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The overexpression of Aurora kinases in multiple tumors makes
these kinases appealing targets for the development of anticancer
therapies. This study identified two small molecules with a furano-
pyrimidine core, IBPRO01 and IBPR002, that target Aurora kinases
and induce a DFG conformation change at the ATP site of Aurora A.
Our results demonstrate the high potency of the IBPR compounds
in reducing tumorigenesis in a colorectal cancer xenograft model in
athymic nude mice. Human hepatoma up-regulated protein (HURP)
is a substrate of Aurora kinase A, which plays a crucial role in the
stabilization of kinetochore fibers. This study used the IBPR com-
pounds as well as MLN8237, a proven Aurora A inhibitor, as chem-
ical probes to investigate the molecular role of HURP in mitotic
spindle formation. These compounds effectively eliminated HURP
phosphorylation, thereby revealing the coexistence and continuous
cycling of HURP between unphosphorylated and phosphorylated
forms that are associated, respectively, with microtubules emanat-
ing from centrosomes and kinetochores. Furthermore, these com-
pounds demonstrate a spatial hierarchical preference for HURP in
the attachment of microtubules extending from the mother to the
daughter centrosome. The finding of inequality in the centrosomal
microtubules revealed by these small molecules provides a versatile
tool for the discovery of new cell-division molecules for the devel-
opment of antitumor drugs.

he overexpression of Aurora kinases is closely associated with

tumorigenesis (1, 2). Small molecules that inhibit the kinase
activity of Aurora have attracted considerable attention for their
applicability in cancer treatment, and a number of Aurora kinase
inhibitors have been assessed in clinical trials (1, 3-6). Aurora
kinases are serine/threonine kinases, which regulate mitotic pro-
gression, centrosome maturation, and spindle assembly. There-
fore, small molecules capable of inhibiting Aurora kinases also can
be used as chemical probes to determine the interplay of Aurora
kinases and their substrates in spindle formation.

To ensure fidelity of segregation, duplicated chromatids need to
be properly attached by mitotic spindles at the kinetochores (7). At
onset of mitosis, microtubules that emanate from the duplicated
centrosomes gradually extend to reach the kinetochores. The for-
mation of robust spindles relies on the cooperation between two
assembly pathways: the kinetochore capture by microtubule spin-
dles originating from centrosomes, and the ras-related nuclear
GTP (RanGTP)-mediated microtubule nucleation and organiza-
tion in the vicinity of chromosomes (8-13). Human hepatoma up-
regulated protein (HURP) is an Aurora A substrate up-regulated
in hepatomas (14, 15). HURP stabilizes kinetochore fibers (K-
fibers) and promotes nucleation and crosslinking of microtubules
(16-19). In Xenopus egg extract, anti-HURP antibodies disrupt the
formation of chromosome- and centrosome-induced spindles (16),
suggesting the involvement of HURP in both mechanisms. HURP
also has been characterized as a direct cargo of importin f, involved
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in RanGTP-regulated spindle (Ran spindle) assembly in the vi-
cinity of chromosomes (17-19). Because the kinase activity of
Aurora A is essential to the formation of Ran spindles (16), HURP
has been proposed to be phosphorylated at the spindle poles by
Aurora A, thereby allowing its translocation to RanGTP-dependent
K-fibers (17).

Because HURP expression is cell-cycle dependent and limited
to prophase through anaphase, investigating how HURP is tem-
porally regulated by phosphorylation would require rapid in-
hibition of the kinase activity of Aurora A, which is not achievable
using RNAI or other genetic methods (15, 19). Here we use the
Aurora kinase inhibitors we developed in house to dissect the
Aurora-HURP pathway in the formation of spindles. This study
reports the identification and characterization of two Aurora
inhibitors, IBPR001 and IBPRO002, that efficiently eliminate
HURP phosphorylation in mitosis. The efficacy of the two IBPR
compounds in HURP dephosphorylation is better than that of
MIN8237 and VX-680. The rapid elimination of HURP phos-
phorylation supports the notion of a dynamic equilibrium be-
tween the two forms of HURP regulated by Aurora A-mediated
phosphorylation, each playing a role in the differential assembly of
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centrosomal and kinetochore microtubules. These results also sug-
gest that the symmetric distribution of HURP to centrosomal
microtubules requires kinase activity of Aurora A.

Results

Synthesis and Characterization of IBPR Compounds Targeting Aurora
Kinases. We have reported a lead compound with a furanopyr-
imidine core capable of inhibiting Aurora kinase activity (20, 21).
Using this structure as a scaffold, we synthesized (Fig. S1) more
than 200 analogs and identified two compounds, IBPR001 and
IBPRO02 (Fig. 14), that demonstrate potent Aurora inhibitory
activity (Fig. 1B).

To determine the specificity of these IBPR compounds, we
performed in vitro activity profiling for 57 kinases associated with
cancer. Of the kinases tested, IBPR002 demonstrated the strongest
inhibitory activity against Aurora A. The inhibition of IBPR002 at
1.0 pM is listed in Table S1. All but 12 (including Aurora A) of the
profiled kinases showed <50% inhibition at 1.0 pM. The effec-
tiveness of IBPR002 as an inhibitor of mitosis-associated kinases
polo-like kinase 1 (PLK1) (—14% inhibition at 1.0 pM) and NIMA-
related kinase 2 (NEK2) (61% inhibition at 1.0 uM, ICsy = 0.532
pM) was less pronounced than the inhibition of Aurora A (101%
inhibition at 1.0 pM, ICsy = 41 nM) (Fig. 1B and Table S1).

Crystal Structures of Aurora A in Complex with IBPR Compounds and
VX-680. VX-680 is a first-generation small molecule that inhibits
the catalytic activity of Aurora kinases through competitive
interactions with the ATP-binding site (3). Structures of the
Aurora A kinase domain (amino acids 123-401) in complex with
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IBPROO1 [Protein Data Bank (PDB) ID: 4JBO] and VX-680
(PDB ID: 4JBQ) were solved to provide insight into the in-
teraction of the compounds with the protein (X-ray data and
structure refinement are summarized in Table S2). Although
both compounds were well suited to the ATP-binding site and
formed conserved hydrogen bonds with Glu211 and Ala213 in the
hinge region (22), the diphenylurea moiety of IBPR0O01 extends
into the Aurora A back pocket, which was unoccupied in the Au-
rora A/VX-680 complex (Fig. 1C). Moreover, the Aurora A kinase
domain adopts the DFG (Asp-Phe-Gly)-in conformation to ac-
commodate the phenylurea group of IBPR001, which forms two
hydrogen bonds with the conserved Glul81 of Aurora A. On the
other hand, Phe275 of the DFG motif (23) at the activation loop
points toward the cyclopropyl group of VX-680.

The structure of the Aurora A kinase domain with IBPR002 also
was solved (PDB ID: 4JBP) to a resolution of 2.45A (Table S2).
The structure of IBPR002 was well superimposed with IBPR001,
except that the additional piperidinol group extended toward the
solvent-exposed area.

IBPR Compounds Reduce Tumorigenesis in Mice. Aurora kinases
have emerged as promising chemotherapeutic targets for cancer
because of their pivotal role in mitosis and their overexpression
in malignant cells (5). To evaluate whether IBPR compounds are
able to reduce tumorigenesis in vivo, we used a colorectal cancer
xenograft model in athymic nude mice. Ten male mice in each
group were inoculated s.c. with HCT116 colorectal cancer cells
overexpressing Aurora A. When the tumor size reached >100
mm?, mice were administrated IBPR002 or VX-680 iv. via the

Aurora A/IBPR0O01

Fig. 1. Structures of IBPR compounds that induce a change in DFG conformation in Aurora A. (A) Chemical structures of IBPR001 (1) and IBPR002 (2). (B) ICso
of the compounds from the in vitro Aurora A and Aurora B activity assay. (C) Active sites of Aurora A in complex with IBPR001 and VX-680. The interacting
residues with the inhibitors are shown in stick representation and are labeled. The DFG motif (cyan) at the activation loop (A-loop, yellow) adopts a different
conformation to accommodate IBPRO01 from VX-680. Hydrogen bonds between the inhibitors and Aurora A are shown as red dashed lines. For figure
presentation clarity, hydrogen bonds between the inhibitors and the hinge region are omitted. (D) Athymic nude mice xenograft with HCT116 cancer cells
were injected i.v. with control vehicle or 50 mg/kg of VX-680 or IBPR002. Mean tumor volumes (in cubic millimeters) + SEM (n = 10 per group) are shown

from the initiation of treatment (~100 mm?). *P < 0.05 compared with vehicle.
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tail vein, at a dosage of 50 mg-kg~'-d™", five daily doses per week,
for two consecutive weeks. Tumor size was observed for an ad-
ditional 13 d following the final injection. IBPR002 significantly
(P < 0.05) inhibited the growth of xenograft colorectal cancer
cells, in a manner similar toVX-680 (Fig. 1D).

IBPR Compounds Eliminate HURP Phosphorylation. The expression of
HUREP is cell-cycle regulated (Fig. S24 and refs. 15 and 19).
HURP promotes the nucleation and crosslinking of microtubules
(16, 17, 24), but whether this activity requires phosphorylation
remains unclear. We examined whether VX-680 inhibits HURP
phosphorylation and found that the efficacy is less than optimal
(Fig. 24). The results of Western blotting indicate that the anti-
HURP phosphorylation activity of IBPR001 and IBPR002 ex-
ceed that of VX-680 (Fig. 2 4 and B). We also tested HURP
phosphorylation in cells treated with a reported Aurora A-selective
inhibitor, MLN8237. Like the IBPR compounds, MLN8237
eliminated HURP phosphorylation, albeit with reduced effec-
tiveness. In contrast, AZD1152 (a reported Aurora B inhibitor)
failed to reduce HURP phosphorylation (Fig. 2 4 and B). The
inhibition of HURP phosphorylation was verified further by

VX-680
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an in vitro kinase assay (Fig. 2C), suggesting that IBPR001 and
MILNS8237 play a direct role in the inhibition of Aurora A-
mediated HURP phosphorylation. In cells the depletion of Au-
rora A (using RNA silencing), but not of other mitotic kinases
such as Aurora B, cyclin-dependent kinase 1 (CDK1), or NEK2,
eliminated the expression of phosphorylated HURP (HURP-P)
(Fig. S2 B and C). These results indicate that IBPR compounds
inhibit Aurora A-mediated HURP phosphorylation in cells.

IBPR0O01 and MLN8237 Disrupt Nucleation and Bundling of K-Fibers.
We used IBPR compounds and MLLN8237 as chemical probes to
gain insight into the association of the Aurora A-HURP pathway
in spindle formation. Nocodazole inhibits mitotic progression by
disrupting the assembly of microtubules. Under treatment with
300-400 nM nocodazole (25), microtubules form kinetochore-
associated bundles but fail to nucleate at centrosomes, suggesting
different nucleation pathways exist for centrosomal and kineto-
chore microtubules (Fig. 34). We found that HURP is >95%
phosphorylated under this condition (Fig. 3B, lanes 2 and 8) and
associated exclusively with kinetochore [labeled with CREST
(calcinosis, Raynaud’s phenomenon, esophageal dismotility, sclero-
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Fig. 2. IBPR0O01 and IBPR002 efficiently eliminate HURP phosphorylation. (A) Inmunoblot of HURP from Hela cells treated with increasing concentrations of
the Aurora inhibitors VX-680, IBPR001, IBPR002, MLN8237, or AZD1152. Cells were arrested in the M phase with nocodazole (400 nM) for 24 h followed by 1-h
cotreatment with the compounds and MG132 (5.0 pg/mL). Actin immunoblot was included as a loading control. Cyclin B1 (expressed in late G2-metaphase),
pituitary tumor transforming gene (PTTG) (expressed in prophase-metaphase), and cyclin E1 (expressed in G1-S phase) (Fig. S2A) immunoblots are shown for
verification of the M-phase synchronization. The Western signals of HURP-P and HURP-U are denoted. (B) Ratios of HURP-P/total HURP were quantified from
the Western blot results in A. (C) The kinase activity of Aurora A for HURP phosphorylation was assessed in an in vitro kinase assay. Full-length FLAG-tagged
HURP was expressed and immunoprecipitated from 293T cells as a substrate for Aurora A. The addition of active Aurora A increased the molecular size of
HURP (compare lanes 1 and 5). The molecular size of HURP failed to increase in the reactions that contain MLN8237 (lane 3) and IBPR001 (lane 4) but increased
in the reaction that contained AZD1152 (lane 2).
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dactyly, telangiectasia; a centromere marker); Fig. 34, Left] but
not centrosomal (labeled with pericentrin; Fig. 34, Right)
microtubules. The addition of IBPR001 or MLN8237 to noco-
dazole-treated cells efficiently converted HURP-P to unphos-
phorylated HURP (HURP-U) within 1 h of treatment (Fig. 3B,
lanes 3-6 and 9-12), accompanied by depolymerization of the
kinetochore microtubule bundles (Fig. 3 A and C). It appears
that the reduction of HURP intensity was not a result of deg-
radation (26) because the total level of HURP expression had
not altered with the treatment of MG132, a proteosome in-
hibitor (Fig. 3B). In contrast to IBPR001 and MLN8237, as-
sembly of K-fibers was not interrupted by an Aurora B-selective
inhibitor AZD1152 (Fig. 3 A and C). The colocalization of
HURP-P with kinetochore microtubule bundles (Fig. 34) and
the disassembly of kinetochore microtubules in conjunction with
HURP-P dephosphorylation (Fig. 3 A and C) suggest that
HURP-P, rather than HURP-U, is required for the nucleation
of the kinetochore microtubules.

HURP Cycles Between Centrosomes and Kinetochores Through Phos-
phorylation. Establishing robust mitotic spindles requires the co-
operation of both K-fibers and centrosomal microtubules (9, 27).
In control cells, HURP colocalized with mitotic spindles in early
prophase and gradually moved to the plus end of the spindles in the
vicinity of mitotic chromosomes along with mitotic progression
(Fig. 44, Left) (28). A lack of adequate equipment for detecting
HURP-P in cells prevented us from determining the phosphory-
lation status of HURP at the plus and minus ends of mitotic
spindles. Nevertheless, blocking of Aurora kinase activity by IBPR
compounds and MLN8237 clearly demonstrates that HURP-P can
be converted to HURP-U (Fig. 3B). In the compound-treated
cells, HURP resided primarily at the minus end of the micro-
tubules, close to the centrosomes (Fig. 44, Right and Fig. S2.D and
E). It should be noted that nocodazole was not added to these cells
to maintain tubulin polymerization. Nearly 20% of the cells treated
with IBPR001 were monoastral (Fig. 44, phenotype 1), similar to
the phenotype observed in Aurora A-depleted cells (29, 30). The
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Fig. 3. IBPR compounds and MLN8237 disrupt nucleation of kinetochore microtubules. (A) HeLa cells were treated as shown in the upper scheme, followed

by coimmunofluorescence staining with two combinations of antibodies: HURP/a-tubulin/CREST (a centromere marker) or HURP/a-tubulin/Pericentrin
(a centrosome marker). Tubulins were nucleated as thick bundles that link to kinetochores (i.e., K-fibers) in control, but not in IBPRO01 or MLN8237 treated
cells. DNA was stained with Hoechst33342. Noc, nocodazole. All images are summations of z-stacks. (Scale bars: 5 um.) (B) Immunoblot of HURP from
nocodazole-arrested Hela cells treated with 1.0 pM of IBPRO01 or MLN8237 and 5 pg/mL MG132. Total cell lysates were collected at 0, 30, 60, 90, and 120 min
after the compound treatment. (C) Statistics of HURP that form K-fibers in A. (Scale bars: 5 pm.)

E1782 | www.pnas.org/cgi/doi/10.1073/pnas.1220523110

Wu et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220523110/-/DCSupplemental/pnas.201220523SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220523110/-/DCSupplemental/pnas.201220523SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1220523110

A Control IBPRO01/IBPR0O02
HURP a-tubulin Hoechst HURP a-tubulin Hoechst

Prophase
Phenotype-1

Phenotype-3  Phenotype-2

Metaphase Prometaphase

100%

B other D Nocodazole + Mock Nocodazole + IBPR001
wash out nocodazole (min) wash out nocodazole (min)
80%+ Phenotype-3
B Phenotype-2 0 30 60 90 Noc 0 30 60 90
8 I Phenotype-1 a8 . ; I<HURP-P
40% IB HURP - & 4 W <HURP-U
20%+ e i
IB Cyclin B1 ——— N <Cyclin B1
0% ) .
IBPROOT IBPRO02 IB Actin Actin
‘ 1 2 3 4 56 7 8 9
fix cells
remove
C By thymidine, wash out E Nocodazole 400 nM
thymidine add Noc+drug Noc Calyculin A = - - + +
+ * + - > time (hour) BPROOT - -+ - ¥
0 24 36 365
X X Jo-tubulin IB HURP
HURP a-tubulin ~ Pericentrin  /pericentrin/Hoechst

Control

Phenotype-1

IBPR0OO1

Phenotype-2
400 nM Nocodazole

. |
v

+ IBPRO01

Phenotype-3
Calyculin A
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Cell lysates were harvested every 30 min after the removal of nocodazole. Immunoblots of cyclin B1 and actin were included to indicate the cell-cycle status and serve
as a loading control, respectively. The immunoblot of HURP shows that HURP remained unphosphorylated upon nocodazole removal (lanes 7-9). On the other hand,
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Calyculin A. Cells were fixed after 1 h of drug treatment. A control cell (DMSO) is shown for comparison. Images are summation of z-stacks. (Scale bars: 5 um.)
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remainder of the cells treated with IBPR compounds exhibited
microtubules emanating from separated poles, with HURP local-
ized to one (Fig. 44, phenotype 2) or both (Fig. 44, phenotype 3)
poles. Similar phenotypes were observed in cells treated with
MLNB8237 (Fig. S2D). The spatial relationship between HURP
and centrosomes also was demonstrated by immunofluores-
cence staining of y-tubulin (Fig. S2E). Unlike normally pro-
gressing cells which form biorientated spindles in metaphase
(Fig. S2E, Left), IBPR001 and IBPR002 disrupted bipolarity
(Fig. S2E, Right). HURP may surround the unseparated cen-
trosomes (Fig. S2E, phenotype 1), associate with centrosomal
microtubules projecting toward chromosomes (Fig. S2E, pheno-
type 2), or wrap around one (Fig. S2E, phenotype 3) or two (Fig.
S2E, phenotype 4) of the separated centrosomes.

HUREP is associated with the minus end of centrosomal micro-
tubules when treated with IBPR compounds and MLN8237 (Fig. 44
and Fig. S2 D and E). However, in the presence of nocodazole,
treatment with IBPR compounds caused HURP to disperse into the
cytoplasm instead of accumulating around the centrosomes (Fig. 3).
This result raises the question of whether tubulin polymerization at
centrosomes is essential to this process. By removing nocodazole
from cells pretreated with IBPR001, centrosomal microtubules were
reestablished in conjunction with the accumulation of HURP at the
minus ends (Fig. 4C), similar to the phenotypes observed in Fig. 44.
This localization differed from the control cells, in which HURP was
located at both the plus and minus ends of microtubules (Fig. 4C).
We also observed the expression of HURP-U in control cells upon
nocodazole removal (Fig. 4D, lanes 1-4, marked by an asterisk). In
contrast, treatment with IBPR001 led to the preservation of HURP-
U (Fig. 4D, lanes 6-9). These results verified the notion that HURP-
U is indeed associated with centrosomal microtubules. Moreover,
they suggest that polymerization of centrosomal microtubules pre-
cedes HURP-U association.

These data imply the existence of an underlying mechanism
associated with HURP dephosphorylation. The protein phospha-
tase family targets multiple mitotic structures such as chromo-
somes, centrosomes, and spindles in assisting mitotic progression
(31). For example, Aurora B and protein phosphatase 1 (PP1) act
antagonistically for the phosphorylation of histone H3 serine 10 in
chromosome condensation (31, 32). To determine whether protein
phosphatase is responsible for HURP dephosphorylation, we
compared HURP Western profiles in nocodazole-arrested cells
treated with IBPR0O1 alone or cotreated with Calyculin A, an
inhibitor of PP1 and protein phosphatase 2A (PP2A) (33). The
IBPROO1-induced HURP dephosphorylation was eliminated by
Calyculin A (Fig. 4F), suggesting that the dephosphorylation of
HUREP is associated with protein phosphatase 1/2A (PP1/PP2A)
activity. Consistently, cotreatment with Calyculin A and IBPR001
enables HURP to associate with the nucleated microtubule bun-
dles, similar to control cells (Fig. 4F).

Collectively, these results suggest that the two forms of HURP
(HURP-P and HURP-U) cycle between centrosomes and kinet-
ochores through Aurora A-dependent phosphorylation and protein
phosphatase-regulated dephosphorylation in the establishment of
mitotic spindles.

IBPR0O01 and MLN8237 Result in an Asymmetric Association of HURP to
Centrosomal Microtubules. During quantification of the HURP
morphology resulting from treatment with the IBPR compounds,
we observed the association of HURP with one of the spindle poles
that resides closer to the chromosomes in ~10% of cells (Fig. S2E,
phenotype 3). This observation raises the question of whether
HURP preferentially associates with the mother or daughter
centrosome. [the mother centrosome contains the centriole of the
eldest mother as well as that of the newborn daughter; conversely,
the daughter centrosome contains the centriole of the second
oldest mother and that of the newborn daughter (34, 35).] Mitotic
spindles are perceived as a symmetric structure connecting the
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kinetochore of the duplicated chromatids with equal tension be-
fore separation (11, 27). Conversely, asymmetric cell divisions were
observed in neural and male germ stem cells in which the mother
centrosome oriented toward the stem cell niche and the daughter
centrosome migrated through chromosomes to the opposite side
of the mother centrosome (36, 37).

Outer dense fiber 2 (Odf2) was identified as a major compo-
nent of the sperm tail cytoskeleton, which is a component of the
centrosomal scaffold preferentially associated with the appen-
dages of the mother centriole in somatic cells (38). Human
Cenexinl is an Odf2-related protein preferentially associated
with the centrosome that contains the mother centriole (Fig. 54)
(39). To verify whether a spatial hierarchy exists in the HURP-
centrosome association, we monitored the localization of HURP
and Cenexinl in cells treated with IBPR0O01 or MLN8237. As
a result, the centrosome that was stained positive for Cenexinl
always (in 30 of 30 IBPR001- or MLN8237-treated asymmetric
cells) was associated with HURP (Fig. 5B).

The formation and function of the complex containing HURP,
kinesin-related motor protein 5 (EGS), and targeting protein for
Xklp2 (TPX2) depends on Aurora A for the conversion of aster-like
to spindle-like structures (16). We coimmunostained IBPR001-
treated cells with HURP, EGS5, and TPX2 to determine whether the
asymmetric distribution of HURP is unique or is a phenomenon
common to other Aurora A-regulated proteins. Unlike EGS5 or
TPX2, HURP appears to locate unequally to centrosomal esters in
prophase cells; however, distribution became symmetric when the
cell cycle entered prometaphase (Fig. 5C). Similar phenotypes were
observed in cells treated with IBPR001. Thus, the phenotype of
asymmetry was not generated by the Aurora kinase inhibitors.
Rather, these compounds assisted in revealing the asymmetric
nature of HURP (as expressed by its association with micro-
tubules emanating from the mother centrosome; Fig. 5B)
through the inhibition of Aurora A kinase activity and sub-
sequent HURP dephosphorylation.

Discussion

Small molecules that inhibit Aurora kinase activity have been ex-
tensively developed for their potential use in inhibiting tumor
growth (3, 5, 6). Most attention has focused on the correlation
between the kinase activity of Aurora A and mitotic progression (3,
4, 6). However, how these compounds influence the molecular
properties of the substrate remains unclear. Our use of small
molecules demonstrates that Aurora A-mediated HURP phos-
phorylation is required to initiate and stabilize microtubules em-
anating from the kinetochore but is not required for those
originating at the centrosome. We also identified HURP’s pref-
erential association with the mother centrosome. These findings
provide direct experimental evidence correlating HURP phos-
phorylation and microtubule nucleation between centrosomes and
kinetochores in mammalian cells. These findings are summarized
in Fig. 6 A-E.

Rapid inhibition of kinase activities is necessary to identify the
functional role of protein phosphorylation in spindle formation,
which generally reaches completion within 1 h. VX-680 and
MLNS8237 inhibit Aurora A kinase activity more effectively than
IBPR compounds in vitro (Fig. 2C and references 3 and 40);
however, our results suggest that IBPR compounds are more
effective inhibitors of HURP phosphorylation in cells (Fig. 2 4
and B). The discrepancies between cellular and in vitro in-
hibition can be attributed to compound pharmacokinetics and/or
cofactors binding to Aurora A in cells. The crystal structures
reveal that the Aurora A kinase alters the conformation of the
activation loop in accommodating IBPR001 from VX-680. The
activation loop in protein kinases is important for activity regu-
lation and substrate binding (41). The difference in the confor-
mation of the activation loop between Aurora A/IBPR001 and
Aurora A/VX-680 may confer Aurora A’s sensitivity to HURP
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phosphorylation. Thus, the two IBPR compounds identified in
this study could help reveal the molecular mechanism underlying
spindle formation and perhaps lead to more effective clinical
treatments of cancer in the future.

During spindle formation, microtubules emanating from the
duplicated centrosomes continuously extend and shrink before
the bilateral attachment is established. Our results suggest the
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phosphorylation status of HURP is different at the two extreme
ends (i.e., centrosome and kinetochore) of the mitotic spindles
and exhibits distinct functions in tubulin nucleation (Figs. 3 and 4).
These results raised additional questions regarding how HURP
migrates between these two loci during the dynamic process of
spindle formation. If the process of HURP phosphorylation is
unidirectional, then with nocodazole treatment HURP should re-
main phosphorylated and always associate with kinetochore
microtubules (Fig. 34). In this setting, the inhibition of Aurora A
activity by IBPR compounds or MLN8237 should not influence
HURP phosphorylation, but this was not the case (Fig. 3B), sug-
gesting that the Aurora A-mediated HURP phosphorylation can be
reversed. We showed that when cells are released from nocodazole
arrest, HURP dephosphorylation resumes (Fig. 4D, lanes 1-4), and
HURP reassociates with the centrosomal microtubules (Fig. 4C,
control). These results imply, first, the existence of an underlying
mechanism that is associated with HURP dephosphorylation, which
was shown to involve the PP1/PP2A activity (Fig. 4 E and F). Sec-
ond, HURP is highly dynamic, trafficking between centrosomes and
kinetochores driven by the mechanisms of Aurora A-dependent
phosphorylation and PP1/PP2A-associated dephosphorylation (Fig.
6F). Third, although tubulin flux is not required for HURP phos-
phorylation or dephosphorylation, tubulin polymerization may fa-
cilitate HURP dephosphorylation to generate a balanced HURP
phosphorylation status and consequently the establishment of
robust bipolar spindles between centrosomes and kinetochores
(Figs. 4 C and D and 6F). In addition, to provide a mechanistic
explanation for HURP in spindle establishment, the assays de-
veloped in this study enable the enrichment of HURP in its
phosphorylated form at the kinetochore and in its unphosphory-
lated form at the centrosomes. This methodology may help reveal
new biomolecules that participate in the nucleation and bundling
of kinetochore or centrosomal microtubules.

Although centrosome-derived microtubules are radial initially,
they begin growing with directional bias so that the density of
microtubules between centrosomes and the mitotic chromosomes is
greater than between centrosomes and the cell cortex (42). These
observations suggest a lack of equality in the extension of micro-
tubules to the cortex or to chromosomes. It remains unclear what
elements, including microtubule-associated proteins or motor
proteins, cause this directional activity (42). HURP is one element
that participates in this asymmetry through its association with
microtubules that grow toward the mitotic chromosomes rather
than the cortex (Fig. 44 and ref. 17). Using IBPR001 or MLLN8237
to block Aurora A activity, we identified a phenotype in which
HUREP preferentiality resides in the microtubules initiated from the
mother centrosome (Fig. 5 B and C). Like HURP, TPX2 is a Ran-
regulated spindle assembly factor, which is enriched near the
spindle poles and required for K-fiber formation (16, 17, 28).
However, TPX2 does not present asymmetric distribution (Fig.
5C). This phenotype suggests that HURP plays a unique role in
generating an additional dimension of asymmetry associated with
mitotic centrosomal microtubules.

Asymmetry has been observed in many forms of cell division in
which spindles organize asters with various dynamics, associate with
various molecules or subcellular domains, and perform various
functions (43). For example, in budding yeast, one spindle pole
nucleates more stable microtubules than the other (43). In the zy-
gote of Caenorhabditis elegans, the anterior aster of the asymmet-
rically positioned spindle is large and has many microtubules,
whereas the posterior aster appears flattened and smaller with
fewer astral microtubules (44, 45). In Drosophila neuroblasts, the
astral microtubules on the basal spindle pole are induced to de-
polymerize, whereas those of the apical aster are stabilized,
resulting in a larger apical and smaller basal aster that together
constitute an asymmetric spindle (44, 46). Intriguingly, Aurora A is
required for the asymmetric localization of atypical protein kinase
C to prevent it from localizing to the basal cortex in Drosophila
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neuroblasts (47, 48). In aurora-A loss-of-function mutants, super-
numerary self-renewal neuroblasts are produced, whereas neuronal
differentiation is reduced (47). As with Aurora A, HURP allows
efficient sorting of the microtubule-organizing center into distinct
poles, efficient congression of chromosomes, and the establishment
of bipolarity in mouse oocytes, by promoting microtubule stability
in the central domain of the spindle (49). In summary, our results
establish the involvement of both Aurora A kinase activity and
HURP in microtubule nucleation and the symmetry of mitotic
spindles in cultured mammalian cells. Whether cell-division mole-
cules other than Aurora A and HURP contribute to this process
warrants future investigation (50).
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Materials and Methods

Cell Culture, Plasmids and Transfection. HeLa and 293T cells were maintained in
high-glucose DMEM (Invitrogen) supplemented with 10% (wt/vol) FBS (Bi-
ological Industries), 2 mM L-glutamine, and antibiotics. The human colorectal
cancer HCT116 cell line was obtained from American Type Culture Collection.
Cells were maintained in McCoy's 5A Medium (Gibco) containing 10% FBS
(Gibco).

Antibodies and Reagents. Antibodies were obtained from the following
sources. Abcam: mouse anti-y-tubulin (ab11316) and mouse anti-TPX2
(ab32795); Sigma-Aldrich: mouse anti-a-tubulin (T5168) and mouse anti-actin
(A1978); Santa Cruz Biotechnology: goat anti-HURP (sc-68540); Covance: rabbit
anti-Pericentrin (PRB-432C); Cell Signaling: mouse anti-cyclin E1 (4129); BD
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Transduction Laboratories: mouse anti-Aurora A (610939); Invitrogen: rabbit
anti-Aurora B (36-5200) and rabbit anti-PTTG (34-1500); Bethyl Laboratories:
rabbit anti-HURP (A300-853A); ProteinTech Group: rabbit anti-ODF2/Cenexin1
and rabbit anti-NEK2 (629402); Cortex Biochem: CREST antiserum; Epitomics:
rabbit anti-EG5 (51765) and rabbit anti-CDK1 (3787-1). Thymidine (T1895) and
nocodazole (M1404) were from Sigma-Aldrich; MG132 was from Calbiochem
(474790). MLN8237 and AZD1152 were purchased from Selleckchem.

RNAi. Experimentally verified FlexiTube double-stranded siRNAs of AURKA
(S102223305), AURKB (5102622032), HURP (S102654169), CDK1 (S5100299719),
and NEK2 (5100605640 and SI00605647) were from QIAGEN. siRNAs were
introduced into Hela cells using the Lipofectamine RNAiMax transfection
reagent (Invitrogen) following the manufacturer’s protocol.

Immunofluorescence and Confocal Microscopy. Cells were fixed in 4% para-
formaldehyde in PBS for 30 min and permeabilized with 0.1% Triton X-100
for 5 min at room temperature. For y-tubulin, Pericentrin, and Cenexin1
staining, cells were fixed in methanol for 10 min at —20 °C. Cells were in-
cubated with 1% BSA in PBS for 30 min to block nonspecific binding. Primary
antibodies were added at dilutions of 1:100-1:1,000 and were incubated for
1.5 h at room temperature. After three washes with PBS, cells were probed
with corresponding fluorescent (Alexa 488, Alexa 594, or Alexa 647)-conju-
gated secondary antibodies (Invitrogen). Cell nuclei were counterstained
with Hoechst33342 (Invitrogen). Cells were mounted onto glass slides with
ProLong Gold antifade reagent (Invitrogen) and were visualized using
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a Leica TCS SP5 confocal microscope. Images were processed by the Imaris
7.2.1 software (Bitplane).

Western Blotting. Total cell lysates were extracted with ice-cold RIPA buffer
[50 mM Hepes (pH 7.3), 150 mM NaCl, 2 mM EDTA, 20 mM p-glycer-
ophosphate, 0.1 mM NasVO,4, 1 mM NaF, 0.5 mM DTT, and protease inhibitor
mixture (Roche)] containing 1% Nonidet P-40 plus mild sonication. Phos-
phatase inhibitors were not supplied for shrimp alkaline phosphatase (SAP;
Fermentas) treatment. Lysates were analyzed by SDS/PAGE, transferred to
PVDF membrane (GE Healthcare), and blotted with antibodies. Alkaline
phosphatase-conjugated secondary antibodies (Sigma-Aldrich) were added,
and the blots were developed by chemiluminescence following the manu-
facturer’s protocol (Perkin-Elmer).
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