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Abstract

Clinical studies have shown that subsets of cancer patients achieve a significant benefit from 

Aurora kinase inhibitors, suggesting an urgent need to identify biomarkers for predicting drug 

response. Chromodomain-helicase-DNA-binding protein 1 (CHD1) is involved in chromatin 

remodeling, DNA repair, and transcriptional plasticity. Prior studies have demonstrated that CHD1 

has distinct expression patterns in cancers with different molecular features, but its impact on drug 

responsiveness remains understudied. Here, we show that CHD1 promotes the susceptibility of 
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prostate cancer cells to inhibitors targeting Aurora kinases, while depletion of CHD1 impairs their 

efficacy in vitro and in vivo. Pan-cancer drug sensitivity analyses revealed that high expression 

of CHD1 was associated with increased sensitivity to Aurora kinase A (AURKA) inhibitors. 

Mechanistically, KPNA2 served as a direct target of CHD1 and suppressed the interaction of 

AURKA with the co-activator TPX2, thereby rendering cancer cells more vulnerable to AURKA 

inhibitors. Consistent with previous research reporting that loss of PTEN elevates CHD1 levels, 

studies in a genetically engineered mouse model, patient-derived organoids, and patient samples 

showed that PTEN defects are associated with a better response to AURKA inhibition in advanced 

prostate cancer. These observations demonstrate that CHD1 plays an important role in modulating 

Aurora kinases and drug sensitivities, providing new insights into biomarker-driven therapies 

targeting Aurora kinases for future clinical studies.

Introduction

Aurora kinases are key players in mitotic control. Three mammalian paralogues—Aurora A, 

B, and C—are very similar in amino acid sequence but have distinct subcellular localization 

and biological functions(1). During mitosis, Aurora A localizes to the centrosome and 

spindle microtubules and is required for centrosome maturation and mitotic spindle 

assembly(2–4). The activity of Aurora A can be modulated by autophosphorylation at 

Thr288(5,6), as well as by interaction with the co-activator TPX2(7,8). In the past decade, 

several small-molecule inhibitors targeting Aurora kinases have been tested in clinical trials. 

One such Aurora A inhibitor, alisertib, showed >200-fold higher selectivity for Aurora 

A than for Aurora B(9,10). Alisertib exhibited promising anti-tumor effects in numerous 

preclinical studies(11–13). Phase I and II trials showed that subsets of patients achieved 

significant clinical benefits from alisertib treatment, alone or in combination with other 

agents in lung, breast, and prostate cancers(14–17). Therefore, it is vital to identify the 

biomarkers for predicting response to alisertib and other Aurora kinase inhibitors.

Chromodomain helicase DNA binding protein 1 (CHD1) is involved in chromatin 

structure remodeling, nucleosome positioning, and gene transcriptional regulation, and thus 

plays important roles in multicellular organism development and embryonic stem cells 

pluripotency maintenance (18–21). Recurrent deletions of CHD1 occur in ~8% of prostate 

cancer patients (22,23). Loss of CHD1 causes DNA repair defects, androgen receptor 

redistribution and dysfunction, chromatin dysregulation, and transcriptional plasticity in 

prostate cancer(24–27). On the other hand, our prior studies(28,29) demonstrated that CHD1 

is elevated in cancers containing PTEN defects, which occur in ~20% of primary and ~40% 

of castration-resistant prostate cancers (CRPC). How the distinct expression patterns of 

CHD1 affect the drug responsiveness in prostate cancers has not yet been determined.

Given the crucial role of CHD1 in epigenetic remodeling, here we performed an epigenetic 

screening in control and CHD1 knockout cells using 287 small-molecule inhibitors targeting 

116 epigenetic factors. Interestingly, we found that CHD1 is involved in the susceptibility 

of tumor cells to Aurora A inhibitors. Then, we analyzed the correlation between CHD1 

expression and the responses of cancer cells to Aurora kinase inhibitors in a pan-cancer drug 

sensitivity study. Furthermore, we demonstrated the role of CHD1 in promoting sensitivity 
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to Aurora A inhibitors both in vitro and in vivo, and elucidated the underlying mechanisms. 

Given that PTEN loss causes CHD1 elevation, we assessed the impact of PTEN defects on 

the efficacy of alisertib in preclinical models and explored the clinical relevance in patients 

with advanced prostate cancer.

Materials and Methods

Cell culture

All cell lines were obtained from ATCC, or Dr. Ronald A. DePinho’s laboratory. All 

cell lines were cultured in medium supplemented with 10% FBS (Gibco, 10082147) and 

1% penicillin/streptomycin (Gibco, 15140163) and incubated at 37 °C under 5% CO2. 

DU145 cells were cultured in MEM medium (Corning, 10–010-CV). 293T, BPH1, PC-3M, 

and SK-LU-1 cells were cultured in DMEM medium (Corning, 10–017-CV). PC-3 cells 

were cultured in F-12K medium (ATCC, 30–2004). 22RV1, H211, LNCaP, A549, and 

H1299 cells were cultured in RPMI 1640 medium (Corning, 10–040-CV). All the cell lines 

were confirmed by UT MD Anderson’s Cytogenetic and Cell Authentication Core, and 

were negative for mycoplasma using MycoAlert PLUS detection kit (Lonza, LT07–710) 

according to the manufacturer’s instructions.

NEPC organoids culture

All NEPC organoids were cultured in advanced DMEM (Invitrogen) supplemented with 

1× GlutaMAX (Invitrogen), 1% penicillin/streptomycin (Gibco), B27 (Gibco), 1.25 mM 

N-acetylcysteine (Sigma-Aldrich), 50 ng/ml mouse recombinant EGF (Invitrogen), 20 

ng/ml human recombinant FGF-10 (Peprotech), 1 ng/ml recombinant human FGF-basic 

(Peprotech), 500 nM A-83–01 (Tocris), 10 μM SB202190 (Sigma-Aldrich), 10 mM 

nicotinamide (Sigma-Aldrich), 1 μM PGE2 (R&D Systems), 10 ng/ml NRG (VWR), 

Noggin-conditioned media (5%), and Rspondin-conditioned media (5%). All cell lines were 

confirmed to be mycoplasma-free and incubated at 37 °C under 5% CO2.

Epigenetic screening

For the initial screening, 5 × 103 control or CHD1 KO BPH1 cells were seeded into 96-

well plates (Corning, 3903) and treated with 287 compounds from Epigenetics Compound 

Library (Selleck, L1900) at 10μM for 72h. Cell viability was measured using CellTiter-Glo® 

Luminescent Cell Viability Assay Kit (Promega, G7573) according to the manufacturer’s 

instructions. Cell viability in each well was normalized to DMSO control. The fold-change 

of cell viability in control versus CHD1 KO groups after each compound treatment was 

calculated individually and data was analyzed using excel and GraphPad Prism version 9.2.0 

(RRID: SCR_002798). Twenty-four inhibitors targeting Aurora Kinase were selected for a 

second screening at two different doses. The original data of the initial and second screening 

were shown in Supplementary Table S1.

IC50 determination

Cancer cells were seeded into 96-well plates (Corning, 3903) and treated with DMSO or 

compounds at serial concentrations with three or four replicates for 72 h. NEPC organoids 

were seeded into 96-well plates (Corning, 3610) and treated with DMSO or alisertib at 
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serial concentrations with five replicates for 6 days. Cell viability was measured using the 

CellTiter-Glo Luminescent Cell Viability Assay kit (Promega, G7573) according to the 

manufacturer’s instructions. Cell viability in each well was normalized and IC50 values were 

calculated using GraphPad Prism version 9.2.0.

Pan-cancer analyses of CHD1 expression and drug sensitivity

High-throughput drug screen data of 367 compounds in 987 human cancer cell lines were 

downloaded from the Genomics of Drug Sensitivity in Cancer (GDSC) database (https://

www.cancerrxgene.org)(30,31). CHD1 mRNA expression data in 922 cancer cell lines were 

downloaded from the Cancer Cell Line Encyclopedia (CCLE) database(32). The Pearson 

correlation between CHD1 mRNA (z-score) and LN(IC50) of individual compounds was 

analyzed (Supplementary Table S2). The Pearson correlation coefficient (r) and p values 

of all 367 compounds were calculated, and a volcano plot including the 367 compounds 

was generated using GraphPad Prism version 9.2.0. The correlations of CHD1 expression 

and IC50 of alisertib were analyzed and illustrated using GraphPad Prism version 9.2.0. 

Urogenital system cancer cell lines include cell lines of bladder, prostate, kidney, and 

endometrium cancers. Linear regression was calculated with 95% confidence bands of the 

best-fit line using GraphPad Prism version 9.2.0.

Apoptosis analyses

Cells were treated with control or 1 μM alisertib for 48 h. Then cells were collected 

and stained with FITC-annexin V (Invitrogen, A13199) and propidium iodide (Invitrogen, 

P1304MP) at room temperature for 15 min. Cell staining was detected using the Accuri C6 

Flow Cytometer. All flow data were analyzed with FlowJo 10.6.1 (RRID: SCR_008520).

Transient transfection and Lentiviral transduction

Transient transfection of siRNA or plasmids was performed using Lipofectamine 2000 

Transfection Reagent (Thermo Fisher Scientific, 11668019) according to the manufacturer’s 

instructions. After 48 h, cells were used for further analyses. For lentiviral transduction, 

the lentiviral constructs, psPAX2 and pMD2.G were transfected into 293T cells using 

Lipofectamine 2000. After 48 h, viral supernatants were harvested and filtered. Transduced 

cells were incubated with viral supernatants and selected using puromycin (Gibco, 

A1113803) or Blasticidin S HCl (Gibco, A1113902). The information of siRNA, lentiviral 

constructs, and plasmids were shown in Supplementary Table S3.

Generation of CHD1 knockout cell lines using CRISPR

Plasmid pX330-Cherry-sgCHD1 was transfected into BPH1, DU145, LNCaP, and 22Rv1 

cells using Lipofectamine 2000 Transfection Reagent. After 72 h, 10 red fluorescent 

protein–positive cells were sorted into each well of a 96-well plate by flow cytometry. 

Single-cell colonies were chosen, followed by Western blot analysis of CHD1. The 

information of sgRNA were shown in Supplementary Table S3.
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Quantitative PCR (qPCR)

Total RNA was extracted using RNeasy Mini Kit (Qiagen, 74104). cDNA was synthesized 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368813) 

and used for qPCR reactions with PowerUp SYBR Green Master Mix (Applied Biosystems, 

A25779) by QuantStudio 3 Real-Time PCR Systems (Thermo Fisher Scientific). Gene-

specific primers are listed in Supplementary Table S4. The relative mRNA levels of genes 

were normalized to that of ACTB. Each experiment was performed in triplicate. Data 

analysis was performed using GraphPad Prism version 9.2.0.

Chromatin immunoprecipitation (ChIP)-qPCR

BPH1 cells were fixed with 1% formaldehyde for 10 min, followed by quenching with 

glycine (2.5 M) for 5 min. Cells were washed with cold PBS and lysed with cell lysis buffer 

(12 mM Tris-HCl [pH 8.0], 10% PBS, 6 mM EDTA [pH 8.0], 12.5% FBS, 0.5% SDS, 1x 

Protease and Phosphatase Inhibitor (Thermo Scientific, 78442)) on ice for 15 min, followed 

by sonication using Bioruptor Pico (Diagenode). DNA fragment was immunoprecipitated 

with IgG or CHD1 antibody (Bethyl Laboratories, A301–218A, RRID: AB_890568) at 

4 °C overnight. Target-bound DNA fragments were de-crosslinked and purified with 

phenol:chloroform:isoamyl alcohol (Invitrogen, 15593031) and chloroform:isoamyl alcohol 

(Sigma-Aldrich, C0549). The concentration of DNA was measured using a Qubit 4 

Fluorometer (Invitrogen, Q33226) and Qubit™ 1X dsDNA High Sensitivity Assay Kit 

(Invitrogen, Q33230) according to the manufacturer’s instructions. DNA was analyzed 

by qPCR using the KPNA2 promoter primers (Supplementary Table S4). The means and 

standard deviations of the normalized triplicate values were plotted using GraphPad Prism 

version 9.2.0.

RNA-sequencing and data analysis

Control and CHD1-knockout BPH1 cells were treated with DMSO or alisertib (10 μM) 

for 24 h. Then cells were lysed with TRIzol (Invitrogen, 15596026), and total RNA was 

extracted using RNeasy Mini Kit (Qiagen, 74104). The experiment was performed in 

triplicate. RNA sequencing was performed by MD Anderson Science Park Next Generation 

Sequencing Core, with 30–37 million pairs of reads per sample. The reads were mapped 

to the human genome hg38 using TopHat (version 2.0.10) (RRID: SCR_013035) (33). By 

reads, the overall mapping rate is 96%−97%; 94%−95% fragments have both ends mapped 

to the human genome. The number of fragments in each known gene from GENCODE 

Release 35(34) was enumerated using htseq-count from the HTSeq package (version 0.6.0) 

(RRID: SCR_005514)(35) (Supplementary Table S5). Genes with less than 10 fragments in 

all of the samples were removed before the differential expression analysis. The differential 

expression between conditions was statistically assessed using the R/Bioconductor package 

DESeq (version 1.18.0) (RRID: SCR_000154) (36). Genes with FDR (false discovery rate) 

≤ 0.05, FC (fold change) ≥ 2, and length > 200 bp were called as differentially expressed. 

618 differentially expressed genes (DEGs) that were elevated in alisertib-treated control or 

CHD1 KO cells (FDR≤0.05 and FC≥2) were used for heatmap generation. Hierarchical 

clustering was performed using Pearson distance method. Gene ontology analysis (https://
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david.ncifcrf.gov) was performed using 439 DEGs that were uniquely elevated in control 

cells upon alisertib treatment but less changed in CHD1 KO cells.

Western blot analysis

Cells were lysed in 1x Laemmli Sample Buffer (Bio-Rad Laboratories, 1610747). 

Proteins were separated with 4%−15% Mini-PROTEAN TGX Precast Protein Gels (Bio-

Rad, 4561086) and transferred to nitrocellulose membrane using Trans-Blot Turbo RTA 

Mini 0.2 μm Nitrocellulose Transfer Kit (Bio-Rad, 1704270), and incubated with anti-

Aurora A (Cell Signaling Technology, 14475S, RRID: AB_2665504), anti-TPX2 (Cell 

Signaling Technology, 8559, RRID: AB_10827636), anti–Aurora B/AIM1 (Cell Signaling 

Technology, 3094S, RRID: AB_10695307), anti-CHD1 (D8C2) (Cell Signaling Technology, 

4351S, RRID: AB_11179073), anti-KPNA2 (Cell Signaling Technology, 14372S, RRID: 

AB_2798467), anti-β-actin (8H10D10) (Cell Signaling Technology, 3700S, RRID: 

AB_2242334), anti–phospho-Aurora A (Thr288)/Aurora B (Thr232)/Aurora C (Thr198) 

(D13A11) (Cell Signaling Technology, 2914S, RRID: AB_2061631), anti–phospho-histone 

H3 (Ser10) (D2C8) (Cell Signaling Technology, 3377T, RRID: AB_1549592), anti-

DYKDDDDK Tag (D6W5B) (Cell Signaling Technology, 14793, RRID: AB_2572291), 

anti-histone H3 (GenScript, A01502, RRID: AB_1968828), anti-PTEN (Cell Signaling 

Technology, 9188S, RRID: AB_2253290), anti-AKT (Cell Signaling Technology, 4691S, 

RRID: AB_915783), and anti-phospho-AKT (Ser473) (Cell Signaling Technology, 4060S, 

RRID: AB_2315049). Then the membrane was incubated with secondary antibodies anti-

rabbit IgG (HRP) (Cell Signaling Technology, 7074V, RRID:AB_2099233), anti-mouse IgG 

(HRP) (Cell Signaling Technology, 7076V, RRID: AB_330924), and anti-rabbit IgG, light 

chain-specific (Jackson ImmunoResearch, 211-032-171, RRID: AB_2339149), followed by 

developing with Western ECL Substrates (Bio-Rad, 1705060, 1705062) and imaging by the 

ChemiDoc Imaging System (Bio-Rad).

Immunoprecipitation

The cell lysates were prepared in lysis buffer (20 mM Tris-HCl [pH 8.0], 0.4 M NaCl, 1 mM 

EDTA, 0.3% Nonidet P-40, and 1x Protease and Phosphatase Inhibitor) and incubated with 

anti-Aurora A (Cell Signaling Technology, 14475S, RRID: AB_2665504), or anti-TPX2 

[18D5-1] (Abcam, ab32795, RRID: AB_778561), or normal mouse IgG (Millipore Sigma, 

12–371, RRID: AB_145840), or normal rabbit IgG (Millipore Sigma, 12–370, RRID: 

AB_145841) overnight at 4 °C. Then Dynabeads Protein G (Thermo Fisher Scientific, 

10009D) was added into the lysates, followed by incubation for an additional 4 h at 

4 °C. For immunoprecipitation of Flag-tagged proteins, cell lysates were incubated with 

Anti-FLAG M2 Magnetic Beads (Millipore Sigma, M8823, RRID: AB_2637089) overnight 

at 4 °C. Then beads were washed with wash buffer (20 mM Tris-HCl [pH 8.0], 0.4 M 

NaCl, 1 mM EDTA, 0.1% Nonidet P-40, and 1x Protease and Phosphatase Inhibitor) and 

resuspended with 1x Laemmli Sample Buffer, followed by Western blot.

Dual luciferase reporter assay

The KPNA2-promoter region with putative CHD1-binding sites (~1.2 kb) (Supplementary 

table S3) was cloned into the pGL4 plasmid by Genewiz and verified by sequencing. LNCaP 

cells were transfected with vector control or the constructed pGL4 with KPNA2 promoter, 
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Renilla control plasmid, and siControl or siCHD1 using Lipofectamine 2000. After 72 h, 

cells were analyzed using the Dual-Luciferase Reporter Assay System (Promega, E1910) 

according to the manufacturer’s instructions. Firefly and Renilla luciferase activity were 

read by the Synergy 2 Multi-Mode Microplate reader (BioTek). Firefly luciferase activity 

was normalized to the Renilla luciferase activity. Experiments were performed in triplicate, 

and statistical analyses were performed using GraphPad Prism version 9.2.0.

Site-directed mutagenesis

Precision LentiORF AURKA plasmid was used to generate Flag-tagged AURKA WT and 

S155R mutation expression plasmids using the Q5 Site-Directed Mutagenesis Kit (New 

England BioLabs, E0554S) according to the manufacturer’s instructions. Plasmids were 

prepared using the QIAprep Spin Miniprep Kit (Qiagen, 27106) and sequenced by Genewiz. 

Mutagenesis primers (Supplementary Table S4) were designed by the NEBaseChanger 

website (http://nebasechanger.neb.com/).

In vivo Alisertib treatment

All mice were interbred and maintained at MD Anderson Cancer Center (Houston, TX), 

monitored for signs of ill health every day, and sacrificed and necropsied when moribund. 

All manipulations were performed under the review and approval of MD Anderson 

Cancer Center’s Institutional Animal Care and Use Committee (Protocol #00001955). For 

establishing the xenograft model, male nude mice (6–8 weeks old) were purchased from 

the Experimental Radiation Oncology animal facility at MD Anderson and subcutaneously 

injected with control (2 × 106) or CHD1 knockout (3 × 106) DU145 cells into each flank. 

Once tumors reached approximately 100 mm3, the mice were randomly assigned into two 

groups (n=6–8 per group) and treated with vehicle or alisertib (10 mg/kg/day, Selleck, 

S1133) by oral gavage daily. Tumor size was measured twice a week using calipers. Tumor 

volume was calculated (width × width × length/2). After a 21-day treatment, tumors were 

collected for histopathologic analyses.

Genetically engineered mouse model (GEMM) of PB-Cre; PtenL/L; Smad4L/L (PbPS) were 

established as described previously(29) and were genotyped regularly. Tumor formation of 

PbPS mice was monitored by 7T-MRI. When tumor volume reached approximately 50 mm3, 

tumor-bearing mice were randomly assigned into two groups (n=4–5 per group) and treated 

with vehicle or alisertib (20 mg/kg/day) by oral gavage daily. After a 25-day treatment, all 

mice were analyzed by 7T-MRI and sacrificed for tumor collection. The body weight of 

mice was monitored weekly.

Immunohistochemistry (IHC) and Immunofluorescence (IF)

Mouse tissues and organoids were paraffin embedded. H&E staining of mouse tissue 

was performed. The rehydrated sections were incubated in Antigen Unmasking Solution 

(Vector Laboratories, H-3300–250) at 95 °C for 30 min and 110 °C for 10 sec for antigen 

retrieval. For IHC, the sections were incubated with 0.3% H2O2 solution, supplemented 

with 50% methanol for 30 min to quench endogenous peroxidases, and then blocked 

with Rodent Block M (Biocare Medical, RBM961L) for 30 min. Primary antibodies were 

anti-Ki67 (Thermo Fisher Scientific, MA5-14520, RRID: AB_10979488), anti–cleaved 
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caspase-3 (Cell Signaling Technology, 9661S, RRID: AB_2341188), anti-phospho-H3 

(Ser10) (Cell Signaling Technology, 3377T, RRID: AB_1549592), anti-phospho-Aurora A 

(Thr288)/Aurora B (Thr232)/Aurora C (Thr198) (D13A11) (Cell Signaling Technology, 

2914, RRID:AB_2061631), anti-KPNA2 (Abcam, AB84440, RRID: AB_1860701), and 

anti-CHD1(Atlas Antibodies, HPA022236, RRID: AB_2670915). Rabbit-on-Rodent HRP-

Polymer (Biocare Medical, RMR622L) was used for the secondary antibody interaction, 

and the DAB Quanto chromagen and substrate kit (Fisher Scientific, TA-125-QHDX) was 

used for development. The slides were scanned using an Aperio CS2 (Leica Biosystems). 

For IF, the rehydrated sections were blocked with blocking buffer (1× PBS, 3% donkey 

serum, 0.3% Triton X-100) for 60 min. Primary antibodies include anti-Aurora A (D3V7T) 

(Cell Signaling Technology, 91590S, RRID: AB_2800171), anti-TPX2 (18D5-1) (Abcam, 

ab32795, RRID: AB_778561), anti-KPNA2 (Abcam, AB84440, RRID: AB_1860701), 

and anti–alpha tubulin (YL1/2) (Invitrogen, MA1–80017, RRID: AB_2210201). Cross-

Adsorbed secondary antibodies include Goat anti-Rat IgG, Alexa Fluor™ 647 (Invitrogen, 

A-21247, RRID: AB_141778), Goat anti-Mouse IgG, Alexa Fluor™ 594 (Invitrogen, 

A-11005, RRID: AB_141372), and Goat anti-Rabbit IgG, Alexa Fluor™ 488 (Invitrogen, 

A-11008, RRID: AB_143165). After DAPI staining (Thermo Fisher Scientific, P36941), 

sections were covered and scanned by the Vectra Polaris Imaging System (Akoya 

Biosciences). Quantification of p-Aurora or p-S10-H3 positive cells (10 individual views per 

group) was performed at 20× magnification using ImageJ (RRID: SCR_003070). Abnormal 

spindle assembly or TPX2-Aurora A co-localization (10 individual views per group) was 

quantified at 40× magnification using Phenochart 1.1.0. Statistical analyses were performed 

using GraphPad Prism version 9.2.0.

Clinical Relevance Analyses

Clinical cohorts(37,38) were mined to assess CHD1 expression across stages of prostate 

cancer progression (34 benign, 68 localized prostate cancer, 31 CRPC-Adeno, and 22 

CRPC-NE). The results were expressed as the mean ± standard error of the mean (SEM). 

The differences between the two groups were compared using the unpaired Student’s t-test. 

The statistical analysis was performed using Origin Pro 2020 (OriginLab Corporation, 

Northampton, MA, USA).

Expression of CHD1, KPNA2, TPX2, and AURKA genes and progression-free survival 

(DFS) data of 489 prostate cancer patients (TCGA) were downloaded from cbioportal 

(www.cbioportal.org). mRNA expression z-score relative to all samples (RNA Seq RPKM) 

was used to classify the “high (z-score>0)” and “low (z-score<0)” expression of each 

gene. Patients with CHD1 z-score>0 and KPNA2 z-score >0 were grouped as “CHD1high/

KPNA2high”, and patients with CHD1 z-score<0 and KPNA2 z-score <0 were grouped as 

“CHD1low/KPNA2low”. The differences in DFS between the two groups were compared 

using Log-rank (Mantel-Cox) test. P-value and Hazard Ratio (log-rank) were calculated 

using GraphPad Prism version 9.2.0.. The same method was used for survival analysis of 

CHD1/TPX2 and CHD1/AURKA groups.

A Phase II trial of alisertib for patients with castration-resistant and neuroendocrine prostate 

cancer was published previously(17). Whole exome sequencing (WES) was performed in 48 
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tumor samples from 12 responders and 36 non-responders (17). PTEN defects were defined 

by homo- or hemi- deletions. The Pearson correlation of PTEN defects with response to 

alisertib was analyzed using GraphPad Prism version 9.2.0..

Data Availability Statement

The RNA-Seq datasets generated and analyzed during the current study are available in 

the GEO repository (GSE186633). The ChIP-Seq and ATAC-Seq data analyzed during 

this study were generated and published in this research article(29): Chromatin Regulator, 
CHD1, Remodels Immunosuppressive Tumor Microenvironment in PTEN-Deficient 
Prostate Cancer. Cancer Discov. 2020 May 8; CD-19–1352. doi: 10.1158/2159-8290.

Statistical Analyses

All data are presented as the mean ± standard deviation of at least triplicate experiments. 

Statistical analyses were performed using GraphPad Prism version 9.2.0. Pairwise 

comparisons were performed using an unpaired two-tailed Student t-test. ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05.

Results

CHD1 renders cancer cells vulnerable to inhibitors targeting Aurora A.

To determine the impact of CHD1 on the sensitivity of cancer cells to epigenetic inhibitors, 

we performed epigenetic screening using a small-molecule inhibitor library containing 

287 compounds targeting 116 epigenetic factors in control and CHD1 depleted prostatic 

hyperplasia cells (Fig. 1A–B and Supplementary Table S1). In the initial and secondary 

screens, we found that CHD1 knockout reduced the efficacies of Aurora kinase inhibitors, 

especially the compounds that selectively or preferentially target Aurora A (Fig. 1B and 

Supplementary Fig. S1A and S1B). Next, we determined the impact of CHD1 on the 

susceptibility of diverse prostate cancer cell lines to Aurora A-selective inhibitors, alisertib 

and MK-5108. The results showed that CRISPR-Cas9-directed CHD1 knockout caused a 3- 

to 15-fold increase in the IC50 values of Aurora A inhibitors in these cells (Fig. 1C–D and 

Supplementary Figs. S1C–S1D). PC-3M is a metastasis-derived variant of prostate cancer 

cell line PC-3. Compared to PC-3, PC-3M cells expressed a higher level of CHD1 and were 

more sensitive to alisertib and MK5108 (Fig. 1E, and Supplementary Fig. S1E), whereas 

depletion of CHD1 rendered PC-3M cells more resistant (Fig. 1F). These studies revealed 

that CHD1 contributes to the susceptibility of prostate cancer cells to Aurora A inhibitors.

To explore CHD1’s impact on drug sensitivity at a pan-cancer level, we integrated the CHD1 

expression profiles from CCLE and the drug susceptibility profiles of 367 compounds 

from the GDSC database (Supplementary Fig. S2A and Supplementary Table S2). Pearson 

correlation analyses in ~600 cancer cell lines showed that CHD1 high expression was 

associated with better responses to inhibitors targeting Aurora A, including alisertib (Fig. 

1G; Supplementary Fig. S2B and S2C). In addition to urogenital system cancer cells, we 

also found positive correlations of CHD1 expression with alisertib sensitivity in cancer 

cells of the colon, liver, and lung (Fig. 1H and Supplementary Figs. S2D and S2E). Thus, 

we determined the dose-response of alisertib in lung cancer cell lines containing intact or 
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deficient CHD1. The results showed that CHD1-deficient cells were less sensitive to Aurora 

A inhibitors (Supplementary Fig. S2F). Knocking down CHD1 using siRNA remarkably 

reduced the susceptibility of CHD1-intact cells to alisertib (Supplementary Fig. S2G); in 

contrast, CHD1 overexpression in CHD1-deficient cancer cells augmented their sensitivity 

to alisertib (Supplementary Fig. S2H).

Collectively, the epigenetic screening, pan-cancer drug sensitivity analyses, and functional 

validations in prostate and lung cancer cells demonstrated that CHD1 high expression 

renders cancer cells vulnerable to inhibitors targeting Aurora A, while CHD1 deletion 

causes the resistance to those inhibitors. To be noted, we also determined the IC50 

values of several non-Aurora A targeting agents, including inhibitors of VEGFR or KRAS 

pathway. As shown in Supplementary Fig. S2I, CHD1 knockout has minimal effects on 

their efficacies, suggesting CHD1’s impact on drug sensitivity is not a general effect. 

Therefore, it is crucial to understand the mechanism by which CHD1 specifically promotes 

the susceptibility of cancer cells to Aurora A inhibitors.

CHD1 is required for the apoptotic process induced by Aurora A inhibitor.

As alisertib has progressed to phase III clinical trials in various tumor types, we mainly 

used alisertib for mechanistic studies. Consistent with prior study(39), alisertib significantly 

reduced cell growth and induced early- and late-stage apoptosis in control cells; however, 

depletion of CHD1 partially impaired the anti-proliferation and pro-apoptosis effects of 

alisertib (Fig. 2A and Supplementary Fig. S2J).

To capture changes in the transcriptome landscape, we performed RNA sequencing in 

control and CHD1-depleted cells with or without alisertib treatment. The differential 

gene expression analysis showed that alisertib caused the upregulation of 528 genes and 

downregulation of 109 genes in control cells; in contrast, only 195 upregulated genes and 

32 downregulated genes were found in CHD1-depleted cells (Fig. 2B, fold change ≥2; 

false discovery rate ≤0.05). Then, we performed hierarchical clustering analysis using 618 

differentially expressed genes (DEGs) that were significantly elevated in alisertib-treated 

control or CHD1 knockout cells. Notably, 71% of DEGs (439/618) were transcriptionally 

activated by alisertib in control cells, but not in CHD1-depleted cells (Fig. 2C). Gene 

Ontology analysis revealed that those uniquely elevated genes were highly enriched in the 

apoptotic process (Fig. 2D). Altogether, these functional studies and transcriptional profiling 

suggested that CHD1 is involved in apoptosis induced by Aurora A inhibitors.

CHD1 controls Aurora A by modulating its interaction with TPX2.

To understand how CHD1 promotes alisertib sensitivity, we assessed the impact of CHD1 

on Aurora A expression and phosphorylation. As shown in Figure 3A, CHD1 depletion 

has no effect on total Aurora A but increases its phosphorylation at Thr288. Alisertib 

treatment caused a reduction of Thr288 phosphorylation in control cells in a dose-dependent 

manner (Fig. 3B). In contrast, CHD1-depleted cells retained phosphorylation of Aurora 

A in the presence of alisertib (Fig. 3B). Microtubule-associated protein TPX2 serves as 

a co-activator of Aurora A(7,8). The binding of TPX2 prevents the dephosphorylation of 

Aurora A and enhances the kinase activity(5,7,40–43). But TPX2 displays a much weaker 
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binding affinity to Aurora B(44). The prior structural study revealed that TPX2 binding 

triggers a conformational change of Aurora A and retains the kinase in an active state, 

which is less sensitive to alisertib (45). Thus, we assessed the interaction of Aurora A with 

TPX2 in the presence or absence of CHD1. Co-immunoprecipitation assays revealed that 

depletion of CHD1 remarkably enhances the binding of TPX2 to Aurora A, but not Aurora 

B, particularly in the presence of alisertib (Fig. 3C; Supplementary Fig. S3A).

To determine whether TPX2 mediates the resistance of CHD1-deficient cells to Aurora 

A inhibitors, we knocked out TPX2 in control and CHD1-depleted cells (Fig. 3D). 

The drug response studies showed that TPX2 knockout markedly increased alisertib 

sensitivity of CHD1-depleted cells, but only had a moderate effect on control cells (Fig. 

3 E). Next, we disrupted the interaction between Aurora A and TPX2 by replacing the 

endogenous Aurora A with a Flag-tagged S155R mutant(46) (Supplementary Fig. S3B). Co-

immunoprecipitation assays confirmed that the S155R mutant successfully diminished the 

Aurora A-TPX2 interaction regardless of the presence of alisertib (Fig. 3F; Supplementary 

Fig. S3C). Phenocopying of TPX2 knockout, the disruption of Aurora A-TPX2 interaction 

rendered CHD1-depleted cells more sensitive to Aurora A inhibitor (Fig. 3G). These results 

established the role of CHD1 in modulating Aurora kinase activation via restraining its 

binding to the co-activator TPX2. These studies provide mechanistic insights into the 

differential responses of CHD1-high and CHD1-low cancer cells to Aurora A-targeted 

drugs.

The axis of CHD1-KPNA2 controls the interaction of TPX2 and Aurora A.

Importin-α (KPNA) family proteins interact with and silence the activity of TPX2(47,48). 

When cells enter mitosis, a gradient of Ran-GTP near chromosomes releases TPX2 from 

importin-α and promotes the binding of TPX2 to Aurora A(49,50). Among seven KPNA 

family genes, we found that the expression of KPNA2 was most significantly downregulated 

upon CHD1 deletion (Fig. 4A; Supplementary Figs. S4A and S4B). Conversely, 

overexpression of CHD1 elevated KPNA2 in prostate cancer cells (Supplementary Fig. 

S4C). Expression analysis in human prostate cancers also revealed a positive correlation 

between CHD1 and KPNA2 (Fig. 4B).

Given that CHD1 plays a key role in chromatin assembly and gene transcriptional 

regulation, ATAC sequencing was performed using control versus CHD1-depleted prostate 

cancer cells(29). The results showed that promoter accessibility of the KPNA2 gene was 

decreased upon CHD1 depletion (Fig. 4C). ChIP-sequencing using a murine prostate cancer 

cell line(29), revealed that CHD1 protein bound to the promoter region of the Kpna2 gene 

(Supplementary Fig. S4D). This observation was further validated in human prostate cancer 

cells by ChIP-qPCR (Supplementary Fig. S4E). Dual luciferase assays revealed that CHD1 

contributes to the transcriptional activation of the KPNA2 gene (Fig. 4D).

Furthermore, we determined the loss-of-function effects of KPNA2 in modulating Aurora 

kinase and the response to Aurora A inhibitor. In the presence of alisertib, knockout of 

KPNA2 preserved the Aurora A-TPX2 interaction and Aurora kinase activity characterized 

by histone H3 phosphorylation (p-S10-H3) (Fig. 4E; Supplementary Figs. S4F and S4G). 

Phenocopying CHD1 deletion, KPNA2 knockout reduced the susceptibility of cancer cells 
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to alisertib and protected them from alisertib-induced apoptosis (Fig. 4F; Supplementary 

Fig S4H). Conversely, overexpression of KPNA2 increased the susceptibility of CHD1-low 

prostate cancer cells to alisertib (Supplementary Fig S4I). Together, these mechanistic 

studies demonstrated that the regulatory axis of CHD1-KPNA2 modulates TPX2-Aurora 

A interaction and thereby promotes sensitivity to Aurora A inhibitors.

CHD1 is required for the anti-tumor effects of alisertib in vivo.

Next, we assessed in vivo efficacy of alisertib in xenograft models derived from control 

and CHD1-depleted DU145 cells. As shown in Figure 5A, CHD1 depletion had minimal 

impact on tumor growth, but greatly impaired the anti-tumor efficacy of alisertib in vivo. 

Alisertib administration was well tolerated by mice (Supplementary Fig. S5A). Molecular 

biomarker staining indicated KPNA2 expression was remarkably downregulated in CHD1-

depleted xenograft tumors (Fig. 5B). Besides, treatment with alisertib inhibited cancer cell 

proliferation and induced apoptosis in control tumors; however, it had much less effect on 

CHD1-depleted tumors (Fig. 5C). Consistent with our observations in vitro, CHD1-depleted 

tumors retained the phosphorylation and activity of Aurora kinases after alisertib treatment 

(Fig. 5C; Supplementary Figs. S5B and S5C). Furthermore, IF staining in xenograft tumors 

revealed that CHD1 depletion preserved the co-localization of TPX2 and Aurora A on 

mitotic spindles in the presence of alisertib (Fig. 5D). Given that TPX2-Aurora A interaction 

is required for spindle assembly during mitosis(8,51), we determined the chromosome 

alignment and mitotic spindle assembly. The results showed that alisertib treatment caused 

a high percentage of abnormal spindles in control xenograft tumors, but this effect was 

rescued by CHD1 depletion (Fig. 5E; Supplementary Figs. S5D and S5E).

These studies in xenograft models provide in vivo evidence for the role of CHD1 in 

mediating the anti-tumor effects of Aurora A inhibitors in prostate cancer via regulating 

KPNA2 and TPX2-Aurora interaction. In prostate cancer patients, we found that CHD1 
mRNA expression is significantly elevated in CRPC (Fig. 5F), and high expression of 

CHD1 and KPNA2 was associated with worse Progression-Free Survival (PFS) (Fig. 5G). 

In addition, prostate cancer patients with high expression levels of CHD1/AURKA or 

CHD1/TPX2 also showed worse PFS (Fig. 5H and Supplementary Fig. S5F). These clinical 

relevance analyses implicate the therapeutic potential of Aurora A inhibitors in subsets of 

prostate cancers expressing high levels of CHD1 and other potent biomarkers.

PTEN defects are associated with a better response to alisertib.

Given the regulatory role of the PTEN-AKT pathway in CHD1 elevation in prostate 

cancer(28), here we determined the impact of PTEN and AKT on alisertib sensitivity. 

To this end, we knocked down PTEN using siRNA in DU145 cells and found activated 

AKT, elevated CHD1, and increased sensitivity to alisertib (Fig. 6A and Supplementary Fig. 

S6A). Conversely, inhibition of AKT with MK2206 led to a reduction of CHD1 protein 

and diminished the efficacy of alisertib in a dose-dependent manner (Supplementary Fig. 

S6B–S6C). Similar to CHD1, we found AKT1 expression positively correlated with alisertib 

sensitivity in urogenital system cancers (Supplementary Fig. S6D). These results indicated 

that the PTEN-AKT pathway, as the upstream regulator of CHD1, is involved in modulating 

sensitivity to Aurora A inhibitors.
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Next, we tested the in vivo efficacy of alisertib in a PTEN-deficient GEMM, which 

contains prostate-specific co-deletion of Pten and Smad4 genes (so-called PbPS, PB-Cre; 
PtenL/L; Smad4L/L). Our prior study showed that PbPS mice developed highly invasive 

prostate adenocarcinoma, which highly expressed CHD1(29,52). As shown in Fig. 6B–

D and Supplementary Figs. S6E–S6F, alisertib treatment significantly suppressed tumor 

growth of PbPS mice and has no visible toxicity. Histopathologic analyses revealed that 

Aurora A inhibitor remarkably delayed the progression and invasion of PTEN-deficient 

prostate tumors (Fig. 6E; Supplementary Figs. S6G), suppressed cancer cell proliferation, 

and induced apoptosis in vivo (Fig. 6F).

At last, we determined the clinical relevance between PTEN defects and response to Aurora 

A inhibitor in clinical study of alisertib(17). Among 48 patients with castration-resistant 

and neuroendocrine prostate cancers, we found that PTEN defects were associated with a 

better response to alisertib (Fig. 6G). Two patient-derived NEPC organoid lines, PM154 and 

PM155, were developed from the pretreatment biopsies in this clinical study(17). Organoid 

line PM154 was derived from the tumor of a non-responder patient with intact PTEN, while 

PM155 was from an exceptional responder containing PTEN loss (17,53). Compared to 

PM154, PTEN-deficient PM155 organoids expressed higher levels of CHD1 and KPNA2 

and were much more sensitive to alisertib (Fig. 6H–I). Together, these studies in preclinical 

mouse models and human samples suggested prostate cancers containing PTEN defects and 

high CHD1 expression are more sensitive to Aurora A inhibitors.

Discussion

Through epigenetic screening, pan-cancer drug sensitivity analyses, and functional 

validation in vitro and in vivo, here we established a novel role of CHD1 in promoting 

the susceptibility of cancer cells to Aurora A inhibitors. Mechanistically, we identified a 

new regulatory axis of CHD1-KPNA2-TPX2, which plays a key role in modulating Aurora 

A activation (Fig. 6J). PTEN-defects induced CHD1 elevation augments the transcription 

of KPNA2 and thereby restrains the interaction of TPX2 to Aurora A. Without TPX2’s 

binding, inhibitors can effectively suppress the activity of Aurora A, resulting in spindle 

assembly defects and apoptosis. In CHD1 deficient cells, the increased TPX2 binding 

preserves the kinase activity of Aurora A and renders cancer cells more resistant to Aurora 

A-targeted therapy (Fig. 6J).

To date, several small-molecule inhibitors targeting Aurora kinases have been tested in 

clinical trials in patients with advanced solid tumors and leukemia. Phase I and II trials 

showed that certain subsets of patients achieved greater clinical benefit than others(14–

17,54). Our studies demonstrated that the axis of CHD1-KPNA2 governs the interaction 

between TPX2 and Aurora A and sensitizes cancer cells to inhibitors targeting Aurora 

kinases. Given that high expression of CHD1 and KPNA2 was associated with worse PFS in 

prostate cancer patients and was found in the patient-derived organoids from the exceptional 

responder to alisertib, they might be potential predictive biomarkers. Further study is needed 

to determine their expression patterns at both mRNA and protein levels in responders versus 

non-responders in clinical studies of Aurora kinase inhibitors.
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Genetic deletion and mutations of the PTEN gene occur in ~40% of CRPC and are 

associated with metastatic disease and poor overall outcome (55,56). Our previous studies 

demonstrated that PTEN defects caused the upregulation of CHD1, which mediates prostate 

cancer progression via cell-intrinsic and -extrinsic mechanisms(28,29). Our current studies 

uncovered the vulnerability of CHD1 elevation in PTEN-deficient tumors, that is the 

increased sensitivity to Aurora A inhibitors. The link between the PTEN-CHD1 axis and 

the susceptibility to Aurora A inhibitors was further established by preclinical studies using 

human cell lines and mouse models, as well as the correlation analysis of PTEN gene status 

with responses to alisertib in patients with advanced prostate cancers. Given that PTEN 
genetic testing has been used for clinical management of prostate and other cancer types, our 

studies provide new insights for using PTEN as a predictive marker to improve the patient 

selections in clinical trials of alisertib and other Aurora A inhibitors.

Recent large-scale cancer genome studies identified the genetic deletion and mutations of 

CHD1 in ~8% of prostate cancers and other cancer types. Prior studies found CHD1 loss 

enhanced responsiveness to DNA-damaging therapy, such as PARP inhibitors(24,25). Our 

studies demonstrated that CHD1 deficiency causes the resistance of prostate tumors to 

Aurora A inhibitors by augmenting the binding of TPX2 to Aurora A. It may explain the 

poor responsiveness in some patients in clinical studies. Several new strategies have been 

developed to target Aurora A, such as PROTAC-mediated degradation of Aurora A protein 

and impedance of the TPX2-Aurora A interaction(57,58). These approaches may be potent 

to reverse the resistance mechanism and achieve better therapeutic effects when combined 

with alisertib in cancers harboring CHD1 deficiency.

In addition to CHD1, we also found other CHD family members, such as CHD4 and CHD8, 

associated with alisertib sensitivity in the pan-cancer drug sensitivity analyses. However, 

CHD1 showed the most significant correlation with alisertib sensitivity in cancer cells of 

the urogenital system, lung, colon, and liver. Given that CHD family genes have similar 

chromatin remodeling activities, they may share similar functions when modulating Aurora 

kinases and drug sensitivity, but different members may play predominant roles in different 

contexts. The findings in this study will inform future studies of other CHD members in 

diverse cancer types. Besides CHD family, other proteins, such as SH2D3C, TNFRSF12A, 

SDC4, RHBDF1, and PPIC, showed even stronger associations with alisertib sensitivity in 

the pan-cancer analyses, therefore, it is worthy to further explore the underlying mechanisms 

and evaluate their potential as predictive biomarkers in cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

CHD1 plays a critical role in controlling AURKA activation and promoting Aurora 

kinase inhibitor sensitivity, providing a potential clinical biomarker to guide cancer 

treatment.
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Figure 1. CHD1 renders cancer cells vulnerable to inhibitors targeting Aurora A.
A, Western blot of CHD1 in control and CHD1 KO BPH1 cells. B, Differential responses of 

control and CHD1 KO cells to 287 compounds in initial epigenetic screen. Fold change of 

CHD1 KO cell viability versus control cell viability after treatment of individual compound 

(10uM, 72h) was presented. Thresholds of log2 (fold change) are 0.58 and −0.58. Aurora 

A inhibitors with differential responses in control and CHD1 KO cells were highlighted in 

red. C-F, Western blot of CHD1, dose-response curves, and IC50 values (μM) of alisertib 

in control and CHD1 KO BPH1 (C) and DU145 cells (D), PC-3 and PC-3M cells (E-F). 

Cells were treated with the indicated concentrations of alisertib for 72 h. Data represent the 
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mean ± standard deviation of triplicates. IC50 values (μM) was calculated using GraphPad 

Prism version 9.2.0. G, Pan-cancer correlation analyses of CHD1 mRNA expression and 

drug sensitivity of 367 compounds. Inverse Pearson correlation coefficient (-r) and p values 

of all 367 compounds were presented in a volcano plot. Inhibitors targeting Aurora A are 

highlighted in red. H, Correlation between CHD1 expression and alisertib IC50 values (μM) 

in urogenital system cancer cell lines. Pearson correlation coefficient (r) and p values are 

shown. ***p<0.001.
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Figure 2. CHD1 is required for the apoptotic process induced by Aurora A inhibitor.
A, Flow cytometric analysis of control and CHD1 KO BPH1 cells stained with Annexin V 

and propidium iodide (PI), cells were treated with 1 μM alisertib for 48 h. The percentage 

of early (Annexin V+/PI−) and late apoptotic cells (Annexin V+/PI+) are shown. B, Volcano 

plots of differentially expressed genes (DEGs) in control and CHD1 KO BPH1 cells upon 

alisertib treatment. Up- and down-regulated genes after treatment are presented as red and 

blue dots, respectively. Thresholds of false discovery rate (FDR, 0.05) and fold change 

(FC, 2) are presented. C, Heatmap of 618 DEGs that were upregulated in alisertib-treated 

control or CHD1 KO cells (FDR≤0.05 and FC≥2) using log2 ratio values. Red and green 
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indicate upregulation and downregulation of gene expression, respectively. Yellow rectangle 

highlighted DEGs that were uniquely elevated in control cells in the presence of alisertib. D, 

Gene Ontology analysis of 439 DEGs that were uniquely elevated in alisertib-treated control 

cells. Top 20 biological processes are presented and ranked by p value.
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Figure 3. CHD1 controls Aurora A by modulating its interaction with TPX2.
A, Western blot analysis of Aurora A and phospho-Aurora A (Thr288) in control and 

CHD1 KO prostate cancer cell lines. B, Western blot analysis of Aurora A and phospho-

Aurora A (Thr288) in control and CHD1 KO DU145 cell lines treated with the indicated 

concentrations of alisertib for 24 h. C, Endogenous coimmunoprecipitation (co-IP) of TPX2 

and Aurora A in control and CHD1 KO BPH1 cells treated with or without alisertib (10 μM, 

24h). The asterisk indicates TPX2 protein. D-E, Western blot analysis of TPX2 (D) and IC50 

values (μM) of alisertib (E) in control and CHD1 KO BPH1 cells with or without TPX2 KO. 

Cells were treated with the indicated concentrations of Alisertib for 72 h. F-G, AURKA KO 

and CHD1/AURKA DKO BPH1 cell lines were constructed, followed by transduction of 

Flag-tagged WT or S155R-mutated AURKA. Cells were treated with 10 μM alisertib for 24 

h, followed by co-IP to assess the interaction of TPX2 and Aurora A (F). Cells were treated 

with the indicated concentrations of alisertib for 72 h to assess IC50 values (μM) (G). Cell 
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viability was quantified by luminescence. Data represent the mean ± standard deviation of 

triplicates. IC50 was calculated using GraphPad Prism version 9.2.0.
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Figure 4. The axis of CHD1-KPNA2 controls the interaction of TPX2 and Aurora A.
A, Expression of KPNA2 gene in control and CHD1 KO LNCaP and BPH1 cells. Data 

represent the mean ± standard deviation of triplicates. An unpaired two-tailed Student’s 

t-test was used for statistical analysis. ****p<0.0001. B, Pearson correlation analysis shows 

positive correlation between CHD1 and KPNA2 in human prostate cancer samples. Pearson 

correlation coefficient (r), and p values are shown, ****p<0.0001. C, ATAC-seq analysis 

of promoter accessibility of KPNA2 gene in control and CHD1 KO LNCaP cells. D, Dual 

luciferase assay was conducted to detect the transcriptional activation of KPNA2 gene. 

Renilla luciferase plasmid and control or pGL4 plasmid containing a 1.2-kb DNA fragment 

of KPNA2 promoter were transfected into LNCaP cells with or without CHD1 knockdown, 

followed by a dual luciferase assay. Data represent the mean ± standard deviation of 

triplicates. An unpaired two-tailed Student’s t-test was used for statistical analysis. *p < 

0.05. E, Endogenous co-IP of TPX2 and Aurora A in control, KPNA2 KO, and CHD1 KO 

BPH1 cells treated with or without 10 μM alisertib for 24 h. F, IC50 values (μM) of alisertib 

in control, KPNA2 KO and CHD1 KO BPH1 cell lines. Cells were treated with the indicated 

concentrations of alisertib for 72 h. Cell viability was quantified by luminescence. Data 

represent the mean ± standard deviation of triplicates. IC50 was calculated using GraphPad 

Prism version 9.2.0.
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Figure 5. CHD1 is required for the anti-tumor effects of alisertib in vivo.
A, Xenograft prostate cancer mouse models were established using control and CHD1 

KO DU145 cells. Mice were treated with vehicle or alisertib (10 mg/kg/day) by oral 

gavage daily for 21 days. Tumor size was measured twice a week. n=6–8 mice. An 

unpaired two-tailed Student’s t-test was used for statistical analysis. *p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001; n.s.: not significant. B, Representative images of 

immunohistochemistry (IHC) staining for CHD1 and KPNA2 in xenograft tumors derived 

from control and CHD1 KO DU145 cells. Scale bar=200 μm. C, Representative images of 

IHC staining for Ki67, Cleaved caspase-3, phospho-Aurora Kinase, and phospho-Histone 
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H3 (Ser10) in control and CHD1 KO DU145 derived xenograft tumors after treatment. 

Scale bar=100 μm. D, Immunofluorescence (IF) co-staining of TPX2 (red) and Aurora 

A (green) in control and CHD1 KO DU145 derived xenograft tumors after treatment. 

Representative image of TPX2-Aurora A co-localization is presented (Scale bar=20 μm). 

Quantification shows the percentage of mitotic cells with TPX2-Aurora A co-localization 

in each group. E, Spindle assembly (red: tubulin) and chromosome alignment (blue: DAPI) 

in control and CHD1 KO DU145 derived xenograft tumors after treatment. Representative 

images of abnormal mitotic spindles are presented (Scale bar=5 μm). Quantification shows 

the percentage of mitotic cells with abnormal mitotic spindles. Data represent the mean 

± standard deviation of 10 individual views. An unpaired two-tailed Student’s t-test was 

used for statistical analysis. ***p<0.001; ****p<0.0001. n.s.: not significant. F, Expression 

of CHD1 in different stage of human prostate cancer determined by RNA-seq (n=155). 

****p<0.0001. n.s.: not significant. G-H, Clinical relevance of CHD1/KPNA2 (G) and 

CHD1/AURKA (H) expression with progression-free survival in human prostate cancer. 

Log-rank (Mantel-Cox) test was used for statistical analysis. *p < 0.05. HR [95% confidence 

interval (CI)] are presented.
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Figure 6. PTEN defects are associated with a better response to alisertib in advanced prostate 
cancer.
A, IC50 values (μM) of alisertib in DU145 cells transfected with control and PTEN siRNA. 

Cells were treated with the indicated concentrations of alisertib for 72 h. Data represent the 

mean ± standard deviation of triplicates. IC50 was calculated using GraphPad Prism version 

9.2.0. B, Schematic of drug treatment design using genetically engineered mouse models 

(GEMMs) PB-Cre; PtenL/L; Smad4L/L (PbPS). Tumor volume was monitored by 7T-MRI. 

C-D, Representative MRI scan(C) and tumor volume (D) of prostate tumors from PbPS 

mice after 25-day treatment of vehicle control or alisertib (20 mg/kg/day) by oral gavage 
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daily. n=4–5 mice. Data represent the mean ± standard deviation. Statistical analyses were 

performed using an unpaired two-tailed Student t-test with GraphPad Prism version 9.2.0. 

****p<0.0001. E, Representative H&E staining of dorsal-lateral prostate (DLP) tumors at 

the endpoint. Scale bar=300 μm. F Representative images of IHC staining of Ki67 and 

Cleaved caspase-3 in DLP tumors. Scale bar=100 μm. G, Percentage of patients with 

PTEN defects in responder or non-responder groups in phase II clinical trial of alisertib in 

mCRPC. Pearson correlation analysis was performed using GraphPad Prism version 9.2.0.. 

H, Patient-derived organoids PM155 (PTEN-loss) and PM154 (PTEN-intact) were treated 

with the indicated concentrations of alisertib for 6 days to assess IC50 values (nM). Cell 

viability was quantified by luminescence. Data represent the mean ± standard deviation 

of 5 replicates. IC50 was calculated using GraphPad Prism version 9.2.0. I, Representative 

images of IHC staining of CHD1 and KPNA2 in PM155 and PM154 organoids. Scale 

bar=100 μm. J, Schematic model.
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