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Target Identification and Mechanistic Characterization of
Indole Terpenoid Mimics: Proper Spindle Microtubule
Assembly Is Essential for Cdh1-Mediated Proteolysis of

CENP-A

Yan Peng, Yumeng Zhang, Ruan Fang, Hao Jiang, Gongcai Lan, Zhou Xu, Yajie Liu,
Zhaoyang Nie, Lu Ren, Fengcan Wang, Shou-De Zhang, Yuyong Ma, Peng Yang,
Hong-Hua Ge, Wei-Dong Zhang,* Cheng Luo,* Ang Li,* and Weiwei He*

Centromere protein A (CENP-A), a centromere-specific histone H3 variant, is
crucial for kinetochore positioning and chromosome segregation. However,
its regulatory mechanism in human cells remains incompletely understood. A
structure-activity relationship (SAR) study of the cell-cycle-arresting indole
terpenoid mimic JP18 leads to the discovery of two more potent analogs,
(+)-6-Br-JP18 and (+)-6-Cl-)P18. Tubulin is identified as a potential cellular
target of these halogenated analogs by using the drug affinity responsive
target stability (DARTS) based method. X-ray crystallography analysis reveals
that both molecules bind to the colchicine-binding site of S-tubulin. Treatment
of human cells with microtubule-targeting agents (MTAs), including these two
compounds, results in CENP-A accumulation by destabilizing Cdh1, a
co-activator of the anaphase-promoting complex/cyclosome (APC/C) E3
ubiquitin ligase. This study establishes a link between microtubule dynamics
and CENP-A accumulation using small-molecule tools and highlights the role

1. Introduction

Mitosis is a process in which a eukaryotic
cell divides into two genetically identical
cells, each containing approximately equal
proportions of cellular components.[2] The
mitotic spindle, a dynamic microtubule-
based structure that forms during mi-
tosis, is responsible for chromosome
segregation.’] Therefore, proper micro-
tubule assembly and disassembly are
crucial for mitosis.¥l Disrupting micro-
tubule dynamics is an effective strategy
for suppressing tumor cell proliferation.!]
Numerous microtubule-targeting agents
(MTAs), such as paclitaxel and vincristine
among natural products, and ixabepi-
lone and eribulin among natural product

of Cdh1 in CENP-A proteolysis.

analogs, are employed in clinical practice.®]
However, long-term use of MTAs can lead
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3: the O-(3-butynyl) oxime
derived from JP18
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to the emergence of chemoresistance,/”! presumably due to de-
fects in mitotic fidelity such as aneuploidy and chromosomal in-
stability (CIN),[>3] although the exact mechanism remains un-
clear.

Centromere protein A (CENP-A) is a histone H3 variant play-
ing a key role in faithful chromosome segregation.!'*!3] The cen-
tromere is a constricted region of the chromosome that links
sister chromatids.!'®) CENP-A replaces histone H3 in the his-
tone octamer at the centromere, facilitating the formation of the
centromere-specific nucleosome.['*] This nucleosome acts as
a platform for assembly of the kinetochore, which attaches the
chromosome to spindle microtubules.['”®] Therefore, accurate
chromosome segregation relies on proper CENP-A deposition at
the centromere. Overexpression of CENP-A results in its mislo-
calization to non-centromere regions and the formation of ec-
topic kinetochores on chromosome arms, ultimately leading to
segregation defects, aneuploidy, and CIN.['51920] Notably, various
human tumors exhibit abnormally high CENP-A levels, which
significantly correlate with malignant progression and poor pa-
tient survival.[21-24]

CENP-A stability and centromeric deposition are modu-
lated by ubiquitination across species.[?>2¢] Recently, there has
been increasing attention on its regulation in human cells.
Wang et al. discovered that the cullin 4 (CUL4)—DNA damage
binding-protein 1 (DDB1)-DDB1 and CUL4 associated factor
11 (DCAF11) E3 ubiquitin ligase (CUL4—DDB1-DCAF11 E3
ubiquitin ligase) mediates the Ser68 phosphorylation-dependent
poly-ubiquitylation of CENP-A, leading to its degradation in hu-
man cervical cancer cells (HeLa).?”] In addition, Niikura et al.
reported that the mono-ubiquitylation of CENP-A at Lys124,
promoted by the CUL4A—RING-box protein 1 (RBX1)-COP9
signalosome complex subunit 8 (COPS8) E3 ubiquitin ligase
(CUL4A-RBX1-COPS8 E3 ubiquitin ligase), is essential for
CENP-A deposition at the centromere in Hela cells.”®) However,
the link between impaired microtubule dynamics and defective
CENP-A regulation remains largely unexplored. Understanding
this connection may shed light on the mechanistic basis of MTA-
induced tumor evolution, including the emergence of acquired
chemoresistance.

Indole terpenoids are a large class of natural products char-
acterized by a hybrid structure consisting of a terpene moi-
ety and an indole moiety.2%3% They exhibit a wide range of bi-
ological activities, with increasing interest in their anticancer
properties.’132] For instance, the penitrem-type indole diter-
penoids have been shown to suppress the proliferation, migra-
tion, and invasion of human breast cancer cells.>*3] Leverag-
ing our expertise in indole terpenoid synthesis,?**] we have
embarked on a program to identify anticancer agents among
synthetic indole terpenoids and their analogs and to elucidate
their mechanisms of action. In our previous study, the indole
terpenoid mimic JP18 was found to induce cell cycle arrest in
the G2/M phase and inhibit cancer cell proliferation.[**] Herein,
we report the discovery of two halogenated analogs of JP18, (+)-
6-Br-JP18 and (+)-6-Cl-JP18, as more potent cell cycle block-
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ers through a structure—activity relationship (SAR) study. Label-
free target identification based on drug affinity responsive tar-
get stability (DARTS) indicates tubulin as a potential cellular
target of these compounds, and X-ray crystallography analysis
confirms their interaction with the colchicine-binding site of g-
tubulin. Disrupting spindle microtubule dynamics by MTAs, in-
cluding (+)-6-Br-JP18 and (+)-6-Cl-JP18, downregulates Cdh1,
a co-activator of the anaphase-promoting complex/cyclosome
(APC/C) E3 ubiquitin ligase, leading to accumulation of its sub-
strate CENP-A in human cells.

2. Results

2.1. Identification of Two Potent Cell Cycle Inhibitors by a
Structure—Activity Relationship Study of |P18

Our previous study revealed that the indole terpenoid mimic JP18
(1) inhibited cancer cell proliferation and induced cell cycle ar-
rest in the G2/M phase in human lung cancer cells (A549).[]
To gain insight into the SAR of JP18, we constructed a focused
library consisting of a series of analogs of 1 (Figure 1A) via a con-
jugate addition strategy.’”*2#4] These racemic compounds were
evaluated for their effects on cell cycle progression in HelLa cells
by using flow cytometry. As observed in A549 cells, compound
1 arrested the cell cycle in the G2/M phase in Hela cells in a
dose-dependent manner (Figure 1B; Figure S1, Supporting In-
formation). The importance of the carbonyl group was assessed
by testing compounds 2 and 3 (Figure 1); the reduced potency
highlighted the critical role of this functionality. The effects of
indole substituents were then examined. The N1-alkylated ana-
log (4) was essentially inactive in the concentration range of 1-10
uM, and the introduction of a bromine atom at C4, C5, and C7
significantly decreased potency (see the data for compounds 5-7).
To our delight, 6-Br-JP18 (8) demonstrated considerably stronger
activity than 1. We subsequently tested analogs with various C6
substituents. 6-Cl-JP18 (9) exhibited potency essentially equiva-
lent to that of 8, and 10-12 also displayed enhanced activity com-
pared to 1. In contrast, the C6-florinated analog (13) showed re-
duced potency, and compounds 14-16 containing larger C6 sub-
stituents were largely inactive in the tested concentration range.
Notably, compounds 8 and 9 maintained efficacy in the concen-
tration range of 0.1-2 uM (Figure S2, Supporting Information),
with measured half-maximal inhibitory concentrations (ICs) of
1.35 and 2.07 uM, respectively, compared to 9.40 uM for 1 (Figure
S3, Supporting Information).

The enantiomeric forms responsible for the cell-cycle-
arresting activity of 8 and 9 were determined. Racemic sam-
ples of 8 and 9 were separated by high-performance liquid chro-
matography (HPLC) using a chiral stationary phase. Flow cy-
tometry analysis revealed that both (+)-8 and (+)-9 induced cell
cycle arrest in the G2/M phase in the concentration range of
0.1-2 uM, whereas their enantiomers exhibited much weaker
activity (Figure 2A-D; Figure S4, Supporting Information). Fur-
thermore, treatment of HeLa cells with both (+)-8 and (+)-9 in-

Figure 1. Cell-cycle-arresting activity of JP18 and its analogs. A) Structures of JP18 (1) and its fifteen representative analogs (2-16). B) Flow cytometry-
based cell cycle analysis. Hela cells were treated with indicated compounds at specified concentrations for 8 h and then stained with propidium iodide
(Pl). DMSO was used as a vehicle control for the compounds. Bar graphs depict the percentages of cells in the G2/M phase (green), S phase (yellow),

and G1 phase (orange).
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Figure 2. Determination of the enantiomeric forms of 6-Br-|P18 (8) and 6-Cl-|P18 (9) responsible for their cell-cycle-arresting activity. A,B) The cell-cycle-
arresting effect of the two enantiomers of 6-Br-JP18 (8). Hela cells were treated with (+)-8 and (—)-8, respectively, at indicated concentrations for 8
h. C,D) The cell-cycle-arresting effect of the two enantiomers of 6-Cl-JP18 (9). Hela cells were treated with (+)-9 and (—)-9, respectively, at indicated
concentrations for 8 h. Bar graphs depict the percentages of cells in the G2/M phase (green), S phase (yellow), and G1 phase (orange). E,F) Immunoblot
analysis of G2/M phase markers in Hela cells treated with (+)-8 and (+)-9, respectively, at indicated concentrations for 24 h. G,H) Immunoblot analysis
of G2/M phase markers in HeLa cells treated with (+)-8 (0.5 uM) and (+)-9 (0.5 uM), respectively, for indicated durations. DMSO was used as a vehicle
control for the compounds, and GAPDH was used as a loading control in immunoblotting.
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Figure 3. Effect of compounds (+)-8 and (+)-9 on M phase markers. A,B) Immunoblot analysis of M phase markers in HeLa cells treated with (+)-8
and (+)-9, respectively, at indicated concentrations for 12 h. C,D) Immunoblot analysis of M phase markers in Hela cells treated with (+)-8 (0.5 uM)
and (+)-9 (0.5 uM), respectively, for indicated durations. GAPDH was used as a loading control in immunoblotting. E) Immunofluorescence analysis of
spindle microtubules and chromosomes in Hela cells treated with (+)-8 (0.1 uM) and (+)-9 (0.1 uM), respectively, for 8 h. Cells were stained with the

a-tubulin antibody (green) and DAPI (blue). Scale bars indicate 5 um. DMSO was used as a vehicle control for the compounds.

creased cyclin B1 levels and decreased phospho-cyclin-dependent
kinase 1 (p-CDK1) (Tyr15) levels in a dose- and time-dependent
manner (Figure 2E-H), confirming their G2/M-phase-arresting
activity.[*] Notably, the absolute configuration of (+)-8 has been
elucidated through a combination of asymmetric synthesis!*¢!
and computational analysis, which will be reported elsewhere in
due course.

2.2. Compounds (+)-8 and (+)-9 Disrupt Spindle Microtubule
Assembly and Arrest Cell Cycle in the M Phase

To elucidate their mode of action, we investigated whether (+)-8
and (+)-9 induce cell cycle arrest in the G2 phase or the M
phase. As the flow cytometry method described above could
not differentiate between the two phases, we examined key
markers of mitosis. Phosphorylation of histone H3 at Ser10
and Ser28 is associated with chromosome condensation, which
occurs from prophase to metaphase during mitosis.*’] Both
(+)-8 and (+)-9 increased levels of phosphorylated histone

H3 in a dose- and time-dependent manner (Figure 3A-D),
indicating that they arrest the cell cycle in the M phase. Im-
munofluorescence analysis revealed that both compounds
disrupted spindle microtubule assembly (Figure 3E). Further-
more, treatment with these compounds resulted in an uneven
distribution of chromatids in telophase (Figure 3E8,E12), which
suggested a disruptive effect on centromere organization and
function.

Given their potent cytotoxicity, we examined the effect of
(+)-8 and (+)-9 on a series of proteins associated with cell
survival and death. The pro-survival protein B-cell lymphoma
2 (Bcl-2)i8) was downregulated in a dose- and time-dependent
manner, while the DNA damage marker phospho-histone H2AX
(Ser139) (y-H2AX)*1 was upregulated (Figure S5, Supporting
Information). Additionally, increasing doses and durations of
treatment with these compounds led to escalation of poly(ADP-
ribose) polymerase 1 (PARP1) cleavage (Figure S5, Supporting
Information), a widely used marker for apoptosis.*®! These
results indicated that (+)-8 and (+)-9 induce DNA damage and
apoptosis.
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Figure 4. Identification of a- and p-tubulins as potential cellular targets of compound (+)-8. A) A representative SDS-PAGE gel image showing the
differential bands (ca. 45 kDa; marked with red arrows) in the DARTS assay used to identify the potential target(s) of (+)-8. HeLa cell lysates were treated
with (+)-8 (10 uM) for 1 h and then digested by thermolysin for 30 min. The asterisks indicate the bands subjected to mass spectrometry analysis. *Band
1. **Band 2. B) Information on the potential protein targets of (+)-8 identified by mass spectrometry. C) Inhibition of in vitro tubulin polymerization by
(+)-8. The curves for (+)-8 (5 uM), nocodazole (5 uM), and the vehicle control (DMSO) are shown in yellow, green, and red, respectively.
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Chain B

B-Tubulin

Chain C Chain D

Figure 5. X-ray crystal structure of the T2R—TTL—(+)-8 complex. A) Overall structure of the T2R—TTL—(+)-8 complex. a-Tubulin (light slate blue), g-
tubulin (green), RB3-SLD (plum), and TTL (gold) are shown in cartoon representation, while compound (+)-8, GDP, and GTP are shown in sphere
representation. B) Close-up view of the interaction between (+)-8 and the colchicine-binding site. a-Tubulin and g-tubulin are shown in light slate blue
and green, respectively. The Fo—Fc simulated annealing omit map (contoured at 1.0 6) is shown in mesh representation. The residues involved in the
interaction between (+)-8 and g-tubulin are shown in stick representation. The hydrogen and halogen bonds are shown as dashed lines. C) Comparison
of the positions of (+)-8 and (+)-9 with those of colchicine and nocodazole in the colchicine-binding pocket. The four T2R—TTL—CBSI structures are
superimposed, with (+)-8 (green), (+)-9 (medium purple), colchicine (gray), and nocodazole (yellow) shown in stick representation. D) Superimposition
of the structure of (+)-8-bound g-tubulin (green) and that of unbound g-tubulin (gray) in the T2R—TTL complex. E) Superimposition of the structure of
(+)-8-bound p-tubulin (green) and that of unbound g-tubulin (violet-red) in the tubulin sheets.

2.3. Identification of a- and B-Tubulins as Potential Cellular
Targets of Compounds (+)-8 and (+)-9

The SAR study of JP18 highlighted the challenge in construct-
ing a suitable small molecule probe for affinity-based target iden-
tification. Therefore, we turned to the label-free method based
on DARTS, which utilizes changes in the stability of the tar-
get protein against proteolysis due to interaction with the small

Adv. Sci. 2024, 11, 2305593 2305593 (7 of 14)

molecule.5%2] Among the proteins identified by mass spectrom-
etry, - and p-tubulins stood out as potential targets of (+)-8
(Figure 4A,B), a conclusion supported by its disruption of spindle
microtubule assembly (Figure 3E). To confirm the direct binding
of (+)-8 to tubulin, we conducted an in vitro tubulin polymeriza-
tion assay. At a concentration of 5 uM, compound (+)-8 signifi-
cantly inhibited tubulin polymerization, similar to the reference
MTA nocodazole (Figure 4C).
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Figure 6. MTAs increase CENP-A levels. A-E) Immunoblot analysis of CENP-A in Hela cells treated with compounds (+)-8 and (+)-9, nocodazole,
vinblastine, and paclitaxel, respectively, at indicated concentrations for 8 h. F=J) Immunoblot analysis of CENP-A in Hela cells treated with (+)-8
(0.5 uM), (+)-9 (0.5 uM), nocodazole (0.1 uM), vinblastine (0.05 uM), and paclitaxel (0.1 uM), respectively, for indicated durations. DMSO was used
as a vehicle control for the compounds, and GAPDH was used as a loading control in immunoblotting.

2.4. Compounds (+)-8 and (+)-9 Target the Colchicine-Binding
Site of g-Tubulin

We investigated the interaction between (+)-8 and tubulin in
detail by X-ray crystallography analysis. This compound was
soaked into a complex of two af-tubulin heterodimers, the RB3
protein stathmin-like domain (RB3-SLD), and tubulin tyrosine
ligase (TTL) (the T2R-TTL complex).>*] The structure of the
protein—ligand complex was refined at 2.5 A resolution (PDB ID:
7CPD; see Table S1 (Supporting Information) for data collection
and refinement statistics). As shown in Figure 5A, compound
(+)-8 occupies the colchicine-binding site of g-tubulin (Chain
B and Chain D) at the intradimer interface.>**7! LigPlot-based
protein—ligand interaction analysis!®®! revealed the hydropho-
bic interaction between (+)-8 and residues such as f-Cys241, g-
Leu242, p-Leu248, f-Ala250, f-Lys254, p-Leu255, f-Asn258, f-
Met259, and p-Lys352 (Figure 5B). The indole N—H hydrogen
atom forms a hydrogen bond with an oxygen atom of a-Thr179
(Figure 5B), highlighting the importance of the indole motif

Adv. Sci. 2024, 11, 2305593 2305593 (8 of 14)

for binding to tubulin. The oxygen atom of the ketone forms
a hydrogen bond with the N—H hydrogen atom of f-Asp251
(Figure 5B), which may explain its essential role observed in the
SAR study. The interaction between the bromine atom and p-
Asn350 (Figure 5B) could further enhance the binding of (+)-
8 to f-tubulin,[*®) consistent with the increased potency of this
brominated analog. The interaction pattern of (+)-9 in the bind-
ing pocket of Chain B (PDB ID: 7CPQ) is essentially identical
to that of (+)-8, although the binding of the chlorinated analog
to Chain D was not constructed due to insufficient electron den-
sity (Figure S6, Supporting Information). Comparison of the po-
sitions of MTAs in the colchicine-binding pocket revealed that
(+)-8 and (+)-9 behave similarly to colchicine (PDB ID: 402B)
but differently from nocodazole (PDB ID: 5CA1) (Figure 5C).
We compared the structures of g-tubulin in the (+)-8-bound
and unbound states. In the T2R—TTL complex (PDB ID: 4IIJ),
where af-tubulin adopts the curved conformation, the side
chains of Leu248 and Asn249 on the T7 loop of p-tubulin occlude
the colchicine-binding site, as shown in Figure 5D. However, in

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. Compounds (+)-8 and (+)-9 suppress UPS-mediated degradation of CENP-A. A) qRT-PCR analysis of CENP-A mRNA levels in Hela cells
treated with (+)-8 (0.5 uM), (+)-9 (0.5 uM), nocodazole (0.1 uM), vinblastine (0.05 uM), and paclitaxel (0.1 uM), respectively, for 6 h. The f-actin mRNA
level was used as an internal reference for normalization. Data are presented as mean =+ standard error of the mean (s.e.m.). NS = not significant
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the T2R—TTL—(+)-8 complex, the T7 loop flips outward to accom-
modate ligand binding (Figure 5D). This conformational change
is similar to the one observed by Knossow and colleagues when
colchicine binds.[® Furthermore, superimposition of the struc-
ture of (+)-8-bound f-tubulin with that of g-tubulin in the tubu-
lin sheets (PDB ID: 1JFF) (Figure SE), where af-tubulin adopts
the straight conformation, revealed that compound (+)-8 pre-
vents the conversion from the curved to the straight conforma-
tion by altering the conformations of the T7 loop, H7, HS8, S8, and
S9, thereby disrupting microtubule assembly. This is a character-
istic mechanism of action of colchicine-binding site inhibitors
(CBSIs).61]

2.5. Compounds (+)-8 and (+)-9 Suppress CENP-A Proteolysis
Mediated by the Ubiquitin—Proteasome System

The uneven chromatid distribution induced by (+)-8 and
(+)-9 (Figure 3E) prompted us to investigate their effect on
CENP-A, whose deposition is crucial for accurate chromosome
segregation.['771°] We observed that both compounds upregulated
CENP-A in Hela cells in a dose- and time-dependent manner
[Figure 6A,F for (+)-8; Figure 6B,G for (+)-9]. To further elucidate
the relationship between microtubule assembly and CENP-A
regulation, we examined several other MTAs. Interestingly, not
only the microtubule destabilizers nocodazole and vinblastine
but also the microtubule stabilizer paclitaxel increased CENP-A
levels in a dose- and time-dependent manner (Figure 6C-E,H-]).
These results suggested a significant correlation between
microtubule dynamics and CENP-A regulation during mitosis.
We then explored whether MTAs affect CENP-A at the tran-
scriptional or post-translational level. Quantitative real-time PCR
analysis demonstrated that the tested MTAs did not influence
CENP-A mRNA levels in HeLa cells (Figure 7A). Therefore, we fo-
cused on the post-translational regulation of CENP-A, which may
be mediated by the ubiquitin—proteasome system (UPS) and/or
the lysosome system. The proteasome inhibitor MG132 in-
creased CENP-A protein levels in HeLa cells (Figure 7B,C), while
the lysosome inhibitor NH,Cl (Figure S7A, Supporting Informa-
tion) or chloroquine (CQ) (Figure S7B, Supporting Information)
had essentially no effect. Furthermore, overexpression of ubiqui-
tin (Ub) downregulated CENP-A (Figure 7D,E), whereas overex-
pression of the ubiquitin-like proteins!®?l neural precursor cell-
expressed developmentally downregulated protein 8 (NEDDS)
(Figure S7C, Supporting Information) and small ubiquitin-like
modifier 1 (SUMO1) (Figure S7D, Supporting Information) did
not. These observations indicated that ubiquitin-mediated prote-
olysis is the primary mechanism for CENP-A degradation. Com-

www.advancedscience.com

parison of CENP-A levels in Hela cells treated with (+)-8 or
MG132 alone versus in those co-treated with (+)-8 and MG132
showed that the combination did not further increase CENP-A
levels (Figure 7F,G). Similar observations were made with (+)-9
(Figure 7H,I) and nocodazole (Figure S7E, Supporting Informa-
tion). These results suggested that the tested MTAs act on the
same CENP-A degradation system as the proteasome inhibitor.

2.6. Upregulation of CENP-A Induced by (+)-8 Is Mediated by
Destabilizing the APC/C Co-Activator Cdh1

APC/C is an important E3 ubiquitin ligase in the regulation
of mitosis, whose substrate selectivity is determined by its co-
activators Cdh1 and Cdc20.1%34 Very recently, APC/C has been
reported to participate in CENP-A regulation in Drosophila,
where CENP-AC® (the Drosophila orthologue of CENP-A) in-
creased upon depletion of either Cdhl or Cdc20.1%) In addi-
tion to APC/C, the cullin—RING E3 ubiquitin ligases (CRLs)
have also been implicated in CENP-A regulation. In Hela
cells, the CUL4-DDB1-DCAF11 E3 ubiquitin ligase medi-
ates CENP-A degradation via poly-ubiquitylation,!?”] whereas the
CUL4A—-RBX1-COPS8 E3 ubiquitin ligase directs CENP-A de-
position via mono-ubiquitylation.!??] Building on these studies,
we aimed to identify the E3 ubiquitin ligase(s) involved in MTA-
induced upregulation of CENP-A.

Initially, we explored whether the APC/C co-activators are as-
sociated with CENP-A upregulation induced by MTAs. Treatment
of HelLa cells with (+)-8 (Figure 8A,B) or paclitaxel (Figure 8C,D)
resulted in a time-dependent decrease in Cdhl levels and a
time-dependent increase in CENP-A levels. In contrast, Cdc20
remained unaffected (Figure 8A,C). Consistent observations in
human hepatocellular carcinoma cells (Hep G2), lung carci-
noma cells (A549), and normal liver cells (L-02) (Figure S8, Sup-
porting Information) supported a general correlation between
Cdh1 downregulation and CENP-A upregulation upon adminis-
tration of MTAs. Comparison of Cdh1 degradation rates in HeLa
cells treated with versus without (+)-8, utilizing a cycloheximide
(CHX) chase assay,*®® revealed that compound (+)-8 downregu-
lates Cdh1 at the post-translational level (Figure S9, Supporting
Information).

We then investigated the role of Cdhl in CENP-A regula-
tion. Overexpression of the FLAG—Cdh1 construct in Hela cells
counteracted the effect of (+)-8 on CENP-A levels (Figure 8E,F).
Furthermore, siRNA-mediated knockdown of Cdhl increased
CENP-A levels, without affecting its homologue histone H3
(Figure 8G,H). In contrast, Cdc20 knockdown had minimal im-
pact on the CENP-A levels (Figure S10, Supporting Information).

(significance level: a = 0.05; n = 3, two-tailed Student’s t-test). B) Immunoblot analysis of CENP-A in HeLa cells treated with MG132 (50 uM) for 3 h. p21
was used as a positive control for proteasome inhibition. C) Quantitative analysis of the immunoblotting data of CENP-A from the above experiment.
Data are presented as mean + s.e.m. ““P < 0.01 (n = 3, two-tailed Student’s t-test). D) Immunoblot analysis of CENP-A in Hela cells transfected with
FLAG—ubiquitin. EV = empty vector. E) Quantitative analysis of the immunoblotting data of CENP-A from the above experiment. Data are presented as
mean + s.e.m. *P < 0.05 (n = 3, two-tailed Student’s t-test). F) Comparison of CENP-A levels in Hela cells treated with (+)-8 (0.5 uM) and co-treated

the above experiment. Data are presented as mean + s.e.m. **P < 0.01, NS = not significant (n = 3, two-tailed Student’s t-test). H) Comparison of
CENP-A levels in Hela cells treated with (+)-9 (0.5 uM) and co-treated with (+)-9 (0.5 uM) and MG132 (50 uM) for indicated durations. *4 h. **6 h.
I) Quantitative analysis of the immunoblotting data of CENP-A from the above experiment. Data are presented as mean + s.e.m. *P < 0.05, NS = not
significant (n = 3, two-tailed Student’s t-test). DMSO was used as a vehicle control for the compounds, and GAPDH was used as a loading control in
immunoblotting.
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Figure 8. Compound (+)-8 destabilizes Cdh1 to upregulate CENP-A. A) Immunoblot analysis of CENP-A, Cdh1, and Cdc20 in Hela cells treated with
(+)-8 (0.5 uM) for indicated durations. B) Quantitative analysis of the immunoblotting data of Cdh1 from the above experiment. Data are presented
as mean + s.e.m. *P < 0.05 [significance level: « = 0.05; n = 3, one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test].
C) Immunoblot analysis of CENP-A, Cdh1, and Cdc20 in Hela cells treated with paclitaxel (0.2 uM) for indicated durations. D) Quantitative analysis
of the immunoblotting data of Cdh1 from the above experiment. Data are presented as mean + s.e.m. *P < 0.05 (n = 3, one-way ANOVA followed
by Tukey’s multiple comparison test). E) Immunoblot analysis of CENP-A in Hela cells transfected with FLAG—Cdh1 and then treated with (+)-8 (0.5
uM) for 12 h. Cdh1-1 and Cdh1-2 represent human Cdh1 isoform 1 (Q9UM11-2) and isoform 2 (Q9UM11-1), respectively. F) Quantitative analysis
of the immunoblotting data of CENP-A from the above experiment. Data are presented as mean + s.e.m. “P < 0.05, NS = not significant (n = 3,
two-tailed Student’s t-test). G) Immunoblot analysis of CENP-A in HelLa cells transfected with siRNA targeting Cdh1 mRNA. H) Quantitative analysis
of the immunoblotting data of CENP-A from the above experiment. Data are presented as mean + s.e.m. “P < 0.05, “*P < 0.001 (n = 6, two-tailed
Student’s t-test). 1) Immunoblot analysis of CENP-A in Hela cells transfected with siRNA targeting APC2 mRNA. Two different siRNA oligos were used
independently in each knockdown experiment. ]) Quantitative analysis of the immunoblotting data of CENP-A from the above experiment. Data are
presented as mean + s.e.m. P < 0.01, P < 0.001 (n = 6, two-tailed Student’s t-test). K) Immunoblot analysis of CENP-A in Hela cells transfected
with siRNA targeting Cdh1 mRNA and then treated with CHX (355 uM) for indicated durations. DMSO was used as a vehicle control for the compounds;

siRNA targeting a non-relevant mRNA was used as a negative control for knockdown; GAPDH was used as a loading control in immunoblotting.

Consistent correlations between Cdhl depletion and CENP-A
upregulation observed across human hepatocellular carcinoma
cells (Hep G2), lung carcinoma cells (A549), triple-negative breast
cancer cells (MDA-MB-231), glioblastoma cells (U251), and nor-
mal liver cells (L-02) suggested that Cdhl is generally responsi-
ble for CENP-A regulation in human cells (Figure S11, Support-
ing Information). Comparison of CENP-A degradation rates in
HelLa cells with versus without Cdh1 knockdown (Figure 8K), us-
ing a CHX chase assay,|®! showed a significantly lower rate in
the Cdh1-knockdown cells, which indicated that Cdh1 depletion
upregulates CENP-A at the post-translational level. Additionally,
the combination of Cdh1 knockdown and treatment with (+)-8 or
paclitaxel resulted in considerably enhanced CENP-A accumula-
tion compared to treatment with (+)-8 or paclitaxel alone (Figure

To confirm that Cdh1 functions as a co-activator of APC/C, we
examined the effect of knockdown of APC2, a core component
of this E3 ubiquitin ligase, on CENP-A levels.[*] As shown in
Figure 81,], CENP-A was upregulated in HeLa cells. Furthermore,
the combination of APC2 depletion and treatment with (+)-8
or paclitaxel significantly enhanced CENP-A accumulation com-
pared to treatment with (+)-8 or paclitaxel alone (Figure S13A,B,
Supporting Information).

Finally, we investigated whether DCAF11, the substrate re-
ceptor of the CUL4—-DDB1-DCAF11 E3 ubiquitin ligase, is
implicated in MTA-induced upregulation of CENP-A. Neither
(+)-8 (Figure S14A, Supporting Information) nor paclitaxel
(Figure S14B, Supporting Information) substantially affected
CUL4A and DCAF11 levels in Hela cells. In addition, the com-

S12A,B, Supporting Information). bination of DCAF11 knockdown and treatment with either MTA
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Figure 9. Schematic illustrating the mechanism of action of (+)-6-Br-JP18 on spindle microtubule assembly and Cdh1-mediated CENP-A proteolysis.
(+)-6-Br-JP18 disrupts microtubule assembly by targeting the colchicine-binding site of f-tubulin, which leads to downregulation of Cdh1, a co-activator
of the APC/C E3 ubiquitin ligase, and accumulation of its substrate CENP-A. This accumulation impairs faithful chromosome segregation during mitosis
and may result in CIN.
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did not further increase CENP-A levels compared to treatment
with the MTA alone (Figure S12C,D, Supporting Information).
These results suggested that DCAF11 might not contribute to
CENP-A degradation in this context.

3. Discussion

In this study, we identified p-tubulin as a cellular target of
the cell cycle inhibitors (+)-6-Br-JP18 and (+)-6-Cl-JP18 by
using the DARTS-based method and revealed the interaction
between these small molecules and the colchicine-binding site
of p-tubulin through X-ray crystallography analysis (Figure
9). Despite being an older class of anticancer agents, CBSIs
have regained interest in anticancer drug discovery in recent
years. This resurgence is presumably due to the promising
progress of combretastatin analogs such as fosbretabulin (CA-
4P) and OXi-4503 in clinical trialsl*>*) and the successful use
of MTAs as payloads of antibody—drug conjugates.[®®] How-
ever, combretastatins suffer from configurational instability
due to cis/trans isomerization, while other promising CBSIs
in clinical trials, such as plinabulin and lisavanbulin, pose a
challenge for further chemical modifications because of their
complex structures. The 6-halo-JP18 scaffold has the potential
to address these obstacles and could be valuable in therapeutic
development.

We elucidated the crucial role of Cdh1 in CENP-A regulation
in human cells (Figure 9). Maintaining centromeric identity ne-
cessitates precise deposition of CENP-A.['*1¢] Aberrant overex-
pression of CENP-A, which leads to its mislocalization, is associ-
ated with the malignant potential of tumors.[?!-2* Therefore, un-
derstanding the regulatory mechanisms of CENP-A expression
and degradation could shed light on cancer development. UPS-
mediated proteolysis of CENP-A regulates its stability and pre-
vents ectopic assembly of CENP-A chromatin across species.[2>2¢]
In Drosophila, the E3 ubiquitin ligases APC/C®! and SCF** tar-
get CENP-AC'® in G1 phase and G1/S phases, respectively.[®] We
discovered that Cdh1 downregulates CENP-A in a “necessary and
sufficient” manner during mitosis in human cells. This repre-
sents an advancement in understanding the regulatory mecha-
nism of CENP-A in mammalian cells.

We established a link between microtubule dynamics and
Cdhl-mediated CENP-A proteolysis using MTAs, including (+)-
6-Br-JP18 and (+)-6-Cl-JP18, as tools (Figure 9). Despite being
an effective class of chemotherapeutic agents, MTAs can induce
drug resistance and disease relapse after long-term use.”%) An
important mechanism contributing to this resistance is cancer
cells evading drug-induced mitotic arrest to avoid subsequent cell
death.”#] This process, also known as mitotic slippage, is closely
associated with CIN,8 which can result from aberrant overex-
pression of CENP-A.['2] Qur discovery that disrupting spindle
microtubule assembly with MTAs leads to CENP-A accumulation
fills a gap in understanding the emergence of MTA-induced drug
resistance and suggests a potential role for Cdh1 in preventing
such resistance in cancer therapy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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