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Maintenance of centrosome number is essential for cell-cycle pro-
gression and genomic stability, but investigation of this regula-
tion has been limited by assay difficulty. We present a fully auto-
mated image-based centrosome-duplication assay that is accu-
rate and robust enough for both careful cell-biology studies and
high-throughput screening, and employ this assay in a series of
chemical-genetic studies. We observe that a simple cytometric
profiling strategy, which is based on organelle size, groups com-
pounds with similar mechanisms of action; this suggests a
simple strategy for excluding compounds that undesirably target
such activities as protein synthesis and microtubule dynamics.

Introduction

Centrosomes are the primary nucleators of microtubules in
animal cells and play a number of essential signalling and
structural roles in cell-cycle progression.” Abnormal numbers
of centrosomes can result in abnormal mitotic spindle mor-
phology, which may result in genomic instability. Consistent
with this, abnormal centrosome numbers are observed in
many types of cancer, and a growing body of evidence sug-
gests that aneuploidy resulting from centrosome-duplication
errors may play a causative role in tumour development,
rather than simply being symptomatic.>® Studies of centro-
some regulation and the consequences of abnormal centro-
some number have been slowed by the fact that centrosomes
play regulatory roles throughout the cell cycle, thus complicat-
ing interpretation of genetic perturbations, and by the fact
that conventional centrosome-counting assays are laborious
and slow. We set out to identify new small-molecule reagents
that might be used to block centrosome duplication with tight
temporal control. To allow such a chemical genetic approach,
we developed an automated assay that allows high-through-
put counting of centrosome numbers in populations of cells.
Many cultured cell types, including Chinese hamster ovary
(CHO) cells undergo multiple rounds of centrosome duplica-
tion when arrested in S-phase.”’ These overduplicated centro-
somes often separate by a process whose molecular basis is
unclear, allowing easy scoring of this phenomenon by light mi-
croscopy, and so this system has become a commonly used
model for the study of centrosome regulation.®"'” Routinely, S-
phase arrests are imposed by treating tissue culture cells with
hydroxyurea (HU), an inhibitor of ribonucleotide reductase, or
with aphidicolin, an inhibitor of a-DNA polymerase. To ease
analysis of centrosome overduplication and to allow high-
throughput screening for pharmacological inhibitors, we
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Screening a library of compounds of known activity, we found
unexpected effects on centrosome duplication by a number of
drugs, most notably isoform-specific protein kinase C inhibitors
and retinoic acid receptor agonists. From a 16 320-member li-
brary of uncharacterized small molecules, we identified five
potent centrosome-duplication inhibitors that do not target mi-
crotubule dynamics or protein synthesis. The analysis method-
ology reported here is directly relevant to studies of centrosome
regulation in a variety of systems and is adaptable to a wide
range of other biological problems.

adapted the conventional HU-arrest protocol® to a 384-well
plate format. Trypsinized CHO cells were diluted into media
containing 2 mm HU, dispensed in 384-well plates and treated
with DMSO (control) or compounds. After 30 h of incubation,
the cells were permeabilized, fixed and stained. Nuclei and
centrosomes were labelled with Hoechst dye and anti-y-tubu-
lin antibodies, respectively; this allowed image acquisition by
automated fluorescence microscopy.™

Since manual centrosome counting would be impossible for
thousands of wells, we developed computational image-analy-
sis algorithms to automate this task.'” The assay requires the
determination of centrosome number for every cell in an
image, so we needed image segmentation methods that could
reliably identify individual nuclei and y-tubulin puncta associat-
ed with each nucleus. Since high-throughput staining and
imaging conditions can lead to variations in image quality, we
required algorithms that were robust to a range of cell densi-
ties and to nonuniform staining and illumination intensity. A
Laplacian-based approach worked well for identifying discrete
nuclei (see Experimental Section), and a standard top-hat filter
served to identify centrosomes (Figure 1A).'"? Counting the
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number of centrosomes associated with each nucleus generat-
ed population distributions for each image (Figure 1B) that
were consistently within 5% of those obtained manually. Con-
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Figure 1. An automated centrosome counting assay. A) Left, a typical fluores-
cence image; DNA shown in blue, y-tubulin in red. Upper right, detail. Lower
right, results of image processing; y-tubulin shown in orange, nuclei containing
1 punctum in blue, 2 in green, 3 in yellow. Scale bars: 100 um (left) and 20 um
(right). B) Stacked histograms showing dose-dependent changes in centrosome
number distributions; colours as for (A) plus 0 punctum in dark blue, 4 in
orange, >4 in red. C) Fraction of nuclei with 2 or more puncta (normalized to
median of DMSO control population) as a function of drug dose. Points reflect
averag of measurements performed in duplicate, with error bars extending to
the original values. Those treatments giving > 60 % of the median number of
cells from control populations are shown. For clarity, nocodazole wells with
lower cell numbers are shown and indicated with a dotted line; we consistently
observed the double peak seen here. Values are normalized by dividing by the
median of the control populations. Grey region indicates 10th and 90th percen-
tile values of control populations.
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sistent with previous reports,”” we observed that a substantial

percentage of HU-arrested CHO cells contained more than two
centrosomes (Figure 1A, control); this suggested that these
cells had undergone multiple rounds of centrosome duplica-
tion. We note that the task of tallying discrete subcellular
structures is one that arises across a broad class of biological
problems, and our methodology can be adapted to many of
these, including studies of aggresome formation,"® chromo-
some missegregation™ and multinuclearity due to cytokinesis
failure."™

We validated our assay by measuring centrosome numbers
in cells treated with varying doses of compounds known to or
likely to affect centrosome duplication or maturation.” Fig-
ure 1B shows the distributions observed with the microtubule
depolymerizer nocodazole, the microtubule stabilizer paclitaxel
or the protein-synthesis inhibitor cycloheximide. The stacked
histograms shown reflect both the total number of cells and
the distributions of numbers of discrete y-tubulin puncta per
nucleus (Figure 1B). To ensure consistency, we routinely tested
each condition in duplicate. Although cell number varied
slightly between wells treated under the same conditions, the
distributions of centrosome numbers per cell remained remark-
ably consistent (Figure 1B). The decreased cell number at high
concentrations of these compounds reflects cytotoxicity after
32 h of incubation (Figure 1B). However, at doses low enough
to allow normal numbers of cells, the applied small molecules
had a dramatic effect on the y-tubulin punctum counts. Con-
sistent with previous reports,”’ cycloheximide resulted in de-
creased apparent centrosome numbers over a wide range of
doses. Paclitaxel, which has previously been reported to have
little effect on centrosome duplication in CHO cells,® consis-
tently decreased centrosome numbers under our assay condi-
tions (Figure 1B). This difference could be due to the omission
in our protocol of a compound washout prior to fixation. We
speculate that the hyperstable microtubules generated by pa-
clitaxel treatment increase aggregation of the replicated cen-
trosomes and make it impossible to detect them as discrete
objects. Most surprisingly, nocodazole consistently induced a
dramatic increase in the number of cells with high apparent
centrosome number (Figure 1B). We believe that this may
reveal fragmentation of pericentriolar material or dispersal of
multiple centrosomes as a result of microtubule depolymeriza-
tion; this phenomenon is under more careful investigation by
others."®

To reduce these data to a single measure for primary screen-
ing, we calculated the fraction of nuclei having two or more
discrete centrosomes per nucleus and normalized this value by
dividing by the median fractional value observed in control
wells (Figure 1C). The dose-responsive changes in apparent
centrosome numbers observed in Figure 1B are much more
apparent in this analysis. This measure also makes clear that
the fraction of the population having multiple centrosomes for
a given treatment is remarkably consistent, even when the
total number of cells varies significantly. In addition to the
previously mentioned control compounds, we also observed
dose-responsive reductions in centrosome numbers with two
other compounds from the set we used for initial assay charac-
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terization. These were the PI3 kinase inhibitor wortmannin and
the DNA damager actinomycin, which inhibits transcription at
higher doses (Figure 1C).

High-content image analysis can be further used to distin-
guish different mechanisms of perturbation. For example, both
nuclei and centrosomes were distinctly dimmer and smaller in
cycloheximide-treated cells, as might be expected upon gener-
al inhibition of protein synthesis (Figure 2 A top). Similar results
were seen with geldanamycin, an inhibitor of the chaperonin
hsp90 previously reported to result in abnormal centrosome
maturation and chromatin condensation,!'” although only at
doses that also significantly lowered cell counts (data not
shown). Morphological changes were induced by nocodazole
and paclitaxel, but these are more subtle than would be easily
noted by visual screening (Figure 2A bottom). To quantitate
these changes, we determined the average area of the nuclear
and centrosome regions generated for each image (Figure 2B).
In this graph, each point represents the average of two mea-
surements for a given concentration of drug, and the connect-
ing line denotes the progression of a dosage series. This analy-
sis made clear that compounds with different mechanisms of
action have markedly different dose-dependent effects on area
measures. For example, centrosomes were significantly smaller
in nocodazole-treated cells (Figure 2B); this is consistent with
pericentriolar fragmentation or decreased accumulation of per-
icentriolar material in the absence of the microtubule cytoske-
leton. In contrast, paclitaxel treatment yielded cells with larger
centrosomes (Figure 2B); this is consistent with previous ob-
servations®® and suggests the possibility that this treatment in-
hibits separation or increases accumulation of pericentriolar
material. Under these conditions, wortmannin yielded a dra-
matic increase in nuclear size over a wide range of doses, a
phenomenon that has not yet been reported. These character-
istic dose-dependent effects provide a kind of fingerprint for
each of the compounds tested here, suggesting that even
simple morphometric analysis can provide insight into com-
pound activity and facilitate the grouping of compounds with
similar molecular targets. Since these measures appeared to be
very sensitive for detecting inhibitors of protein synthesis and
of microtubule dynamics, we reasoned that such a strategy
would facilitate the otherwise problematic task of discarding
weak inhibitors of these processes.'

To validate this cytometric-profiling approach and to identify
new processes involved in centrosome duplication, we
screened an in-house set of 489 compounds for which targets
had previously been reported."” We grouped compounds that
affected centrosome number into categories suggested by the
control analyses above (Table 1). Among the compounds that
yielded nocodazole-like phenotypes were the three known mi-
crotubule depolymerizers in the test set, nocodazole, vinblas-
tine and podophyllotoxin. Compounds that showed profiles
similar to cycloheximide included the three protein-synthesis
inhibitors in the set, anisomycin, cycloheximide and emetine,
as well as camptothecin, a topoisomerase and transcription in-
hibitor.”” The isoform-specific protein kinase C (PKC) inhibitor
G06796 also matched this profile. PMA, a short-term PKC acti-
vator that down-regulates activity over long exposure,?" also
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Figure 2. Treatment of cells with different small molecules results in distinct
changes in region size. A) Subtle differences are observable in nuclear and cen-
trosome sizes in HU-arrested cells treated with 0.92 um paclitaxel, 85 nm noco-
dazole or 370 um cycloheximide; DNA shown in blue, y-tubulin in red. Scale
bar indicates 20 um. B) Changes in region size are dose-dependent and corre-
lated with different mechanisms of perturbing centrosome duplication. The
points reflect the average of measurements performed in duplicate, with error
bars extending to the original values. Values were normalized by dividing by
the median of the control populations. Grey region indicates 10th and 90th
percentile values of control populations.

decreased centrosome numbers. Analysis of PKC in centrosome
duplication is complicated by the fact that many PKC inhibitors
cause apoptosis over long time periods.”? Since PKC isoforms
have been reported to localize to centrosomes during S-
phase,”>*Y we consider it an open question whether PKC plays
a functional role in centrosome duplication. Trichostatin, the
only histone deacetylase inhibitor in the set, also reduced cen-
trosome numbers. Recently, this class of drugs has been
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Decreased counts, smaller nuclei, smaller
centrosomes—"cycloheximide-like”

Table 1. Known compounds” that affect centrosome counts at ~0.6 ugmL~', subdivided according to cytometric profile.

Decreased counts, larger centrosomes—
“taxol-like”

Increased counts, smaller centrosomes—
“nocodazole-like”

inducer

oligomycin A F1 ATPase inhibitor

A-23187 Ca+ ionophore cytochalasin D actin depolymerizer diphenylamine- NADPH oxidase inhibitor
jodonium
alsterpaullone  Cdk1/cdk5 inhibitor Latrunculin B actin depolymerizer glutaraldehyde cross-linker
anisomycin translation inhibitor SB202190 P38 MAP kinase inhibitor nocodazole microtubule depolymerizer
camptothecin  topo I/transcription inhibitor taxol
microtubule stabilizer PD 98059 MEK inhibitor
cycloheximide translation inhibitor
pifithrin p53 inhibitor
emetine translation inhibitor
podophyllotoxin microtubule
depolymerizer
GO6796 PKC inhibitor SKF-96 365 Ca channel blocker
Gramicidin H+/K+ ionophore vinblastine microtubule depolymerizer
menadione oxidative stress, apoptosis

Decreased counts, no area change

Increased counts, no area change

antioxidative, ion channel
blocker, PKC inhibitor
broad-spectrum kinase in-
hibitor

bafilomycin a1
V-ATPase inhibitor
curcumin

riluzole
staurosporine

monensin Na+ ionophore diethylnorspermine
(N,N)

FCCP H+ ionophore phorbol 12 myristate
13 acetate

Leptomycin nuclear export inhibitor TPEN

valinomycin K+ ionophore trichostatin-A

13-cis retinoic

5-lipoxygenase, cyclo-
oxygenase inhibitor
polyamine biosynthesis

PKC activator/long-term
inhibitor

divalent cation chelator
HDAC inhibitor

retinoic acid receptor
agonist
9-cis retinoic acid retinoic acid receptor
agonist
forskolin cAMP increaser
retinoic acid, all trans  retinoic acid receptor

agonist

shown to reduce dynein-dependent transport to the centro-
some;**”! this confirms the hypothesis that PCM-1 or other cen-
trosomal components have to be targeted to the centrosome
in order to allow centrosome duplication.” Three retinoic acid
isomers and the adenylate cyclase activator forskolin reprodu-
cibly increased centrosome counts without affecting centro-
some area. Retinoic acid is known to promote cAMP-depend-
ent cell growth and differentiation in a number of cell types,®
and our results suggest that this signalling might also be im-
portant for centrosome regulation. These results show that this
simple profiling approach can group compounds that affect
common pathways, can allow the exclusion from further analy-
sis of compounds affecting undesired targets, and can also
suggest new centrosome biology.

High-throughput phenotypic screening of small-molecule li-
braries can identify new therapeutic lead compounds and
reveal new proteins involved in processes of interest. We used
our profiling approach to screen for centrosome-duplication in-
hibitors that do not inhibit microtubules or protein synthesis.
We screened a 16320-member library of small molecules for
inhibitors of centrosome duplication and identified 35 com-
pounds that at 10 um reproducibly changed the percentage of
cells containing multiple y-tubulin puncta (Figure 3A). Subse-
quent experiments identified 15 compounds with inhibitory
activity at or below 1 pm. Eleven of these potent inhibitors
showed cytometric profiles similar to those of the protein-syn-
thesis inhibitor, microtubule depolymerizer and microtubule
stabilizer control compounds in Figure 2B. In vitro microtubule
depolymerization assays are relatively insensitive, and we have
had recurring problems excluding weak depolymerizers in
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other assays, so we discarded the five compounds matching
the nocodazole-profile. We also discarded the three members
of the protein-synthesis-inhibitor profile, and further tested
this approach by confirming that no remaining compounds in-
hibited in an in vitro transcription assay and an assay of incor-
poration of **S-methionine by cultured cells (data not shown).
We performed a combination of FACS analysis and comparison
against other screens previously performed at the Harvard In-
stitute for Chemistry and Cell Biology (ICCB) to identify cell-
cycle inhibitors from the three compounds that matched the
paclitaxel profile and the four compounds that did not match
any of these profiles (Figure 3B, CDIs 1-4). One of the three
paclitaxel-like compounds did not affect cell-cycle progression;
this suggests that it decreases apparent centrosome numbers
while increasing area by a mechanism other than microtubule
stabilization (Figure 3B, CDI 5). We speculate that this com-
pound might act on microtubule-associated motors or up-
stream signalling pathways. To confirm that CDIs 1-5 affect
centrosome duplication rather than the distribution of y-tubu-
lin, we treated HU-arrested CHO cells with 25 um of CDIs 1-5
and confirmed that the distribution of pericentrin, an integral
component of the pericentriolar material, was the same as that
of y-tubulin (Figure 3C). We have thus identified five com-
pounds that are likely to inhibit the centrosome maturation
process by new mechanisms, and we are working to identify
their protein targets.

Investigations of centrosome duplication and of the hypoth-
esis that misregulated duplication plays a role in tumourigene-
sis®® have been hindered by the fact that manual scoring of
centrosome counts is slow and laborious. The establishment of
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Figure 3. Five compounds inhibit centrosome overduplication in HU-treated CHO cells through different mechanisms than the drugs shown in Figure 2B. A) Scheme
of the screening results for potent inhibitors of centrosome duplication. B) Structures of centrosome-duplication inhibitors CDI 1-5. Arrows indicate the effect on the
centrosome and nuclear area at the EC,, ECs,s were obtained by interpolating between the two values flanking the half-maximal change in apparent centrosome
count. C) Immunofluorescence images of HU-arrested CHO cells treated with 25 um CDI 1-5.

high-throughput methods is thus a necessary step towards
comprehensive studies of this biology. Centrosome overdupli-
cation has been shown to occur upon HU arrest in human cell
lines,”” and it should be straightforward to extend our meth-
odology to such other cell types. We note that mechanistic
understanding of the effects of compounds that score in this
assay will require significant further cell biological character-
ization. Although this assay is routinely presumed to reflect
normal centrosome-maturation processes, it is difficult, without
electron microscopy, to distinguish real centrosome duplica-
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tion from changes in apparent number due to defects in cen-
triole separation or integrity of the pericentriolar matrix.
Although we have focused on high-throughput screening
and analysis of small molecule inhibitors, our methods are
equally suitable for genetic screening and quantitative investi-
gations of large sets of perturbations, and potentially could be
used to analyze tissue or clinical samples. The automated
counting algorithm is robust and versatile, and has already
been adapted to other analysis-limited assays such as fluores-
cence in situ hybridization, aggresome counting and identifica-
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tion of multinucleate cells."*" The screening and image-analy-

sis methodology we outline here should thus be useful in
basic cell biology, drug discovery and more clinical contexts.

Our results also show that high-throughput microscopy and
computational image analysis remain underexploited tools for
mechanistic analysis of cell phenotypes. First, the observation
that relatively small changes in organelle size can be reprodu-
cibly measured suggests that it is possible to assess more
subtle phenotypes than have conventionally been addressed
in cell biology. Second, although high-content screening by
microscopy has been used to weed out toxic compounds,®
and profiling by using the joined results of multiple image-
based screens has been reported,” our results hint that clus-
tering with even a small number of cytometric measures from
a single screen may provide mechanistic insight by grouping
perturbations of similar basis, an idea we have begun to devel-
op further.2”

Experimental Section

Cell culture and immunofluorescence. CHO cells in McCoy's 5A
media (Invitrogen/GIBCO, Carlsbad, CA) supplemented with 10%
foetal calf serum and 10 mm HEPES, pH 7.4, were plated into tissue
culture-treated clear-bottom 384-well plates (Nalge Nunc Interna-
tional, Rochester, NY) at a density of 7000 cells per well, final
volume 30 pL. The plates were spun for 1 min at 1000 rpm in a
tabletop centrifuge and incubated overnight at 37°C, 5% CO,. HU
stock in media (10 uL, 8 mm) was added, compound stocks in
DMSO (100 nL) were transferred by using a robot-controlled stain-
less-steel pin array,®" resulting in a 400-fold dilution, and plates
were returned to the incubator for 32 h.

To prepare cells for immunofluorescence, media were aspirated
and replaced with PBS (50 pL), pH 7.2, which was immediately re-
placed with two exchanges of perm buffer (50 uL; 100 mm K-Pipes,
10 mm EGTA, 1 mm MgCl,, 0.2% Triton-X 100). After 5 min, this was
aspirated and replaced with methanol at —20°C, taking care to
maintain cold temperature. Plates were incubated at —20°C for
10 min, then washed twice with TBS-TX buffer (10 mm Tris, pH 7.5,
100 mm NaCl, 0.1% Triton-X 100), followed by 2 h incubation in
AbDil (50 uL; TBS-TX-100, 2% BSA). Cells were then incubated for
1 h in anti-y-tubulin (20 pL, 1:1000, Sigma) in AbDil, washed with
TBS-TX (2x50 pL) and AbDil (1x50 pL). Alexa-594 goat anti-mouse
secondary antibody (20 uL, 1:250 dilution, Molecular Probes) and
Hoechst 33342 (1 ugmL ', Sigma) in AbDil was applied for 1 h, fol-
lowed by washing with TBS-TX-100 (2x50 uL). For high-through-
put screening, all liquids were dispensed by using an eight-channel
Multidrop (Labsystems). For follow-up imaging, cells were treated
as above, with the addition of anti-pericentrin antibody (gift from
Christiane Wiese) during the primary incubation and Alexa-488
goat anti-rabbit antibody (Molecular Probes) during the secondary
incubation.

Compound libraries. High-throughput screening was performed
on a 16320-member library of uncharacterized compounds (Di-
verse E set, Chembridge Corp.; plated in 10 mm stock solutions in
DMSO0), a 489-member of known bioactive compounds prepared
at ICCB (plated at 5mgmL™", 1.1 mgmL™" and 0.25mgmL™" in
DMSO), and a 1040-member library provided by the National In-
stitutes of Neurological Disease and Stroke (plated at 10 mm in
DMSO). All plates were screened in duplicate. The compounds
used for initial assay calibration plates and compounds reordered
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after primary screening were dissolved in DMSO and prepared in
threefold dilution series ranging from 5 to 10 mm.

Image acquisition. High-throughput screening images were ac-
quired by using a NikonTE300 inverted fluorescence microscope
equipped with an automated filter wheel (Sutter), motorized x-y
stage (Prior), piezoelectric-motorized objective holder (Physik In-
strumente), cooled CCD camera (Hamamatsu) and a robotic plate-
transfer crane (Hudson) all controlled by Metamorph software (Uni-
versal Imaging). A Plan Fluor 10x objective was used with 2x2
binning on chip. Acquisition required ~1h per plate. Follow-up
images were acquired as z-series by using a Nikon TE200 micro-
scope with a 60x Plan Fluor objective, and were deconvolved by
using Deltavision software and displayed as projections.

Image analysis. Images were analyzed with software custom-writ-
ten by using Visual Basic 6.0 (Microsoft) and Halcon 6.0.1 (MVTec
Software). This software iterates the algorithm over all images
specified by the HTS parameter files produced by Metamorph and
returns the resulting values to an Excel spreadsheet. Analysis re-
quired an average of 4 s on a typical PC for an image containing
600-1000 cells.

Nuclear region segmentation. To maximize robustness to variation
in staining and illumination intensity, as well as to minimize the
need for assumptions about nuclear size and shape, we used a
rapid-segmentation approach that relies solely on the sign of the
second derivative of fluorescence intensity. In contrast to the more
conventional use of zero-crossings in the second derivative as part
of an edge-detection strategy, we took advantage of the convexity
of nuclear intensity at low resolutions and directly identified dis-
crete regions of negative-valued Laplacian; we have recently de-
scribed this approach elsewhere.’” DAPI intensity images were
convolved with a Laplacian-of-a-Gaussian kernel™? of width
1.75 pixels, and values less than —1 were identified in this filtered
image. Holes in the resulting regions were filled, and following a
morphological erosion with a disc of radius 2 pixels, discrete re-
gions falling within a size range specified manually for each plate
were identified. Following dilation by a disc of radius 4 pixels,
these regions were identified as nuclear regions.

Centrosome-region segmentation. To identify centrosomes while ex-
cluding larger debris in the y-tubulin staining, we applied a top-
hat filter whose inner and outer radii were set manually for each
plate and then identified for values above a manually determined
value."?

Measures. The number of discrete regions in the intersection of the
set of centrosome regions with each nuclear region is defined as
the centrosome count for that nuclear region. For each image, the
number of nuclear regions with centrosome counts of 0, 1, 2, 3, 4
or >4 was recorded. The mean area for each plate of the nuclear
regions and of the centrosome regions was recorded.

Data analysis. We frequently observed row-to-row variation in
staining intensity, which we attributed to systematic high-through-
put liquid-handling errors. As such, all high-throughput screening
values were normalized by dividing by the median value for each
row. For known-compound and screening follow-up plates, meas-
urements were divided by the median value of DMSO control wells
placed at multiple positions on the plate. To select high-through-
put screening compounds for follow-up, Excel macros were used
to identify wells for which the mean value of experimental repli-
cates scored >2 standard deviations from the norm, with the
added restriction that the difference between the two replicate
values had to be less than a manually set threshold.
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