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INTRODUCTION
Chronic myelogenous leukemia (CML) is a 

malignant disorder of hematopoietic stem cells that arises 
from reciprocal translocation between the BCR gene on 
chromosome 22 and the ABL gene on chromosome 9, t 
(9;22) (q34;q11), called Philadelphia chromosome [1, 2]. 
The enhanced tyrosine kinase (TK) activity of BCR/ABL 
plays a critical role in hematopoietic cell transformation in 
CML. Imatinib mesylate (IM), a small molecule tyrosine 
kinase inhibitor (TKI) that binds to the ATP‑binding site of 
ABL and inhibits BCR‑ABL kinase activity, has proven to 
be a revolutionary treatment for patients with CML [3–5].

Despite impressive clinical responses, 20–30% 
of patients treated with IM fail to achieve a complete 
cytogenetic response. Patients with optimal responses 

may also subsequently relapse. Moreover, approximately 
15% of IM‑treated patients only achieve suboptimal and 
temporary responses that require higher doses of IM 
or changes in drug combinations [4]. IM resistance is 
also common. Several mechanisms have been shown 
to contribute to such resistance, including ABL kinase 
domain mutation, BCR/ABL protein overexpression, 
and an increase in P‑glycoprotein or other oncogenes 
[6]. In ~20% of CML cases, TKI resistance is not caused 
by altered BCR/ABL function. However, this BCR/
ABL‑independent IM resistance is not well understood 
[7, 8]. Also, it is conceivable that drugs targeting alternative 
signal transduction pathways and synergizing with IM 
may enhance the efficacy of targeted therapies. Therefore, 
molecular targets of BCR/ABL downstream may be 

RalA, a GTPase targeted by miR‑181a, promotes transformation 
and progression by activating the Ras‑related signaling pathway 
in chronic myelogenous leukemia

Chunming Gu1,2,*, Maoxiao Feng1,*, Zhao Yin1,*, Xiaochuang Luo1, Juhua Yang1, 
Yumin Li1, Tianfu Li3, Ruirui Wang3, Jia Fei1,2

1Department of Biochemistry and Molecular Biology, Medical College of Jinan University, Guangzhou 510632, China
2Insititute of Chinese Integrative Medicine, Medical College of Jinan University, Guangzhou 510632, China
3Department of Clinical Medicine, Medical College of Jinan University, Guangzhou 510632, China
*These authors have contributed equally to this work

Correspondence to: Jia Fei, e‑mail: efeijia@163.com

Keywords: RalA GTPases, chronic myelogenous leukemia, malignant transformation, imatinib, Ras signaling pathway

Received: September 04, 2015 Accepted: February 16, 2016 Published: March 08, 2016

ABSTRACT
BCR/ABL is a well‑known activator of multiple signaling pathways. RalA, a 

Ras downstream signaling molecule and a small GTPase, plays an important role 
in Bcr‑Abl‑induced leukemogenesis but the exact mechanism remains elusive. 
Here, we show that RalA GTPase activity is commonly high in chronic myelogenous 
leukemia (CML) cell lines and patient samples. Overexpression of RalA results 
in malignant transformation and progression, and induces resistance to imatinib 
(IM) in BaF3 and K562 cell lines. RalA reduced survival and led to IM resistance 
in a xenografted mouse model. Ablation of RalA by either siRNA or miR‑181a, 
a RalA targeting microRNA, attenuated the malignant phenotypes in K562 cells. 
RBC8, a selective Ral inhibitor, enhanced the inhibitory effects of IM in K562, 
KCL22 and BaF3‑P210 cells. Interestingly, the phospho‑specific protein microarray 
assay revealed that multiple phosphorylation signal proteins were decreased by 
RalA inhibition, including SAPK, JNK, SRC, VEGFR2, P38 MAPK, c‑Kit, JunB, and 
Keratin18. Among them, P38 MAPK and SAPK/JNK are Ras downstream signaling 
kinases. Taken together, RalA GTPase might be an important oncogene activating 
the Ras‑related signaling pathway in CML.
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attractive candidates for CML treatment. For example, the 
Ras pathway is activated by BCR/ABL and plays a key 
role in BCR/ABL‑controlled leukemogenesis [9, 10]. Thus, 
inhibiting the Ras signaling pathway might be a prospective 
strategy for overcoming IM resistance in CML.

Recent studies have demonstrated that some Ras 
effector molecules, such as Rac GTPases, CDC42 GTPase 
and RhoA GTPase, play a crucial role in Bcr‑Abl‑induced 
leukemogenesis [11–14]. RalA GTPase, a member of 
the Ras effectors, has been implicated in tumorigenesis, 
invasion, and metastasis of a variety of solid tumors [15]. 
Thus, activation of RalA signaling appears to be a critical 
step in Ras‑induced transformation and tumorigenesis 
[16]. RBC8 and BQU57, selective Ral inhibitors, can 
inhibit xenografted tumor growth (bladder cancer cell line 
and the human lung cancer cell lines) [17]. However, the 
exact role of RalA in CML remains elusive.

We have shown previously that RalA is a direct 
target of miR‑181a and plays an important oncogenic 
role in CML [18, 19]. These findings provide a new 
mechanistic insight into the role of RalA GTPase in 
CML and suggest that RalA could be a potential target 
for therapeutic intervention in CML and possibly other 
cancers as well.

RESULTS

Increased RalA GTPase activity increases 
malignant transformation in CML cells

We have previously shown that miR‑181a directly 
targets RalA GTPase in CML cells [18, 19]. However, the 
role of RalA in CML is poorly understood. RalA GTPase 
becomes activated when it switches from the GDP‑bound 
state to the GTP‑bound state that specifically interacts with 
their downstream effector proteins. To further understand 
the role of RalA in CML, we first tested the expression 
and activity of RalA in four CML cell lines and three 
primary CML samples. As shown in Figure 1A, RalA 
GTPase activity was significantly higher in these CML 
cells compared to normal blood control. Consistently, 
RalA GTPase activity was significantly decreased upon 
inhibition of RalA expression with either overexpression 
of miR‑181a mimic or RalA siRNA (Figure 1B). These 
results indicate that RalA GTPase activity is increased in 
CML cells and thus may be a new biomarker. Confocal 
immunohistochemistry showed that RalA protein was 
located mainly in the cytoplasm in K562 cells (Figure 1C). 
Our preliminary studies show that overexpression of 
RalA counteracts Ara‑C‑induced cytotoxicity (Figure 1D) 
and increases colony formation capacity in BaF3 cells 
(Figure 1E and 1F), indicating that RalA may promote 
transformation of murine immortalized normal pro‑B 
BaF3 cells. In mice xenografted with K562 cells, all of 

these animals had developed varying symptoms of CML, 
i.e. cachexia, apathy, palpable tumors/chloromas. Overall 
survival, and leukemia progression were monitored 
by Kaplan–Meier analysis. The results showed that 
overexpression of RalA reduced overall survival of 
recipient mice (Figure 1G).

RalA GTPase promotes malignant progression of 
CML cells

To test whether the increased RalA GTPase activity 
contributes to cell malignant phenotypes in CML cells, 
we constructed a RalA expression plasmid for RalA 
overexpression studies. As shown in Figure 2A and 2B, 
the expression of RalA protein (Figure 2A) and activity 
(Figure 2B) were significantly increased in K562 cells 
transfected with the RalA expression plasmid compared 
to empty vector transfected cells. We then conducted cell 
migration and invasion assays using the Transwell assay in 
the absence or presence of BD Matrigel, respectively. Cell 
migration and invasion are key malignant behaviors that 
are associated with tumorigenesis and cancer metastasis. 
As shown in Figure 2C and 2D, overexpression of RalA 
significantly promoted cell migration and invasion, 
respectively (P < 0.05). Colony‑forming assays were 
also performed to measure cell neoplastic capacity. As 
shown in Figure 2E, overexpression of RalA significantly 
increased the number of colonies in K562 cells transfected 
with RalA, compared to the empty vector transfection. 
Together, these results indicate that increased levels and 
GTPase activity of RalA promote malignant phenotypes 
in K562 cells.

Overexpression of RalA in K562 cells confers IM 
resistance

To test whether the high expression of RalA in 
CML relates to therapeutic response, IM sensitivity was 
analyzed in RalA‑overexpressing K562 cells by MTT and 
FACS analysis. Cells transfected with control or RalA 
expressing plasmids were treated with IM for 24 h. The 
results showed that overexpression of RalA significantly 
inhibited the cell killing effect of IM in K562 cells as 
indicated by increased cell viability (Figure 3A), and 
reduced cell death as indicated by positive 7‑AAD 
staining (Figure 3B). Furthermore, in the presence of IM, 
K562 cells transfected with RalA plasmid formed more 
colonies in culture (Figure 3C). These results indicate that 
overexpression of RalA was sufficient to render K562 cells 
resistant to cell death induced by IM. Overall survival was 
monitored by Kaplan–Meier analysis. The results showed 
that overexpression of RalA reduced overall survival of 
recipient mice undergoing IM treatment, indicating that 
RalA imparts some resistance to IM (Figure 3D).
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Figure 1: RalA GTPase activity is increased in CML cells. (A) RalA GTPase activity was determined by G‑LISATM in CML cell 
lines and three CML peripheral blood samples, compared to normal healthy blood controls. (B) RalA GTPase activity measured by G‑LISATM 
in K562 cells with overexpression of miR‑181a or RalA siRNA compared to scrambled controls (SCR). (C) Confocal microscopy analysis 
of the Ral A localization in K562 cells. (D) BaF3 cells transfected with RalA plasmid, empty vector or blank were treated with different 
concentrations of Ara‑C (1.2–2.8 μM) for 48 h and the viability of cells was determined by MTT assay. The preliminary experiment showed 
that overexpression of RalA could counteract Ara‑C‑induced cytotoxicity, and increase colony formation capacity in BaF3 cells. (E and F) 
1000 BaF3 cells with RalA vector were mixed with RPMI‑1640 medium containing 0.9% methylcellulose solution and 20% FBS, and 
seeded onto 24‑well plates. Colony numbers were counted after 1 week. Histogram (E) shows the relative number of colonies per 1000 
plated cells. Overexpression of RalA increases the colony‑forming activity in BaF3 cells. (G) Xenograft model of CML with the human 
cell line K562 with RalA or empty vector in Balb/c mouse. 500,000 K562 cells transfected with RalA or empty vector were injected via 
intravenous tail vein injection into sublethally irradiated Balb/c recipient mice. Overall survival is shown by Kaplan–Meier analysis.
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Figure 2: High RalA GTPase activity increases K562 cell malignant progression. (A) Expression of exogenous RalA in K562 
cells. K562 cells transfected with RalA or empty vector were analyzed for the expression of RalA by immunoblot (IB). (B) The RalA 
activity of cells transfected with RalA plasmid was measured by G‑LISATM. (C) Overexpression of RalA promotes migration in K562 cells. 
A total of 6 × 105 cells transfected with control or RalA plasmids were seeded into the upper chambers, followed by counting of the cells in 
the lower chambers after 24 h. (D) Overexpression of RalA promotes invasion of K562 cells. A total of 3 × 105 cells transfected with control 
or RalA plasmids were seeded into the upper chambers coated with Matrigel. Cells in the lower chambers were stained with hematoxylin 
and counted after 8 h. Histogram and statistics showing the relative invasion rate are shown in the lower panel (left). (E) Overexpression of 
RalA increases the colony formation of K562 cells. A total of 1000 cells transfected with control or RalA plasmids were mixed with RPMI‑
1640 medium containing 0.9% methylcellulose solution and 20% FBS, and seeded onto 24‑well plates. Colony numbers were counted 
after 1 week. Histogram and statistics indicating the relative number of colonies per 1000 plated cells are shown in the lower panel (right). 
Statistical significance was assessed by one‑way ANOVA (*p < 0.05).
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Figure 3: Overexpression of RalA in K562 cells confers IM resistance. (A) K562 cells transfected with RalA plasmid, empty 
vector or blank were treated with different concentrations of imatinib (0–0.15 μM) for 48 h, followed by MTT assays. (B) Overexpression 
of RalA reduces apoptosis following IM treatment. K562 cells transfected with RalA plasmid, empty vector or blank were treated with IM 
(0.1 μΜ) for 48 h. The cells were washed and stained with 7‑AAD and then analyzed by flow cytometry to determine apoptosis. Statistical 
significance was assessed by one‑way ANOVA (*p < 0.05). (C) Colony formation assays. A total of 1000 cells transfected without or with 
control or RalA plasmids were mixed with RPMI‑1640 medium containing 0.9% methylcellulose solution, 20% FBS and IM (0.75 μΜ), 
and seeded onto 24‑well plates. Colony numbers were counted after 1 week. (D). Xenograft model of CML with the human cell line 
K562 with RalA or empty vector in Balb/c mice. 500,000 K562 cells transfected with RalA or empty vector were injected via intravenous 
tail vein injection into sublethally irradiated (3 Gy) Balb/c recipient mice. Imatinib was injected intraperitoneally at a dose of 100 mg/kg 
body weight for 10 consecutive days. Overall survival is shown by Kaplan–Meier analysis.
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Targeted inhibition of RalA attenuates the 
malignant properties of CML cells

Next, we studied whether reducing RalA GTPase 
activity by either RalA siRNA or miR‑181a, which 
target RalA, could attenuate CML malignant behavior. 
As shown in Figure 4A, increasing concentrations of 
either miR‑181a or RalA siRNA effectively increased 
K562 cell sensitivity to IM treatment. Transwell assays 

with or without Matrigel also showed that the migration 
and invasion ability of CML cells were significantly 
reduced by miR‑181a mimic or RalA siRNA (Figure 4B 
and 4C). Finally, the colony‑forming ability of K562 cells 
transfected with miR‑181a or RalA siRNA was 
significantly reduced compared to cells transfected with 
scrambled RNA control (P < 0.05) (Figure 4D). Taken 
together, these data demonstrate that targeted inhibition of 
RalA attenuates CML malignant properties.

Figure 4: Targeted inhibition of RalA attenuates CML malignant progression and sensitizes K562 cells to imatinib 
treatment. (A) Inhibition of RalA sensitizes K562 cells to imatinib. K562 cells transfected with control, RalA siRNA or miR‑181a were 
treated with different concentrations of imatinib (0–0.25 μM) for 24 h and the viability of cells was determined by MTT assay. (B) Inhibition of 
RalA reduces CML cell migration. A total of 6 × 105 K562 cells transfected with control, RalA siRNA or miR‑181a were seeded into the upper 
chambers, counted after 24 h, followed by counting of cell numbers in the lower chambers. (C) Inhibition of RalA reduces CML cell invasion. 
A total of 3 × 105 cells transfected with control, RalA siRNA, or miR‑181a were seeded into the upper chambers coated with Matrigel, stained 
with hematoxylin and counted after 8 h. (D) Inhibition of RalA reduces K562 cell colony formation. A total of 1000 K562 cells transfected 
with control, RalA siRNA, or miR‑181a were mixed with RPMI‑1640 medium containing 0.9% methylcellulose solution and 20% FBS, and 
seeded onto 24‑well plates. Colony numbers were counted after 1 week. Histogram and statistics indicating the relative number of colonies 
per 1000 plated cells are shown in the lower panel. Statistical significance was assessed by one‑way ANOVA (*p < 0.05).
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RBC8 inhibits cell viability and has a synergic 
effect with imatinib

RBC8 is a selective inhibitor of RalA GTPases. 
Here, we studied the inhibitory effects of RBC8 alone 
and in combination with imatinib. The results showed 
that RBC8 effectively inhibited K562 cell viability, and 
overexpression of RalA could produce some resistance 
to RBC8  (Figure 5A). Meanwhile, RBC8 significantly 
reduced RalA GTPase activity in K562 and KCL22 cells 
(Figure 5B). Furthermore, RBC8 enhances the inhibitory 
effects of imatinib in K562, KCL22 and BaF3‑P210 cells 
(Figure 5C). Overall, RBC8 targeting alternative RalA 
signal pathways and synergizing with imatinib may 
enhance the efficacy of targeted therapies.

RalA GTPase decreases Ras downstream 
phosphorylation

To understand the mechanisms underlying the 
role of RalA in enhancing migration, invasion, and 
clonogenicity of CML cells, we performed phospho‑array 
assays. K562 cells transfected with control, miR‑181a 
mimic, or RalA siRNA were subjected to analysis of 
protein phosphorylation profiles. Phosphorylation ratio 
(Phos Ratio) was used as the modulation difference 
between two samples, such as miR‑181a and control 
microRNA mimic, or RalA siRNA and scrambled 
RNA control, at the phosphorylation sites. Among 
248‑site‑specific phosphorylation in Cancer Signaling, the 
phosphorylation levels of 121 proteins were differentially 

Figure 5: RBC8 inhibits cell viability and their synergic effects with imatinib. (A) RBC8 inhibits the viability of K562 cells. 
K562 cells transfected with RalA plasmid, empty vector or blank were treated with different concentrations of RBC8 (1–5 μM) for 48 h, 
followed by MTT assays. (B) RalA GTPase activity measured by G‑LISATM in K562 and KCL‑22 cells compared to normal blood controls. 
K562 and KCL‑22 cells were treated with RBC8 (3 μM) for 48 h, followed by G‑LISATM assays. (C) RBC8 enhances the inhibitory effects 
of imatinib. K562, KCL‑22 and BaF3‑P210 cells were treated with different concentrations of RBC8 (1–5 μM) plus imatinib (0.1 μM) for 
48 h, followed by MTT assays.
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expressed. Transfection with RalA siRNA reduced the 
phosphorylation of 57 out of 121 proteins. Among these 
proteins, phosphorylation decreased by > 20% was 
observed in 25 proteins. Notably, the highest decrease 
in phosphorylation was observed in c‑KIT Tyr721 and 
P38 MAPK Tyr 182  (Figure 6A). In miR‑181 transfection 
cells, phosphorylation levels were reduced at 23 protein 
sites, and 11 of them were reduced by > 20% (Figure 6B). 
A comparison of the inhibitory spectra allowed 
us to discern eight phosphorylation targets whose 
phosphorylation was reduced commonly by miR‑181a and 
RalA siRNA, including SAPK/JNK (Phospho‑Thr183), 
Src (Phospho‑Tyr529), VEGFR2  (Phospho‑Tyr951), 
Src (Phospho‑Tyr418), P38 MAPK (Phospho‑Tyr182), 
JunB (Phospho‑Ser79), and Keratin 18  (Phospho‑Ser33) 
(Figure 6C).

It is known that P38 MAPK and SAPK/JNK are 
the downstream molecules in the Ras signaling pathway. 
Total cell lysate was isolated from K562 cells transfected 
with RalA siRNA and miR‑181a, and analyzed for the 
Phospho‑protein expression level. Overexpression of 
RalA could be activation of Ras‑related phosphorylative 
signaling pathway. Total cell lysate was isolated from 
K562 cells transfected with RalA plasmid, and analyzed 
for the expression levels of Phospho P38 MAPK 
(Figure 7A), Phospho SAPK/JNK protein (Figure 7B), and 
Akt/Erk (Figure 7C). Western blot confirmed that RalA 
siRNA and miR‑181a effectively inhibited the expression 
levels of Phospho P38 MAPK (Figure 7D), Phospho 
SAPK/JNK protein (Figure 7E), and Akt/Erk (Figure 7F).

KEGG pathway analysis of eight signal proteins 
(SAPK, JNK, SRC, VEGFR2, P38 MAPK, c‑Kit, JunB, 
Keratin18) was studied. It was found that multiple 
signaling pathways (MAPK, ErbB, VEGF, mTOR, 
Wnt and PI3K‑Akt) are closely correlated with CML 
pathogenesis and progression (Table S1). These results 
further suggest that RalA promotes cell invasion and 
clonogenicity by regulating the Ras signaling pathway in 
chronic myelogenous leukemia.

DISCUSSION

In this study, we found evidence that RalA GTPase 
activity is significantly increased in CML cell lines and 
primary CML cells from patients compared to normal blood 
control (Figure 1A), without altering RalA expression 
in mRNA and protein levels (Figure S1). Confocal 
microscopy confirmed that RalA protein was located 
mainly in the cytoplasm or partially in the intracellular 
membrane in K562 cells (Figure 1C). These results imply 
that high RalA GTPase activity might be due to protein 
phosphorylation. Functionally, we showed that high RalA 
GTPase activity following RalA overexpression promotes 
CML cell migration, invasion, and colony formation, 
demonstrating the oncogenic activity of RalA (Figure 2).

Drug‑resistance develops in a considerable 
proportion of CML patients and is the main impediment 
to prolonged survival. IM resistance often results from a 
secondary mutation in BCR‑ABL that interferes with drug 
binding. Yet, in many instances, there is no mutation in 
BCR‑ABL. Thus, the basis of such BCR‑ABL‑independent 
IM resistance remains to be elucidated [7, 8]. BCR/
ABL is a well‑known activator of multiple signaling 
pathways. We showed that high RalA GTPase activity 
attenuates IM‑induced viability, colony formation and 
survival, thus producing an obvious resistance to IM 
(Figure 3). Consistently, targeted inhibition of RalA by 
either RalA siRNA or miR‑181 attenuates CML malignant 
transformation (Figure 4).

RBC8 is a selective inhibitor of Ra1A GTPases by 
inhibiting RalA to its effector RALBP1, without inhibition 
of the Ras and RhoA GTPases [17]. We found that RBC8 
could promote IM sensitivity (Figure 5). Therefore, 
RBC8 targeting of alternative RalA signal pathways and 
synergizing with IM may enhance the efficacy of targeted 
therapies.

miR‑181 expression is commonly decreased 
in hematological malignancies. Meta‑analyses have 
indicated that low miR‑181a expression is significantly 
associated with poor survival outcomes in hematological 
malignancies [20, 21]. Also, altered miRNA expression, 
including miR‑181, is involved in drug resistance in 
CML patients [22, 23]. This notion is further supported 
by our phospho‑antibody microarray‑based proteomic 
studies showing that phosphorylation and activation of 
multiple pro‑metastatic proteins, downstream of RalA, 
were reduced by RalA inhibition in K562 cells. Among 
them, P38 MAPK and SAPK/JNK are ras downstream 
signaling kinases. Using KEGG pathway analysis, it was 
found that Ras activation of RalA leads to engagement 
of multiple effector pathways (MAPK, ErbB, VEGF, 
mTOR, Wnt and PI3K‑Akt), which are closely correlated 
with CML pathogenesis and progression (Table S1). 
Western blot has confirmed the overexpression of RalA 
activation of Ras‑related phosphorylative signaling 
protein, including Phospho P38 MAPK, Phospho SAPK/
JNK, Phospho Akt and Phospho Erk (Figure 7A, 7B, 
7C), whereas RalA siRNA and miR‑181a inhibited the 
expression levels of these Phospho signaling molecules 
(Figure 7D, 7E, 7F).

We have previously shown that miR‑181a 
expression is decreased, and miR‑181a overexpression 
effectively suppresses cell growth and induces apoptosis 
in K562 cells [18]. We also showed that RalA is a direct 
target of miR‑181a [18, 19]. Fredericks and Ren’s study 
reported that the RalA pathway is important for rapid 
CML induction. Inhibiting this pathway via dominant 
negative RalA can delay disease progression [11]. This 
study also supports the notion that RalA inhibition is a 
potential therapy for BCR/ABL‑induced CML.
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In conclusion, our results indicate that high RalA 
GTPase activity results in malignant transformation and 
IM resistance in CML cells, and thus RalA could be a 
therapeutic target for CML.

MATERIALS AND METHODS

Cell lines, primary cells and cell culture

K562 CML cell line was obtained from the Institute 
of Shanghai Cell Biology, China. KCL‑22, EM2 and 
Jurl‑MK1 cells were kind gifts from Professor Markus 
Muschen, Children’s Hospital of Los Angeles, CA, USA. 
BaF3 cells were kindly presented by Professor Wenli 
Feng, Chongqin Medical University, China. These cells 

were maintained in a RPMI‑1640 medium containing 
10% fetal bovine serum (FBS), 100 U/mL penicillin and 
100 μg/mL streptomycin at 37°C in a 5% CO2 humidified 
atmosphere. Normal peripheral blood samples were 
obtained from three healthy donors. Peripheral blood 
samples were also obtained from three untreated chronic 
phase CML patients from the Department of Hematology, 
the Second People’s Hospital of Guangdong province. 
Prior informed consent was obtained from the donors and 
patients with institutional board review approval.

Xenograft mouse model of human CML

Balb/c nude mice were used for leukemogenesis 
experiments, and maintained in a temperature‑ and 

Figure 6: Inhibition of RalA by RalA siRNA or miR-181a mimic reduces the phosphorylative signal proteins. 
Phosphorylative signal proteins in K562 cells transfected with RalA siRNA (A) or miR‑181a (B) were comprehensively investigated 
using an antibody microarray system compared to control. The phosphorylation ratio (Phos Ratio) was used as the modulation difference 
of phosphorylation sites between two samples and was computed as follows: Reduction rate (%) =  (Average value without RalA siRNA 
or miR‑181a treatment–Average value with control treatment) / Average value with control treatment × 100. (C) Comparison of inhibitory 
spectrum of miR‑181a and RalA siRNA results in the identification of phosphorylation targets that are associated with inhibitory effects of 
miR‑181a and RalA siRNA in K562. Eight phosphorylation signal molecules were generally decreased by either miR‑181a or RalA siRNA 
in K562 cells.



Oncotarget20570www.impactjournals.com/oncotarget

humidity‑controlled environment. A total of 500,000 
K562 cells transfected with RalA or empty vector were 
injected via intravenous tail vein into sublethally irradiated 
(3 Gy) Balb/c recipient mice. Imatinib (IM) was injected 
intraperitoneally at a dose of 100 mg/kg body weight for 
10 consecutive days (10 mice per group; two independent 
experiments).

Plasmid construction

To analyze the effects of RalA in human CML 
cells, K562 cells stably overexpressing RalA or control 
were established by transfecting K562 cells with RalA 
expression vector (RalA pEZ‑M03) or empty vector 
(pEZ‑M03) (Figure S2, S3). The cells were selected 
in medium containing G418 (700 μg/mL), and green 

fluorescent protein (GFP)‑positive cells were finally 
sorted by fluorescence‑activated cell‑sorting (FACS) (BD 
InfluxTM, USA) (Figure S4). The expression of RalA was 
monitored by Western blot.

G-LISATM assay

Cells were lysed in lysis buffer in the presence of 
protease inhibitor cocktail. Cell lysates were analyzed 
with a microplate reader (Bio‑Rad) for G‑LISA. The 
RalA GTPase activity was measured by G‑LISA™ Ral 
Activation Assay Biochem Kit™ (Cytoskeleton, Inc., 
Denver, CO, USA) according to the manufacturer’s 
instructions. Briefly, lysates were incubated in a Ral‑GTP 
affinity plate for 20 min followed by flicking out the 
solution from the wells and washing the wells twice with 

Figure 7: Western blot validation of the several key phosphorylation signal proteins through overexpression of RalA 
or RalA siRNA/miR-181a mimic. Overexpression of RalA activation of Ras‑related phosphorylative signaling pathway. Total cell 
lysate was isolated from K562 cells transfected with RalA plasmid, and analyzed for the expression levels of Phospho P38 MAPK (A), 
Phospho SAPK/JNK protein (B), and Phospho Akt/Erk (C). Inhibition of Ras‑related phosphorylative signaling pathway by transfection 
with RalA siRNA or miR‑181a. Total cell lysate was isolated from K562 cells transfected with RalA siRNA or miR‑181a, and analyzed for 
the expression level of Phospho P38 MAPK (D), Phospho SAPK/JNK protein (E), and Phospho Akt/Erk (F).
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wash buffer at room temperature. Room temperature 
antigen presenting buffer was then added to each well 
using a multi‑channel pipettor and incubated at room 
temperature for exactly 2 min. After flicking out the 
antigen presenting buffer, the wells were incubated 
with diluted anti‑RalA primary antibody on an orbital 
microplate shaker (200–400 rpm) at room temperature 
for 45 min. After washing, the wells were incubated with 
diluted secondary antibody at room temperature for an 
additional 45 min. The wells were then incubated with 
horseradish peroxidase (HRP) detection reagent at room 
temperature for 15 min. HRP Stop Buffer was added to 
stop the reaction, followed by measurement of absorbance 
at 490 nm using a microplate spectrophotometer.

miRNA and siRNA transfections

The sequences used in this study were: miR‑181a 
mimic (sense: 5′‑AACAUUCAACGCUGUCGGUGAG 
U‑3′; antisense: 5′‑UCACCGACAGCGUU GAAUGUU 
GU‑3′); RalA siRNA (sense:5′‑CGUGGAAACAUCUG 
CUAAATT‑3′; antisense: 5′‑UUUAGCAGAUGUUUCC 
ACGTA‑3′). The RNA duplexes were synthesized and 
purified by Shanghai GenePharma Company (Shanghai, 
China), and stored at –20°C. All RNA duplexes (100 nM) 
were transfected into CML cells using Lipofectamine™ 
2000 according to the manufacturer’s instructions.

Real-time PCR assay

To measure RalA mRNA expression, total RNA 
was extracted from normal peripheral blood cells, 
CML cell lines, and CML patient samples using TRIzol 
(Invitrogen). After reverse transcription, the levels of 
RalA mRNA were determined using SYBR‑Green 
real‑time PCR assay. The PCR primers used were 
5′‑ATCGGAAGAAGGTAGTGC‑3′ and 5′‑AATCTGCTC 
CCTGAAGT‑3′ (RalA); 5′‑CAACGGATTTGGTCGTAT 
T‑3′ and 5′‑CACAGTCTTCTGGGTGGC‑3′ (GAPDH). 
The levels of RalA mRNA were normalized to that of 
GAPDH and the fold‑change was calculated using the  
2–ΔΔCT method.

Western blot

K562 cells were lysed in RIPA buffer in the 
presence of proteinase inhibitor (Biocolor BioScience 
& Technology Company, Shanghai, China). Cell lysates 
(30 μg) were denatured in Laemmli sample buffer 
(Bio‑Rad) for 5 min at 100ºC, electrophoresed on 10% 
SDS–PAGE gel, and transferred to a polyvinylidene 
fluoride membrane. The membrane was blocked with 5% 
(w/v) fat‑free milk in Tris‑buffered saline (TBS) and 0.5% 
(v/v) Tween 20 for 1 h. The blots were then incubated 
with anti‑RalA antibody (Santa Cruz Biotechnology, Inc.), 
anti‑P38 MAPK antibody, anti‑P‑P38 MAPK antibody, 

anti‑SAPK/JNK antibody, anti‑P‑SAPK/JNK antibody, 
and anti‑GADPH antibody (Cell Signaling Technology, 
Danvers, MA, USA) at 4ºC overnight. After washing, 
the blots were then incubated with HRP‑conjugated 
secondary antibody. The signals were visualized with 
enhanced chemiluminescence (ECL) (BeyoECL Plus, 
Beyotime Company, Haimen, Jiangsu province, China) 
and analyzed using a UVITEC Alliance 4.7 gel imaging 
system (Cambridge, UK).

MTT assay

Cell viability was determined by 3‑ (4, 5‑dimethyl‑
thiazol‑2‑yl)‑2, 4‑diphenyl‑ tetrazolium bromide (MTT) 
assays. Briefly, K562 cells were seeded at a density of 
1 × 105 cells/mL in 96‑well plates (100 μL/well). The 
cells were transfected with miR‑181a mimic or siRNA 
(100 nM). After 6 h, the cells were treated with imatinib 
(IM). At 48 h post‑treatment, 20 µL MTT stock solution 
(5 mg/mL) was added to each well, and the plate was 
incubated for 4 h at 37°C. The media was then removed, 
and dimethyl sulfoxide (DMSO) (150 µL) was added to 
dissolve the blue formazan crystals produced by live cells. 
Cell viability was assessed by measuring the absorbance 
at 570 nm on a Bio‑Rad microtiter plate reader. RBC8, 
a selective RalA inhibitor, was purchased from Selleck 
Chemicals (Houston, TX, USA).

Flow cytometry

FACS analysis was performed using a flow 
cytometer (BD FACSCalibur, San Jose USA). For cell 
viability analysis, cells were collected, rinsed twice with 
cold PBS, and then resuspended in 1 × Binding Buffer 
at a concentration of 1 × 106 cells/mL. Cells were stained 
with 7‑AAD by gentle vortexing and incubation at RT 
(25°C) for 15 min in the dark. Cells that stained positive 
for 7‑AAD were either in the end stage of apoptosis, or 
undergoing necrosis.

Cell migration and invasion assay

Cell migration was performed using the Transwell 
chamber assay (8‑mm pore size, Corning, NY, USA). 
The Transwells were inserted into 24‑well plates. 
Briefly, K562 cells (6 × 105 cells, 200 μL) were seeded 
onto the upper chamber after transfection, while 600 μL 
RPMI‑1640 medium with 20% FBS was added to the 
lower chamber. The upper chamber was removed after 
incubation at 37°C in a 5% CO2 humidified atmosphere for 
24 hours, and cells which migrated to the lower chamber 
were counted under a microscope. The data were obtained 
from the average of the total number of migrated cells from 
triplicate experiments.

The invasiveness of K562 cells was analyzed using 
invasion chambers (24‑well) coated with BD Matrigel™ 
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matrix (8‑mm pore size, BD Biocoat, Horsham, PA USA). 
Invasion was measured by determining the ability of 
K562 cells to migrate through Matrigel, a reconstituted 
basement membrane. A quantity of 600 μL RPMI‑1640 with 
20% FBS, which served as chemoattractant, was added to 
the lower compartment of the invasion chamber. K562 cells 
(3 × 105) suspended in 100 μL serum‑free RPMI‑1640 were 
seeded in the upper compartment of the invasion chambers 
and incubated for 8 h. After 8 h, cells at the top of the BD 
Matrigel™ matrix insert (apical side) were removed by gently 
rubbing the area with a cotton swab moistened with medium. 
Invaded cells on the lower side of the membrane were fixed 
with methanol for 30 min and stained with hematoxylin for 
5–10 min. Photomicrographs of five random fields were 
taken (magnification, × 100), and cells were counted to 
obtain the average number of cells that had invaded.

Colony-forming assay

This was performed to measure the capacity 
of cell proliferation. After transfection with RalA 
expression plasmid, miR‑181a mimic or RalA siRNA 
for 48 h, the cells (1 × 103) were mixed completely with 
RPM‑1640 medium containing 0.9% methylcellulose 
solution, 20% FBS, 2 mM L‑glutamine, and 5 μM 
2‑mercaptoethanol, and seeded onto 24‑well plates. Single 
cells were randomly and evenly distributed throughout 
the wells. Colonies were formed and counted 1 week 
later using an inverted microscope (Olympus, Japan). The 
number of colonies containing more than 50 cells was 
counted. All analyses were performed in triplicate.

Phospho‑specific protein microarray analysis

Phospho‑array detection was performed in 
cooperation with Wayen Biotechnology (Shanghai, 
China). Cells transfected with RalA siRNA or miR‑181a 
were collected 72 h post‑transfection for the extraction 
of protein; 100 µg cell lysate was labeled with biotin 
reagent and hybridized on Phosphorylation ProArray 
(Full Moon BioSystems, CA, USA) using an Antibody 
Array Kit (Full Moon BioSystems) for the detection of 
248‑site‑specific Cancer Signaling Phospho Antibody 
profiles. Finally, fluorescence intensity was scanned 
with a GenePix 4000B (Axon Instruments, Houston, TX, 
USA) using GenePix Pro 6.0. The raw data were treated 
via Grubbs’ method. The phosphorylation ratio was 
calculated as follows: phosphorylation ratio = phospho 
value/unphospho value.

ACKNOWLEDGMENTS

This work was supported by grants from the National 
Natural Science Foundation of China (no. 81170496), 
the Natural Science Foundation of Guangdong Province 
(S2013010013462), the Science and Technology Program of 

Guangdong Province (2014A020212729) and Science and 
Technology Program of Guangzhou city (201504281729050).

Authors’ contributions

JF conceived of and designed the experiments. CG, 
MF, XL, JY,TL, RW and ZY performed the experiments. 
JF and YL analyzed the data. ZY and JF contributed 
reagents, materials and analytical tools. JF, YM and ZY 
drafted the paper.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to declare.

REFERENCES

 1. Chu S, Li L, Singh H, Bhatia R. BCR‑Tyrosine 177 plays 
an essential role in Ras and Akt activation and in human 
hematopoietic progenitor transformation in Chronic 
Myelogenous Leukemia. Cancer Res. 2007; 67:7045–7053.

 2. Sawyers CL. Chronic myeloid leukemia. N Engl J Med. 
1999; 340:1330–1340.

 3. Druker BJ, Talpaz M, Resta DJ, Peng B, Buchdunger E,  
Ford JM, Lydon NB, Kantarjian H, Capdeville R, 
Ohno‑Jones S, Sawyers CL. Efficacy and safety of a 
specific inhibitor of the BCR‑ABL tyrosine kinase in chronic 
myeloid leukemia. N Engl J Med. 2001; 344:1031–1037.

 4. Baccarani M, Saglio G, Goldman J, Hochhaus A, 
Simonsson B, Appelbaum F, Apperley J, Cervantes F, 
Cortes J, Deininger M, Gratwohl A, Guilhot F, 
Horowitz M, et al.; European LeukemiaNet. Evolving 
concepts in the management of chronic myeloid leukemia: 
recommendations from an expert panel on behalf of the 
European LeukemiaNet. Blood. 2006; 108:1809–1820.

 5. O’Hare T, Deininger MW, Eide CA, Clackson T, 
Druker BJ. Targeting the BCR‑ABL signaling pathway 
in therapy‑resistant Philadelphia chromosome‑positive 
leukemia. Clin Cancer Res. 2011; 17; 212–221.

 6. Diamond JM, Melo JV. Mechanisms of resistance to BCR 
–ABL kinase inhibitors. Leukemia Lymphoma. 2011; 52: 
12–22.

 7. Hentschel J, Rubio I, Eberhart M, Hipler C, Schiefner J, 
Schubert K, Loncarevic IF, Wittig U, Baniahmad A, von 
Eggeling F. BCR‑ABL‑ and Ras‑independent activation of 
Raf as a novel mechanism of Imatinib resistance in CML. 
Int J Oncol. 2011; 39:585–591.

 8. Ma L, Shan Y, Bai R, Xue L, Eide CA, Ou J, Zhu LJ, 
Hutchinson L, Cerny J, Khoury HJ, Sheng Z, Druker BJ, 
Li S, et al. A therapeutically targetable mechanism of 
BCR‑ABL‑independent imatinib resistance in chronic 
myeloid leukemia. Sci Transl Med. 2014; 6:252ra121.

 9. Puil L, Liu J, Gish G, Mbamalu G, Bowtell D, Pelicci PG, 
Arlinghaus R, Pawson T. Bcr‑Abl oncoproteins bind directly 
to activators of the Ras signalling pathway. EMBO J. 1994; 
13:764–773.



Oncotarget20573www.impactjournals.com/oncotarget

10. Baum KJ, Ren R. Effect of Ras inhibition in hematopoiesis 
and BCR/ABL leukemogenesis. J Hematol Oncol. 2008; 
1:5.

11. Fredericks J, Ren R. The role of RAS effectors in BCR/
ABL induced chronic myelogenous leukemia. Front Med. 
2013; 7:452–461.

12. Thomas EK, Cancelas JA, Zheng Y, Williams DA. Rac 
GTPases as key regulators of p210‑BCR‑ABL‑dependent 
leukemogenesis. Leukemia. 2008; 22:898–904.

13. Chang YC, Tien SC, Tien HF, Zhang H, Bokoch GM,  
Chang ZF. p210 (Bcr‑Abl) desensitizes Cdc42 GTPase 
signaling for SDF‑1alpha‑directed migration in 
chronic myeloid leukemia cells. Oncogene. 2009; 28: 
4105–4115.

14. Molli PR, Pradhan MB, Advani SH, Naik NR. RhoA: 
a therapeutic target for chronic myeloid leukemia. Mol 
Cancer. 2012; 11:16.

15. Bodemann BO, White MA. Ral GTPases and cancer: 
Linchpin support of the tumorigenic platform. Nat Rev 
Cancer. 2008; 8:133–140.

16. Lim KH, Baines AT, Fiordalisi JJ, Shipitsin M, Feig LA, 
Cox AD, Der CJ, Counter CM. Activation of RalA is critical 
for Ras‑induced tumorigenesis of human cells. Cancer Cell. 
2005; 7:533–545.

17. Yan C, Liu D, Li L, Wempe MF, Guin S, Khanna M, 
Meier J, Hoffman B, Owens C, Wysoczynski CL, Nitz MD, 
Knabe WE, Ahmed M, et al. Discovery and characterization 
of small molecules that target the GTPase Ral. Nature. 
2014; 515:443–447.

18. Fei J, Li Y, Zhu X, Luo X. miR‑181a post‑transcriptionally 
downregulates oncogenic RalA and contributes to growth 
inhibition and apoptosis in chronic myelogenous leukemia 
(CML). PLoS One. 2012; 7:e32834.

19. Zhu X, Li Y, Luo X, Fei J. Inhibition of small GTPase 
RalA regulates growth and arsenic‑induced apoptosis in 
chronic myeloid leukemia (CML) cells. Cell Signal. 2012; 
24:1134–1140.

20. Liu G, Min H, Yue S, Chen CZ. Pre‑miRNA loop 
nucleotides control the distinct activities of mir‑181a‑1 and 
mir‑181c in early T cell development. PLoS One. 2008; 
3:e3592.

21. Lin S, Pan L, Guo S, Wu J, Jin L, Wang JC, Wang S. 
Prognostic role of microRNA‑181a/b in hematological 
malignancies: a meta‑analysis. PLoS One. 2013 8:e59532.

22. San José‑Enériz E, Román‑Gómez J, Jiménez‑Velasco A, 
Garate L, Martin V, Cordeu L, Vilas‑Zornoza A, 
Rodríguez‑Otero P, Calasanz MJ, Prósper F, Agirre X. 
MicroRNA expression profiling in Imatinib‑resistant 
Chronic Myeloid Leukemia patients without clinically 
significant ABL1‑mutations. Mol Cancer. 2009; 8:69.

23. Mosakhani N1, Mustjoki S, Knuutila S. Down‑regulation of 
miR‑181c in imatinib‑resistant chronic myeloid leukemia. 
Mol Cytogenet. 2013; 6:27.


