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Abstract: This study aimed to investigate the effects of Twist1 on the drug resistance of chronic myeloid leukemia (CML) cells through the PI3K/AKT signaling 
pathway. K562 and KCL-22 cells were modeled for imatinib resistance, so as to analyze the effects of inhibiting Twist1 and the pathway on the therapeutic effect of 
imatinib on imatinib-resistant CML cells, and to find the mechanism of action of Twist1 on affecting the resistance. After the CML cells were successfully resistant 
to imatinib, Twist1 expression increased again in the cells and the PI3K/AKT signaling pathway was further activated. After the silence of the Twist1 expression, 
the imatinib-resistant CML cells were more sensitive to imatinib, and the PI3K/AKT signaling pathway was inhibited, and the expression level of p-AKT protein 
significantly reduced. According to further experiments, imatinib enhanced its inhibitory effect on the growth of the imatinib-resistant CML cells after the activation 
of the pathway was inhibited by an LY3023414 inhibitor. In conclusion, Twist1 and the PI3K/AKT signaling pathway are over-activated during the formation of 
the CML cells resistant to imatinib. The silence of Twist1 can reverse the resistance through the pathway.
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Introduction

Chronic myeloid leukemia (CML) is an unusual type 
of bone marrow cancer. The bone marrow is the spon-
gy tissue inside the bones that makes up blood cells. 
CML increases the number of white blood cells. The 
term "chronic" leukemia suggests that cancer tends to 
progress gradually to acute types of leukemia. The term 
“myeloid” refers to the type of cells with this cancer. 
CML is a disease in which the bone marrow of many 
white blood cells develops. Symptoms and signs of 
CML include fever, night sweats, and fatigue. CML is 
a very rare disease caused by Ph translocation. Its glo-
bal annual incidence is 0.6-2.8/100,000 people and its 
male-female ratio is 1.2-1.8:1 (1, 2). In addition, the 
incidence of the disease among people of different ages 
significantly varies. According to statistics in 20 EU 
countries, the incidence among people aged 20-29 years 
is 0.39/100,000 people, while that among people over 
70 years old rapidly increases to 15.2/100,000 people 
(3). As the population ages, the incidence of CML will 
further increase (4).

Imatinib is a commonly used drug for CML che-
motherapy, but as a result, imatinib resistance that is a 
major clinical challenge has become more widespread 
during the treatment (5). Therefore, to find out the me-
chanism of imatinib resistance is of great significance 
for complementing therapeutic strategies and improving 
the efficacy of imatinib. Twist1 is a protein-coding gene 
located on human chromosome 7p21.1, and proteins 

coded by the gene can promote the invasion and metas-
tasis of various tumor cells (6, 7). Recent studies have 
shown that Twist1 plays an important role in the deve-
lopment of the drug resistance of tumor cells. According 
to Zhu et al., this gene mediates the cisplatin resistance 
of epithelial ovarian cancer cells (8). According to Liu 
et al., this gene promotes the vincristine resistance of 
colon cancer cells (9). According to Yochum et al., 
Twist1 inhibitors overcome the resistance of EGFR-mu-
tant non-small cell lung cancer (NSCLC) mediated by 
the epithelial-mesenchymal transition to EGFR tyrosine 
kinase inhibitors (10). However, whether Twist1 plays 
an important role in the development of the imatinib 
resistance of CML cells remains unclear. According to 
Heidari et al., Twist1 expression further increases in 
the peripheral blood of patients that have no therapeu-
tic effect of imatinib, but the researchers did not further 
analyze the reasons (11).

Therefore, in this study, the effects of Twist1 on the 
drug resistance of CML cells were explored, and the 
mechanism of action of the effects was investigated, 
so as to provide an experimental basis for the clinical 
improvement of imatinib resistance.

Materials and Methods

Cell sources
Human CML cell lines K562 (BNCC339825) and 

KCL-22 (BNCC341746) and human bone marrow cell 
line HS-27A (BNCC338456) were purchased from 
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BeNa Culture Collection. Culture mediums for K562 
and HS-27A cells were 90% DMEM (high glucose) + 
10% fetal bovine serum (FBS), while the culture me-
dium for KCL-22 cells was 90% IMDM + 10% FBS. All 
cells were cultured at 37°C and with 95% air + 5% car-
bon dioxide (CO2). The DMEM (high glucose), IMDM, 
and FBS were purchased from Gibco™, and their item 
numbers were 11995081, 12440061, and 10099141, 
respectively. The LY3023414 inhibitor (Item No.: HY-
12513) was purchased from MCE, USA.

IC50 determination
Cells in the logarithmic growth phase were taken 

out, digested with trypsin (Thermo Scientific™, Item 
No.: 89901), and then resuspended. After that, they 
were conventionally inoculated into a 96-well plate at 
about 3*103 cells/well and cultured for 6 hours. Next, 
imatinib with different concentrations was added. The 
concentrations in parent cells were respectively set as 0, 
4, 8, 12, 16, 20, and 24μmol/L, while the concentrations 
in drug-resistant cells were respectively set as 0, 10, 20, 
30, 40, 50, and 60μmol/L, with 3 same wells set up at 
the same time. CCK-8 assay was used to detect changes 
in the optical density (OD) values of the cells, and to 
calculate the cells’ growth inhibition rate and IC50. Cell 
growth inhibition rate = [OD (blank wells) -OD (inter-
vention wells)] / OD (blank wells).

Construction of imatinib-resistant cell lines
Cells in the logarithmic growth phase were taken 

out, conventionally digested with trypsin, and then re-
suspended. They were induced to be resistant to imati-
nib through low concentration gradient increment in vi-
tro combined with intermittent high-dose pulse therapy. 
The concentration of imatinib was 1% IC50 initially, 
but it was increased to 0.2μmol/L after the cells stably 
survived, to 0.5μmol/L after the cells stably survived at 
10% IC50, to 1μmol/L after the cells stably survived at 
1-fold IC50. The modeling was considered successful 
when the cells stably survived at 2-fold IC50.

Expression vector construction and transfection
All expression vectors were designed by Thermo Fi-

sher Scientific (China), including low Twist1 expression 
vector (si-Twist1) and blank vector si-NC. Cells in the 
logarithmic growth phase were taken out, digested with 
trypsin, resuspended, and then conventionally inocula-
ted into a 96-well plate. When the cells fused to about 
80%, the expression vectors were transfected, with the 
specific steps carried out in accordance with the instruc-
tions of the kits. The cells were cultured in an incubator 
at 37℃ and with 5% CO2 for 48 hours, with the culture 
medium changed every 6 hours. Western blot was used 
to detect the results of the transfection. The Lipofecta-
mineTM2000 transfection kit was purchased from In-
vitrogen, USA, Item No.: 35050. Cells not intervened 
were considered as the blank group.

Western blot
Cells in the logarithmic growth phase were taken out 

for extracting total protein by using RIPA lysis method. 
BCA was used to detect the concentration of the pro-
tein. After the concentration was adjusted to 4μg/μL, 
the protein was separated with 12% polyacrylamide gel 

electrophoresis (PAGE), during which the voltage was 
90V initially and then increased to 120V, so as to move 
the samples to the appropriate position of the separa-
tion gel. After that, the protein was transferred to the 
membrane (at 100V constant voltage for 100min) and 
sealed at 37℃ for 60min. Next, the transferred mem-
brane was sealed in 5% skim milk and subjected to an 
immune reaction. The membrane was incubated over-
night with primary antibody (1: 1000) at 4℃, and then 
washed with PBS over 5min for 3 times the next day. 
Then, the membrane was incubated with secondary an-
tibody (1: 1000) at room temperature for 1h. Finally, 
the membrane was developed with ECL luminescent 
reagents and fixed. The protein bands scanned by the 
film were statistically analyzed by Quantity One. The 
relative expression levels of proteins = the gray values 
of protein bands / the gray values of internal references. 
The RIPA kit, the BCA protein kit, and the ECL lumi-
nescent kit were purchased from Thermo Scientific™, 
and their item numbers were respectively 89901, 23250, 
and 35055. Rabbit anti-Twist1 monoclonal antibody, 
rabbit anti-PI3K monoclonal antibody, rabbit anti-AKT 
monoclonal antibody, rabbit anti-phosphorylated AKT 
(p-AKT) polyclonal antibody, and goat anti-rabbit IgG 
secondary antibody (monoclonal antibody) were pur-
chased from Abcam, USA, and their item numbers were 
respectively ab187008, ab32089, ab179463, ab8805, 
and ab6721.

CCK-8 assay for cell proliferation
Cells in the logarithmic growth phase were taken 

out, digested with trypsin, and then resuspended. After 
the cell concentration was adjusted to 2*104 cells/mL, 
the cells (100μL) were conventionally inoculated into 
a 96-well plate. CCK-8 mixed solutions (200μL, 10: 1) 
were respectively added at 12, 24, 48, 72, and 96 hours 
after culture, and then the cells were continuously cultu-
red for 3 hours to measure the OD values at 450nm. The 
IC50 determination was conducted to measure the va-
lues at 48 hours after the culture. The CCK-8 detection 
kit (Item No.: C0037) was purchased from Beyotime, 
Beijing.

Statistical analysis
SPSS 19.0 (Asia Analytics Formerly SPSS, China) 

was used for statistical analysis. Measurement data were 
expressed by mean ± standard deviation (mean±sd). 
The comparison between the two groups was analyzed 
by independent samples t-test, the comparison between 
multiple groups by one-way analysis of variance, post 
hoc test by LSD test. P<0.05 indicated a statistically 
significant difference.

Results

Expressions of Twist1 and PI3K/AKT signaling pa-
thway-related proteins

The expressions of Twist1, PI3K, AKT, and p-AKT 
in human CML cell lines K562 and KCL-22 were 
higher than those in human bone marrow cell line HS-
27A (P<0.05). (Table 1).

IC50 determination of K562 and KCL-22 cells
According to CCK-8 assay, the growth inhibition of 



83

Effects of Twist1 on drug resistance of chronic myeloid leukemia through PI3K/AKT.

Cell Mol Biol (Noisy le Grand) 2020 | Volume 66 | Issue 6

Ruilan Yuan et al.

Moreover, the PI3K/AKT signaling pathway was also 
inhibited, and the expression levels of PI3K, AKT, and 
p-AKT proteins significantly reduced (P<0.05). (Figure 
3).

Effects of inhibiting PI3K/AKT signaling pathway 
on imatinib resistance of drug-resistant cell lines

After the CML cells were resistant to imatinib, the 
PI3K/AKT signaling pathway in the cells was further 
activated. The expression levels of PI3K, AKT, and p-
AKT proteins in the K562/imatinib and KCL-22/ima-
tinib cells were significantly higher than those in the 
K562 and KCL-22 cells. After the LY3023414 inhibitor 
was used to inhibit the activation, the growth inhibition 
of the K562/imatinib and KCL-22/imatinib cells by 
imatinib was enhanced at IC50 concentration (P<0.05). 
(Figure 4).

Discussion

The PI3K/AKT signaling pathway is a classic intra-
cellular pathway that regulates cell cycles. Through 
phosphorylating downstream factors such as various 
enzymes, kinases, and transcription factors, it regulates 
the proliferation and dormancy of normal cells and the 
proliferation, survival, invasion, and metastasis of tumor 
cells (12, 13). This pathway promotes the epithelial-me-
senchymal transformation of tumor cells (14), and the 
transformation is an important reason for the drug resis-
tance of the tumor cells (15). Recent studies have found 
that the PI3K/AKT signaling pathway plays an impor-
tant role during drug resistance (16). Twist1 is a basic 
helix-loop-helix transcription factor and a major regula-
tory factor for epithelial-mesenchymal transformation. 
According to Mikheev et al., this factor promotes the 
epithelial-mesenchymal transformation of glioma cells 
and enhances their invasion by activating this pathway 
(17). Accordingly, Twist1 activating the PI3K/AKT si-
gnaling pathway may be an important reason for Twist1 
to affect the drug resistance of tumor cells.

In this study, we verified for the first time that Twist1 
promoted the CML cells resistant to imatinib by acti-
vating the PI3K/AKT signaling pathway, which was 
consistent with the results of previous studies (18, 19). 
In addition, Twist1 was overexpressed in the K562 and 
KCL-22 cells, and the PI3K/AKT signaling pathway 
was also activated. The two cell lines were used as 
parent cells to construct a model of imatinib-resistant 
CML cells. After the CML cells were successfully re-
sistant to imatinib, the expression levels of Twist1 and 
PI3K/AKT signaling pathway-related proteins in the 
cells were detected. The results showed that the Twist1 
expression increased again and the pathway was further 
activated in the imatinib-resistant CML cells. These 

K562 and KCL-22 cells by imatinib at various concen-
trations is shown in Figure 1. The linear regression equa-
tions Y(K562) = 0.03644*X - 0.03096 and Y(KCL-22) 
= 0.02778*X - 0.003607 were established. The IC50 
values of the K562 and KCL-22 cells were calculated to 
be 14.57μmol/L and 18.13μmol/L, respectively.

Construction of imatinib-resistant cell lines
According to CCK-8 assay, the growth inhibition of 

K562/imatinib and KCL-22/imatinib cells is shown in 
Figure 2. The linear regression equations Y(K562/ima-
tinib) = 0.009457*X - 0.02529 and Y(KCl-22/imatinib) 
= 0.008625*X - 0.03246 were established. The IC50 
values of the K562/imatinib and KCL-22/imatinib cells 
were calculated to be 55.55μmol/L and 61.73μmol/L, 
respectively.

Effects of silencing Twist1 on imatinib resistance of 
drug-resistant cell lines

The results of Western blot showed that the expres-
sion level of Twist1 in the K562/imatinib and KCL-22/
imatinib cells was significantly higher than that in the 
K562 and KCL-22 cells (P<0.05). After silencing the 
Twist1 expression, the resistance of Twist1 to imatinib 
in the K562/imatinib and KCL-22/imatinib cells signifi-
cantly reduced, and the growth inhibition of the cells by 
imatinib was enhanced at IC50 concentration (P<0.05). 

K562 KCL-22 HS-27A F P
Twist1 1.472±0.121 1.287±0.102 0.455±0.039* 99.417 <0.001
PI3K 0.875±0.032 0.859±0.034 0.084±0.012* 791.671 <0.001
AKT 1.032±0.045 1.001±0.052 0.095±0.011* 525.701 <0.001
p-AKT 0.968±0.038 0.945±0.027 0.072±0.012* 1013.471 <0.001

Table 1. Expressions of Twist1 and PI3K/AKT signaling pathway-related proteins

Note: * indicated P<0.05 when compared with that in K562 and KCL-22 cells.

Figure 1. IC50 determination of K562 and KCL-22 cells. A: The 
IC50 determination of K562 cells. B: The IC50 determination of 
KCL-22 cells.

Figure 2. Construction of imatinib-resistant cell lines. A: The 
model of imatinib-resistant K562 cells. B: The model of imatinib-
resistant KCL-22 cells.
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Figure 3. Effects of silencing Twist1 on imatinib resistance of drug-resistant cell lines. A: The expression levels of Twist1 in drug-resistant cells. 
B: The results of transfecting the K562/imatinib cells with si-Twist1. C: The results of transfecting the KCL-22/imatinib cells with si-Twist1. 
D: Effects of silencing Twist1 on the therapeutic effect of imatinib on the K562/imatinib cells. E: Effects of silencing Twist1 on the therapeutic 
effect of imatinib on the KCL-22/imatinib cells. F: Effects of silencing Twist1 on the PI3K/AKT signaling pathway in the K562/imatinib cells. 
G: Effects of silencing Twist1 on the PI3K/AKT signaling pathway in the KCL-22/imatinib cells. * indicates P<0.05.

Figure 3. Effects of inhibiting PI3K/AKT signaling pathway on imatinib resistance of drug-resistant cell lines. A: Effects of the LY3023414 
inhibitor on the PI3K/AKT signaling pathway in the K562/imatinib cells. B: Effects of the LY3023414 inhibitor on the PI3K/AKT signaling 
pathway in the KCL-22/imatinib cells. C: Effects of inhibiting the PI3K/AKT signaling pathway on the therapeutic effect of imatinib on the 
K562/imatinib cells. D: Effects of inhibiting the PI3K/AKT signaling pathway on the therapeutic effect of imatinib on the KCL-22/imatinib cells. 
* indicates P<0.05.
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findings suggest that the activation of Twist1 and the 
PI3K/AKT signaling pathway is related to the imati-
nib resistance of CML cells. After silencing the Twist1 
expression, the imatinib-resistant CML cells were more 
sensitive to imatinib, and the pathway was inhibited, 
and the expression level of p-AKT protein significantly 
reduced. After the LY3023414 inhibitor was used to 
inhibit the activation of the pathway, imatinib had an 
enhanced inhibitory effect on the growth of the imati-
nib-resistant CML cells. Therefore, Twist1 can promote 
CML cells resistant to imatinib by activating the PI3K/
AKT signaling pathway, while the silence of Twist1 can 
reverse the resistance.

Roberts and others reported in Scientific Reports in 
2016 that Twist1 could promote the cisplatin resistance 
of ovarian cancer cells by activating the AKT signaling 
pathway (20). Later Yang and others have also found 
that Twist1 could also be used as a downstream target 
of STAT3 that could promote the cisplatin resistance 
by up-regulating Twist1. Moreover, Twist1 could also 
be activated by COL11A1 to promote the cisplatin and 
paclitaxel resistance of ovarian cancer cells (21, 22). 
These studies indicate that Twist1 has a more complex 
role in the regulation of the drug resistance of tumor 
cells, which should be further explored and verified. In 
this regard, genome editing (23) may be helpful in the 
future.

In summary, Twist1 and the PI3K/AKT signaling 
pathway are over-activated during the formation of the 
CML cells resistant to imatinib. The silence of Twist1 
can reverse the resistance through the pathway.
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