaged (8). Examples of the effects of two different small molecules on
BS-C-1 cells in mitosis (Upper) and in interphase (Lower) are shown. (B} Summary of screening
results. Twelve antimitotic compounds tested on cells had pleiotropic effects and were not
evaluated further.

Fig. 2. Monastrol causes monoastral spindles in mitotic cells. Immunofluorescence staining
[a-tubulin, (green), chromatin, (blue)] of BS-C-1 cells treated for 4 hours with 0.4% DMSO (control}
(A and B) or 68 wM monastrol (C and D). No difference in distribution of microtubules and
chromatin in interphase cells was observed (B and D). Monastrol treatment of mitotic cells replaces
the normal bipolar spindle (A) with a rosette-like microtubule array surrounded by chromosomes
(C). Scale bars, 5 wm.

olar protein that is specifically phosphoryl-
ated in cells entering mitosis, and compounds
that cause mitotic arrest would be expected
to show the phenotype of increased amounts
of phosphonucleolin (3). Using this assay,
we selected 139 compounds from a library
of 16,320 small molecules (Fig. 1) (4).

Because many known antimitotics target
tubulin, we tested each of the 139 com-
pounds for the ability to affect tubulin po-
lymerization in vitro (3). Fifty-two com-
pounds inhibited tubulin polymerization
(Fig. 1B) (6), and one stimulated tubulin
polymerization, like the drug Taxol (7).
The remaining 86 small molecules that in-
creased the mitotic index presumably tar-
geted other proteins involved in mitosis and
were therefore studied further.

We treated mammalian epithelial kidney
cells (BS-C-1) with each of the 86 remain-
ing compounds and examined the distribu-
tion of microtubules, actin, and chromatin
in fixed cells by fluorescence microscopy
(8). Twenty-seven compounds had no ob-
servable effect on the microtubule and actin
cytoskeleton or on chromosome distribu-
tion. There was an increase in the number
of normal-appearing mitotic cells in re-
sponse to these compounds, consistent with
the observation that these compounds in-
crease the amount of nucleolin phosphoryl-
ation (Fig. 1B). These compounds may in-
crease the mitotic index by perturbing the
function of proteins that regulate progres-
sion through the cell cycle, such as an-
aphase regulators, rather than structural or
mechanochemical components of the mitot-
ic spindle. It is also possible that these
compounds have a subtle effect on cy-
toskeletal dynamics or chromosome orga-
nization that may not be observable in fixed
cells.

Forty-two compounds affected cells in
interphase as well as in mitosis (Fig. 1B).
Cells treated with these small molecules
had disorganized or partially depolymer-
ized interphase microtubules in addition
to abnormal mitotic spindle structures
and misaligned chromosomes. The actin
cytoskeleton was not affected (9). Five
other compounds altered the mitotic spin-
dle specifically; no effect was seen on
microtubules, actin filaments, or chroma-
tin in interphase cells. The mitotic pheno-
types caused by these five small mole-
cules included chromosome misalignment,
loss of spindle pole organization, changes
in spindle shape, and combinations of
all three.

One of these five compounds was espe-
cially interesting. In BS-C-1 cells treated
with this compound, the bipolar mitotic
spindle (Fig. 2A) was replaced by a mono-
astral microtubule array surrounded by a
ring of chromosomes (Fig. 2C). Interphase
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cells were not affected (Fig. 2, B and D). After
4 hours of treatment with this compound, a
significant fraction of cells were arrested in
mitosis and 90% of them displayed the
monoastral phenotype. We therefore named
this 1,4-dihydropyrimidine-based compound
(Fig. 3D) monastrol (10).

Normal bipolar spindles are thought to
assemble in part through interactions between
antiparallel microtubules from the two half-
spindles (Fig. 3A) (/). Without these inter-
actions the spindle remains monoastral (Fig.
3B), and the cell arrests in mitosis. Presum-
ably the unattached kinetochores, the sites
that allow microtubules to attach to chromo-
somes, generate signals that activate the mi-
totic checkpoint.

One class of proteins involved in the
assembly and maintenance of the mitotic
spindle is the family of mitotic kinesins,
a subset of the kinesin superfamily. This
superfamily contains over 100 proteins,
whose other functions include organelle
transport and membrane organization (/2).
The first evidence that mitotic kinesins are
important in establishing spindle bipolarity
came from genetic studies: temperature-
sensitive mutants in the BimC family of
kinesins do not form bipolar spindles at the
restrictive temperature (/3). Inhibition of
the BimC kinesin EgS with EgS-specific
antibodies also induced monoasters similar
to those observed after treatment with mo-
nastrol (14, 15). We therefore hypothesized
that Eg5 might be a target of monastrol.

Like other kinesins, Eg5 can drive the
movement of microtubules in vitro (/6).
Monastrol inhibited Eg5-driven microtu-
bule motility (Fig. 3C) (/7) with an IC,,
(median inhibitory concentration) of 14
uM (Fig. 3E). This is comparable to the
EC_ (median effective concentration) of 22
M observed in the cytoblot assay (9).
Washout experiments demonstrated that the
effect of monastrol is reversible in vitro
(Fig. 3C). In vivo, essentially all cells that
were arrested in monastrol for 4 hours com-
pleted mitosis after the compound was
washed out (9). To test whether inhibition
of microtubule motility is specific to mo-
nastrol, we tested the closely related com-
pound DHP2 (Fig. 3D) (/7). DHP2 did not
arrest cells in mitosis or generate monoas-
tral spindles, and it had no significant effect
on Eg5-dependent microtubule motility in
vitro (Fig. 3C).

To test whether monastrol affects other
motor proteins, we first determined its abil-
ity to inhibit in vitro microtubule motility
driven by conventional kinesin, the found-
ing member of the kinesin superfamily
(17). The NH,-terminal motor domain of
conventional kinesin shares 33% sequence
identity with the Eg5 motor domain (/6).
Monastrol (200 pM) did not inhibit micro-
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tubule movement driven by conventional
kinesin (Fig. 3F) (18).

Several motor proteins, including con-
ventional kinesin, are involved in the cor-
rect cellular localization of organelles such
as lysosomes or the Golgi apparatus. To
test whether monastrol affects the activity
of these motor proteins, we studied or-
ganelle localization in interphase cells
treated with monastrol at concentrations
three times the EC, for mitotic arrest (8).
Perturbation of any one of a number of
these motor proteins would result in or-
ganelle mislocalization (/9). No effect on
the localization and organization of the
Golgi apparatus or lysosomes was observed
(Fig. 4). Thus, monastrol is not a general
inhibitor of motor proteins.

Chromosomes attached to only one
spindle pole display oscillatory movements
away from and toward the spindle pole,
reflecting the activity of kinetochore pro-
teins, kinesins, and microtubule polymer-

ization dynamics (20). Images of live BS-
C-1 cells treated with monastrol revealed
that chromosomes did exhibit oscillatory
behavior (Fig. 5) (8), indicating that mo-
nastrol does not inhibit chromosome at-
tachment to microtubules.

The approach described here of screen-
ing for small molecules that affect a partic-
ular pathway or process, rather than a sin-
gle protein activity, is referred to as chem-
ical genetics because of its conceptual sim-
ilarity to classic forward genetic screens
(21, 22). The cytoblot assay is a particular-
ly versatile tool for chemical genetics be-
cause it can provide a quantitative readout
of essentially any posttranslational modifi-
cation if appropriate antibodies are avail-
able. In this study, we used nucleolin phos-
phorylation as a readout of mitosis. We
then used a cytological screen to study the
phenotype of treated cells in more detail,
which resulted in identification of a com-
pound that targets a protein for which no
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Fig. 3. Effects of monastrol can be explained by inhibition of Eg5 activity. (A) Model for spindle
bipolarity. Plus-end-directed motors, such as Eg5, are thought to be involved in separation of the
centrosomes and establishment of a symmetric spindle axis. Microtubules are shown in green, and
chromosomes are blue. Eg5 (red) is depicted as a homotetramer (26). (B) Inhibition of kinesin Eg5
results in monoastral spindles (74, 75). (C) Monastrol reversibly inhibits microtubule motility driven
by Eg5 in vitro. For the washout, we measured Eg5-driven microtubule motility in the presence of
monastrol (200 pM), and then we depleted the assay chamber of compound and immediately
measured motility again. At 200 pM, DHP2, a related dihydropyrimidine, did not significantly
inhibit Eg5-driven microtubule motility. Control, 2.5% DMSO. (D) Chemical structures of monastrol
and DHP2. (E) Monastrol inhibits the Eg5-driven microtubule motility with an IC, of 14 uM. (F)
Monastrol (200 M) does not inhibit microtubule motility driven by conventional kinesin.
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Fig. 4. Distribution of lysosomes and the Golgi apparatus is not affected by monastrol. We treated
BS-C-1 cells for 4 hours with 0.4% DMSO (A and B) or 68 1M monastrol (C and D) and then stained
them for lysosomes (A and C) or Golgi apparatus (B and D) (8). Scale bars, 5 pm.

Fig. 5. Chromosomes surrounding monoastral spindles show oscillatory movement toward and
away from the center of the aster. Time lapse images of a live BS-C-1 cell after treatment with 68
iM monastrol. (A} Box marks the region enlarged in (B) and (C). Red and green arrowheads
highlight position of a dynamic chromosome at two time points (B and C). The V shape is
characteristic of chromosomes that are attached to microtubules from only one pole. Scale bars,

1 pm.

cell-permeable small molecule modulator
was previously known. The only kinesin in-
hibitors previously known are 5’'-adenylyl-
imido-diphosphate (AMP-PNP) (23) and a
marine natural product (24). Neither is cell
permeable, and both affect multiple kinesin
family members. Because compounds that
cause mitotic arrests by other mechanisms
have shown antitumor activity in humans
(25), monastrol may serve as a lead for the
development of anticancer drugs. In any

case, monastrol will be a valuable tool for
dissecting the function of EgS5 in the estab-
lishment of spindle bipolarity and other
cellular processes.
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