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enoestrogens are a structurally diverse class of
X nonsteroidal compounds that share structural

features with steroid hormones and modulate
the activity of nuclear hormone receptors (7). Although
the potencies of xenoestrogens vary, their release into
the environment has begun to have a measurable effect
on the reproductive development of several species,
and there is increasing concern that human reproduc-
tion is being affected as well (2, 3). One such weakly
estrogenic compound that has increasingly become
a cause for concem is Bisphenol A (4,4'-isopropyl-
idenediphenol, BPA). Although less estrogenic than di-
ethylstilbestrol (DES), BPA affects male and female re-
productive development at low doses, and while much
of the research to date has focused on BPA’s role as a
potential endocrine disruptor (4, 5), nongenomic effects
have been reported as well (1, 6). Nearly ubiquitous,
BPA is found extensively in polycarbonate plastics, res-
ins lining food containers, adhesives, and dental seal-
ants, and leaching has been documented with many of
these products (7-9). One particularly startling finding
arose from a rodent colony accidentally exposed to Bis-
phenol A, where increases in synaptic abnormalities
and meiotic aneuploidy were detected in mouse oo-
cytes (10, 11). The detection of chromosome congres-
sion and meiotic nondisjunction errors in exposed mice
suggested that in addition to aberrantly activating the
estrogen receptor, Bisphenol A may be directly interfer-
ing with the mechanics of cell division.

Like DES, BPA has been reported to transform cells
in vitro and has been linked to tumor formation in ani-
mal models (12-16), although genotoxicity assays per-
formed with Salmonella typhimurium indicated that BPA
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ABSTRACT There is increasing concern that animal and human reproduction
may be adversely affected by exposure to xenoestrogens that activate estrogen re-
ceptors. There is evidence that one such compound, Bisphenol A (BPA), also in-
duces meiotic and mitotic aneuploidy, suggesting that these kinds of molecules
may also have effects on cell division. In an effort to understand how Bisphenol A
might disrupt cell division, a phenotypic analysis was carried out using sea urchin
eggs, whose early embryonic divisions are independent of zygotic transcription.
Fertilized Lytechinus pictus eggs exposed to BPA formed multipolar spindles result-
ing in failed cytokinesis in a dose-dependent, transcriptionally independent man-
ner. By use of novel biotinylated BPA affinity probes to fractionate cell-free ex-
tracts, tubulin was identified as a candidate binding protein by mass spectrometry,
and BPA promoted microtubule polymerization and centrosome-based microtu-
bule nucleation in vitro but did not appear to display microtubule-stabilizing activ-
ity. Treatment of mammalian cells demonstrated that BPA as well as a series of Bis-
phenol A derivatives induced ectopic spindle pole formation in the absence of
centrosome overduplication. Together, these results suggest a novel mechanism
by which Bisphenol A affects the nucleation of microtubules, disrupting the tight
spatial control associated with normal chromosome segregation, resulting in
aneuploidy.
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with earlier findings, we find that
BPA induces multipolar spindles in di-
verse cell types and propose a model
by which BPA produces multipolar
spindles by promoting ectopic micro-
tubule nucleation, disrupting spindle

Figure 1. Dose-dependent effects of BPA on microtubule organization and cell division in sea urchin
embryos. L. pictus eggs were fertilized, stripped of their fertilization envelopes, and cultured through
the first division in the presence of 0.1% DMSO (panels a, b, e, and f) or 2.2 M BPA (panels c, d, g,

morphology, and ultimately contribut-
ing to chromosome segregation de-
fects and aneuploidy.

and h). Note that while the control embryos underwent normal cytokinesis (panel b), BPA-treated

embryos formed multiple, misplaced cleavage furrows (panel d). Analysis of microtubule organization

RESULTS

in metaphase (panels e and g) and anaphase (panels f and h) embryos revealed the presence of normal

metaphase and anaphase spindles in control embryos (panels e and f) but supernumary spindle poles

in BPA-treated embryos (panels g and h). Bars in panels d and h represent 50 pum.
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is not mutagenic (7). Studies in mammary tumor cell
lines demonstrated that BPA is able to induce expres-
sion of estrogen responsive genes and promote prolif-
eration (9), consistent with the notion that BPA pro-
motes cellular proliferation though the estrogen
receptor. In contrast, cell lines that lack measurable lev-
els of estrogen receptors are also capable of BPA-
induced cellular transformation (16). The same study
as well as others reported an increase in aneuploidy
with BPA exposure (18-21) although the concentra-
tions required to induce aneuploidy in cultured cells
were much higher than those reported for whole ani-
mal studies (11). However, alterations in spindle mor-
phology were reported for both cultured somatic cells
and oocytes (18, 21-24), suggesting that the reported
congression failures of chromosomes at metaphase and
nondisjunction at anaphase may due to BPA’s affect
on microtubule assembly and organization. While mech-
anisms for nondisjunction might be based on BPA and
metabolite interactions with DNA (10, 16, 25-28), the
appearance of altered spindle morphology suggests
that BPA may also indirectly or directly target the mi-
totic apparatus to affect chromosome segregation and
the maintenance of ploidy.

Studies concerning the endocrinology and develop-
mental toxicology of BPA suggest that this compound is
a potential threat to human health, but none of the stud-
ies to date has clearly established a molecular mecha-
nism by which BPA increases aneuploidy through its al-
teration of the mitotic spindle. In an effort to understand
how BPA disrupts the machinery of cell division, we un-
dertook a multidisciplinary approach combining syn-
thetic organic chemistry, imaging, and biochemistry to
identify tubulin as a direct target of BPA. In agreement
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BPA Alters Microtubule Organi-
zation during Early Embryogenesis.
BPA has been reported to disrupt mi-
totic and meiotic divisions, but the molecular mecha-
nisms by which BPA induces aneuploidy remain elusive.
Moreover, dramatic discrepancies have been reported
between whole animal and cultured cell models for the
doses of BPA that induce aneuploidy and spindle dis-
ruption (10, 11, 18, 22). In an effort to better character-
ize nongenomic (ER-independent) effects of BPA during
mitosis, we undertook a systematic examination of BPA
effects on cell division in both embryonic and somatic
cells. As a first estimation of the effects of BPA on mito-
sis, we followed the first embryonic divisions of sea ur-
chin embryos, which have been shown to be sensitive to
estrogenic compounds (29), but whose early develop-
ment is transcription-independent (30). Fertilized
Lytechinus pictus eggs were exposed to BPA at concen-
trations ranging from 200 nM to 5 wM and followed
through the first division by differential interference
contrast (DIC) time-lapse microscopy (Figure 1, pan-
els a—d). Because exposure to BPA earlier than 20 min
postfertilization delayed pronuclear migration and fu-
sion, experimental embryos were cultured in control
seawater for 25 min prior to treatment with BPA. In com-
parison to DMSO controls (Figure 1, panels a and b),
BPA-treated embryos formed multiple, ectopic furrows
and membrane blebs that later regressed to form spheri-
cal, binucleate eggs (Figure 1, panels c and d), suggest-
ing that there were defects in cleavage plane determina-
tion. BPA effects on cytokinesis were dose-dependent,
with an IC5 of 3 wM, but effects were detected as low as
500 nM (Supplemental Figure 1). This dose range was
comparable to levels previously described for rodents
exposed to BPA (0.44-1.6 wM) (11) but lower than
what was used on mouse oocytes matured in vitro
(10-30 M) (23). Early development of the sea urchin
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relies on maternal transcripts (30), and we found that
pretreatment of eggs with 80 wM actinomycin D failed
to suppress BPA disruption of cleavage plane determi-
nation (not shown), suggesting that hormone-receptor-
mediated transcription could not account for the ob-
served cell division defects.

Microtubules of the mitotic apparatus are respon-
sible for specifying the cleavage plane in all animal
cells, and in echinoderm embryos, the explosive out-
growth of astral microtubules and their contact with the
cortical actin cytoskeleton marks the position of the fu-
ture contractile ring (31, 32). Because embryos exposed
to BPA displayed failures in cleavage plane determina-
tion and cytokinesis, the organization of the mitotic
spindle was examined in control and BPA-treated em-
bryos (Figure 1, panels e—h). Whereas control eggs
formed normal bipolar spindles that underwent a stereo-
typical transition from metaphase to anaphase (Figure 1,
panels e and f), eggs exposed to BPA displayed mul-
tiple spindle poles, that upon anaphase onset, resulted
in a disorganized elongation of astral microtubules to-
ward the cortex (Figure 1, panels g and h). Monopolar
spindles were occasionally observed, but unlike the ap-
pearance of multipolar spindles, there was no dose-
dependent increase in the frequency of monopolar
spindles. Because there are several possible mecha-
nisms by which multipolar spindles may form (centro-
some amplification, centriole splitting, de novo forma-
tion, etc.), microtubule organization was followed in
living cells using orientation-independent polarization
microscopy, which allows for visualization of spindle for-
mation without the use of fluorescent probes (33, 34).
As shown in Figure 2, control embryos underwent nor-
mal spindle assembly, as evidenced by the presence of
a birefringent bipolar spindle (Figure 2, panels a—c,
and Supplemental Movie 1). In BPA-treated cells
(Figure 2, panels d—i, Supplemental Movies 2 and 3),
supernumery asters could be detected forming de novo
(Figure 2, panels e, f, h, and i, arrows). As mentioned
above, monopolar spindles could also be detected
forming near the nucleus following nuclear envelope
breakdown (Figure 2, panels e and f, asterisk), but in
all 28 cells observed, we failed to observe spindle
collapse (which would account for the presence of a
monopole).

Design of BPA Probes for Affinity Purification. BPA
treatment of sea urchin eggs produced defects in micro-
tubule organization that resulted in cleavage failure
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Figure 2. Visualization of ectopic spindle pole formation in BPA-treated sea ur-
chin eggs. L. pictus eggs exposed to either DMSO carrier (panels a—c) or

2.2 p.M BPA were compressed under fluorocarbon oil to aid in visualizing
spindle formation and followed by polarization microscopy. Whereas controls
formed normal, birefringent spindles (panels a—c), embryos exposed to BPA
could be observed forming monopolar spindles () as well as de novo microtu-
bule organizing centers in the cytoplasm (panels d—f, arrows). In other cells, as-
ters could be observed splitting off the main spindle (panels g—i, arrows). Bar
represents 20 nM.

(Figures 1 and 2) but had no other effects on cell cycle
timing or progression. In order to identify cellular targets
of BPA that may be involved in the observed dose-
dependent effects on dividing cells, we initiated efforts
to design a BPA affinity probe. The presence of a polar,
acidic phenol group connected to a hydrophobic ali-
phatic backbone is a key feature of BPA that is recog-
nized in structure—activity models of estrogenicity (35—
37), and we anticipated that these characteristics would
also be essential for binding other proteins. The stan-
dard procedure for biotinylation involves coupling a nu-
cleophilic residue on the substrate, typically an amine or
thiol group, with an activated carboxylate or maleimide
derivative of biotin, respectively. BPA lacks suitable re-
active functional groups of this type and possesses a
nonpolar backbone that likely interacts with hydropho-
bic protein binding sites. The design of small molecule
affinity probes requires judicious introduction of func-
tionality for conjugation to avoid adversely affecting the
binding affinity due to unfavorable electrostatic interac-
tions, modified solvation characteristics, altered lipophi-
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alone (not shown). MALDI-TOF analysis iden-
tified the upper band as aconitase and the
lower band (denoted with +) as «,B-tubulin.
While the purification of aconitase was
batch-dependent, a- as well as y-tubulin

Figure 3. Synthesis of BPA—biotin affinity probes. a) The BPA—biotin derivative 1 was prepared  consistently eluted from both of the BPA—

by Williamson ether synthesis. The 5-hydroxy derivative was converted to 4-(5-iodopentyl)
tetrahydro-1H-thieno[3,4-d]imidazol-2(3H)-one using l,, triphenylphosphine. Selective O-alkyl-
ation of BPA with the primary alkyl iodide gave the desired compound 1 as the major product.
b) The BPA—biotin derivative 2 was prepared by sequential Sonogashira coupling and biotinyla-
tion. 4-(2-(4-Hydroxyphenyl)propan-2-yl)-2-iodophenol was protected as the bis-TBS ether us-

biotin affinity probes as detected by West-
e blotting (Figure 4, panel b, fractions
F2—F8), and was independent of the ex-
tract fractionated (Xenopus, sea urchin,

ing standard conditions and was then coupled with tert-butylbut-3-ynylcarbamate to the alkyne or surf clam). In contrast, neither a- nor

product in excellent yield. The TBS protecting groups were removed with TBAF, and the ‘Boc
group was cleaved with TFA to provide the corresponding ammonium salt. Biotinylation with
biotin-L,-NHS in Et;N/DMF gave the desired compound 2. Both of the biotinylated probes 1 and
2 were purified by silica gel chromatography and structurally characterized by *H and *>*C NMR

VOL.3 NO.3 « 167-179 « 2008

and HPLC-MS. Details of probe syntheses are available as Supporting Information.

licity, and increased steric interactions. We have re-
cently described an alternative approach for the
biotinylation of hydrophobic substrates that replaces
the carboxylic group with a nonpolar linkage to the
7-0x0-3-thia-6,8-diazabicyclo[3.3.0]oct-4-yl heterocycle
that provides the major contribution to (strept)avidin
binding affinity (38). Extending this approach, we de-
signed two types of BPA probes (Figure 3). Compound
1 (BPA—biotin 1) possesses a phenolic ether connec-
tion to a reduced biotin fragment and provides minimal
alteration of BPA’s hydrophobic backbone (Figure 3, left
panel). Compound 2 (BPA—biotin 2) incorporates a bu-
tynyl carboxamide as a spacer group attached at the or-
tho position of the aryl ring that preserves both of the
phenol groups found in the original BPA (Figure 3, right
panel).

Identification of Tubulin as a BPA-Binding Protein.
Biotin-linked analogues of BPA were used to fraction-
ate cell-free extracts derived from Xenopus oocytes. The
highly concentrated extracts of frog and clam oocytes
are capable of replicating microtubule and centrosomal
dynamics that mirror the in vivo state and have been
used extensively for the study of cytoskeletal and cell
cycle dynamics (39-41). Xenopus cytostatic factor (CSF)-
arrested extracts were incubated in the presence of
BPA—biotin 1 or 2, bound complexes were collected us-
ing streptavidin—agarose, and those proteins specifi-
cally interacting with BPA were eluted with 210 uM free
BPA and resolved by SDS-PAGE (Figure 4, panel a). Two
bands of interest were identified that eluted with BPA
from BPA—biotin matrices (Figure 4, panel a, fractions
F2 and F3, denoted by :* and +) but not from biotin

GEORGE ET AL.

v-tubulin eluted from biotin control matri-
ces (Figure 4, panel b, fractions F2—F8).
Centrosomal components, such as pericen-
trin and e-tubulin, were not detected eluting
from BPA affinity matrices, suggesting that
centrosomes or centrosomal precursors were not asso-
ciating with the matrix as a complex (not shown). To vali-
date tubulin as a target for BPA, tubulin was polymer-
ized in the presence of increasing concentrations of
BPA and followed by fluorimetry (Figure 4, panel c).
Because DMSO alone can promote microtubule poly-
merization, methanol was used as a solvent, which had
no effect on microtubule polymerization (at 0.14%). As
shown in Figure 4c, BPA promoted microtubule polymer-
ization, although to a lesser extent than the potent mi-
crotubule stabilizer, taxol (Figure 4c, solid lines). BPA-
induced microtubule polymerization could be detected
in the presence of 20% glycerol, where glycerol acts as
a general stabilizer of microtubules (42, 43). In contrast,
microtubule polymerization in the presence of 10-fold
less glycerol was undetectable in either control or BPA-
treated samples (Figure 4, panel c, dashed lines),
whereas taxol-treated samples polymerized normally.
The requirement of glycerol for BPA-induced microtubule
polymerization suggested that BPA may not be stabiliz-
ing microtubules in the same manner as taxol, and this
was further confirmed when BPA failed to protect micro-
tubules from depolymerization by cold treatment or

4 mM CaCl, (not shown). Thus, while BPA was capable
of promoting microtubule polymerization in vitro, it did
not appear to act as a stabilizer.

In vitro, BPA promoted microtubule polymerization
but did not appear to act as a microtubule stabilizer in
comparison with taxol. To better understand the action
of BPA on microtubule polymerization, we followed
centrosome-nucleated aster formation in the absence
or presence of BPA. CSF extracts were supplemented
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with rhodamine-tubulin, sperm nuclei, and BPA or car-
rier control, warmed to 15 °C for 10 min, and fixed onto
slides. While a small amount of nucleation at the centro-
some was detected in controls under these conditions
(Figure 5, panel a), BPA-treated extracts (Figure 5, top,
panels b—d) displayed a 5.7-fold increase in aster size
at concentrations as low as 500 nM (Figure 5, panels a
and b). Small but statistically significant increases could
be detected at higher doses (Figure 5, panel b), and at
concentrations above 10 wM, noncentrosomal microtu-
bule nucleation appeared to predominate in the extracts
and sperm asters became more disorganized and diffi-
cult to quantify (not shown). The robust nucleation of mi-
crotubule asters observed in the presence of 500 nM
BPA contrasted sharply with the modest promotion of
microtubule polymerization observed with purified tubu-
lin at the same BPA concentration (Figure 4, panel ¢
suggesting that BPA promoted microtubule nucleation.
BPA Induction of Acentriolar Spindle Poles. In ani-
mal cells, interphase and mitotic microtubule arrays
are organized by centrosomes, which serve as a scaf-
fold for y-tubulin-based microtubule nucleation and an-
choring (44). BPA bound both o/B- and y-tubulin
in vitro (Figure 4) and altered microtubule organization
in dividing sea urchin eggs (Figures 1 and 2), but the
mechanisms by which these alterations occur were still
not clear. We revisited BPA’s effects on microtubule or-
ganization in mammalian cells (Figure 6), where BPA has
been shown to act as a disruptor of microtubule organi-
zation in cultured mammalian cells and oocytes (18,
22, 23), albeit at much higher concentrations than what
we and others have observed for oocytes and early em-
bryos (11, 23). In Hela cells, microtubule stabilizers
such as taxol suppress microtubule dynamics, result-
ing in microtubules of uniform length during both inter-
phase and mitosis (Figure 6, panels b and f). In contrast,
BPA had no affect on interphase microtubule organiza-
tion (Figure 6, panels c and d) at any concentration rang-
ing from 500 nM to 200 M, and BPA did not induce
the small ectopic asters associated with taxol (Figure 6,
panel f). Instead, BPA induced the dose-dependent for-
mation of ectopic spindle poles (Figure 6, panels g and
h; and Figure 7, panel b) with an IC;, of 100 M in a
manner that was independent of the carrier used to
solubilize BPA (DMSO or MeOH). The vast majority of
cells observed (>90%, n = 400) contained only one or
two additional poles, and consistent with earlier reports
(18, 21), these cells were able to progress through an-
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Figure 4. BPA binds tubulin and promotes microtubule polymerization. a) CSF-
arrested Xenopus extracts (XE) were incubated with biotinylated BPA (BPA-biotin 1),
and protein complexes were fractionated over strepavidin beads. Following the collec-
tion of the flow-through (FT) fraction and washing with BRB80 buffer, bound pro-
teins were eluted (fractions F1—F4) with 210 nM BPA. Bound proteins were then re-
solved on a 4-15% SDS-PAGE gradient gel. Two bands were chosen for analysis and
sequencing (+ and +), and the band denoted by (+) was identified by mass spectros-
copy as «-/B-tubulin. b) Western blot confirmation of a-tubulin and y-tubulin elu-
tion from BPA—biotin 1 affinity matrices in fractions 1-8 (FT corresponds to the flow-
through or unbound fraction). In contrast, extract incubated with biotin alone showed
that neither «-tubulin or y-tubulin associated with the affinity matrix. c) Tubulin was
polymerized in the presence of 20% glycerol (solid lines) in the presence of either
carrier alone (0.1% MeOH), 3 .M taxol, or increased concentrations of BPA. A parallel
set of assays were performed in the presence of low glycerol (2%), where microtu-
bules polymerize poorly unless in the presence of an additional stabilizing reagent
(dashed lines). Samples were assembled on ice and warmed to 37 °C, and readings
were acquired every 15 s. Note that while taxol-induced polymerization was indepen-
dent of glycerol, BPA-induced polymerization did not occur in the absence of glycerol.

aphase and initiate cytokinesis, cleaving into three or

four daughter cells (not shown). Additionally, both bi-

otin conjugates were capable of inducing ectopic poles
(Figure 6, panels m and n), as were Bisphenol A mono-
methyl ether (BPA-Me) and Bisphenol A dimethyl ether
(BPA-Me,) (Figure 6, panels o and p). These BPA ethers
have 1.6- and 184-fold lower affinity for the estrogen re-
ceptor, respectively (45), yet there was no significant re-
duction in the ability of these analogues to induce mul-
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Figure 5. BPA promotes microtubule nucleation from cen-
trosomes in vitro. a—d) CSF-arrested Xenopus CSF extracts
were incubated with sperm nuclei, rhodamine tubulin, and
carrier control (0.8% MeOH) or BPA for 30 min on ice.
Tubes were then warmed to 15 °C for 10 min. Reactions
were stopped by adding 1 p.L of each reaction to 3 p.L of
fixative containing Hoescht 33342 and observed by wide-
field epifluorescence. When compared with controls (panel
A), BPA-treated extracts displayed robust microtubule
nucleation from centrosomes (panels b—d). Bar represents
10 pm. e) Quantification of BPA-enhanced aster forma-
tion in CSF Xenopus extracts. The area for single asters
was calculated by first normalizing the background and
then creating a threshold image. The areas were then cal-
culated using Image] for 12 asters per condition. Small but
significant differences could be detected between 500 nM
and 1 pM BPA (p = 0.03, asterisk) as well as between 1
and 10 pM (p = 0.01, double asterisk). Error bars denote
standard error.

tipolar spindles (Supplementary Figure 2). Consistent
with BPA, perturbations were only observed in mitotic
cells (Figure 6, panels m—p), with interphase microtu-

e 167-179 « 2008 GEORGE ET AL.

bules remaining morphologically normal (Figure 6, pan-
els i—1). Together, these results indicated that both the
biotin conjugates as well as analogues with lowered af-
finity for the estrogen receptor retained biological activ-
ity, suggesting that BPA’s effects on spindle morphology
were extragenic.

Multipolar spindles are commonly found in tumor
cell lines, and these defects typically arise due to uncou-
pling of the centrosome duplication cycle from normal
cell cycle controls (46, 47). Our data (Figures 1, 2, and
6) as well as other reports have demonstrated the pres-
ence of multipolar spindles in cells exposed to BPA
(18, 22), and the centrosomal component y-tubulin
was found to associate with BPA affinity matrices
(Figure 4, panel b), raising the possibility that BPA was
inducing centrosome amplification. Given that spindle
poles can self-organize in cell-free extracts or whole cells
in the absence of centrosomes (48, 49), we sought to
discriminate between those two possibilities by count-
ing separated centrosomes at the G,/M transition, as
well as the percentage of metaphase multipolar
spindles in the absence or presence of BPA (Figure 7).
Analysis of separated centrosomes revealed that even
in the presence of 200 wM BPA, where nearly 70% of
metaphase spindles are multipolar (Figure 7, panel b),
cells contained the normal complement of maturing cen-
trosomes in late G2/early prophase (Figure 7, panels a
and b). Further, centrin and y-tubulin localization re-
vealed that for metaphase cells containing supernumer-
ary spindle poles, only two poles contained centrin foci
(Figure 7, panel ¢, micrographs i’ —1'), and optical sec-
tioning at 0.5 pm intervals through the cell failed to lo-
cate additional foci (not shown). Those spindle poles
lacking centrin did contain y-tubulin, but staining was
diffuse (Figure 7, panel ¢, micrograph k') in comparison
with centrin-positive controls (Figure 7, panel ¢, micro-
graph g’). Those multipolar spindles that did contain
more than two centrin foci (21%) were not significantly
different than controls, suggesting that spindle pole
splitting or centrosome amplification was not respon-
sible for the aberrant pole formation in BPA-treated cells.

DISCUSSION

There is an emerging body of evidence that estrogenic
phenols such as DES and BPA are carcinogenic, even
though BPA fails to demonstrate mutagenicity by Ames
testing (17, 50). BPA has been demonstrated to cause
aneuploidy both in cell culture and in animal models
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(11, 15, 16, 18, 24), and while it is
debatable whether aneuploidy is a
causative or aggravating factor in tu-
morigenesis (51, 52), the sensitivity of
maturing mammalian oocytes to low
concentrations of these compounds
(10, 11) necessitates a mechanistic re-
examination of BPA’s effects on mitosis.
Using a chemical biological approach,
we report here that BPA disrupts mito-
sis and cytokinesis by inducing the
formation of ectopic microtubule orga-
nizing centers. Using biotinylated ana-
logues of BPA, we have identified tubu-
lin as a direct target of BPA, which was
validated by demonstrating that BPA
promoted microtubule polymerization
and nucleation in vitro (Figures 4 and 5).
And while our data does not defini-
tively demonstrate the mechanism by
which ectopic spindle poles are gener-
ated in vivo, these findings lend further
credence to the notion that BPA is ca-
pable of disrupting normal cellular pro-
cesses by mechanisms independent of
the estrogen receptor.

Identification of BPA Binding
Proteins Using Biotinylated Analogues.
BPA is a structurally simple compound,
which complicates the identification of
critical functional groups as well as cel-
lular targets. Because there are dozens
of possible targets that participate in
spindle assembly and cleavage plane
determination (53-56), we chose a
chemical biological approach to distin-
guish novel cellular targets using syn-
thetic BPA—biotin conjugates as affin-
ity agents. The biotinylation of proteins
and nucleic acids is a mature technol-
ogy, yet relatively few applications em-
ploying biotinylated analogues of small
bioactive molecules to identify protein

a b d
Interphase Interphase Interphase Interphase
(control) (500 nM Taxol) (50 uM BPA) (200 uM BPA)
e Mitosis f Mitosis g Mitosis h Mitosis
(control) (500 nM Taxol) (50 uM BPA) (200 uM BPA)

Interphase
(200 uM BPA-biotin 1)

Mitosis
(200 puM BPA-biotin 1)

Figure 6. Ectopic spindle pole formation in Hela cells exposed to BPA. Hela cells were exposed to 0.1%
DMSO (panels a and e), 500 nM taxol (panels b and f) or BPA (panels c, d, and f—h), BPA-biotin 1
(panels i and m), BPA—biotin 2 (panels j and n), BPA-Me (panels k and o), and BPA-Me, (panels L and p)
for 4 h and processed for DNA (blue) and tubulin (green) localization, and representative images were
acquired from cells in interphase (panels a—d and i—1) and mitosis (panels e—h and m—p). In contrast
to taxol-treated cells (panels b and f) that displayed small, stellate asters, BPA-treated cells devel-
oped ectopic spindle poles (panels g and h). Similarly, biotinylated-BPA analogues produced pheno-
types consistent with the parent molecule (panels m and n), as did methylated BPA analogues BPA-Me
and BPA-Me, (panels o and p). Bar represents 10 pum.

Interphase
(200 uM BPA-biotin 2)

Interphase
(200 uM BPA-Me)

Interphase
(200 uM BPA-Me,)

n . o . p

Mitosis Mitosis
(200 uM BPA-biotin 2) (200 uM BPA-Me)

Mitosis
(200 uM BPA-Me,)

targets have been described. Several biotinylated ste-
roid hormones conjugates have been generated, prima-
rily as immunoassay probes (57-70), with relatively
few examples using these reagents to study binding
with cellular receptors (71-73). The potential value of
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this approach is evident in recent reports employing bi-
otinylated analogues of small molecules to identify
penicillin-binding proteins and targets of anti-
inflammatory drugs, and investigate the actions of can-
cer drugs targeting DNA methyltransferases (74-76). We
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and simple methyl ether derivatives
were efficacious in disrupting bipo-
lar spindle organization in cultured
cells (Figure 6). These results sug-
gest that hydrophobic interactions
of the BPA analogues are respon-
sible for tubulin binding affinity.
These observations may also indi-
cate the likelihood that this contact
occurs at surface accessible sites of
the protein, since both BPA—biotin
probes, incorporating short or ex-
tended linkages, exhibited affinity
for o/B- and y-tubulin. To date, this

is the first report using a solid phase

Figure 7. BPA does not drive centrosome amplification to generate ectopic spindle poles. Hela cells were
exposed to either 0.1% DMSO or increasing doses of BPA for 4 h, fixed, and processed for DNA (blue),
tubulin (green), and pericentrin (red) localization (panel a, micrographs a’—d’; bar, 10 p.M). Cells were
then scored for the presence of multipolar spindles or centrosomes at the G,/M transition (panel b). Note
that the number of pericentrin-positive centrosomes at G,/M does not increase even at 200 pM, where
the majority of metaphase spindles are multipolar. c) Centrin and y-tubulin localization in control- (mi-
crographs e’ through h’) and BPA-treated eggs (micrographs i’ —l’). Compared to controls (micrographs
f' and g’, arrows), BPA-treated cells contained spindle poles that were positive for both y-tubulin and
centrin (micrographs j’ and k', arrows), as well as diffuse poles that lacked centrin foci (asterisk k’). Bar

reagent for identifying BPA-binding
proteins, and it is possible that this
type of analogue may be used for

identifying additional targets. These
findings also raise the possibility

that probes can be designed to dis-
tinguish BPA-induced ER-activation

represents 10 pm.
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recently reported a new strategy for connecting biotin
fragments to nonpolar substrates (38) and have
adapted this approach for BPA to design two types of
probes (Figure 3). Compound 1 (BPA-biotin 1) uses one
of the phenolic oxygens for construction of a nonpolar
ether linkage directly attached to a short biotin frag-
ment, whereas 2 (BPA—biotin 2) incorporates a butynyl
spacer attached to the ortho position of the phenol and
connected to biotin using an extended linkage. 1 re-
tains one polar phenol and avoids modification of the
nonpolar backbone of BPA, while 2 exhibits both of the
phenolic groups of BPA and uses the aryl backbone to
attach an extended biotin appendage. We anticipated
that both probes incorporated key structural elements
of BPA and would be viable candidates for affinity puri-
fication of protein targets.

GEORGE ET AL.

from extragenic effects on tubulin
nucleation.

BPA Modulation of Microtubule Dynamics and
Organization. Affinity fractionation of Xenopus extracts
identified tubulin as a BPA-associated protein, and in
vitro analyses demonstrated that BPA directly affected
microtubule assembly (Figures 4 and 5). Earlier studies
had suggested that both DES and BPA disrupted micro-
tubule organization by promoting microtubule disas-
sembly (19, 20, 24, 77-80), which stands in contrast
to both our in vitro and in vivo studies.). While BPA pro-
moted microtubule assembly in vitro, it required glycerol
and, in contrast to taxol, could not stabilize microtu-
bules in its absence (Figure 4, panel c). BPA also failed
to stabilize microtubules against cold or calcium treat-
ment, arguing further against its action as a microtubule
stabilizer. BPA’s effects in vivo in echinoderm embryos
and cultured cells was also not consistent with microtu-
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bule stabilizers such as taxol or hexylene glycol, with
the most notable difference being that BPA had no ef-
fect on interphase microtubule organization even at con-
centrations as high as 0.2 mM (Figures 6 and 7). In con-
trast, at concentrations that had only a modest effect
on the polymerization of purified tubulin, BPA robustly
promoted microtubule nucleation from sperm centro-
somes (Figure 5), suggesting that BPA was a facilitator
of microtubule nucleation.

BPA’s effects on the microtubule cytoskeleton ap-
pear to be limited to mitosis. During the G,/M transi-
tion, microtubule dynamics undergo a dramatic increase
in nucleation and turmnover (81). In vitro, BPA promotes
microtubule nucleation (Figure 5), raising the possibility
that in mitotic cells, BPA may uncouple nucleation from
the centrosome, where nucleation rates are already
accelerated.

BPA has been reported to induce multipolar spindles
(18, 22, 23), and exposure of maturing bovine oocytes
with estradiol produces a very similar affect (82). In-
deed, the estrogen receptor can directly induce the ex-
pression of Aurora A kinase (83—88), whose overexpres-
sion can drive centrosome amplification in many tumor
types (86, 87, 89, 90). However, we found no evidence
for centrosome amplification in cells at the G,/M bound-
ary, nor did we find centrin localized to ectopic spindle
poles (Figure 7). Lastly, methylated BPA analogues with
diminished affinity for the estrogen receptor retained the
capacity to induce spindle malformations (Figure 6 and
Supplementary Figure 2), arguing against the involve-
ment of the estrogen receptor as an indirect mediator
of centrosome amplification in BPA-treated cells.

How does BPA induce ectopic spindle poles? Live
cell analysis in sea urchin eggs suggests that ectopic as-
ters may form de novo (Figure 2, panels e, f, h, and i). Al-

ternatively, ectopic spindle poles may occur via spindle
pole splitting, where the paired centrioles at one pole
split and separate to form a new spindle pole. In sea ur-
chin eggs, this is commonly observed during prolonged
mitotic arrest (91, 92) or in response to 3-mercapto-
ethanol (93). However, because BPA-induced ectopic
poles in Hela cells lacked centrin (and therefore centri-
oles) (Figure 7, panel c), and the levels of centrin-
positive supernumerary poles were no different than car-
rier controls (not shown), we find little evidence for
spindle pole splitting. Furthermore, mammalian oo-
cytes are acentriolar, so it is unlikely that the spindle
defects observed in mammalian oocytes are due to
centriole splitting per se (11, 23). However, given that
v-tubulin was also identified eluting from the BPA—
biotin affinity matrices (Figure 4), its possible that cen-
trosome fragmentation due to BPA’s effects on y-tubulin
could account for the generation of supernumerary
spindle poles in centriolar spindle poles in both sea ur-
chins and cultured cells, as well as in acentriolar
spindles in mammalian cells. Moreover, centrosomes
are not an absolute requirement for pole formation, and
studies in Xenopus extracts, Drosophila embryos, and
cultured mammalian cells have demonstrated that cen-
trosomes are dispensable for spindle formation (48, 94,
95). Indeed, both whole cells and Xenopus extracts are
capable of organizing microtubule minus ends in the ab-
sence of centrosomes through a mechanism involving
dynein and NUMA (49, 96-98). In such a self-
organization model, kinetochore fibers nucleated and
organized by active RanGTPase and further stabilized by
BPA would become focused into ectopic spindle poles
through a process of NUMA/dynein-mediated organiza-
tion of microtubule minus ends. Ongoing efforts will de-
termine whether this, indeed, is the case.

METHODS

Embryo and Mammalian Cell Culture. Lytechinus pictus sea ur-
chins were obtained from Marinus Scientific (Garden Grove CA)
and maintained in a chilled saltwater aquarium at 15 °C. Eggs or
sperm were obtained by injecting urchins with 0.5 M KCl and col-
lected gametes used immediately for all experiments. Eggs
were fertilized with freshly diluted sperm, and fertilization enve-
lopes were removed by passage through 105 wm Nytex several
times before culturing in calcium-free seawater (CaFSW) at
15 °C.

Hela cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum, sodium pyru-
vate, sodium bicarbonate, and penicillin-streptomycin—fungi-
zone. For BPA treatments, cells were treated with either carrier
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(0.1% DMSO) or BPA prediluted in media for 3 h prior to fixa-
tion by immersion in methanol at —20 °C.

General Chemical Methods. Unless noted otherwise, all chemi-
cals were purchased from Sigma (St. Louis, MO). BPA was dis-
solved fresh in DMSO or methanol at a concentration of 44 mM
and used immediately. Succinimidyl-6-(biotinamido)-6-hexana-
mido hexanoate (Biotin-L,-NHS) was purchased from Pierce. The
Bisphenol A dimethyl ether (BPA-Me,) (1,1'-(1-methylethyl-
idene)bis[4-methoxybenzene]) and Bisphenol A monomethyl
ether (BPA-Me) (4-[1-(4-methoxyphenyl)-1-methylethyllphenol)
were prepared by methylation of BPA using sodium hydride and
methyl iodide in dimethylformamide. Detailed methods of the
synthesis of the BPA affinity probes 1 and 2 are included in the
Supporting Information.
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Live Cell Microscopy. Lytechinus pictus eggs were fertilized,
stripped of their fertilization membranes, and incubated in
CaFSW at 15 °C for 25 min. After 25 min, embryos were treated
with varying concentrations of DMSO or BPA and incubated for
another 30 min. Cells were then followed by Nomarski/DIC or
polarization microscopy. To better visualize the spindle in liv-
ing cells, control or BPA-treated eggs were settled onto prota-
mine sulfate coated glass-bottomed 35 mm dishes (World
Precision Instruments, Sarasota, FL), and compressed under Flu-
orinert FC-40 oil (99, 100). Time-lapse sequences were ac-
quired using Zeiss Axiovert 200 M inverted microscopes config-
ured for either standard Nomarski/DIC or orientation-
independent polarization microscopy with a circular polarizer
and 546 nm filter placed above the condenser and a liquid crys-
tal universal compensator (LC-Polscope, Cambridge Research In-
struments, Woborn MA) placed below the reflector turret. An
EXFO X-Cite 120 light source (Mississuaga, ON) was used for
transillumination, and images were acquired using a Q Imaging
CCD camera controlled by PSJ software (Marine Biological Labo-
ratory, Woods Hole, MA). Image stacks were acquired using a
3 nm retardance ceiling, exported as 8-bit tif files to Image),
where movies and figures were then prepared.

Immunofluorescence. Eggs and early embryos were fixed and
processed for tubulin localization according to previously de-
scribed methods (100, 101). Hela cells were fixed by immer-
sion in cold methanol for 30 min at —20 °C before rehydration
in phosphate-buffered saline (PBS). Both sea urchin eggs and
Hela cells were blocked by incubation in PBS containing 5% bo-
vine serum albumin (blocking buffer), for 1 h at RT. Cells were
then placed into 1:1000 dilutions of mouse antitubulin (Sigma)
in blocking buffer overnight at 4 °C. In experiments with cultured
cells, cells were also counterstained with 1:100 rabbit anticen-
trin (Sigma) or 1:500 rabbit antipericentrin (Covance, Berkeley,
CA). Primary antibodies were detected using Alexafluor-
conjugated secondary antibodies (Molecular Probes, Eugene
OR). After being washed, cells were mounted in 90% glyc-
erol/1X PBS and stored at —20 °C. Sea urchin embryos were im-
aged using an Olympus Fluoview confocal microscope at the
Central Microscopy Facility at the Marine Biological Laboratory,
and Hela cell images were acquired using a Zeiss Axiovert 200
M inverted microscope equipped with epifluorescence optics
and an ApoTome structured illumination module (Carl Zeiss,
Thornwood, NY). All acquired images were exported into 8-bit
tif files, and figures were prepared using Image) and Adobe
Photoshop software.

Cell-Free Extract Preparation. Cytostatic factor arrested Xeno-
pus oocyte cell-free extracts were prepared according to previ-
ously published protocols (102). Extracts were clarified by spin-
ning at 16,000 rpm in 4 °C for 10 min. After debris and lipids
were separated, proteinase inhibitors (20 wg/mL), cytochalasin
D (0.4 pwg/mL), and 20X energy mix (3 M creatine phosphate,
0.4 M ATP, pH 7.4, 40 mM EGTA, pH 7.7, and 0.4 M MgCl,) were
added to the extract, which was used immediately or supple-
mented with 150 mM sucrose and snap frozen in liquid nature
for later use.

Cell-free extracts were prepared from fertilized sea urchin
eggs 30 min postinsemination according to ref 103 and stored
at —80 °C until use. Extracts were also prepared from activated
Spisula solidissma surf clam oocytes according to previously
published protocols (104, 105), snap frozen, and stored at
—80 °C until use.

Affinity Fractionation of BPA-Binding Proteins. Xenopus cyto-
plasmic extracts were thawed and then clarified by centrifuga-
tion at 16,000 rpm in 4 °C for 10 min. Fifty microliters of 1 mg
mL~* BPA—biotin 1 or 2 or biotin alone was added to 500 p.L of
clarified extract and incubated at 4 °C for 20 min. A 150 p.L por-
tion of Strepavidin beads in a 30% slurry in wash buffer (BRB80

2008 GEORGE ET AL.

+ proteinase inhibitors 4+ 0.2 M ATP) was added to the ex-
tracts and incubated at 4 °C for an additional 20 min. The sus-
pension was allowed to settle in a column, and the flow-through
fraction was collected and washed with 10 mL of cold wash
buffer. To specifically elute BPA-binding proteins, the column
was eluted with 210 wM BPA in wash buffer, and 300 p.L frac-
tions were collected, snap frozen with liquid nitrogen, and
stored at —80 °C. Fractions were resolved on 4-15% SDS-
PAGE gradient gels (Bio-Rad, Hercules, CA), and bands were vi-
sualized using SYPRO-RUBY (Invitrogen, Carlsbad, CA). For pro-
teomic analysis, unstained gels were washed twice for 10 min in
deionized water, incubated in Biosafe Coomassie Stain (Bio-
rad) for 1 h, and then destained with deionized water overnight.
Under a clean hood, bands of interest were carefully excised
and placed into a methanol-washed microcentrifuge tube. Prote-
olysis, peptide recovery and MALDI-TOF analysis were performed
at the Baylor College of Medicine Protein Chemistry Facility.

Measuring Effects of Bisphenol A on Microtubule Polymeri-
zation in Vitro. Microtubule polymerization in the presence of
taxol or BPA was monitored using a fluorescence-based, com-
mercially available assay from Cytoskeleton (Denver, CO). Be-
cause DMSO alone is capable of promoting microtubule poly-
merization at concentrations above 0.2%, BPA was reconsti-
tuted in methanol and further diluted in deionized water for the
assay. In some conditions, glycerol in the polymerization buffer
(20% glycerol, 80 mM PIPES, 0.5 mM EGTA, 2 mM MgCl,, pH 6.9)
was reduced to 2% to determine whether BPA acted as a micro-
tubule stabilizer. Reactions were kept on ice until added to a
50 pL cuvette and warmed to 37 °C. Microtubule polymeriza-
tion was monitored in a temperature-controlled Carey Eclipse
fluorescence spectrophotometer (Varian, Inc., Walnut Creek, CA)
for 15 min, with readings acquired every 15 s. Data were im-
ported into a Microsoft Excel spreadsheet for further analysis
and graph generation.

Microtubule nucleation was followed in Xenopus CSF ex-
tracts by supplementing thawed extracts with 20X energy mix,
60 ug/mL Rhodamine-tubulin (Cytoskeleton), and demem-
branated sperm nuclei and stored on ice. BPA was solubilized
in methanol and further diluted to 50X stocks in BRB80 buffer.
Extracts were supplemented with BPA, preincubated on ice for
30 min, and warmed to 15 °C for 10 min. One microliter of each
reaction was mixed with 3 pL of fixative containing Hoescht
33342 and mounted for imaging. Images were acquired using
a Zeiss Axiovert 200 M inverted microscope equipped with a
63X NA 1.4 planapo objective and exported into 8-bit tif files,
and figures were prepared using Image) and Adobe Photoshop
software. For quantification of BPA-induced asters, 8-bit images
of single asters were normalized for background, aster size
was quantified using Image) software, and statistical analyses
were performed using a pairwise Student’s ¢ test.
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