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Abstract. Imatinib‑based targeted treatment is the standard 
therapy for chronic myeloid leukemia (CML); however, drug 
resistance is an inevitable issue for imatinib‑based CML treat-
ment. Imatinib resistance can be ascribed to Bcr‑Abl‑dependent 
and independent resistance. In the present study, peripheral 
blood samples were collected from imatinib‑sensitive (IS) 
and imatinib‑resistant (IR) CML patients and transcriptome 
sequencing was carried out. From the RNA‑seq data, a signifi-
cantly altered IR‑related gene (IRG), ribonucleotide reductase 
regulatory subunit M2 (RRM2) was identified. Using real‑time 
quantitative fluorescence PCR (qF‑PCR), we found that RRM2 
was elevated in both IR CML patients and an IR cell line. 
Using reverse‑transcription PCR (RT‑PCR) and western blot 
analysis, we indicated that imatinib can increase RRM2 level 
in a dose‑dependent manner in IR cells. We also demonstrated 
that RRM2 is involved in the Bcl‑2/caspase cell apoptotic 
pathway and in the Akt cell signaling pathway, and therefore 
affects the cell survival following imatinib therapy. The present 
study, for the first time, indicates that RRM2 is responsible for 
drug resistance in imatinib‑based therapy. Therefore, RRM2 
gene can be considered as a potential therapeutic target in the 
clinical treatment of CML.

Introduction

Chronic myeloid leukemia (CML) is a common hematologic 
malignancy in China. As a myeloproliferative disease, CML 
results from the reciprocal translocation of chromosome 9 and 
chromosome 22, which leads to the Bcr‑Abl gene fusion and 
increases constitutive tyrosine kinase activity (1).

Imatinib, a tyrosine kinase inhibitor (TKI), directly 
inhibits constitutive tyrosine kinase activity, which results in 
the modification of the functions of various genes involved in 

the control of the cell cycle, cell adhesion, cytoskeleton organi-
zation and ultimately in the apoptotic death of Ph(+) cells (2). 
Imatinib‑based targeted treatment has become the standard 
therapy for CML, and most patients in the chronic phase (CP) 
of CML achieve not only a complete cytogenetic response 
(CCR) but also a major molecular response (MMR) (3). A 
10‑year follow‑up of patients with CML who were treated with 
imatinib as initial therapy showed that imatinib can improve 
the prognosis of CML patients without unacceptable cumula-
tive or late toxic effects (4).

The major reason for the therapeutic success of imatinib 
in CML is the well‑defined molecular target toward the 
Bcr‑Abl gene and relatively selective therapies aimed at 
this gene. However, drug resistance is a recurrent issue 
for imatinib‑based CML treatment. A clinical trial indi-
cated that for imatinib‑based treatment of CML, there is a 
15 to 25% rate of primary cytogenetic resistance by 18 months 
of therapy, and the secondary resistance rate was 7 to 15% (5). 
Imatinib resistance  (IR) can be ascribed to two major 
reasons: Bcr‑Abl‑dependent and ‑independent resistance. The 
Bcr‑Abl‑dependent resistance includes Bcr‑Abl duplication 
and mutation. In vitro cell experiments have demonstrated 
that continuous culture with imatinib‑containing medium 
elevated Abl kinase activity due to a genetic duplication of 
the Bcr‑Abl sequence (6,7). Gorre et al demonstrated that 
the T315I mutation creates steric hindrance to the bonding 
between imatinib and the Abl kinase (8). Bcr‑Abl‑independent 
resistance includes a decrease in drug influx and an increase 
in drug efflux  (9), drug sequestration in the plasma  (10), 
epigenetic modification (11) and alternative signaling pathway 
activation (12).

Ribonucleotide reductase regulatory subunit M2 (RRM2) 
plays a significant role in tumor progression and is frequently 
overexpressed in cancer. It is involved in the regulation of cell 
invasion, cell migration and tumor metastasis (13). Elevated 
RRM2 expression has been reported to be associated with a poor 
prognosis of several types of cancer including gastric cancer, 
adrenocortical cancer, and non‑small cell lung cancer (13‑15). 
RRM2 is also demonstrated to be significantly associated with 
drug resistance. For example, Shah et al revealed that RRM2 
is a key contributor to AKT‑induced tamoxifen resistance 
in breast cancer treatment (16), and Tu et al demonstrated 
that VASH2 reduced the chemosensitivity to gemcitabine in 
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pancreatic cancer cells via the JUN‑dependent transactivation 
of RRM2 (17).

In the present study, peripheral blood samples were 
collected from 22 imatinib‑sensitive (IS) and 17 imatinib‑resis-
tant (IR) primary CML patients and the transcription profile 
of these samples was analyzed using high‑throughput 
sequencing (RNA‑seq). Numerous genes were found to be 
altered in IR patients. Four significantly increased genes that 
may correlate with IR, aryl hydrocarbon receptor nuclear 
translocator 2 (ARNT2), ATP binding cassette subfamily A 
member 13 (ABCA13), RRM2 and secreted frizzled related 
protein 1 (SFRP1) were screened (18‑21), and three signifi-
cantly decreased genes were identified that may be correlated 
with IR, growth differentiation factor 7 (GDF7 or BMP12), 
glutathione S‑transferase µ1 (GSTM1) and AP‑1 transcription 
factor subunit (c‑Fos)  (22‑24). Among these genes, RRM2 
was observed to be elevated in both IR patients and an IR cell 
line. It was also demonstrated that RRM2 is involved in the 
Bcl‑2/caspase and Akt cell signaling pathways and therefore 
affects the cell survival in imatinib therapy.

Herein, for the first time, we report that RRM2 is respon-
sible for drug resistance in imatinib‑based CML therapy. This 
study evaluated RRM2 as a potential therapeutic target in the 
clinical treatment of CML.

Materials and methods

Patients and peripheral blood collection. Peripheral blood 
samples were collected from 20 IR CML patients at the 
First Hospital of Jilin University (Changchun, China) from 
April 2015 to August 2018. Among these IR patients, 11 were 
male and 9 were female, with a median age of 53  years 
(range 18‑72). Two of the IR patients were in accelerated phase 
and 18 were in chronic phase. These patients had received 
imatinib as the first line therapy for 8 months to 13 years. CML 
diagnosis and resistance were defined on the basis of European 
Leukemia Net: ELN Recommendations 2013 (https://www.
leukemia‑net.org/content/home/index_eng.html). Peripheral 
blood samples were also collected from 17 IS CML patients 
who had achieved a major molecular response (MMR). The 
median age of the IS CML patients was 46 years (range 26‑60). 
Control peripheral blood samples were obtained from 15 
healthy people with a median age of 32 years (range 25‑39). 
From these blood samples, nucleated cells including lympho-
cytes, monocytes and granulocytes were isolated. All of these 
samples were stored at ‑80˚C until use. Permission to use 
the clinical samples for research purposes was obtained and 
approved by the Ethics Committee of the First Hospital of Jilin 
University. Informed consents were obtained from all patients.

RNA‑seq. Two IR samples and two IS samples were randomly 
selected and the RNA‑seq was carried out. The distinct 
mRNAs between IS and IR patients and their related path-
ways were identified. Briefly, total RNA was isolated from 
the patient peripheral blood samples using Qiazol (Qiagen, 
Shanghai, China). Then the total RNA was reverse‑transcribed 
to a cDNA library. RNA‑seq was carried out on a HiSeq4000 
(Illumina, Inc.) and yielded approximately 30 million reads 
with a length of 150 bp per sample (Shanghai Biotechnology 
Corp., Shanghai, China). Gene counts were normalized to 

the values of fragments per kilobase of transcript per million 
mapped reads (FPKM).

Cell culture. The human myeloid leukemia K562 cell line 
and basic IR type K562G cell line were purchased from the 
Chinese Academy of Medical Sciences (Tianjin, China). 
K562 cells were grown in normal RPMI‑1640 media 
(Thermo Fisher Scientific, Inc, Beijing, China) supple-
mented with 10% fetal bovine serum (HyClone, Beijing, 
China) in 5%  CO2 at 37˚C. K562G cells were grown in 
the same culturing condition except that 8  µM imatinib 
(Sigma‑Aldrich; Merck KGaA, Shanghai, China) was added 
to the media.

For the concentration‑effect analysis of imatinib, K562G 
cells were cultured in 8 µM imatinib as the initial concentra-
tion for two weeks, then in 10 µM imatinib for another two 
weeks, and finally in 12 µM imatinib for two weeks.

Reverse‑transcription PCR (RT‑PCR) and real‑time quanti‑
tative fluorescence PCR (qF‑PCR). Cells were collected and 
total RNA was extracted using the Qiagen RNeasy Mini Kit 
(Qiagen, Shanghai, China). RNA (1 µg) was reverse‑transcribed 
to cDNA using Moloney murine leukemia virus reverse tran-
scriptase (M‑MLV, Invitrogen; Thermo Fisher Scientific, Inc.). 
The reaction system for RT‑PCR analysis contained (6 µl): 2 µl 
of prepared sample cDNA as the template, 3 µl 2X Taq PCR 
StarMix buffer (GenStar, Beijing, China) and 1 µl forward 
and reverse primers. The reaction system for qF‑PCR analysis 
contained (20  µl): 2  µl of prepared sample cDNA as the 
template, 10 µl 2X SYBR Premixed buffer (Roche, Shanghai, 
China), 2 µl forward and reverse primers and 6 µl ddH2O. The 
primer sequences were as follows: ARNT2 forward primer, 
5'‑TGC​ATC​GGA​GAA​GAA​GAT​GAT​G‑3' and reverse primer, 
5'‑ATT​CAC​TCC​AGG​CAC​ATG​AAC‑3' (136 bp); ABCA13 
forward primer, 5'‑CTG​TGG​AAG​AAT​TGG​CTC​TGC​A‑3' 
and reverse primer, 5'‑TGT​CTC​TGT​ATC​TGG​GAG​GTT​C‑3' 
(127 bp); RRM2 forward primer, 5'‑CTA​TGG​CTT​CCA​AAT​
TGC​CAT​G‑3' and reverse primer, 5'‑GAC​ACA​AGG​CAT​CGT​
TTC​AAT​G‑3' (127 bp); SFRP1 forward primer, 5'‑TGT​GCC​
ACA​ACG​TGG​GCT​AC‑3' and reverse primer, 5'‑AGT​TCT​
TGT​TGA​GCA​GGG​GCA​CC‑3' (114  bp); BMP12 forward 
primer, 5'‑CAC​TTC​ATG​ATG​TCG​CTT​TAC​C‑3' and reverse 
primer, 5'‑CGT​TAA​GGC​TGG​ACA​CGT​CGA‑3' (181  bp); 
GSTM1 forward primer, 5'‑TTC​CCA​ATC​TGC​CCT​ACT​
TG‑3' and reverse primer, 5'‑CAC​GAA​TCT​TCT​CCT​CTT​
CTG‑3' (120 bp); c‑FOS forward primer, 5'‑GAT​AGC​CTC​
TCT​TAC​TAC​CAC‑3' and reverse primer, 5'‑GAA​TGA​AGT​
TGG​CAC​TGG​AGA​C‑3'; Bcl‑2 forward primer, 5'‑ACC​TGG​
ATC​CAG​GAT​AAC​GGA‑3' and reverse primer, 5'‑GAT​
AGG​CAC​CCA​GGG​TGA​TGC‑3' (148 bp); GAPDH forward 
primer, 5'‑TGC​ACC​ACC​AAC​TGC​TTA‑3' and reverse primer, 
5'‑GGA​TGC​AGG​GAT​GAT​GTT​C‑3' (178 bp). The RT‑PCR 
amplification was carried out on the Eppendorf Mastercycler 
Pro (Eppendorf, Shanghai, China) and the PCR process was as 
follows: 10 min denaturation at 95˚C, 26 to 32 cycles at 95˚C 
for 20 sec, 62˚C for 15 sec and 72˚C for 15 sec, and then at 72˚C 
for 2 min. PCR productions were visualized by 3% agarose gel 
electrophoresis. Densitometric analysis was conducted using 
Quantity One software (version 4.6, Bio‑Rad). The qF‑PCR 
amplification was carried out on the ABI StepOnePlus 
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(ABI, Beijing, China) and the PCR process was as follows: 
5 min denaturation at 95˚C followed by 40 cycles at 95˚C for 
20 sec, 60˚C for 15 sec and 72˚C for 15 sec. mRNA levels were 
normalized to GAPDH levels within the same sample. Data 
analysis was performed using the 2‑ΔΔCq method (25).

siRNA and RNA interference. Control siRNA (siCT) and 
siRNA for RRM2 were synthesized by Shanghai GenePharma 
Co. Ltd. (Shanghai, China). The sequence of siCT is: 5'‑UAG​
CGA​CUA​AAC​ACA​UCA​AUU‑3' and the sequence of 
siRRM2 is: 5'‑GCG​AUU​UAG​CCA​AGA​AGU​UCA‑3' (26). 
Amaxa® Cell Line Nucleofector®  Kit  V (Lonza, Basel, 
Switzerland) was used for the siRNA transfection. According 
to the manufacturer's guidelines, 1x106 K562 or K562G cells 
were transfected with 100 pmol siRNA. Twelve hours after 
the electrotransfection, the cells were centrifuged at a low 
speed (90 x g) to exclude the dead cells and the debris. The 
cells were incubated for another 12 h and the knockdown 
efficiency was measured by RT‑PCR, qF‑PCR and western 
blotting. All the cell experiments were performed at 24 h 
post‑transfection.

Cell viability determination by the CCK‑8 assay. K562 and 
K562G cells (5x103) were plated in 96‑well plates and cultured 
for 24 h. For the cell viability assay, 10 µl CCK‑8 solution 
(Thermo Fisher Scientific, Inc, Beijing, China) was added to 
each well and the plate was incubated at 37˚C for 2 h. The 
optical density (OD) at 450 nm (OD450) was measured using a 
microplate reader (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA).

Apoptosis assay. K562G cells were maintained in RPMI‑1640 
medium supplemented with 8 µM imatinib. Approximately 
1x106  cells were collected and washed with cold PBS. 
Then, the cells were incubated with Annexin  V‑FITC/PI 
(BD Biosciences, Franklin Lakes, NJ, USA) for 15 min in the 
dark and analyzed with fluorescence‑activated cell sorting 
(FACScan; BD  Biosciences). FlowJo software (FlowJo, 
LLC, Ashland, OR, USA) was used for apoptosis analysis. 
Cells in the different proportions represent the different cell 
states as follows: The dead cells are shown in the upper left 
portion (Q1), the late‑apoptotic cells are shown in the upper 
right portion (Q2), the viable cells are shown in the lower left 
portion (Q4), and the early apoptotic cells are the cells present 
in the lower right portion (Q3).

Protein extraction and western blotting. Cells were lysed in 
RIPA buffer (KeyGen Biotech. Co., Ltd., Nanjing, China) 
compensated with a cocktail protease inhibitor (Roche). 
Lysates were centrifuged at 20,000 x g for 30 min at 4˚C. 
Protein concentration was determined by Bradford Protein 
Assay Kit (Beyotime Institute of Biotechnology, Haimen, 
Jiangsu, China). For protein expression assay, equal amount 
of 20 µg protein from each sample was separated by 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and transferred to polyvinylidene f luoride membranes 
(Millipore, Billerica, MA, USA). The blots were then blocked 
with 5% skim milk in TBST at 37˚C for 1 h and incubated 
with primary antibodies including: RRM2 (dilution 1:1,000, 
cat. no. ab57653; Abcam, Shanghai, China), Bcl‑2 (dilution 

1:1,000; cat.  no.  ab59348; Abcam), Bax (dilution 1:1,000; 
cat. no. ab32503; Abcam), cleaved caspase‑3 (dilution 1:1,000; 
cat. no. 9664; Cell Signaling Technology, Shanghai, China), 
cleaved caspase‑9 (dilution 1:1,000; cat.  no.  9505; Cell 
Signaling Technology), Akt (dilution 1:1,000. cat. no. 2920; 
Cell Signaling Technology), phospho‑Akt (Ser473, dilution 
1:1,000; cat. no. 4060; Cell Signaling Technology) and β‑actin 
(dilution 1:1,000; cat. no. sc47778; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA). Then the membranes were incu-
bated with horseradish peroxidase‑coupled goat anti‑rabbit 
or goat anti‑mouse secondary antibody (dilution 1:3,000; 
cat. nos. sc‑2004 and sc‑2005; Santa Cruz Biotechnology) at 
room temperature for 1 h. The chemiluminescence signals 
were detected with a chemiluminescence system (ECL, 
Thermo Fisher Scientific, Inc.). Densitometric analysis was 
conducted using Quantity One software, version 4.6 (Bio‑Rad 
Laboratories).

Statistical analysis. All experimental results represent the 
average of at least three independent experiments. Data were 
analyzed using SPSS 16.0 software (SPSS Inc., Chicago, IL, 
USA) and expressed as mean ± SD. Statistical analysis was 
performed using t‑test (between two groups) or one‑way 
analysis of variance followed by an LSD post hoc test (more 
than two groups). *P<0.05, **P<0.01, #P<0.05 or ##P<0.01 was 
considered to indicate a statistically significant difference 
(relevant symbols are shown in the figures and legends).

Results

Identification of IR‑related genes (IRGs) using RNA‑seq 
and qF‑PCR. The relative mRNA levels from the RNA‑seq 
are expressed as FPKM value and are listed in Fig.  1A. 
Referring to the KEGG Pathway Database (https://www.kegg.
jp/kegg/pathway.html), 7 genes were screened that may be 
involved in the IR process. The expression levels of ARNT2, 
ABCA13, RRM2 and SFRP1 were significantly increased 
and the expression levels of GDF7, GSTM1 and c‑FOS were 
significantly decreased.

We carried out qF‑PCR to confirm whether the variation 
trends of these genes were consistent with the RNA‑seq result, 
and we found that the variation trends of ABCA13, GSTM1 
and RRM2 were consistent with the RNA‑seq result, whereas 
ARNT2 and c‑FOS were not consistent with the RNA‑seq 
result. As for SFRP1 and GDF7, the individual variation in the 
gene transcription was significant (Fig. 1B).

We then detected the mRNA level of ABCA13, GSTM1 
and RRM2 in normal K562 cells and the IR type K562G cells. 
Among these three genes, RRM2 showed the most significant 
difference between K562 and K562G cells (Fig. 1B, P<0.01). 
We went on to detect the RRM2 level in 15 normal individuals 
(NORs), 17 IS patients (ISPs) and 20 IR patients (IRPs), and 
we observed that the RRM2 level in the IR group was signifi-
cantly higher than that of the IS and NOR group (Fig. 1B, 
P<0.01). Therefore, we selected RRM2 as our target gene and 
performed the following cell experiments.

Imatinib increases the RRM2 level in a dose‑dependent 
manner in K562G cells. In order to confirm the correlation 
between imatinib therapy and RRM2 expression, K562G cells 
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Figure 1. Screening of IRGs in CML patients. RNA‑seq was employed to screen specific IRGs in imatinib‑sensitive (IS) and imatinib‑resistant (IR) CML 
patients and 7 genes were identified. Among these genes, 4 genes were upregulated and 3 genes were downregulated in the IR patients. We carried out qF‑PCR 
to confirm the levels of these IRGs in peripheral blood samples and cell lines. (A) FPKM values are presented in RNA‑seq. Green box, downregulation; orange 
and red box, upregulation. (B) qF‑PCR assay of 7 IRGs in blood samples and cell lines. IRGs, IR‑related genes; CML, chronic myeloid leukemia; NORs, 
normal patients; ISPs, imatinib‑sensitive patients; IRPs, imatinib‑resistant patients. One‑way ANOVA and t‑test, *P<0.05; **P<0.01; NS, not significant.
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were treated with three doses of imatinib (8, 10 and 12 µM), 
and K562 cells were treated with 2 µM imatinib. We analyzed 
the RRM2 mRNA and protein levels by RT‑PCR, qF‑PCR 
and western blot analysis. The results indicated that following 
increasing concentrations of imatinib, both the mRNA and 
protein levels of RRM2 in the K562G cells were significantly 
elevated when compared with the CT group (Fig.  2A‑C, 
P<0.01). However, the mRNA level in K562 cells was not 
significantly altered (Fig. 2D, P>0.05). These data showed 
an apparent concentration‑effect relationship of imatinib and 
RRM2 in IR cells.

Knockdown of RRM2 enhances the apoptosis of K562G cells. 
In order to address the correlation between the RRM2 level 
and imatinib‑induced cell apoptosis, endogenous RRM2 
was effectively knocked down using siRNA (Fig. 3A and B, 
P<0.01). Cell morphology showed that K562G cells became 
sensitive to 8 µM imatinib treatment after RRM2 was knocked 
down (Fig. 3C, left panel). Cell survival experiment and flow 
cytometry also demonstrated that knockdown of RRM2 
inhibited the cell growth and induced a high rate of cell death 
following imatinib‑based treatment (Fig.  3C, right panel, 
P<0.01; Fig. 3D, P<0.01).

Bcl‑2 is upregulated in IR patients and in K562G cells. 
Since it was demonstrated that a high level of RRM2 induced 
imatinib resistance and that knockdown of RRM2 increased 
drug sensitivity of K562G cells to imatinib, we then focused 
on the variations in apoptosis‑related genes. Bcl‑2 levels were 
detected in 2 IS patients (IS‑1 and IS‑2), 2 IR patients (IR‑1 
and IR‑2) and the imatinib‑treated K562G cells. As shown 
in Fig. 4, both the IR patients and the K562G cells showed 
significant higher levels of Bcl‑2 compared to the IS patients 
and the normal K562 cells (P<0.01).

RRM2‑induced IR is associated with the Bcl‑2/caspase 
cell apoptotic pathway. To confirm the role of Bcl‑2/Bax 
and the caspase apoptotic pathway in the RRM2‑induced 
imatinib resistance, RRM2 siRNA was used to knock down 
RRM2 and RT‑PCR, qF‑PCR and western blot analysis 
were utilized to detect the expression of Bcl‑2, Bax, cleaved 
caspase‑3 and ‑ 9. As shown in Fig.  5, after RRM2 was 
knocked down, the Bcl‑2 level was decreased (Fig. 5A and B, 
P<0.01) and the Bax level was increased while the Bcl‑2/Bax 
ratio was decreased (Fig. 5B, P<0.01). Simultaneously, the 
levels of cleaved caspase-3 and -9 were significantly elevated 
(Fig. 5B, P<0.01).

Figure 2. High dose imatinib increases the RRM2 level in imatinib‑resistant (IR) cells. We treated K562G cells with 8, 10 and 12 µM imatinib, and K562 cells 
with 2 µM imatinib. The RRM2 mRNA and protein levels were analyzed using RT‑PCR, qF‑PCR and western blot analysis. (A) RT‑PCR results. (B) qF‑PCR 
results. (C) Western blot analysis results and the relative band density. (D) RT‑PCR results showed that 2 µM imatinib did not significantly alter the mRNA 
level of RRM2 in imatinib‑sensitive (IS) cells. CT, K562 cells used as the control. One‑way ANOVA, **P<0.01, compared with the CT group. #P<0.05, ##P<0.01. 
NS, not significant; RRM2, ribonucleotide reductase regulatory subunit M2.
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Knockdown of RRM2 suppresses activation of the Akt pathway. 
It was reported that RRM2 can activate Akt and promote cell 
invasion in gastric cancer (13). Herein, we also investigated 

whether or not RRM2 activates the Akt pathway. As shown in 
Fig. 6, the phosphorylated Akt (p‑Akt) level was significantly 
decreased following RRM2 knockdown (Fig. 6A, P<0.01). 

Figure 3. RRM2 knockdown enhances the imatinib sensitivity in K562G cells. RRM2 was knocked down in K562G cells using siRNA and cell viability 
and apoptosis were analyzed in the presence of 8 µM imatinib. (A) Effective knockdown of RRM2 by siRNA. The RRM2 mRNA level was determined by 
RT‑PCR. (B) The RRM2 protein level was determined by western blot analysis. (C) Analysis of the cell survival by CCK‑8 assay. (D) Analysis of the cell 
apoptosis by flow cytometry. t‑test, **P<0.01, as compared with the siCT group. RRM2, ribonucleotide reductase regulatory subunit M2.
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Figure 4. RRM2 is consistent with Bcl‑2 in IR CML patients and IR CML cells. (A) Analysis of Bcl‑2 mRNA level in IR (IR‑1 and IR‑2) and IS (IS‑1 and IS‑2) 
CML patients by RT‑PCR. (a) PCR band and (b) relative band density. (B) Analysis of the Bcl‑2 mRNA level in IR (IR‑1 and IR‑2) and IS (IS‑1 and IS‑2) CML 
patients by qF‑PCR. (C) Analysis of the Bcl‑2 mRNA level in CML cell lines by RT‑PCR. (a) PCR band and (b) the relative band density. (D) Analysis of the 
Bcl‑2 mRNA level in IS (K562) and IR (K562G‑8 and K562G‑12) CML cell lines by qFPCR. One‑way ANOVA and t‑test, **P<0.01. RRM2, ribonucleotide 
reductase regulatory subunit M2; CML, chronic myeloid leukemia; IR, imatinib‑resistant; IS, imatinib‑sensitive. K562G‑8, cells were cultured in 8 µM 
imatinib as the initial concentration for two weeks; K562G‑12, cells were cultured in 12 µM imatinib for two weeks.

Figure 5. RRM2 suppression induces cell apoptosis through the Bcl‑2/caspase pathway. (A) Knockdown of Bcl‑2 in K562G cells. Left panel, PCR band; right 
panel, the relative band density. (B) Knockdown of RRM2 activated the Bcl‑2/Bax and caspase pathways. The levels of Bcl‑2, Bax, cleaved‑caspase (cas) 3 and 
9 were determined by western blot analysis. Upper left panel, western blot band; histograms, the relative band density. t‑test, **P<0.01, as compared with the 
siCT group. RRM2, ribonucleotide reductase regulatory subunit M2.
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These data suggest that RRM2 suppression may enhance the 
sensitivity of CML cells to imatinib via the Akt pathway.

Discussion

Ribonucleotide reductase (RNR) is a multimeric enzyme that 
catalyzes the conversion of ribonucleoside diphosphates to 
deoxyribonucleoside diphosphates. It contains two subunits, a 
large subunit RRM1 and a small subunit RRM2. RRM1 and 
RRM2 form an active enzyme (27). RRM1 is a dimer of Mr 
170,000 that contains nucleotide binding sites and is respon-
sible for the complex allosteric regulation of the enzyme. 
RRM2 is a dimer of Mr 88,000 that contains stoichiometric 
amounts of non‑heme iron and a unique tyrosyl free radical, 
which is essential for its activity (28).

RRM2 is a pivotal molecule that modulates the activity of 
RNR, which is essential for DNA synthesis. It was reported 
that RRM2 is a determinant of malignant cellular behavior 
in a variety of human cancers, such as breast cancer  (29), 
gastric cancer (30), cervical cancer (31), glioblastoma (32), 
and head and neck cancer (33). RRM2 also plays a role in the 
chemoresistance process. Duxbury et al indicated that RRM2 
overexpression is associated with gemcitabine chemoresistance 
in pancreatic adenocarcinoma cells, and that the suppression 
of RRM2 enhances gemcitabine‑induced cytotoxicity both 
in vitro and in vivo (34). Huang et al used an integrative bioin-
formatics approach and found that RRM2 was overexpressed 
in tamoxifen‑resistant breast tumors (35).

The present study was designed to identify various novel 
genes that are responsible for imatinib resistance (IR) in 
chronic myeloid leukemia (CML) treatment. The RNA‑seq 
approach was employed, and we observed that the transcrip-
tion profiles of many genes were altered in IR patients. KEGG 
pathway analysis revealed 7 genes that may be involved in the 
IR process. After confirming these genes by qF‑PCR in both 
the patient samples and cell lines, we finally selected RRM2 
as the optimal gene and investigated its molecular function in 
the IR process.

The concentration effect experiment showed that imatinib 
can induce a dose‑dependent increase in RRM2 levels in 
IR cells, and knockdown of RRM2 enhanced the sensitivity 
of K562G cells to imatinib therapy (Figs. 2 and 3). Further 
investigation revealed that the overexpression of RRM2 may 
induce imatinib drug resistance and antiapoptosis through the 
Bcl‑2/caspase pathway (Figs. 4 and 5). Bcl‑2 family members 
regulate the mitochondrial pathway of apoptosis (36). The ratio 
between Bcl‑2 and Bax is important for regulating the release 
of cytochrome c from mitochondria, which activates caspase‑3 
and induces apoptosis (37). Rahman et al demonstrated that 
RRM2 depletion significantly reduced Bcl‑2 protein expres-
sion in head and neck squamous cell carcinoma (HNSCC) and 
non‑small cell lung cancer (NSCLC) cells. They observed that 
RRM2 regulates Bcl‑2 protein stability, with RRM2 suppres-
sion leading to increased Bcl‑2 degradation, and demonstrated 
their colocalization (26). Our results are consistent with those 
of Rahman et al.

Activation of the alternative signaling pathway is an 
important mechanism in the Bcr‑Abl‑independent resistance 
of imatinib. The crosstalk between RRM2 and the Akt 
pathway may be a novel alternative signaling pathway for IR. 
Zhong et al found that the overexpression of RRM2 promotes 
gastric cancer cell invasion via the Akt/NF‑κB signaling 
pathway (13). Shah et al found that inhibition of RRM2 signifi-
cantly reversed Akt‑induced tamoxifen‑resistant cell growth 
and inhibited breast cancer cell motility. They also indicated 
that Akt‑expression upregulated RRM2 levels, leading to 
increased DNA repair and protection from tamoxifen‑induced 
apoptosis (16). The Akt signaling pathway plays an impor-
tant role in the response to extracellular stimuli to regulate 
cell growth, apoptosis and survival (38). In our experimental 
model, we observed that the knockdown of RRM2 suppressed 
the activation of Akt (Fig. 6A). We speculate that there exists 
feedback regulation between RRM2 and Akt, and therefore 
RRM2 affects IR through the Akt signaling pathway (Fig. 6B).

To conclude, in the present study, RRM2 was found to be 
elevated in both the IR CML patients and an IR cell line. It 

Figure 6. RRM2 knockdown suppresses the activation of the Akt pathway. (A) RRM2 knockdown decreased the level of phosphorylated Akt (p‑Akt). Upper 
panel, western blot band; lower histogram, the relative band density. **P<0.01, as compared with the siCT group. NS, not significant. (B) Diagram depicts the 
role of RRM2 in IR, a novel type of Bcr‑Abl‑independent resistance in CML. RRM2, ribonucleotide reductase regulatory subunit M2; IR, imatinib‑resistant; 
CML, chronic myeloid leukemia.
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was also demonstrated that RRM2 may affect the cell survival 
via the Bcl‑2/caspase cell apoptotic pathway and the Akt cell 
signaling pathway in imatinib therapy. It is noteworthy that 
different CML phases (chronic phase or accelerated phase) 
probably affect the level of a certain carcinoma biomarker (39), 
however, this was not taken into consideration in the present 
study. Therefore, to gain deeper insight into the predic-
tive value of RRM2 for IR, a larger sample size and a more 
detailed sample classification are still needed in subsequent 
investigations.
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