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Abstract. Paclitaxel (PTX) has been commonly used to treat 
multiple types of tumor. Its anticancer mechanism differs 
based on different PTX concentrations and types of tumor 
cell. In the present study, MTT assays of HCT116 and LOVO 
cells treated with PTX revealed the chemosensitivity of the 
cell lines for different PTX concentrations. The half-maximal 
inhibitory concentration values of PTX for these cells were 
2.46 and 2.24 nM, respectively. Cell morphology observation 
revealed that both cell lines exhibited rounded, wrinkled and 
damaged morphologies with increasing concentrations of PTX. 
Fluorescence-activated cell sorting analysis indicated that 
1 nM PTX increased the proportion of cells in sub-G1 phases 
and decreased the proportion of cells in G0/G1 phases, whereas 
the proportions of cells in S and G2/M phases only slightly 
changed for both cell lines. Western blot analysis indicated 
that the total/nuclear protein expression of MYC proto-onco-
gene bHLH transcription factor (c-Myc) and phosphorylated 
(P)-c-Myc decreased in HCT116 cells in a dose-dependent 
manner, whereas the nuclear protein expression of P-c-Myc 
increased in LOVO cells in a dose-dependent manner. These 
results suggest that low-dose PTX downregulates c-Myc and 
P-c-Myc expression, subsequently inhibiting the cell cycle at 
G0/G1 in colorectal carcinoma.

Introduction

Paclitaxel (PTX), an antineoplastic drug, is commonly used 
as a first‑line therapy for certain general types of malignancy, 
including lung, breast and ovarian cancer. Furthermore, 
low-dose PTX has been used to treat noncancer human 
diseases (1), and the anticancer activity of low concentrations of 
PTX has been investigated in specific tumor types (2-4). PTX 
causes cell cycle arrest and induces cell death in a concentra-
tion-dependent manner primarily by stabilizing polymerized 
microtubules, and enhancing microtubule assembly (5). PTX 
blocks G0/G1 phases or prevents G2/M phases of the cell cycle, 
causing cell death (6). The inhibitory effects of low-dose PTX 
on the metastasis and progress of cancer primarily depends on 
blocking angiogenesis and lymphangiogenesis (7). In addition, 
low-dose PTX has been demonstrated to induce the upregu-
lation of thrombospondin-1 expression and downregulation 
of vascular endothelial growth factor expression in breast 
cancer (8). The findings of these previous studies suggest that 
determining the mechanism of a low concentration of PTX 
may aid in the effective application of PTX in clinical practice.

MYC proto-oncogene bHLH transcription factor (c-Myc), 
which belongs to the Myc gene family, is a pleiotropic 
transcription factor that participates in numerous cellular 
processes, including cell proliferation, apoptosis, differentia-
tion, metabolism, genome stability and DNA repair (9). Thus 
far, ~20% of human cancer types have been associated with 
c-Myc overexpression; c-Myc overexpression is frequently 
observed in breast and cervix carcinoma, small-cell lung 
cancer, osteosarcoma, and myeloid leukemia (10). Aberrant 
c-Myc expression is likely ascribable to direct gene 
alterations, which are associated with tumorigenesis and 
sustained tumor growth (11). Thus, the inhibition of c-Myc has 
promise as a therapeutic strategy for treating human cancer (12).

Colorectal carcinoma (CRC) is the third leading cause 
of cancer-associated mortalities worldwide (13). Despite 
advances in CRC diagnosis and treatment, 142,820 new CRC 
cases are diagnosed each year (14). Colorectal carcinogenesis 
is associated with genetic abnormalities; for example, elevated 
c‑Myc expression has been identified in 44% of CRCs (15). 
Therefore, manipulation of genetic abnormalities may be a 
promising approach for CRC treatment.
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The anticancer activity of low-dose PTX has been 
confirmed in certain types of cancer. However, no studies 
have investigated the effect of low-dose PTX on CRC cells, 
and no guidelines are available regarding the lowest effective 
concentrations of PTX for inhibiting the cell cycle. The aim of 
the present study was to evaluate whether low-dose PTX could 
downregulate the expression of c-Myc and phosphorylated 
(P)-c-Myc, thus inhibiting the cell cycle at the G0/G1 stage in 
CRC HCT116 and LOVO cells.

Materials and methods

Reagents and antibodies. PTX was purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
Antibodies directed against c-Myc (cat. no. 1472-1), P-c-Myc 
(cat. no. 1203-1), β-actin (cat. no. P30002) and β-tubulin (cat. 
no. M30109) were obtained from Abcam (Cambridge, MA, 
USA). Antibody directed against poly(ADP-ribose) poly-
merase (PARP)-1 (cat. no. 2586S), were purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Horseradish 
peroxidase-conjugated goat anti-rabbit immunoglobulin 
(Ig)G and goat anti-mouse IgG antibodies (cat. nos. HAF007 
and HAF008) were purchased from R&D Systems, Inc. 
(Minneapolis, MN, USA). β-actin (cat. no. A5441) was 
purchased from Sigma-Aldrich; Merck KGaA. α-tubulin was 
purchased from ProteinTech Group, Inc. (cat. no. 66031-1-lg; 
Chicago, IL, USA).

Cell lines and culture conditions. The cell lines LOVO, HCT116 
and IEC-6 were purchased from Shanghai Cell Bank, Chinese 
Academy of Sciences (Shanghai, China). LOVO and HCT116 
cells were cultured in RPMI-1640 (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) and Dulbecco's modi-
fied Eagle's medium (DMEM)‑F‑12 (Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA) supplemented with 10% 
heat-inactivated fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) and 100 IU/ml penicillin (Solarbio, Beijing, 
China), respectively. IEC-6 cells were maintained in DMEM 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% heat-inactivated fetal bovine serum and 100 IU/ml 
penicillin. All cells were seeded in gelatin-coated 75-cm2 
flasks and cultured in 10 ml of medium at 37˚C in a humidified 
atmosphere of 5% CO2 in air.

Cell morphology observations. The exponentially growing 
cells were transferred to 12‑well plates and cultured at 37˚C 
in a 5% CO2 atmosphere. HCT116 and LOVO cells were 
treated with 0, 1 and 3 nM PTX and then cultured at 37˚C in 
a 5% CO2 atmosphere for 3 days. Images were captured using 
an Olympus IX 71 microscope (magnification, x100; Olympus 
Corporation, Tokyo, Japan) when the cells reached 60-70% 
confluence.

MTT assay of cell survival. MTT colorimetric assay was used 
to determine the cytotoxicity of PTX. HCT116 and LOVO 
cells were plated in 96-well plates at densities of 1x103 and 
2x103 cells/well, respectively, and were incubated with various 
concentrations of PTX (0.1-30 nM) for 3 days. Untreated cells 
were used as control groups. Then, 50 µl of a 1 mg/ml solu-
tion of the MTT tetrazolium substrate (Sigma-Aldrich; Merck 

KGaA) in PBS was added to each well, and the plates were 
incubated for an additional 4 h at 37˚C. The resulting violet 
formazan precipitate was solubilized by the addition of 100 µl 
of dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA). All the 
plates were agitated for 5 min at room temperature and read 
immediately at 578 nm using a Bio-Rad Model 550 microplate 
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The 
half-maximal inhibitory concentration (IC50) values of the 
examined compounds on different cell lines were obtained 
from the concentration-effect curves.

Flow cytometric analysis of the cell cycle. The cells were 
plated at densities of 3x104 cells/well in 6-well plates and 
incubated for 1, 3 and 5 days with nutrient solution containing 
various concentrations of PTX extracts (0.1-30 nM). The cells 
were collected by centrifugation at 1,000 x g for 5 min at 4˚C, 
fixed in cold 70% ethanol and stored at ‑20˚C. The cells were 
subsequently washed with PBS, resuspended in cold PBS, 
and incubated with 10 mg/ml RNase and 1 mg/ml propidium 
iodide (Sigma‑Aldrich; Merck KGaA) at 37˚C for 30 min. 
Flow cytometric analysis of DNA content was performed 
using a flow cytometer (BD Biosciences, San Jose, CA, USA). 
The percentages of cells in the different cell cycle phases 
were determined using FlowJo software version 9.3.2 (BD 
Biosciences, San Jose, CA, USA).

Protein extraction and immunoblotting. Subsequent to treat-
ment of the LOVO and HCT116 cells with PTX at the indicated 
concentrations and times, the cells were washed twice with 
PBS and collected by centrifugation at 200 x g for 5 min at 
4˚C. Then, total/nuclear protein concentrations of cell lysates 
were determined using a BCA Protein Assay kit (Beyotime 
Institute of Biotechnology, Shanghai, China). Protein samples 
(total protein, 150 µg; nuclear protein, 50 µg) were separated 
using SDS-PAGE (10% gel) and transferred onto polyvinyli-
dene difluoride membranes. The membranes were incubated 
in 5% bovine serum albumin buffer (Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) for 30 min at room 
temperature with gentle agitation to block nonspecific 
binding prior to incubation with the diluted primary antibody 

Table I. Survival rate of colon cancer cells treated with PTX 
for 3 days.

 Survival, %
 ---------------------------------------------------------------------------
PTX (nM) HCT116 Cell LOVO Cell

0.00 100.0±4.6593 100.0±2.5036
0.03 84.78±2.4391 97.56±4.7486
0.10 70.83±3.8203 82.05±2.9887
0.30 66.22±4.3737 68.59±3.3481
1.00 56.04±4.5880 55.23±3.5017
3.00 38.20±4.0808 41.54±4.9635
10.00 23.90±3.2255 39.28±3.7560
30.00 19.08±1.1245 27.37±4.4055

Data are presented as the mean ± standard deviation. PTX, paclitaxel.
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(anti-c-Myc, 1:1,000; Abcam; anti-P-c-Myc, 1:500; Abcam; 
anti-PARP-1, 1:200; Santa Cruz Biotechnology) overnight at 
4˚C. Subsequently, the membranes were incubated with diluted 
anti-rabbit or anti-mouse secondary antibody (1:5,000; R&D 
Systems, Inc.) for 90 min at room temperature. The membranes 
were washed three times in PBS for 10 min each at room 
temperature and then the membranes were developed using the 
ECL detection system (EasySee Western Blot kit; Transgene 
SA, Strasbourg, France) and visualized with an Imaging lab™ 
software version 4.0 (Bio-Rad Laboratories, Inc.).

Statistical analysis. Statistical comparisons were performed 
using one‑way analysis of variance followed by Scheffe's post 
hoc test using SPSS 22.0 software (IBM Corp., Armonk, NY, 
USA). Quantitative data are presented as the mean of triplicate 
experiments ± standard deviation. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effect of PTX treatment on cell viability. As high concentrations 
of PTX exhibit high cytotoxicity, the concentration that does 
not induce significant cell death needed to be determined. This 
determination was particularly important as cellular toxicity 
may interfere significantly with cellular signaling outcomes 
and gene expression. Therefore, cells were incubated for 
3 days with PTX concentrations ranging from 0.1 to 30 nM, at 
which point MTT assays were performed (Fig. 1). The survival 

rates of HCT116 and LOVO cells indicated dose-dependent 
toxic effects of PTX on these cells (Table I). The IC50 values of 
PTX for HCT116 and LOVO cell lines were 2.46 and 2.24 nM, 
respectively (Fig. 1B). Cell viability reduced dose-dependently 
by 1 and 3 nM PTX (Fig. 1C). Cell morphology observations 
revealed that the CRC cell lines HCT116 and LOVO exhibited 
sensitivity to 1, and 3 nM PTX as indicated by significant 
decreases in cell survival compared with the control (Fig. 1C). 
Subsequently, two concentrations close to the IC50 values were 
used to treat these cells and it was observed that cell lines 
exhibited rounded, wrinkled and damaged morphologies with 
increasing concentrations of PTX (Fig. 1A).

Effects of different concentrations PTX on the cell cycle distri‑
bution of CRC cells. As is known, PTX can induce G2/M cell 
cycle arrest in breast cancer (16). To determine whether PTX 
has an effect on the cell cycle distribution of colon cancer cells, 
flow cytometric analysis on the cell cycle was performed. After 
the cells were treated with PTX (1 nM) for 1, 3 or 5 days, the 
proportion of HCT116 and LOVO cells in the sub-G1 phases 
increased and the proportion of these cells in G0/G1 phases 
decreased, whereas the proportions of cells in S and G2/M 
phases only slightly changed for both cell lines (Fig. 2).

PTX regulates the total protein expression of c‑Myc and 
P‑c‑Myc in CRC cells. c-Myc drives cell cycle progres-
sion and is extensively controlled through post-translational 
modifications, with a major role for phosphorylated c‑Myc. 

Figure 1. Chemosensitivity of colon cancer cells to different concentrations of PTX. (A) Images of HCT116 and LOVO cells exposed to the indicated concen-
trations of PTX for 3 days (original magnification, x100). (B) HCT116 and LOVO cells were exposed to 0.1, 0.3, 1, 3, 10 and 30 nM PTX for 3 days, and cell 
viability was determined by MTT assay using a spectrophotometer at 580 nm. (C) Quantification of cell viability. Data are presented as the mean ± standard 
deviation. **P<0.01 vs. control. PTX, paclitaxel.
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c-Myc phosphorylation has been associated with protein 
stabilization and described to occur as cells enter mitosis (17). 
Thus, western blot analysis was performed to determine the 
total protein expression levels of c-Myc and P-c-Myc (Fig. 3). 

PTX treatment of HCT116 cells induced dose-dependent 
decreases in c-Myc and P-c-Myc total protein expression 
levels (Fig. 3A-D). In LOVO cells, PTX treatment induced a 
dose-dependent decrease in c-Myc total protein expression, 

Figure 3. Total protein expression of c-Myc and P-c-Myc in colon cancer cell lines. HCT116 and LOVO cells were treated with PTX at the indicated concentra-
tions for 3 days. Whole cell extracts were prepared, and equal amounts of protein were separated by SDS-PAGE. β-actin was used as a control for protein 
loading. Protein expression levels were examined using western blot analysis. Representative blot of the total protein expression of (A) c-Myc and (B) P-c-Myc 
in HCT116 cells. Quantification of the total protein expression of (C) c‑Myc and (D) P‑c‑Myc in HCT116 cells. Representative blot of the total protein expres-
sion of (E) c‑Myc and (F) P‑c‑Myc in LOVO cells. Quantification of the total protein expression of (G) c‑Myc and (H) P‑c‑Myc in LOVO cells. PTX, paclitaxel; 
P-, phosphorylated; c-Myc, MYC proto-oncogene bHLH transcription factor.

Figure 2. Effect of PTX on the cell cycle distribution of colon cancer cells. Histogram of the cell cycle distribution of (A) HCT116 and (B) LOVO cells treated 
with PTX. HCT116 and LOVO cells were exposed to 0 and 1 nM PTX for 1, 3 and 5 days, and then cell cycle distribution was detected using flow cytometric 
analysis. PTX, paclitaxel.
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but a dose-dependent increase in P-c-Myc total protein expres-
sion (Fig. 3E-H).

PTX regulates the nuclear protein expression of c‑Myc and 
P‑c‑Myc in CRC cells. c-Myc protein is regulated primarily 
by its sequestration in nucleoli; its phosphorylated form 
accumulates in the nuclei of tumor cells because of impaired 
ubiquitination by proteasomes (18). Thus, the nuclear protein 
expression of c-Myc and P-c-Myc in colon cancer cells treated 
with the indicated concentrations of PTX was detected. It was 
observed that the nuclear protein expression levels of c-Myc 
and P-c-Myc were decreased by PTX in a dose-dependent 
manner in HCT116 cells (Fig. 4A-D). The nuclear protein 
expression levels of c-Myc and P-c-Myc were also decreased 
in LOVO cells following PTX treatment (Fig. 4E-H).

PTX regulates the expression of α‑tubulin and β‑tubulin in 
CRC cells. The anticancer activity of PTX primarily depends 
on stabilizing polymerized microtubules and enhancing 

Figure 4. Nuclear protein expression of c-Myc and P-c-Myc in colon cancer cells. In total, 50 µg of nuclear protein was electrophoretically separated on a 
10% SDS gel, immunoblotted and hybridized with specific antibodies. HCT116 and LOVO cells were treated with the same conditions as aforementioned. 
Representative blot of nuclear the nuclear protein expression of (A) c‑Myc and (B) P‑c‑Myc in HCT116 cells. Quantification of the nuclear protein expression of 
(C) c‑Myc and (D) P‑c‑Myc in HCT116 cells. Representative blot of the nuclear protein expression of (E) c‑Myc and (F) P‑c‑Myc in LOVO cells. Quantification 
of the nuclear protein expression of (G) c-Myc and (H) P-c-Myc in LOVO cells. PTX, paclitaxel; P-, phosphorylated; PARP, poly(ADP-ribose) polymerase; 
c-Myc, MYC proto-oncogene bHLH transcription factor.

Figure 5. Effect of different concentrations of PTX on the protein expression 
of α-tubulin and β-tubulin in colon cancer cell lines. HCT116 and LOVO 
cells were treated as aforementioned, whole cell extracts were prepared, and 
equal amounts of protein were separated by SDS-PAGE followed by immu-
noblotting to determine the protein expression of α-tubulin and β-tubulin 
in (A) HCT116 and (B) LOVO cells. β-actin was used as a loading control. 
PTX, paclitaxel.
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microtubule assembly. Tubulin is a microtubule protein, the 
integrity of which is essential for the separation and segrega-
tion of chromosomes during cell division. High expression of 
tubulin reduces the chemosensitivity of numerous cancer types 
to PTX (19). To determine whether low-dose PTX affected 
the expression of α-tubulin and β-tubulin in HCT116, and 
LOVO cells, these cells were treated with PTX at the indi-
cated concentrations and times, and α-tubulin and β-tubulin 
expression was examined. It was revealed that α-tubulin and 
β-tubulin expression did not differ in these cells following PTX 
treatment (Fig. 5). A schematic representation of the proposed 
mechanism of cell cycle regulation by PTX in the CRC cell 
lines analyzed in the present study is demonstrated in Fig. 6.

Discussion

PTX is one of the most effective cytotoxic agents for the clinical 
treatment of cancer. However, its clinical benefit is often limited 
by dose-dependent toxicity and drug resistance. PTX generates 
antitumor activity by inhibiting cell proliferation and inducing 
cell apoptosis, with unavoidable damage to normal cells, severe 
anaphylactic hypersensitivity reactions, and peripheral neurop-
athy (20). Nevertheless, low-dose PTX halts the progress and 

metastasis of cancer through its antiangiogenic activities rather 
than by inducing tumor cell apoptosis (6). A previous study 
reported that low-dose PTX induced G0/G1 cell cycle arrest in 
esophageal squamous cell carcinoma larynx carcinoma and 
ovarian cancer (21). Consistently, the results of the present 
study demonstrated that 1 nM PTX blocked G0/G1 phases of 
the cell cycle, and induced minimal apoptosis with less toxic 
effects in HCT116 and LOVO cells.

Tubulins serve essential roles in the chemosensitivity of 
cancer; their structural alterations could specifically modify 
PTX sensitivity in vitro, and high tubulin expression reduces 
the chemosensitivity of numerous types of cancer to PTX (22). 
The overexpression of tubulins has been reported in several 
types of cancer cells including breast cancer and acute lympho-
blastic leukemia with PTX resistance (19). In the current study, 
the response of CRC cells to low-dose PTX was investigated. 
It was demonstrated that 0‑0.3 nM PTX exhibited no signifi-
cant influence on the viability of HCT116 and LOVO cells, 
whereas 1‑30 nM PTX significantly affected cell viability, the 
IC50 values of PTX for these cell lines were 2.46 and 2.24 nM, 
respectively. These results demonstrated that both cell lines 
have high chemosensitivity towards low-dose PTX. It was also 
demonstrated that α-tubulin and β-tubulin expression did not 
differ in HCT116, and LOVO cells. These results suggest that 
low-dose PTX does not affect the structure of tubulin proteins 
in these cells.

A previous study has suggested that the use of PTX in 
antitumor therapeutic strategies should be rationally based on 
the molecular profile of the individual tumor by specifically 
analyzing Myc expression levels (23). Other anticancer drugs, 
including fluorouracil and niclosamide, have been reported 
to directly downregulate c-Myc expression in human colon 
cancer KM12C cells and human osteosarcoma cells, respec-
tively (24,25). PTX treatment of HT29-4D colon carcinoma 
cells, HL-60 promyelocytic leukemic cells and ovarian cancer 
cells has been suggested to indirectly downregulate c-Myc 
expression (26-28). In the present study, it was demonstrated that 
PTX treatment dose-dependently decreased the total/nuclear 
protein expression of c-Myc in both cell lines, the total/nuclear 
protein expression of P-c-Myc in HCT116 cells and the nuclear 
protein expression of P-c-Myc in LOVO cells. In contrast, 
in LOVO cells, low-dose PXT treatment dose-dependently 
increased the total protein expression of P-c-Myc. In a previous 
study, PTX treatment induced c-Myc and P-c-Myc redistribu-
tion in prostate carcinoma cell lines; these proteins underwent 
reorganization, and were more homogeneously diffused (29). 
Whether CRC cell lines have different responses to PTX treat-
ment is unknown and requires further study.

The functions of c-Myc and P-c-Myc in cell growth, and 
transformation have been investigated (29); extracellular regu-
lated kinase 2 has been revealed to phosphorylate c-Myc at 
threonine 58 (Thr58) and serine (Ser62), and to stimulate the 
activity of cyclin E/cyclin-dependent kinase 2 complexes (30). 
Janus kinase phosphorylates c-Myc at Ser62 and Ser71, which 
are associated with cell proliferation, and cell cycle regula-
tion (31). The anti-P-c-Myc antibody used in the present study 
only detects c-Myc phosphorylated on Thr58 and Ser62. In 
conclusion, the findings of the current study demonstrated that 
PTX affects c-Myc through downregulating the expression of 
c-Myc and P-c-Myc in CRC cells. A greater understanding of 

Figure 6. Schematic pathway for PTX regulation of the cell cycle in CRC 
cells. In this model, the downregulation of c-Myc and P-c-Myc by PTX in 
an unknown pathway results, which causes arrest of G0/G1 phases of the cell 
cycle. The blocking of G0/G1 phases may be involved with the activity of 
cyclin E/Cdk2 and cyclin D/Cdk4/6. PTX, paclitaxel; p, phosphorylated; Erk, 
extracellular regulated kinase; Cdk, cyclin dependent kinase; c-Myc, MYC 
proto-oncogene bHLH transcription factor.
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the mechanisms by which PTX regulates the cell cycle may 
provide novel approaches for the treatment of CRC.
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