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There were approximately 1.93 million new cases and 940 000 deaths from col-

orectal cancer in 2020. The first-line chemotherapeutic drugs for colorectal can-

cer are mainly based on 5-fluorouracil, although the use of these drugs is limited

by the development of drug resistance. Consequently, there is a need for novel

chemotherapeutic drugs for the efficient treatment of colorectal cancer patients.

In the present study, we screened 160 drugs approved by the Food and Drug

Administration and identified that cabazitaxel (CBT), a microtube inhibitor,

can suppress colony formation and cell migration of colorectal cancer cells

in vitro. CBT also induces G2/M phase arrest and apoptosis of colorectal cancer

cells. Most importantly, it inhibits the growth of colorectal cancer cell xenograft

tumors in vivo. Transcriptome analysis by RNA-sequencing revealed that Tub

family genes are abnormally expressed in CBT-treated colorectal cancer cells.

The expression of several p53 downstream genes that are associated with cell

cycle arrest, apoptosis, and inhibition of angiogenesis and metastasis is induced

by CBT in colorectal cancer cells. Overall, our results suggests that CBT sup-

presses colorectal cancer by upregulating the p53 pathway, and thus CBT may

have potential as an alternative chemotherapeutic drug for colorectal cancer.

Abbreviations

5-FU, 5-fluorouracil; CBT, cabazitaxel; CI, confidence interval; CRC, colorectal cancer cell; GFP, green fluorescent protein; GO, Gene

Ontology; GSEA, geneset enrichment analysis; IC50, half-maximal inhibitory concentration; KEGG, Kyoto Encyclopedia of Genes and

Genomes; KO, knockout; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; RNA-seq, RNA-sequencing.
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Colorectal cancer is the third most diagnosed cancer and

leads to the second greatest mortality among cancers

worldwide. There were approximately 1.93 million new

cases and 940 000 deaths of colorectal cancer in 2020

according to the World Health Organization 1. Multiform

therapeutic strategies, such as surgery, chemotherapy,

radiotherapy and recent immunotherapy, have been devel-

oped and applied to colorectal cancer patients. Surgical

resection plus chemotherapy is the most common treat-

ment for early stage of primary colorectal cancer [2]. The

first-line chemotherapeutic drugs of colorectal cancer are

mainly based on 5-fluorouracil (5-FU). However, these

drugs exhibit compromised efficacy as a result of signifi-

cant toxicity, drug resistance or patient inconvenience [3].

The high mortality of colorectal cancer indicates that the

current therapy is far from ideal. Novel chemotherapeutic

drugs for the efficient treatment of colorectal cancer

patients are urgently needed.

As the safety of Food and Drug Administration

(FDA)-approved drugs is demonstrated, the explo-

ration of their therapeutic application to colorectal

cancer can greatly reduce the cost and time for drug

application. Cabazitaxel (CAS183133-96-2; RPR

116258; XRP6258; TXD258; Jevtana; CBT) is an

FDA-approved drug for the treatment of patients who

are diagnosed with metastatic castration-resistant pros-

tate cancer that is resistant to paclitaxel and docetaxel

treatment [4]. CBT is a semi-synthetic taxane deriva-

tive. It promotes the polymerization of tubulin and

stabilizes microtubules. It inhibits prostate cancer cells

by inhibiting androgen receptor and heat shock pro-

tein [5] and shows antitumor activity in docetaxel-

refractory metastatic prostate cancer and breast cancer

[6,7]. It is also reported to induce autophagy via the

phosphoinositide 3-kinase/Akt/mechanistic target of

rapamycin pathway in lung adenocarcinoma cancer

cell line A549 [8]. However, it is not clear whether

CBT is effective in inhibiting colorectal cancer, nor

what the underlying mechanism comprises.

HCT116 cell is a commonly used colorectal cancer cell

line. It can be cultured without growth factors in vitro [9-

12]. HCT116 cells are highly motile and invasive and

showed high efficiency with respect to forming tumors in a

subcutaneous xenograft experiment [13]. Using this cell

line, we screened 160 FDA-approved drugs and found that

CBT can efficiently inhibit HCT116 cells. Employing a ser-

ies of in vitro assays, we found that CBT can suppress

HCT116 cell proliferation and migration. CBT induces

G2/M phase cell cycle arrest and apoptosis of HCT116

cells. Most interestingly, CBT can efficiently inhibit tumor

growth in the HCT116 cell xenograft mouse model. By

comparing the transcriptome of CBT-treated and control

HCT116 cells, we found that CBT treatment leads to

upregulation of genes involved in the p53 signaling path-

way. Further knockout (KO) of p53 in HCT116 cells con-

firms the key role of p53 signaling for the CBT inhibitory

effect in colorectal cancer cells.

Overall, the present study reports a novel anti-

colorectal cancer role for CBT, which may be used as

an alternative chemotherapeutic drug for the efficient

treatment of colorectal cancer patients.

Materials and methods

Cell culture

HCT116 cells were cultured in Dulbecco’s modified Eagle’s

medium basic media supplemented with 10% fetal bovine

serum at 37 °C in an incubator with 5% CO2. The cells

were passaged by 0.25% trypsin at a ratio of 1:3 after con-

fluency.

Drug screening by the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-tetrazolium bromide (MTT)

cytotoxicity assay

5 9 103 HCT116 colorectal cancer cells were seeded per

well in a 96-well plate for overnight culture to allow the

cells to adhere to the plate. Dimethylsulfoxide or dimethyl-

sulfoxide diluted FDA drugs were added to the culture

medium separately on the next day. After 48 h, cell viabil-

ity was assessed by the MTT colorimetric assay. Ten micro-

liters of MTT solution (5 mg�mL�1 in PBS) were added to

each well. After 3 h of incubation, absorbance at 570 nm

with a reference wavelength of 690 nm was assessed to cal-

culate the cell viability with respect to the untreated cells.

Three independent biological experiments were performed

for each assay.

Cabazitaxel solution preparation

Cabazitaxel was purchased from Topscience (Shanghai,

China). For the in vitro experiment, 5 mg of CBTwas dissolved

in 0.598 mL of dimethylsulfoxide (10 mM) and further diluted

with PBS to different concentrations. For the in vivo experi-

ment, based on the formulation of Jevtana (Sanofi-Aventis

Groupe, Paris, France), 10 mg of CBT was dissolved in 0.26 g

of polysorbate 80 (Tween 80) and mixed with 0.95 mL of 13%

ethanol (w/w) in ddH2O before injection, wiith 0.9% sodium

chloride solution being used in the final dilution.

Half-maximal inhibitory concentration (IC50)

measurement

The indicated colorectal cancer cells and prostate cancer

cells were treated with a series of diluted CBT for 48 h.
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The cell viability was measured by the MTT colorimetric

assay. The values of CBT-treated samples were normalized

with untreated samples in EXCEL (Microsoft Corp., Red-

mond, WA, USA) and then input in a nonlinear sigmoidal

curve of PRISM, version 7 (GraphPad Software Inc., San

Diego, CA, USA) to calculate the IC50. Three independent

biological experiments were performed for each assay.

RNA extraction and RT cDNA synthesis

Total RNA was extracted from the control or CBT-treated

cells using TRIzol Reagent (Invitrogen, Waltham, MA,

USA). The concentration and purity of RNA was mea-

sured by spectrophotometry (Nanodrop Technologies, Inc.,

Wilmington, DE, USA). cDNA was synthesized from 2 µg
of RNA using 5 9 PrimeScript RT Master Mix (Takara,

Shiga, Japan) in accordance with the manufacturer’s

instructions.

Western blotting

Total proteins of the cells were harvested with RIPA buffer

and separated via SDS/PAGE. Subsequently, the proteins

were transferred to a poly(vinylidene difluoride) membrane

and blocked by 5% slim milk in TBS plus 0.1% Tween 20.

The membrane was then blot with b-actin antibody (dilu-

tion 1:1000; SC47778; Santa Cruz Biotechnology, Santa

Cruz, CA, USA), Phospho-Histone H2A.X antibody (dilu-

tion 1:1000; catalogue no. 2577; Cell Signaling Technology,

Danvers, MA, USA) or p21/Waf1/Cip1 antibody (dilution

1:1000; catalogue no. 2947; Cell Signaling Technology),

respectively, overnight at 4 °C. The membrane was washed

with TBS plus 0.1% Tween-20 solution and then blotted

with proper horseradish peroxidase-conjugated secondary

antibodies. After washing, CHEMDOC (Bio-Rad, Hercules,

CA, USA) was used to detect the signals.

Real-time PCR

The relative expression of mRNA was examined by real-

time PCR using SYBR Green Master Mix (Takara) on an

ABI QuantStudioTM 7 real-time PCR system (Thermo

Fisher Scientific, Wlathm, MA, USA). The thermal cycling

conditions included an initial hold period at 95 °C for 30 s

followed by a two-step PCR program, comprising 95 °C
for 5 s and 60 °C for 30 s with 40 cycle repeats. To evalu-

ate the relative expression, the Ct value of the examined

sample gene was first normalized with the Ct value of

endogenous Gapdh and then with the Ct values of the

respective control sample gene. All experiments were per-

formed with three biological repeats and three technique

repeats. Student’s t-test was used for statistical analysis.

The primer sequences for real-time PCR are provided in

Table 1.

Apoptosis assay

The apoptosis assay was performed using an Annexin

V-FITC/PI Apoptosis Kit (MultiSciences Biotech, Hang-

zhou, China). Cancer cells were seeded at 1 9 105 cells per

well in a six-well plate for overnight culture. Then, the cells

were treated with PBS and cabazitaxel at the IC50 of the

respective cells for 48 h. Next, cells were collected for the

apoptosis assay in accordance with the manufacturer’s

instructions. Flow cytometry analysis was performed using

a FACSCanto II (BD Biosciences, Franklin Lakes, NJ,

USA) flow cytometer. The percentage of cells at different

cell cycle phases was analyzed using FLOWJO (https://www.

flowjo.com). Three biological repeats were employed for

each experiment. Student’s t-test was used for the statistical

analysis.

Cell cycle assay

Cancer cells were seeded at 1 9 105 cells per well in a six-

well plate. After overnight culture, the cells were treated

with cabazitaxel at the IC50 of the respective cell line for

48 h. The cells were gently lifted with 0.25% Trypsin

(Gibco, Waltham, MA, USA) at 37 °C for 1 min. Next,

the cells were washed once with PBS and fixed with 75%

alcohol at �20 °C overnight. Subsequently, the cells were

centrifuged at 395 g for 5 min and suspended in propidium

iodide solution (50 µg�mL�1 propidium iodide,

0.1 mg�mL�1 RNase A and 0.05% Triton X-100 in PBS)

and incubated at 37 °C for 40 min. After centrifugation,

the supernatant was removed and the cells were resus-

pended in 500 µL of PBS for flow cytometry analysis using

a FACSCanto II (BD Biosciences) flow cytometer. The per-

centage of cells at different cell cycle phases was analyzed

using FLOWJO. Three biological repeats were tested for each

experiment. Student’s t-test was used for statistical analysis.

Colony formation assay

Agarose mixture containing 0.5 mL of growth media plus

20% fetal bovine serum and 0.5 mL of 0.8% agararose gel

was used to coat each well of a six-well plate. The plates

were subsequently cooled at 4 °C for 5 min to solidify the

agarose and then transferred to the tissue culture hood and

warmed to 37 °C. 5 9 103 HCT116 cells thoroughly mixed

with low density agarose mixture containing 0.5 mL of

growth media plus 20% fetal bovine serum and 0.5 mL of

0.4% agararose gel were added to each well of the agarose-

coated plates. After solidification for another 20 min, com-

plete media (1 mL) plus cabazitaxel at different concentra-

tions was added to the wells. After 72 h, the media

containing cabazitaxel was removed and 1 mL of fresh

media was used for replenishment. The medium was chan-

ged every 3 days up to day 14. Colonies were stained with
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0.05% crystal violet for 1 h and then washed with PBS.

The images of the colonies were captured using a micro-

scope (Olympus, Tokyo, Japan) with a 49 objective lens.

The number of colonies was counted manually. The area of

colonies was quantified using IMAGEJ (NIH, Bethesda, MD,

USA). The experiments were performed with three biologi-

cal repeats and three technical repeats.

Wound healing assay

3 9 104 HCT116 cells were seeded in each well in 12-well

plates with Culture-Insert 4 Well silicone inserts (Ibidi,

Gr€afelfing, Germany). The cells were incubated at 37 °C
and 5% CO2 for 24 h for attachment. The Culture-Insert 4

Well was then removed with sterile tweezers. Growth med-

ium with or without 0.03 lM cabazitaxel was added to the

culture. All experiments included three biological repeats.

The culture images were captured at different time points

using a microscope (Leica, Wetzlar, Germany). The gap of

the culture was measured using IMAGEJ.

In vivo antitumor assay

All animal experiments were approved by the Institutional

Animal Care and Use Committee of the Sixth Affiliated

Hospital of Sun Yat-sen University (Guangzhou, China).

Five-week-old female BALB/c nude mice were purchased

from Charles River Laboratories (Beijing, China) and

maintained under specific pathogen-free condition under a

12:12-h dark/light photocycle. A maximum of five mice

were kept in one microisolator cage with ad libitum feeding

of autoclaved food and water. One hundred microliters of

green fluorescent protein (GFP)-labeled HCT116 cells in

PBS at a concentration of 5 9 104 cells�lL�1 were subcuta-

neously injected into the left flank of 6-week female mice

anesthetized using inhaled isoflurane. Seven days later, the

xenografted tumors grew to approximately 30–200 mm3 in

size. The mice were randomly assigned to five groups

(n = 3 per group) for the administration of different

reagents. Intraperitoneal injections with 8 and 16 mg�kg�1

CBT, 8 and 16 mg�kg�1 5-FU and PBS were performed,

respectively, at days 0, 5 and 10 after group assignment.

The growth of tumor was monitored with an in vivo imag-

ing system (IVIS Spectrum; Xenogen, Alameda, CA, USA)

after the mice were anesthetized using inhaled isoflurane.

Tumor volume was measured every 3 days and calculated

as V = (length 9 width 9 height)/2. The mice were

weighed every 3 days and their general physical status was

recorded daily. The experiment was terminated before the

tumor size reached 2000 mm3. The mice were killed with

CO2 and the tumors were dissected out for the subsequent

experiments.

Gene expression analysis

RNA was extracted from the indicated cells. The RNA-

sequencing (RNA-seq) libraries were constructed and

sequenced with NovaSeq 6000 sequencer by Berry Geno-

mics Co Ltd (Beijing, China). Raw sequencing reads were

subjected to quality filtering and adapter removal. The

remain reads were then aligned to the reference human gen-

ome (hg19) using STAR2 (v2.7.3a) [14]. The gene expression

was quantified as FPKM (i.e. fragments per kilobase of

gene per million mapped read) using CUFFLINKS, version

2.2.1 [15]. Differential expression genes were determined

using |log2(fold change)| ≥ 0.58 in CBT-treated HCT116

cells versus control HCT116 cells. The |log2(fold change)|
prerank gene list was used for the subsequent enrichment

analyses. Geneset enrichment analysis (GSEA) was used to

assess the enrichment from the Hallmark geneset collection

provided by the v4.0 MsigDB [16] and Kyoto Encyclopedia

of Genes and Genomes (KEGG) [17-19].

Table 1. Sequences of quantitative RT-PCR primers and TP53 gRNA oligos.

RT-PCR primer

Gene Species Forward Reverse

Tp53i3 Human AATGCTTTCACGGAGCAAATTC TTCGGTCACTGGGTAGATTCT
Gadd45a Human CCCTGATCCAGGCGTTTTG GATCCATGTAGCGACTTTCCC
Pmaip1 Human ACCAAGCCGGATTTGCGATT ACTTGCACTTGTTCCTCGTGG
Cdkn1a Human TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC
Fas Human AGATTGTGTGATGAAGGACATGG TGTTGCTGGTGAGTGTGCATT

TP53 gRNA oligo

Name Species Sequence

gRNA1 Human CCATTGTTCAATATCGTCCG
gRNA2 Human CCATTGCTTGGGACGGCAAG
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Establishment of TP53 KO HCT116 cells by

CRISPR/Cas9

TP53 KO HCT116 cells were generated by CRISPR/Cas9

using gRNAs as described previously [20]. Two hTP53

gRNA KO plasmids (YKO-RP003-hTP53, YKO-RP003-

hTP53, Ubigene) were obtained from Ubigene Company

(Guangzhou, China). gRNA oligos are listed in Table 1.

The hTP53 gRNA KO plasmids were transfected into

HCT116 cells using Lipofectamine 3000 (Invitrogen). The

cells were selected using a concentration of 0.8 lg�mL�1 of

purimycin at 24 h after transfection to eliminate the non-

transfected cells. The survived cells were subcultured and

checked for expression of GFP. Knockout of TP53 was

confirmed by western blotting.

Results

Cabazitaxel can efficiently inhibit the

proliferation and migration of colorectal cancer

cells

To identify drugs that have potential to treat colorectal

cancer, we utilized HCT116 cells as a colorectal cancer

cell model and screened 160 FDA-approved drugs

(Table 2). Our initial trial revealed that CBT could effi-

ciently reduce the number of viable HCT116 cells after

48 h of drug treatment (Fig. 1A). A concentration of

0.03 lM CBT reduced the viable HCT116 cells to 50%,

whereas 0.24 lM CBT reduced the cell viability to 30%

(Fig. 1B). To determine whether CBT plays a broad

inhibitory role for different colorectal cancer cells, we

next investigated its cytotoxicity to HCT116, LoVo,

HCT8 and DLD1 cells. Because CBT is an FDA-

approved drug for prostate cancer, we also included

prostate cancer cell DU145 and PC3 in the experiment

as positive controls. We examined cell viability at 48 h

after CBT treatment at different concentrations by the

MTT colorimetric assay and calculated the IC50. IC50

values of CBT to HCT116, LoVo, HCT8 and DLD1-

cells were 0.029 lM [0.023–0.036 lM, 95% confidence

interval (CI)], 0.063 lM (0.047–0.087 lM, 95% CI),

0.255 lM (0.198–0.328 lM, 95% CI) and 0.532 lM
(0.438–0.646 lM, 95% CI), respectively. Meanwhile,

IC50 values of CBT to prostate cancer cell DU145 and

PC3 cells were 0.054 lM (0.033–0.090 lM, 95% CI) and

0.066 lM (0.030–0.148 lM, 95% CI) (Fig. 1C). These

results suggest that CBT inhibits colorectal cancer cell

HCT116 and LoVo cells as efficiently as prostate cancer

cell DU145 and PC3 cells. However, a much higher dose

of CBT is required to inhibit colorectal cancer cell

HCT8 cells and DLD1 cells.

Next, we examined the effect on colony formation.

The number of HCT116 colonies decreased gradually

with an increase in CBT concentration (Fig. 1D–F). To
investigate whether CBT can inhibit the migration of

colorectal cancer cells, we then examined the effect of

CBT on cell motility by the wound-healing assay using

HCT116 cells. An Ibidi culture insert was used to gener-

ate the wound gap and serum-free culture medium was

added to the cells after the insert was removed to reduce

the effect of cell proliferation. Obviously, the Ibidi cul-

ture insert generated gap demonstrated much slower

closing for CBT pretreated colorectal cancer cells than

for control cells at 48 h after insert removal (Fig. 1G,

H). Immunostaining of tubulin revealed that CBT-

treated HCT116 cells showed cytoskeleton disorder and

morphological malformation with a reduced pseudopod,

which is line with the reduced motility of CBT-treated

cells. (Fig. 1I). Taken together, CBT can efficiently inhi-

bit the growth and migration of colorectal cancer cells.

CBT induces G2/M phase cell cycle arrest and

apoptosis in colorectal cancer cells

To determine how CBT suppresses colorectal cancer

cell proliferation, we a performed flow cytometry assay

to examine the effect of CBT on the cell cycle distribu-

tion of colorectal cancer cells and prostate cancer cells.

The CBT concentration at IC50 to the respective cell

lines was adopted for the assay. As expected, CBT

treatment led to G2/M cell cycle arrest in all tested cell

lines (Fig. 2A). There were approximately 3-fold more

cells at G2/M phase in CBT-treated cells than in the

control cells (Fig. 2B). This observation is consistent

with previous studies reporting that CBT causes G2/M

cell cycle arrest in cancer cells [21,22]

Because CBT induced G2/M phase arrest, we next

investigated whether CBT treatment triggers apoptosis

of colorectal cancer cells. Similarly, the CBT concentra-

tion at IC50 to the respective cell lines was adopted for

the assay. Forty-eight hours after CBT treatment, the

control and CBT-treated cells were stained with annexin

V-fluorescein isothiocyanate and propidium iodide to

analyze the apoptosis rate of these cells via flow cytome-

try. Compared to the control cells, CBT treatment led

to an approximately 2-fold or more increase in cell

apoptosis (Fig. 2C,D). Western blotting revealed that

the apoptosis marker-cleaved caspase-3 was also greatly

increased in CBT-treated HCT116 cells (Fig. 2E).

Cabazitaxel inhibits tumor growth in colorectal

cancer xenograft model

To evaluate the antitumor effect of cabazitaxel against

colorectal cancer, we subcutaneously injected GFP-

labeled HCT116 cells into nude mice to derive a
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xenograft model of colorectal cancer. Based on the

dose of Jevtana (cabazitaxel) used for the patient, the

dose of CBT utilized for the mouse experiments was

derived according to the body surface area [23-25].

Accordingly, 8 and 16 mg�kg�1 CBT were tested for

the efficacy. Because 10–40 mg�kg�1 5-FU was

reported to be effective in inhibiting tumor growth

[26,27], we utilized 8 mg�kg�1 5-FU as a negative drug

control and 16 mg�kg�1 5-FU as a positive drug con-

trol for the assay. Mice injected with PBS were also

used as a negative control. All experimental mice had

xenograft tumors at day 7 after subcutaneous injection

of HCT116 cells. We then randomized the mice and

treated them with CBT and 5-FU, respectively. Using

IVIS Spectrum to monitor tumor growth, we found

that mice treated with 8 mg�kg�1 CBT, 16 mg�kg�1

CBT and 16 mg�kg�1 5-FU showed relatively smaller

xenograft tumors than those treated with 8 mg�kg�1 5-

FU and PBS (i.e. negative control groups) (Fig. 3A,B).

After further analyses of the drug efficacy by normaliz-

ing the tumor with tumor at the injection starting

point, we concluded that 8 and 16 mg�kg�1 CBT can

inhibit HCT116 cell formed tumors in nude mice as

efficiently as 16 mg�kg�1 5-FU (Fig. 3C,D).

Cabazitaxel treatment induces the abnormal

expression of Tubb family gene expression in

colorectal cancer cells

To further investigate why CBT can efficiently inhibit

colorectal cancer, we performed RNA-seq assays to

determine the transcriptomic changes between the con-

trol and CBT-treated HCT116 cells. Compared to the

control, 421 genes were upregulated and 340 genes

were downregulated in CBT-treated HCT116 cells

(Fig. 4A and Table 3).

Gene Ontology (GO) analysis on molecular function

term enrichment revealed that CBT treatment led to

the upregulation of genes involved in a variety of bind-

ing events, such as protein binding, protein dimeriza-

tion, DNA binding and organic cyclic compound

binding, etc. (Fig. 4B). The abnormal binding events

indicate the disruption of normal dynamics of the

microtube lattice inside the cells. Indeed, GO analysis

revealed that multiple TUBB and TUBA family genes

were upregulated in CBT-treated HCT116 cells

(Fig. 4C). This might be a result of the inhibition of

the disassembly of the microtube by CBT forcing the

cells to complementarily express microtube assembly-

related genes. A function chord diagram further

revealed that Tubb3, Tubb6, Tubb2a, Tubb4a and

Tubb2b are linked to the microtubule-based process,

the response to an external stimulus, and the mitotic

cell cycle process (Fig. 4D), suggesting a disruptive

role of CBT on these processes.

Cabazitaxel inhibits colorectal cancer cell growth

via activating the p53 signaling pathway

In addition to a number of Tubb family genes being

upregulated in CBT-treated cells, KEGG pathway

analysis revealed that CBT treatment-induced genes

were enriched in the well-known antitumor p53 signal-

ing pathway (Fig. 5A). Meanwhile, CBT treatment

indicated that downregulated genes were related to

multiple metabolism processes, such as carbon meta-

bolism and glycine, serine and threonine metabolism,

as well as glycolysis (Fig. 5B). Furthermore, GSEA

revealed a positive correlation between p53 pathway

genes and CBT upregulated genes in HCT116 cells,

indicating that CBT indeed enhances the expression of

p53 pathway genes (Fig. 5C). Rending the genes to the

Fig. 1. CBT can efficiently inhibit colorectal cancer cells. (A) Cell morphology of control and 0.03 and 0.24 lM CBT-treated HCT116 cells at

high magnification (Top: scale bar = 100 lm) and log magnification (Bottom: scale bar = 150 lm). (B) Relative cell viability measured by the

MTT assay. Error bars indicate the SD. Student’s t-test was used for statistical analysis. Data are mean � SD (n = 6). ***P < 0.001. (C)

In vitro cytotoxicity of CBT at a different concentration to human colorectal cancer cells HCT116, LOVO, HCT8 and DLD1, as well as Du145

and PC3 prostate cancer cells. Data are the mean � SD(n = 6). Red lines indicate the nonlinear fit sigmoidal curve. The cell viability rate

was obtained by normalizing the MTT assay output of CBT-treated cells with corresponding dimethylsulfoxide-treated cells. (D) Colony

morphology of control HCT116 cells and CBT (at the indicated concentration)-treated HCT116 cells. (E) The number of colonies formed by

HCT116 cells after treatment with control or CBT of the indicated concentration. Error bars indicate the SD. Student’s t-test was used for

statistical analysis. Data are the mean � SD (n = 3). ***P < 0.001. (F) Percentage of control or CBT-treated HCT116 cell formed colony area

in the total cell culture plate area. The area was measured using IMAGEJ. Error bars indicate the SD. Student’s t-test was used for statistical

analysis. Data are the mean � SD (n = 3). ***P < 0.001. (G) Microscopic images of the wound-healing assay with control HCT116 cell

culture and 0.03 lM CBT-treated cell culture at the indicated time. Scale bar = 200 lm. (H) Quantification of wound gap in control HCT116

cell culture and 0.03 lM CBT-treated cell culture at different time points compared to the wound gap at 0 h. Data are the mean � SD

(n = 3). **P < 0.01. (I) Representative immunofluorescence images of control and CBT-treated cells blotted with antibody against tubulin.

Nuclear DNA was counterstained with DAPI. Scale bar in the 20-fold magnified image = 50 lm, whereas the scale bar in the 40-fold

magnified image = 20 lm.
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p53 pathway clearly showed that multiple cell cycle

arrest-related genes, such as p21, 14-3-3-d and Gaff45,

were increased in CBT-treated cells (Fig. 5D). p53

downstream genes Fas, Noxa, PUMA and PIGs,

which induce apoptosis, and PAI, TSP1 and Maspin,

which inhibit angiogenesis and metastasis, were also

upregulated in CBT-treated cells (Fig. 5D).

Furthermore real-time PCR assays also confirmed that

the mRNA levels of p53 downstream genes such as

Tp53i3, Gadd5a, Pmaip1, Cdkn1a and Fas were signif-

icantly higher in CBT-treated HCT 116 cells than in

control cells (Fig. 5E). In addition, the expression of

p53 major downstream protein p21(Waf1/CiP1) that

links DNA damage to cell cycle arrest was enhanced

CBT 16 mg·kg–1 CBT 8 mg·kg–1 Control CBT 16 mg·kg–1 CBT 8 mg·kg–1 Control

Day 5 Day 14

5-FU 16 mg·kg–1 5-FU  8 mg·kg–1 Control 5-FU 16 mg·kg–1 5-FU  8 mg·kg–1 Control

Day 5 Day 14

5-FU 16 mg·kg–1 5-FU  8 mg·kg–1 Control

CBT 8 mg·kg–1 ControlCBT 16 mg·kg–1

(A)

(B)

(C)
(D)

Fig. 3. Cabazitaxel inhibits tumor growth

in a colorectal cancer xenograft model. (A)

Representative AVIS images showing

control, 8 and 16 mg�kg�1 CBT-treated

mice that bear HCT116 xenograft tumor at

days 5 and 14 after the first injection. (B)

Representative AVIS images showing

control, 8 and 16 mg�kg�1 5-FU treated

mice that bear HCT116 xenograft tumor at

days 5 and 14 after the first injection. (C)

Representative pictures of tumors

harvested from CBT, 5-FU and control

treated mice. (D) Relative tumor growth

fold of CBT, 5-FU and control treated

mice. The relative tumor growth fold was

obtained by normalizing the tumor volume

at each time point with the tumor volume

at the injection starting time. Data are the

mean � SD (n = 3).

Fig. 2. CBT induced G2/M arrest and apoptosis in colorectal cancer cells. (A) Cell cycle distributions of control and CBT-treated HCT116,

LOVO, HCT8 and DLD1 human colorectal cancer cells, as well as DU145 and PC3 prostate cancer cells, by flow cytometry analysis. Blue

represents G1 phase; red represents S phase and orange represents G2/M phase. (B) Percentage of cells at G1 phase, S phase and G2/M

phase in (A). Data are the mean � SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. (C) Representative graphs of cell apoptosis of control

and CBT-treated HCT116, LOVO, HCT8 and DLD1 human colorectal cancer cells, as well as DU145 and PC3 prostate cancer cells,

examined by double staining with propidium iodide and annexin V-fluorescein isothiocyanate and a flow cytometry assay. (D) Early and late

apoptosis rate of (C). Student’s t-test was used for statistical analysis Data are the mean � SD (n = 3). *P < 0.05, **P < 0.01,

***P < 0.001. (E) Representative image of western blotting (left) and densitometric analyses (right) of the expression of cleaved caspase-3

expression in CBT-treated and nontreated HCT116 cells. Actin was used as an internal control. Data are the mean � SD (n = 2).
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Term CBT group uptegulated genes Pvalue Fold enrichment FDR
IPR000217:Tubulin TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBA1B, TUBA1C, TUBA4A, TUBA1A, TUBB3 5.15E-09 21.08977273 7.56E-06
IPR003008:Tubulin/FtsZ, GTPase domain TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBA1B, TUBA1C, TUBA4A, TUBA1A, TUBB3 7.45E-09 20.24618182 1.09E-05
GO:0007017~microtubule-based process TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBA1B, TUBA1C, TUBA4A, TUBA1A, TUBB3 2.32E-07 13.54193548 3.98E-04
hsa05130:Pathogenic Escherichia coli infection TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBA1B, TUBA1C, TUBA4A, TUBA1A, CD14, TUBB3 5.81E-06 7.411118293 0.0071791
IPR013838:Beta tubulin, autoregulation binding site TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBB3 1.14E-05 31.24410774 0.0167267
IPR002453:Beta tubulin TUBB2A, TUBB2B, TUBB4A, TUBB6, TUBB3 1.14E-05 31.24410774 0.0167267
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GO:0000975~regulatory region DNA binding
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Fig. 4. Cabazitaxel inhibits colorectal cancer cell growth via activating the P53 signaling pathway. (A) Scatter plot showing the upregulated

genes (red points) and downregulated genes (blue points) in CBT-treated HCT116 cells compared to control cells. The cut-off for expression

difference is 0.58. (B) GO enrichment analysis showing the enriched molecular of upregulated genes in CBT-treated HCT 116 cells

compared to control HCT116 cells. GO terms of upregulated and downregulated differentially expressed genes were assessed separately

for enrichment using Fisher’s exact test. (C) DAVID analysis of the enriched TUBB and TUBA family related genes. (D) Function chord plot

of CBT induced upregulated TUBB family genes.

3042 FEBS Open Bio 11 (2021) 3032–3050 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Cabazitaxel suppresses colorectal cancer W. Zhang et al.



T
a
b
le

3
.
D
if
fe
re
n
ti
a
l
e
x
p
re
s
s
e
d
g
e
n
e
s
in

C
B
T
-t
re
a
te
d
H
C
T
1
1
6
c
e
lls
.

G
e
n
e
n
a
m
e

C
B
T
v
s
C
o
n
tr
o
l
u
p
re
g
u
la
te
d
g
e
n
e
s

C
D
C
3
7
L
1
-A
S
1

G
A
D
D
4
5
B

C
D
C
2
0

C
E
A
C
A
M
1

A
C
T
A
2

M
IR
4
4
3
5
-2
H
G

C
C
D
C
8
6

T
C
T
A

R
Y
B
P

H
IS
T
2
H
2
B
E

H
IS
T
2
H
2
B
C

D
U
S
P
1

C
S
F
2

R
S
R
C
2

E
P
C
1

G
E
M

D
E
F
B
1

N
S
D
H
L

C
X
C
L
3

H
IS
T
1
H
2
B
E

R
IP
K
4

T
N
N
C
1

H
IS
T
1
H
2
B
N

H
S
P
B
8

S
B
D
S

P
R
M
T
5

Z
N
F
8
2
1

H
IS
T
1
H
2
B
O

IF
IT
2

C
K
L
F
-C
M
T
M
1

L
O
C
1
0
5
3
7
3
3
8
3

T
A
F
3

F
A
S

L
A
T
S
2

H
IS
T
1
H
2
A
E

M
IR
3
1
H
G

H
IS
T
1
H
2
A
K

C
Y
T
O
R

S
1
0
0
A
3

N
F
K
B
IE

U
R
B
1
-A
S
1

S
L
C
2
5
A
2
2

A
K
A
P
1
7
A

R
E
L
B

P
IT
X
2

H
IS
T
2
H
2
A
A
4

T
U
B
B
2
A

L
IN
2
8
A

H
IS
T
1
H
4
J

M
Y
L
9

J
O
S
D
2

S
F
P
Q

S
C
A
F
4

S
L
C
2
5
A
2
5

H
IS
T
2
H
2
A
A
3

T
F
A
P
2
A
-A
S
2

R
N
D
3

H
IS
T
1
H
2
A
C

D
N
A
J
C
2

L
S
M
E
M
1

N
R
2
F
2

M
U
C
2

K
R
T
A
P
3
-1

G
A
D
D
4
5
G

L
O
C
1
0
1
9
2
8
8
4
1

G
P
R
8
7

L
Y
A
R

A
U
R
K
A
P
S
1

M
Y
L
2

N
O
V

C
X
C
L
1

G
P
R
3

N
R
4
A
1

H
1
9

IG
F
B
P
6

A
T
A
D
3
B

C
L
T
B

A
K
R
1
B
1
0

A
R
R
D
C
3

S
N
A
I2

H
E
S
1

C
6
o
rf
2
2
6

S
E
S
N
1

N
X
F
1

R
B
M
3
8

D
A
G
L
B

S
M
IM

1
1
A

T
P
5
3
I3

R
P
L
2
1

D
U
S
P
1
4

L
IN
C
0
0
4
3
1

IF
N
A
2
2
P

M
R
P
L
2
3

C
1
o
rf
1
1
6

Z
C
3
H
1
2
A

S
C
A
R
N
A
2
8

L
O
C
6
5
4
3
4
2

P
N
P

P
C
N
A
-A
S
1

P
U
R
P
L

R
P
L
2
3
A
P
8
2

C
M
Y
A
5

C
T
G
F

C
D
1
4

V
G
F

P
P
M
1
D

R
N
R
1

F
A
M
5
3
C

Z
N
F
6
2
2

C
L
U

C
X
C
L
2

S
N
H
G
9

S
E
R
P
IN
B
2

T
R
M
T
6

S
N
R
P
A
1

C
H
N
1

T
R
IM

L
2

P
A
R
T
IC
L

S
L
M
O
2
-A
T
P
5
E

T
U
B
A
1
A

A
R
L
1
4

N
F
Y
C
-A
S
1

T
Y
W
1
B

A
T
O
X
1

D
K
K
4

W
D
R
6
3

H
IS
T
1
H
2
B
J

G
A
D
D
4
5
A

N
G
F
R

G
P
R
C
5
D

T
H
U
M
P
D
3
-A
S
1

P
E
R
1

T
IG
A
R

P
D
X
1

U
2
A
F
1
L
5

N
R
4
A
3

A
L
P
P

P
T
A
F
R

C
O
T
L
1

H
IS
T
1
H
3
H

L
M
O
7

E
L
O
A

Z
N
F
2
9
6

T
C
T
E
3

H
IS
T
3
H
2
A

M
D
M
2

D
D
N

P
M
A
IP
1

D
A
N
C
R

K
T
I1
2

H
IS
T
1
H
2
B
K

D
D
X
3
9
A

S
T
A
M
-A
S
1

H
M
O
X
1

F
U
B
P
1

P
C
F
1
1

C
R
IS
P
L
D
2

L
T
V
1

H
IS
T
1
H
2
B
C

U
P
K
3
B

S
E
R
P
IN
B
5

S
N
H
G
1
5

L
G
A
L
S
7
B

IE
R
3

P
S
P
C
1

L
IN
C
0
2
2
7
3

C
Y
R
6
1

F
A
M
4
6
B

G
A
L

P
D
L
IM

2
S
N
R
N
P
2
5

T
A
F
7
L

R
P
S
1
9
B
P
1

S
N
F
8

S
C
A
A
N
T
1

H
IS
T
1
H
3
D

F
G
F
B
P
1

M
IR
2
2
H
G

A
S
H
1
L
-A
S
1

IF
IT
1

P
A
K
1
IP
1

F
L
N
C

K
R
T
A
P
2
-3

E
G
R
2

M
E
D
2
6

C
C
Z
1
P
-O

R
7
E
3
8
P

L
IN
C
0
2
0
0
4

C
D
K
N
3

O
S
R
2

C
C
N
B
1

H
IS
T
1
H
1
C

S
E
R
F
2
-C
1
5
O
R
F
6
3

L
IN
C
0
2
4
8
6

M
A
F
F

M
T
4

F
B
L
L
1

K
B
T
B
D
8

P
S
M
D
2

C
X
C
L
8

S
IK
1

H
IS
T
1
H
2
A
I

A
E
N

C
B
W
D
5

P
E
R
2

L
IM

A
1

IL
3
2

W
F
D
C
2

R
R
A
D

Z
N
F
7
0
3

K
L
F
1
1

F
B
X
W
7

N
M
E
1

L
Y
6
D

F
A
M
1
3
3
D
P

B
H
L
H
E
4
1

B
T
G
2

T
R
IA
P
1

H
IS
T
1
H
4
K

H
B
E
G
F

O
S
G
IN
1

L
O
C
1
0
1
9
2
8
1
3
1

H
IS
T
1
H
1
E

P
L
K
2

T
U
B
A
4
A

K
L
F
1
0

Z
N
F
6
7
4
-A
S
1

S
L
C
1
6
A
1
4

S
L
C
3
0
A
1

P
O
L
E
3

IF
N
A
1

S
N
A
I1

S
S
S
C
A
1
-A
S
1

IE
R
2

A
L
Y
R
E
F

P
G
F

K
IF
2
0
A

C
A
P
N
1
0
-A
S
1

S
N
H
G
1
9

S
N
O
R
A
9
4

T
H
B
S
1

C
D
8
3

F
O
S
B

P
H
L
D
A
3

D
G
U
O
K
-A
S
1

V
IM

G
A
L
R
2

F
A
M
2
5
A

R
A
S
L
1
1
A

G
A
S
6
-A
S
2

M
S
X
2

T
U
B
B
3

L
S
M
3

C
D
C
2
5
A

Z
B
T
B
2

S
E
R
P
IN
E
1

S
C
A
R
N
A
9
L

O
D
C
1

Y
T
H
D
F
3
-A
S
1

T
N
K
S
2
-A
S
1

H
IS
T
2
H
3
D

S
D
C
1

H
O
X
C
5

D
H
R
S
2

G
A
L
N
T
5

D
L
X
2

A
L
P
P
L
2

A
R
R
D
C
4

S
E
R
P
IN
I1

A
P
O
D

T
U
B
A
1
B

R
G
S
1
6

T
U
B
B
2
B

C
C
L
2
0

C
Y
P
1
A
1

L
O
C
1
0
0
5
0
6
0
8
2

A
B
H
D
1
1
-A
S
1

L
IN
C
0
1
0
0
4

C
X
C
R
4

F
O
S

S
1
0
0
A
7

K
L
K
5

M
Y
H
1
6

U
B
E
2
S

F
O
S
L
1

C
A
V
IN
1

L
IN
C
0
1
4
8
1

S
N
O
R
A
5
8

J
U
N

E
ID
3

T
A
G
L
N
3

H
M
G
C
S
1

C
IT
E
D
1

L
A
M
A
3

A
T
P
6
V
0
C

C
P
A
4

S
F
N

B
H
L
H
E
4
0

A
M
O
T
L
2

E
P
H
A
2

P
IG
W

F
T
H
1
P
3

S
P
P
1

A
T
F
3

L
O
C
1
0
0
5
0
6
3
5
8

P
R
D
M
1

F
A
M
8
3
C
-A
S
1

A
N
K
R
D
3
3
B

S
1
0
0
A
2

R
P
L
1
7
-C
1
8
o
rf
3
2

R
P
S
1
4
P
3

N
R
1
D
1

L
O
C
6
4
4
6
5
6

S
N
H
G
1

N
M
E
1
-N
M
E
2

F
G
F
8

Z
B
T
B
4
9

W
N
T
9
A

C
R
S
P
8
P

3043FEBS Open Bio 11 (2021) 3032–3050 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

W. Zhang et al. Cabazitaxel suppresses colorectal cancer



T
a
b
le

3
.
(C
o
n
ti
n
u
e
d
).

G
e
n
e
n
a
m
e

C
B
T
v
s
C
o
n
tr
o
l
u
p
re
g
u
la
te
d
g
e
n
e
s

T
N
F
A
IP
3

P
D
E
6
G

N
U
A
K
2

L
G
A
L
S
7

H
IS
T
1
H
2
B
M

L
O
C
1
0
5
3
7
0
9
4
1

M
T
A
2

IN
G
1

G
A
S
T

E
G
R
1

M
O
B
P

K
R
T
1
5

L
O
C
1
0
0
2
7
0
8
0
4

L
O
C
1
0
2
7
2
4
4
2
8

N
C
B
P
2
-A
S
2

T
U
B
A
1
C

H
B
A
1

H
IS
T
1
H
4
E

V
H
L
L

E
IF
3
C

T
U
B
B
4
A

L
O
C
1
0
5
3
6
9
3
4
0

P
IN
X
1

S
R
P
X
2

N
F
K
B
IA

E
G
R
3

L
O
C
1
0
1
9
2
7
7
6
5

P
D
R
G
1

A
L
O
X
E
3

E
F
N
B
1

N
A
P
1
L
5

ID
I1

H
IS
T
1
H
2
B
D

A
D
M

S
R
R
T

A
P
O
E

T
S
P
Y
L
2

C
S
F
1

H
2
A
F
J

T
M
4
S
F
1
9

A
Q
P
3

N
O
C
T

A
R
C

P
L
K
1

M
G
A
R
P

F
A
B
P
5

Z
N
F
6
5
4

H
E
S
2

H
IS
T
2
H
2
B
F

T
U
B
B
6

H
IS
T
1
H
2
A
M

S
1
0
0
A
1
0

E
H
D
1

S
U
S
D
2

C
D
K
N
2
D

ID
H
1
-A
S
1

H
IS
T
3
H
2
B
B

A
C
T
A
1

M
A
P
2
K
3

R
B
B
P
6

P
T
T
G
1

L
O
C
1
0
0
5
0
7
4
1
2

F
O
X
D
4
L
3

T
G
S
1

C
C
L
2
6

S
1
0
0
A
5

Z
N
F
7
9

S
N
H
G
2
0

L
O
C
1
0
0
2
7
2
2
1
7

C
E
B
P
D

H
IS
T
1
H
2
A
H

P
S
M
A
7

R
F
P
L
3
S

K
H
D
C
1
L

C
A
2

S
R
S
F
2

H
IS
T
1
H
2
A
D

P
O
P
1

C
O
X
7
B

T
F
R
C

L
IN
C
0
0
1
1
5

B
IR
C
3

T
R
IM

2
9

T
N
F
R
S
F
1
0
C

B
B
C
3

T
S
G
A
1
0

B
U
D
3
1

C
1
9
o
rf
7
3

C
D
K
N
1
A

M
A
G
E
A
2
B

H
B
A
2

L
IN
C
0
1
1
8
6

C
L
P
1

A
U
R
K
A

S
C
M
L
1

D
K
K
1

J
U
N
B

A
C
H
E

C
S
R
N
P
1

D
C
A
F
4
L
1

C
1
6
o
rf
9
1

T
R
M
T
6
1
A

L
O
C
7
3
0
2
0
2

C
B
T
v
s
C
o
n
tr
o
l
d
o
w
n
re
g
u
la
te
d
g
e
n
e
s

S
N
O
R
A
4

C
A
9

E
R
IC
H
2

E
S
R
P
1

S
T
O
X
1

P
R
T
N
3

M
T
H
F
D
2

S
N
O
R
A
8
1

P
L
A
2
G
4
B

U
L
B
P
1

C
S
P
G
4

R
H
B
D
D
1

P
R
R
3
6

M
C
O
L
N
3

S
N
O
R
A
2
3

A
M
T

K
IF
C
2

C
6
o
rf
4
8

N
U
C
K
S
1

W
A
R
S

S
Y
C
E
1
L

B
C
Y
R
N
1

M
O
C
O
S

ID
U
A

P
G
G
H
G

C
H
K
B

S
M
IM

1
4

H
E
X
D
C

R
M
R
P

P
H
G
D
H

H
S
F
4

L
O
C
7
2
9
7
3
7

L
3
M
B
T
L
1

D
H
T
K
D
1

S
R
G
A
P
2
C

S
N
O
R
A
5
3

R
H
B
D
L
1

M
A
C
R
O
D
1

G
S
T
M
4

E
B
F
4

A
T
F
5

A
T
G
1
6
L
2

S
C
A
R
N
A
5

S
L
P
I

M
IR
2
1
0
H
G

F
E
R
1
L
4

R
P
S
6
K
A
2

C
C
N
L
2

IF
I2
7
L
1

R
P
P
H
1

L
O
C
1
5
5
0
6
0

C
C
D
C
1
8
-A
S
1

F
G
F
1
9

K
L
K
7

G
O
L
T
1
A

L
IN
C
0
1
7
3
0

F
A
M
1
2
9
A

L
H
P
P

F
H
L
1

L
IN
C
0
1
0
6
3

N
Q
O
1

T
N
F
R
S
F
6
B

S
G
K
2

L
O
C
6
9
2
2
4
7

C
D
K
5
R
A
P
3

C
C
D
C
5
7

F
A
M
2
2
9
A

D
D
X
1
2
P

F
A
R
P
1

B
A
C
E
1

P
A
B
P
C
1
L

S
L
F
N
5

C
P
T
1
B

R
H
P
N
1

G
P
1
B
A

S
T
6
G
A
L
N
A
C
2

P
IT
P
N
A
-A
S
1

S
C
A
R
N
A
1
0

T
H
S
D
4

L
IN
C
0
2
4
8
2

O
L
F
M
2

L
IN
C
0
1
5
6
4

H
O
X
C
4

Y
J
E
F
N
3

R
N
A
5
-8
S
N
4

K
C
N
Q
1

T
H
B
S
3

A
L
P
K
1

A
S
A
P
3

S
P
X

A
R
P
IN

P
C
K
2

E
P
O
R

G
IP
R

S
L
C
2
7
A
1

P
L
O
D
2

M
O
B
3
A

L
O
C
1
7
1
3
9
1

A
B
C
C
3

A
N
G
P
T
L
4

C
D
R
T
4

L
R
M
D
A

C
E
B
P
G

N
P
IP
B
1
5

M
L
L
T
6

S
N
O
R
A
7
3
B

T
R
IM

7
4

A
B
C
G
1

A
L
D
H
3
B
1

N
E
IL
1

IF
I3
5

N
O
X
A
1

K
L
H
D
C
7
B

P
A
Q
R
6

D
A
P
K
2

D
O
C
2
A

C
IR
B
P

E
X
D
3

C
Y
T
H
2

R
B
C
K
1

M
L
X
IP
L

M
S
T
1
R

T
B
C
1
D
3
J

G
L
G
1

B
R
C
A
1

C
E
R
S
6
-A
S
1

G
T
P
B
P
2

G
S
T
M
2

A
N
K
R
D
3
7

S
R
E
B
F
1

G
N
G
7

C
1
9
o
rf
6
6

S
E
L
1
L

L
O
C
1
0
9
8
6
4
2
6
9

H
IS
T
1
H
4
I

P
S
A
T
1

T
R
P
V
6

M
Y
O
1
D

T
M
E
M
1
9
8
B

M
IS
P
3

L
C
N
2

R
3
H
D
M
2

Q
P
C
T
L

N
IT
1

S
N
T
B
1

F
A
M
1
3
1
C

C
A
C
N
A
1
H

L
O
C
1
0
2
7
2
5
2
5
4

C
1
R
L

M
T
M
R
9
L
P

A
A
R
S

IG
F
L
R
1

N
S
U
N
5
P
1

IF
IT
M
1

T
R
IB
3

M
U
S
T
N
1

L
T
B
P
4

C
F
A
P
7
4

S
L
C
2
5
A
3
5

T
S
S
K
3

P
D
E
2
A

C
C
P
G
1

R
P
S
1
0
P
7

O
R
2
A
9
P

O
R
2
A
4

S
L
C
2
3
A
3

A
T
P
6
A
P
1
L

S
L
X
1
B

3044 FEBS Open Bio 11 (2021) 3032–3050 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Cabazitaxel suppresses colorectal cancer W. Zhang et al.



T
a
b
le

3
.
(C
o
n
ti
n
u
e
d
).

C
B
T
v
s
C
o
n
tr
o
l
d
o
w
n
re
g
u
la
te
d
g
e
n
e
s

S
P
R
R
2
D

K
IF
2
1
B

O
R
2
A
7

D
T
D
1

S
L
C
4
5
A
1

J
D
P
2

U
C
N

H
IS
T
2
H
2
A
C

S
L
C
2
2
A
3
1

M
K
N
K
2

P
E
T
1
0
0

P
R
S
S
5
3

S
C
A
R
N
A
9

G
S
E
C

H
IS
T
1
H
4
A

G
A
L
N
T
1
2

S
L
C
7
A
1

T
O
X
2

L
H
B

T
M
E
M
2
6
8

C
A
C
N
A
2
D
2

C
H
A
C
1

F
IB
C
D
1

D
H
R
S
1
1

L
IN
C
0
1
1
3
3

G
S
T
O
2

L
O
N
P
1

G
F
P
T
1

X
L
O
C
_
0
0
7
6
9
7

T
L
C
D
2

A
R
H
G
E
F
2

P
4
H
A
1

T
S
P
A
N
1
8

E
N
K
D
1

C
1
Q
T
N
F
6

N
B
R
2

H
6
P
D

S
E
R
P
IN
A
5

C
A
M
K
1
D

F
O
X
C
1

G
A
A

L
A
M
P
3

P
T
P
R
C
A
P

L
O
C
6
4
2
8
4
6

C
P
Q

R
N
F
1
4
4
A

P
A
N
2

IL
2
0
R
B

F
U
T
3

C
A
L
B
2

G
N
A
Z

P
K
D
1

P
T
P
4
A
3

P
T
P
D
C
1

N
R
B
P
2

L
IN
C
0
1
7
7
5

G
O
L
G
A
8
A

P
T
K
6

F
L
J
2
3
8
6
7

M
A
P
K
1
5

B
R
IC
D
5

F
B
X
O
3
6

N
T
S
R
1

H
L
C
S

S
Y
N
P
O

P
IP
5
K
L
1

S
Y
T
L
1

C
1
5
o
rf
6
5

N
R
E
P

S
G
S
M
2

N
Q
O
2

S
C
A
R
N
A
6

R
N
A
1
8
S
N
3

R
A
D
9
A

D
M
G
D
H

T
M
E
M
2
0
0
B

K
IA
A
0
8
9
5
L

L
E
M
D
1

C
R
Y
L
1

E
R
R
F
I1

A
C
C
S

IL
1
1
R
A

M
A
F
A
-A
S
1

L
U
R
A
P
1
L

S
L
C
6
A
9

B
N
IP
3
L

M
M
P
2
5
-A
S
1

H
D
A
C
6

L
R
R
C
7
5
B

O
R
2
A
2
0
P

M
L
P
H

B
C
K
D
H
A

W
D
R
2
7

S
K
A
P
1

Z
N
F
3
9
5

H
K
D
C
1

E
N
O
2

IZ
U
M
O
4

P
L
A
U
R

E
M
L
2

S
L
C
9
A
3
-A
S
1

G
A
S
5

K
L
K
1
0

A
R
S
G

A
N
O
9

T
R
IM

6
6

C
C
D
C
1
4
6

S
L
C
7
A
1
1

A
T
P
2
C
2

T
R
IO

B
P

N
U
P
2
1
0

S
L
C
2
A
3

S
P
R
Y
4
-A
S
1

M
E
G
F
6

R
G
L
3

N
U
D
T
8

C
B
L
C

H
IG
D
1
B

H
IS
T
1
H
4
B

P
R
P
H

G
R
A
M
D
1
B

A
N
K
R
D
1
9
P

S
L
C
1
6
A
5

V
E
G
F
A

G
R
B
7

L
O
C
1
0
3
0
2
1
2
9
5

P
Y
G
B

K
C
T
D
1
5

S
E
C
3
1
B

L
IN
C
0
1
5
0
3

O
C
E
L
1

A
S
N
S

C
L
G
N

T
M
E
M
2
5
4

F
A
M
8
6
B
1

L
A
R
P
6

G
O
L
G
A
8
B

T
M
C
4

F
B
X
O
4
8

L
R
R
C
5
6

E
C
I1

T
N
F
R
S
F
2
5

L
O
C
1
0
2
7
2
4
4
0
4

A
K
N
A

P
A
Q
R
4

E
M
ID
1

L
O
C
1
0
0
5
0
5
5
8
5

T
N
R
C
6
C
-A
S
1

A
R
H
G
E
F
1
9

S
L
C
1
A
4

A
D
A
M
T
S
1
0

M
Y
O
1
5
B

N
R
S
N
2
-A
S
1

K
L
F
2

R
O
B
O
3

S
L
C
2
2
A
1
8

T
M
E
M
9
1

IT
G
A
3

A
L
D
O
C

R
3
H
D
M
4

J
M
J
D
7

K
C
N
G
1

N
R
P
1

A
S
IC
1

T
A
Z

D
D
IT
4

Z
F
A
S
1

C
T
B
S

K
L
F
9

P
H
Y
K
P
L

H
IS
T
2
H
2
A
B

S
L
C
4
3
A
1

3045FEBS Open Bio 11 (2021) 3032–3050 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

W. Zhang et al. Cabazitaxel suppresses colorectal cancer



in CBT-treated HCT116 cells compared to the control

cells (Fig. 5F). Meanwhile, CBT treatment led to obvi-

ous DNA damage, as manifested by the expression of

p-H2A.X, p-Chk1 and p-Chk2 (Fig. 5G).

To examine whether activation of p53 pathway

plays a key role for CBT efficacy, we used the

CRISPR/Cas9 system to knock out TP53, a p53

encoding gene, in HCT116 cells by two different

gRNAs and generated TP53 KO1 cells and TP53 KO2

cells. Western blotting revealed that p53 was com-

pletely depleted in the TP53 KO cells (Fig. 5H). The

MTT assay revealed that the IC50 values of CBT to

TP53 KO1 cells and TP53 KO2 cells were 0.175 and

0.096 lM, respectively, which were approximately at

least 3-fold higher than the IC50 of CBT in HCT116

cells. The enhanced resistance to CBT of TP53 KO

cells indicates that the inhibitory effect of CBT to

HCT116 cells relies on the TP53 pathway (Fig. 5I). All

of these results substantiate our conclusion that CBT

inhibits HCT116 cells mainly by activating the p53

pathway.

Discussion

As a result of the resistance of colorectal cancer to

current drug therapies, there is an urgent need to

develop new antitumor drugs. In the present study, we

found that FDA-approved drug CBT exhibits potent

antitumor efficacy to colorectal cancer. CBT is a

microtubule inhibitor [28] that has been reported to

bypass some cancer resistance mechanism toward

chemotherapeutic agents and shows good efficacy to

metastatic prostate cancer, breast cancer and ovarian

cancer [4,29,30]. In the present study, we demonstrated

that CBT also has potent antitumor function with

respect to colorectal cancer.

Tubulins are the primary targets of CBT. Tubulin is

the basic block of microtubes that contributes to the

cytoskeleton and cell mobile elements. Hence, polymer-

ization and depolymerization of tubulin are essential in

mitosis, intracellular transport and cell movement, etc.

CBT binds to tubulin and promotes microtube assem-

bly and inhibits its disassembly. Hence, CBT seriously

interferes with the recycling of tubulin and the normal

dynamics of microtube networks in cells that are

required for biological processes. We observed signifi-

cant upregulation of Tub family gene expression,

which manifests as the compensative expression of

these genes by cells in response to the microtube

assembly-related units after CBT treatment. Consistent

with this, we observed a series of microtube inhibition-

related cell biology abnormalities, such as cell cycle

arrest, cell proliferation, and migration inhibition and

apoptosis. In the end, we found that CBT efficiently

inhibits the growth of HCT116 xenograft tumor.

Unlike inhibition of androgen receptor and heat shock

proteins in prostate cancer cells or targeting the phos-

phoinositide 3-kinase/Akt/mechanistic target of rapa-

mycin pathway in lung adenocarcinoma cells [5], CBT

enhances the antitumor pathway-p53 signaling path-

way in colorectal cancer cells. p53 and its downstream

genes are well characterized with resect to inducing

apoptosis and senescence of cancer cells and inhibiting

tumor growth and angiogenesis in cancers [31]. The

p53 signaling pathway is frequently dysregulated in

colorectal cancer. Approximately 40–50% of sporadic

colorectal cancer harbor a p53 mutation [32]. Reactiva-

tion or restoration of the p53 pathway downstream

effectors can efficiently improve the prognosis of col-

orectal cancer. In line with the apoptotic phenotype

triggered by CBT, we found that CBT treatment leads

to activation of multiple p53 downstream target genes,

such as apoptosis activating genes including Gadd45a

[33], Tp53Ii3 [34] and Pmaip1 [35]. The marker for

DNA damage, p-HA2.X was also elevated in CBT-

treated HCT116 cells. p-H2A.X not only recruits

Fig. 5. Cabazitaxel induces upregulation of the p53 pathway. (A) KEGG pathway analysis of the upregulated gene enriched biological

pathways of CBT-treated HCT 116 cells compared to control HCT116 cells. (B) KEGG pathway analysis of the downregulated gene enriched

biological pathways of CBT-treated HCT 116 cells compared to control HCT116 cells. (C) GSEA diagram showing the positive correlation of

p53 pathway genes and upregulated genes in CBT-treated cells compared to control HCT 116 cells. (D) Pathview rendered p53 downstream

pathway with integration of RNA-seq data of control and CBT-treated HCT 116 cells. Red indicates the upregulated genes after CBT

treatment. (E) Real-time PCR results showing the relative mRNA levels of Tp53i3, Gadd5a, Pmaip1, Cdkn1 and Fas in control and CBT-

treated HCT116 cells. Three biological experiments were performed for each assay. Student’s t-test was used for statistical analysis.

***P < 0.001. (F) Western blotting and densitometric analysis of p21 protein expression in control and CBT-treated HCT116 cells. b-actin

was used as an internal control in the experiment. The data are shown as the mean � SD (n = 3), Student’s t-test was used for statistical

analysis. (G) Representative western blot image showing the expression of p-H2A.X, p-Chk1 and p-Chk2 in control and CBT-treated HCT116

cells. b-actin was used as an internal control in the experiment. (H) Representative western blot image showing the expression of p53 in

TP53KO1, TP53KO2 and control HCT116 cells. b-actin was used as an internal control in the experiment. (I) In vitro cytotoxicity of TP53 KO

cells and control HCT116 cells. The data are the mean � SD (n = 6). The cell viability rate was obtained by normalizing the MTT assay

output of CBT-treated cells with the control dimethylsulfoxide treated cells.
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proteins involved in DNA repair, but also correlates

with apoptosis. As a consequence of apoptosis, DNAs

are fragmented and trigger the phosphorylation of

H2A.X. Hence, p-H2A.X levels can be used to monitor

the anticancer therapy effect as well. An increase in p-

H2A.X in CBT-treated HCT116 cells demonstrates the

efficacy of CBT with respect to anti-colorectal cancer

at the molecular level. DNA damage generally acti-

vates p53 and its major downstream target p21 and

leads to cell cycle arrest. An increase in p21 in CBT-

treated HCT116 cells confirms the activation of the

p53-p21 pathway. To support our conclusion, we also

generated TP53�/� HCT116 cells. Compared to

HCT116 cells, TP53�/� HCT116 cells are more resis-

tant to CBT treatment, suggesting that CBT inhibitory

effect to HCT116 cells relies on the P53 signaling path-

way. Furthemore, p53 mutated HCT8 cells and DLD1

cells are more resistant to CBT treatment than

HCT116 cells and LoVo cells also demonstrate the

need for p53 signaling so that CBT can exert its func-

tion in colorectal cancer cells. We also noted that mul-

tiple metabolism processes of HCT116 were also

disturbed by CBT. A well known characterisitic of can-

cer cells is that they adopt special metabolic features.

The disturbance of these features would affect cancer

cell survival, proliferation and migration. Detailed

mechanistic studies of the effect of CBT on the meta-

bolism of colorectal cancer are needed in the future.

In the present study, we have shown that CBT can

efficiently inhibit colorectal cancer proliferation and

migration. It suppresses colorectal cancer via enhanc-

ing the expression of multiple p53 downstream effector

genes and promoting cell cycle arrest, apoptosis and

inhibition of angiogenesis. Hence, CBT may serve as

an alternative option for colorectal cancer treatment in

the future.
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