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Acute lymphoblastic leukemia (ALL) is the most prevalent of pediatric cancers. Neuroepithelial cell-transforming 1 
(NET1) has been associated with malignancy in a number of cancers, but the role of NET1 in ALL develop-
ment is unclear. In the present study, we investigated the effect of NET1 gene in ALL cell proliferation and 
chemoresistance. We analyzed GEO microarray data comparing bone marrow expression profiles of pediatric 
B-cell ALL samples and those of age-matched controls. MTT and colony formation assays were performed 
to analyze cell proliferation. ELISA assays, Western blot analyses, and TUNEL staining were used to detect 
chemoresistance. We confirmed that NET1 was targeted by miR-206 using Western blot and luciferase reporter 
assays. We identified NET1 gene as one of the most significantly elevated genes in pediatric B-ALL. MTT 
and colony formation assays demonstrated that NET1 overexpression increases B-ALL cell proliferation in 
Nalm-6 cells. ELISA assays, Western blot analyses, and TUNEL staining showed that NET1 contributes to 
ALL cell doxorubicin resistance, whereas NET1 inhibition reduces resistance. Using the TargetScan database, 
we found that several microRNAs (miRNAs) were predicted to target NET1, including microRNA-206 (miR-
206), which has been shown to regulate cancer development. To determine whether miR-206 targets NET1 
in vitro, we transfected Nalm-6 cells with miR-206 or its inhibitor miR-206-in. Western blot assays showed 
that miR-206 inhibits NET1 expression and miR-206-in increases NET1 expression. Luciferase assays using 
wild-type or mutant 3¢-untranslated region (3¢-UTR) of NET1 confirmed these findings. We ultimately found 
that miR-206 inhibits B-ALL cell proliferation and chemoresistance induced by NET1. Taken together, our 
results provide the first evidence that NET1 enhances proliferation and chemoresistance in B-ALL cells and 
that miR-206 regulates these effects by targeting NET1. This study therefore not only contributes to a greater 
understanding of the molecular mechanisms underlying B-ALL progression but also opens the possibility for 
developing curative interventions.

Key words: Neuroepithelial cell-transforming 1 (NET1); Proliferation; Chemoresistance;  
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INTRODUCTION

Even though acute lymphoblastic leukemia (ALL) can 
occur in people of all ages, its peak incidence is from 1 to 
4 years of age1. With an approximately 1 in 2,000 risk of 
disease in children, ALL is the most prevalent of pediatric 
cancers2. Since the 1960s, there have been significant diag-
nostic and treatment advances that have helped achieve 
a 5-year event-free survival rate of around 85% in chil-
dren3. However, the rate of 5-year event-free survival in 
adults is significantly lower at around 40%4. Although the 
reasons for this disparity are not entirely clear, there have 

been notable advancements in our understanding of ALL’s 
genetic bases in children, more so than in adults5. Other 
barriers that must be overcome in both patient populations 
are disease recurrence and treatment resistance6. Despite 
the high rates of curative treatment in children, relapsed 
ALL is the fourth most prevalent pediatric malignancy and 
has a staggeringly low overall survival rate of 30%7. In the 
present study, we have identified the neuroepithelial cell-
transforming 1 (NET1) gene as a significant enhancer of 
ALL cell proliferation and chemoresistance. Furthermore, 
we have determined that miR-206 is a negative regulator 
of NET1 and its oncogenic effects.
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The current treatment approach for ALL involves 
the use of a multidrug regimen divided into several 
phases (induction, consolidation, and maintenance), 
though the specific regimen depends on the patient’s 
risk category and immunophenotype8. The main goal 
of induction therapy is complete remission, which is 
defined as eradication of all detectable leukemia cells 
from the blood and bone marrow as well as restoration 
of typical hematopoiesis9. In children, the induction 
phase is successful in more than 90% of cases, regard-
less of disease genetics, though presence of the t(9;22) 
translocation (Philadelphia chromosome) portends even 
better outcomes10. Consolidation therapy is begun soon 
after complete remission. While its main purpose is to 
eradicate any remaining leukemic lymphoblasts that 
have escaped detection or are undergoing clonal evolu-
tion, it is also crucial in preventing the emergence of 
drug resistance and relies on a multidrug regimen that 
often includes the anthracycline doxorubicin11. Finally, 
maintenance therapy entails the use of maintenance che-
motherapeutics and is important for preventing disease 
relapse12. Given the risks of treatment nonresponse and 
relapse throughout the treatment process, understanding 
the genetic milieu of ALL is crucial to properly treating 
the patient’s disease.

Cell proliferation and chemoresistance are two major 
barriers to achieving complete remission that likely 
arise at least in part from a patient’s genetics. Because 
B-cell ALL (B-ALL) accounts for around 85% of pedi-
atric ALL cases, in this study we decided to focus on this 
ALL subtype13. In the past decades, genetic studies using 
oligonucleotide arrays and high-throughput sequencing 
have determined that B-ALL is highly heterogeneous 
and can exist as genetically distinct clones in the same 
person14. Dysregulated cell proliferation in ALL results 
not only from hallmark chromosomal aberrations (e.g., 
rearrangements of BCR/ABL and TCF3) but also from 
deletion, amplification, and point mutations in genes 
that regulate B lymphocyte development15. For exam-
ple, Mullighan et al. discovered in 2008 that myriad 
genomic copy number abnormalities (CNAs) contribute 
to B-cell hyperproliferation and disease relapse16. The 
development of chemoresistance following induction 
therapy may also be largely due to a patient’s genet-
ics. For example, Irving et al. found in 2016 that NRAS/
KRAS mutations confer chemoresistance to relapse 
clones17. Given the highly individualized genetic milieus 
that induce relapse and chemoresistance, it is crucial to 
develop treatments based on an individual patient’s pre-
disposition for these properties.

In the present study, we identified the cancer-associated 
gene NET1 as one of the most significantly elevated genes 
in human pediatric B-ALL samples and in human B-cell 
leukemia Nalm-6 cells. From there, we demonstrated that 

NET1 overexpression significantly increases B-ALL cell 
proliferation and resistance to doxorubicin. Ultimately, 
we discovered for the first time that miR-206 inhibits 
B-ALL cell proliferation and chemoresistance by nega-
tively regulating NET1 expression.

MATERIALS AND METHODS

Patient Samples

The pediatric B-cell ALL samples (n = 20) and age-
matched control samples (n = 20) were obtained from 
Shenzhen Longhua People’s Hospital. Only cases with 
bone marrow (BM) samples containing 70% leukemic 
cells were included in this study. Age-matched subjects 
with no manifestations of any hematological malignancy 
were used as controls. Bone marrow specimens and 
peripheral blood were collected prior to the initial treat-
ment. All patients were diagnosed B-cell ALL with age 
ranging from 0 to 12 years, and the median age of the 
patients was 7 years; 7 were males and 6 females, and 18 
patients with the t(4;11) and 2 with the t(9;11) abnormali-
ties. All consents were provided by guardians of the par-
ticipants, with ethical approval from Shenzhen Longhua 
People’s Hospital.

GSE Database Analysis

NET1 gene expression was analyzed using online 
microarray database GSE3467018. Twenty-five pediatric 
cALL samples were included, and expression patterns 
were analyzed using high-density DNA microarrays 
HG-U133A. Principal component analysis clearly dis-
tinguished between leukemia samples and normal con-
trols (nine highly purified fetal early pre-B-cell samples). 
Significance analysis of microarrays revealed 487 genes 
significantly upregulated and 572 downregulated genes 
in leukemic cells.

Real-Time PCR

Total RNA was extracted from cells using TRIzol 
(Invitrogen, Carlsbad, CA, USA) according to the 
manu facturer’s protocol. First-strand cDNAs were 
synthesized using a mixture of oligo(dT) 12–18 prim-
ers with Superscript reverse transcriptase (Invitrogen). 
MicroRNA quantification from extracted RNA was 
performed using the SYBR Green method. U6 snRNA 
was used as an internal control for PCR analysis on an 
ABI 7900HT Fast Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) according to the man-
ufacturer’s instructions. The relative levels of miR-206 
mimic expression were calculated by the 2−DDCt method. 
For mRNA quantification, SYBR Green PCR master mix 
(Applied Biosystems) was used with the 7900HT sys-
tem. GAPDH was used as a housekeeping control gene. 
The following thermal cycling was conducted: 95°C for 
5 min, followed by 35 cycles of amplification (94°C for 
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20 s, 58°C for 25 s, and 72°C for 30 s). The relative lev-
els of gene expression were represented using the 2−DDCt 
method. The primer sequences are as follows: NET1, 
5¢-GTTCAGCTTCTGGAGGATGC-3¢ (forward) and 5¢- 
CTTGTGGAACACGTCATTGG-3¢ (reverse); GAPDH, 
5¢-GGGTGTGAACCATGAGAAGT-3¢ (forward) and 
5¢-TGAGTCCTTCCACGATACCAA-3¢ (reverse); miR-
206, 5¢-CAAGATGGCGACTTACGGATG-3¢ (forward) 
and 5¢-CTGCAGGTAGGACAAACGTG-3¢ (reverse);  
U6, 5¢-CTCGCTTCGGCAGCACA-3¢ (forward) and 5¢- 
AACGCTTCACGAATTTGCGT-3¢ (reverse).

Cell Culture

Human B-cell leukemia Nalm-6 cells were grown in 
RPMI-1640 medium (Gibco, Grand Island, NY, USA) 
supplemented with 100 U/ml penicillin G, 100 μg/ml 
streptomycin (Gibco), 10% fetal bovine serum (FBS; 
Gibco), and maintained at 37°C in a humidified atmo-
sphere with 5% CO2.

Cell Transfection

When Nalm-6 cells reached 70%–80% confluence, 
miR-206, miR-206 inhibitor, negative control (NC), and/
or NET1 siRNA were transfected using Lipofectamine® 
RNAiMAX Reagent. Cells were cotransfected with miRNA 
and luciferase reporter plasmid using Lipofectamine®  
3000 reagent. All transfections were performed according 
to the manufacturer’s instructions. At 6 h after transfection, 
the medium was replaced with fresh medium containing 
10% fetal bovine serum, and cells were cultured for an 
additional 48 h.

MTT Assay

MTT assays were used to measure Nalm-6 cell prolif-
eration. A total of 5 × 103 cells were seeded into each well 
of 96-well plates and transfected with miRNA and/or 
siRNA. MTT (0.5 mg/ml) was then added into fresh com-
plete medium (100 μl). Plates were incubated at 37°C for 
4 h. The medium was then replaced with 100 μl of DMSO 
(Sigma-Aldrich, St. Louis, MO, USA), and the plates 
were shaken at room temperature for 5 min. Absorbance 
was then measured at a wavelength of 570 nm.

Colony Formation

To assay colony formation, six-well plates were coated 
with 1 ml of 0.6% soft agar in RPMI-1640 culture media 
containing 10% FBS. Transfected Nalm-6 cells were then 
seeded onto coated six-well plates in 2 ml of 0.3% soft 
agar in RPMI-1640 culture media supplemented with 
10% FBS at 37°C in a 5% CO2 incubator. On the next day, 
1 ml of complete medium was added to the well. Cells 
were then grown for 10 days, and the culture medium was 
changed every 2 days. Images were taken under a micro-
scope (Olympus, Tokyo, Japan).

Western Blot

Western blot was performed as previously reported19. 
Briefly, cells were lysed in radioimmunoprecipitation 
assay lysis buffer [Tris-buffered saline (TBS), 0.5% 
deoxycholic acid, 0.1% SDS, and 1% NP-40] with pro-
tease inhibitors (Boster, Wuhan, P.R. China). Protein 
concentration was determined by the bicinchoninic acid 
assay (Pierce, Rockford, IL, USA), and 30–40 μg of 
total protein from each sample was separated by SDS-
PAGE gel. Protein was transferred to PVDF membranes 
(Millipore, Bedford, MA, USA) and incubated with a 
primary antibody followed by incubation with an HRP-
conjugated secondary antibody (Boster). To verify equal 
loading of samples, membranes were incubated with 
a control primary antibody against GAPDH. Antibody 
complexes were detected with the ECL Western blot kit 
(Pierce). The following primary antibodies were used: 
anti-cleaved caspase 3, anti-BCL2, anti-NET1, and anti-
GAPDH. All primary antibodies were purchased from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

ELISA Assay

Apoptosis of Nalm-6 cells was assayed by the Cell 
Death Detection Elisa Plus kit (Boehringer Mannheim, 
Indianapolis, IN, USA) according to manufacturer’s 
instructions. For this assay, Nalm-6 cells were cultured 
in FBS-free RPMI-1640 culture medium for 24 h, then 
collected and subjected to apoptotic cell quantification 
using monoclonal antibodies directed against DNA and 
histones. Absorbance was measured at 405 nm.

TUNEL Staining Assay

TUNEL staining was performed to assess the apo-
ptotic Nalm-6 cells according to the manufacturer’s pro-
tocol (Promega, Madison, WI, USA).

Luciferase Reporter Assay

Wild-type NET1 3¢-UTR fragments were amplified 
and cloned into the psiCHECK2 luciferase reporter vec-
tor. The mutated NET1 3¢-UTR was generated utilizing 
the NET1 3¢-UTR plasmid as a template and mutating the 
miR-206 seed-binding site using the QuikChange® Multi 
Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, 
USA). Wild-type or mutated NET1 3¢-UTR luciferase 
reporter plasmid was cotransfected into Nalm-6 cells 
with miR-206 or NC. Transfected cells were incubated 
for 48 h, and relative luciferase activity was measured 
using a dual-luciferase reporter system (Promega).

Statistical Analysis

Data were analyzed using GraphPad Prism 6 (GraphPad 
Software, San Diego, CA, USA). Statistical differences 
were determined by paired t-test or ANOVA, with val-
ues of p < 0.05 considered statistically significant. Results 
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were expressed as mean ± SD of at least three indepen-
dent experiments.

RESULTS

Upregulation of NET1 in B-ALL Patients

To identify B-ALL-associated gene expression and 
function, we analyzed GEO microarray data comparing 
bone marrow expression profiles of B-ALL patients with 
those of healthy donors (GSE34670)18. In this dataset, 
we compared the gene expression between 25 primary 
early pre-B-cell ALL samples and 9 highly purified fetal 
early pre-B-cell samples, and identified NET1 as one of 
the most significantly elevated genes in B-ALL patients 
(p < 0.001) (Fig. 1A). To confirm that NET1 is dysregu-
lated in B-ALL patients, we performed real-time PCR 
to compare clinical B-ALL bone marrow with healthy 
control samples (n = 20). Consistent with the microarray 
analysis, NET1 expression was significantly increased 
in clinical ALL samples (p < 0.001) (Fig. 1B). We then 
randomly chose four B-ALL samples and two healthy 
control samples and compared NET1 expression by 
Western blot. As shown in Figure 1C, NET1 was over-
expressed in the B-ALL samples. Based on these results, 
we hypothesized that NET1 enhances oncogenesis in 
B-ALL.

NET1 Promotes B-ALL Cell Proliferation

To investigate the biological function of NET1 in 
B-ALL, we decreased or increased NET1 expression in 
Nalm-6 B cells using NET1 siRNA or NET1 plasmid, 

respectively (Fig. 2A and B). MTT assays showed that 
NET1 upregulation promoted the proliferation of Nalm-6 
cells, whereas NET1 downregulation suppressed cell pro-
liferation (Fig. 2C). Furthermore, colony formation assays 
showed that knockdown of NET1 significantly  decrea sed 
the number of Nalm-6 cell colonies, whereas over-
expression of NET1 increased colony numbers (Fig. 2D). 
Overall, these results indicate that NET1 increases B-ALL 
cell proliferation, while the absence of NET1 decreases 
B-ALL cell proliferation.

NET1 Promotes B-ALL Cell Chemoresistance

To determine the effect of NET1 on Nalm-6 cell 
chemoresistance, we treated Nalm-6 B transfected cells 
with 200 nM doxorubicin for 1 h. Following 12 h of 
growth in culturing medium, we then used ELISA 
assays to assess cell apoptosis. As shown in Figure 
3A, NET1 knockdown increased cell apoptosis, while 
NET1 overexpression reduced apoptosis after doxo-
rubicin treatment. Western blot analyses then demon-
strated that NET1 overexpression inhibited caspase 
3 and promoted Bcl-2 protein expression, whereas 
NET1 inhibition increased cleaved caspase 3 and 
reduced Bcl-2 protein expression (Fig. 3B). TUNEL 
staining assays further confirmed these findings, show-
ing that NET1 overexpression resisted doxorubicin- 
induced Nalm-6 cell apoptosis, while NET1 inhibition 
enhances apoptosis (Fig. 3C). Taken together, these 
results indicate that NET1 contributes to B-ALL cell 
chemoresistance.

Figure 1. Upregulation of neuroepithelial cell-transforming 1 (NET1) in acute lymphoblastic leukemia (ALL) patients. (A) NET1 
expression in 25 ALL bone marrow samples compared with healthy donor B cells analyzed by microarray (GEO DataSets GSE34670, 
p < 0.001). (B) Real-time PCR analysis of NET1 mRNA expression in ALL patient bone marrow samples compared with healthy donor 
B cells (n = 20, p <  0.001). (C) Western blot of NET1 protein expression in bone marrow samples of four ALL patients and two healthy 
controls.
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NET1 Is Targeted by miR-206

To determine whether the oncogenic effects of NET1 
could be prevented, we next investigated whether NET1 
is regulated by miRNA. Using the TargetScan biologi-
cal target database, we found that several miRNAs were 
predicted to target NET1. These miRNAs included miR-
206, which has been shown to play pivotal roles in cancer 
development (Fig. 4A). To determine whether miR-206 
does in fact target NET1, we transfected Nalm-6 cells 
with miR-206 or its inhibitor miR-206-in. qRT-PCR and 
Western blot assays showed that miR-206 inhibited NET1 
expression, while miR-206-in increased NET1 expression 
(Fig. 4B and C). We then generated luciferase reporters of 
wild-type NET1 3¢-UTR and mutated NET1 3¢-UTR, and 
performed luciferase assays by cotransfecting these report-
ers with miR-206 or negative control into Nalm-6 cells 
(Fig. 4D). As shown in Figure 4E, ectopic expression of 

miR-206 significantly decreased the luciferase activity of 
the wild-type NET1 3¢-UTR luciferase reporter. We further 
observed a negative correlation between miR-206 expres-
sion and NET1 mRNA expression in 20 ALL samples  
(Fig. 4F). Overall, these findings suggest that miR-206 binds  
the 3¢-UTR of NET1, thereby reducing NET1 expression.

miR-206 Inhibits B-ALL Cell Proliferation

To study the biological function of miR-206 in ALL 
development, we transiently expressed miR-206, miR-
206 inhibitor, or negative controls in Nalm-6 B cells 
(Fig. 5A). MTT assays demonstrated that ectopic miR-206 
expression suppressed Nalm-6 cell proliferation, whereas 
miR-206 inhibitor promoted cell proliferation (Fig. 5B). 
Furthermore, ectopic expression of miR-206 significantly 
decreased the colony number of Nalm-6 cells in colony 
formation assays, whereas miR-206 inhibitor increased 

Figure 2. NET1 promotes ALL cell proliferation. (A) qRT-PCR of NET1 expression in Nalm-6 cells transfected with NET1 siRNA 
or scramble siRNA, and NET1 overexpression plasmid or pcDNA3.1 vector. (B) Western blot of NET1 expression in Nalm-6 cells 
transfected with NET1 siRNA or scramble siRNA, and NET1 overexpression plasmid or pcDNA3.1 vector. (C) MTT assay of indi-
cated Nalm-6 cells tested at different time points (0, 24, 48, 72, and 96 h). (D) Representative micrographs of colony formation assay 
of indicated Nalm-6 cells. *p < 0.05, ***p < 0.001.
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colony numbers (Fig. 5C). These results indicate that 
miR-206 inhibits the B-ALL cell proliferation that NET1 
otherwise promotes.

miR-206 Inhibits B-ALL Cell Chemoresistance

We next studied the effect of miR-206 on Nalm-6 cell 
chemoresistance. Transfected Nalm-6 cells were treated 
with 200 nM doxorubicin for 1 h and cultured in grow-
ing medium for 12 h. Apoptotic cells were then detected 
using ELISA assays. As shown in Figure 6A, miR-206 
overexpression causes increased cell death in response to 
chemotherapy-induced DNA damage, whereas miR-206 
inhibitor reduced cell death. Western blot analysis revealed 
that miR-206 overexpression increased cleaved caspase 3 
and reduced Bcl-2 protein levels, while miR-206 inhibi-
tor decreased caspase 3 expression and increased Bcl-2 
protein levels (Fig. 6B). TUNEL staining confirmed these 
results by showing that miR-206 significantly increased 
Nalm-6 cell apoptosis following doxorubicin treatment, 
while the miR-260 inhibitor had the opposite effect  
(Fig. 6C). Overall, these findings strongly suggest that miR-
260 inhibits NET1-induced B-ALL cell chemoresistance.

NET1 Is Required for miR-206 Function

To examine whether miR-206 affects B-ALL cells 
through NET1, we knocked down NET1 expression in 
Nalm-6 cells and inhibited miR-206 expression. Inhibition 

of miR-206 could not promote NET1 expression in NET1 
knockdown Nalm-6 cells (Fig. 7A). We then performed a 
series of experiments and found that miR-206 inhibition 
failed to rescue B-ALL cell fate after NET1 knockdown 
(Fig. 7B–F). These results suggest that miR-206 func-
tions ALL cells through NET1.

DISCUSSION

In this study, we have revealed a critical role for NET1 
in B-ALL cell proliferation and chemoresistance. We have 
also identified miR-206 as a negative regulator of NET1 
and its oncogenic effects. Using human pediatric B-ALL 
samples, age-matched control samples, and GEO micro-
array data analyses, we began by demonstrating that NET1 
is significantly overexpressed in B-ALL specimens. After 
then finding that NET1 promotes B-ALL cell prolifera-
tion and doxorubicin resistance, we used the TargetScan 
biological target database to identify miR-206 as a pos-
sible binder of NET1’s 3¢-UTR. To confirm that miR-206 
does actually target NET1, we transfected Nalm-6 cells 
with miR-206 or its inhibitor miR-206-in and measured 
the effects on NET1 expression by Western blot. We also 
generated luciferase reporters of wild-type NET1 3¢-UTR 
and mutated NET1 3¢-UTR and performed luciferase 
assays that showed that miR-206 specifically binds 
NET1’s 3¢-UTR. MTT, colony formation, and ELISA 
assays ultimately demonstrated that miR-206 inhibits the 

Figure 3. NET1 promotes ALL cell chemoresistance. Nalm-6 cells transfected with siRNA or scramble siRNA were treated with 
doxorubicin, and then (A) cell death detection ELISA, (B) Western blot analysis for caspase 3 and Bcl-2, and (C) TUNEL staining 
assays were performed. *p < 0.05.
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B-ALL cell proliferation and chemoresistance promoted 
by NET1. Overall, these results contribute greatly to our 
current understanding of the roles that NET1 and miR-
206 play in B-ALL treatment and progression.

NET1 is a protein-coding gene and guanine nucleotide 
exchange factor (GEF) for RhoA that was first isolated 
in 1996 by Chan et al. from neuroepithelioma cells20. 
In this originating study, NET1 was shown to regulate 
cell growth and induce tumorigenesis. Since then, NET1 
has been associated with a number of cancers, includ-
ing breast cancer21, hepatocellular carcinoma22, and 
non-small cell lung cancer23. In these studies, NET1 was 
shown to contribute to more aggressive cancer pheno-
types with heightened proliferation, metastasis, and clini-
cal stage. In some cancers, NET1 has even been shown 
to be a viable therapeutic target. For example, Ahmad 
et al. found in 2014 that miR-22 targeted and suppressed 
the oncogenic effects of NET1 in chronic myeloid leu-
kemia (CML)24. Interestingly, Net1 has also been shown 

to facilitate RhoB-mediated cell death following ionizing 
radiation, which, like chemotherapy, functions by damag-
ing the DNA of hyperproliferating cells25. However, prior 
to the present study, the effects of NET1 overexpression 
had never been assessed in the context of B-ALL. Our 
findings that NET1 significantly enhances B-ALL cell 
proliferation and chemoresistance build upon the body of 
research that suggests it has a crucial role in the regula-
tion of oncogenesis and chemotherapeutic effects.

miRNAs are short (20–24 nucleotides) noncoding, 
evolutionarily conserved RNAs that bind the 3¢-UTRs of 
target mRNAs, thereby regulating gene expression post-
transcriptionally. miRNAs were initially largely appreci-
ated for their roles in fundamental cellular functions, such 
as the regulation of growth, differentiation, apoptosis, 
and stress responses26. More recently, however, they have 
been implicated in a variety of cancers, including ALL, 
and are increasingly recognized as potential crucial bio-
markers and treatment targets27,28. In 2017, Ramani et al.  

Figure 4. NET1 is targeted by microRNA-206 (miR-206). (A) Schematic representation of the human mature miR-206 sequence and 
the miR-206 target site in the 3¢-untranslated region (3¢-UTR) of NET1 mRNA. (B) qRT-PCR of NET1 in Nalm-6 cells transfected with 
miR-206 or miR-206 inhibitor (miR-206-in) compared with control cells 48 h after transfection. (C) Western blot of NET1 in Nalm-6 
cells transfected with miR-206 or miR-206-in compared with control cells 48 h after transfection. GAPDH served as a loading control. 
(D) Schematic representation of the miR-206 sequence and the mutant of NET1 mRNA 3¢-UTR containing five altered nucleotides in 
the putative target site. (E) Luciferase assay of psiCHECK2-NET1 3¢-UTR wild-type or mutant reporter cotransfected with miR-206 or 
NC. (F) Correlation analysis of miR-206 and NET1 mRNA in 20 ALL patients by quantitative PCR (r = −0.518, p < 0.001). *p < 0.05, 
***p < 0.001.
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Figure 6. miR-206 inhibits ALL cell chemoresistance. Transfected Nalm-6 cells (as indicated in Fig. 5) were treated with doxorubi-
cin, and then (A) cell death detection ELISA, (B) Western blot analysis for caspase 3 and Bcl-2, and (C) TUNEL staining assays were 
performed. *p < 0.05.

Figure 5. miR-206 inhibits ALL cell proliferation. (A) Real-time PCR analysis of miR-206 expression in Nalm-6 cells transfected 
with miR-206 or NC, and miR-206-in or NC. (B) MTT assay of indicated Nalm-6 cells tested at different time points (0, 24, 48, 72, 
and 96 h). (C) Representative micrographs of colony formation assay of indicated Nalm-6 cells. *p < 0.05, **p < 0.01.
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discovered signatures of differentially expressed miRNAs  
in ALL to better risk stratify pediatric patients and iden-
tified several dysregulated miRNA-mediated molecular 
networks, including VEGF, IGF-1, and JAK/STAT29. 
Additionally, Correia et al. found in 2016 that downregu-
lation of miR-146b by oncogene TAL1 promotes aggres-
sive phenotypes of T-cell ALL (T-ALL), suggesting that 
exogenous miR-146b can potentially contribute to treat-
ment strategies30. miR-206, which we have demonstrated 
in the present study to negatively regulate NET1, has 
not previously been associated with ALL. However, it 
has been shown to regulate various oncogenic properties 
in other cancers, including breast cancer31, chondrosar-
coma32, and lung adenocarcinoma33. The present study is 
the first to establish the role of miR-206 as a negative reg-
ulator of B-ALL cell proliferation and chemoresistance.

CONCLUSIONS

Overall, this study provides the first evidence that 
NET1 enhances proliferation and chemoresistance in 
B-ALL cells and that miR-206 regulates these effects 
by targeting NET1. It is important for future studies to 
investigate the mechanisms by which NET1 exerts its 
oncogenic effects and how miR-206 acts as a tumor sup-
pressor. Crucially, this study creates the foundation for 
improving the diagnosis, treatment, and prognosis of 
B-ALL through the incorporation of NET1 and miR-206 
into clinical decision making.

ACKNOWLEDGMENTS: The authors are grateful to all patients 
who participated in this work. H.S., Z.Z., and W.L. performed the 
experiments; H.S., Z.Z., W.L., and J.L. collected the data; H.S., 
Z.Z., W.L., and Y.L. analyzed the results; H.S. and Z.Z. wrote the 
manuscript; H.S. designed the research and revised the manu-
script. All authors read and approved the final version of the 
manuscript. The authors declare no conflicts of interest.

REFERENCES

Katz AJ, Chia VM, Schoonen WM, Kelsh MA. Acute lym- 1. 
phoblastic leukemia: An assessment of international inci-
dence, survival, and disease burden. Cancer Causes Control 
2015;26:1627–42.
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA  2. 
Cancer J Clin. 2016;66:7–30.
Pui C-H, Relling MV, Downing JR. Acute lymphoblastic  3. 
leukemia. N Engl J Med. 2004;350:1535–48.
Rowe JM, Buck G, Burnett AK, Chopra R, Wiernik PH,  4. 
Richards SM, Lazarus HM, Franklin IM, Litzow MR, 
Ciobanu N, Prentice HG, Durrant J, Tallman MS, Goldstone 
AH, ECOG; MRC/NCRI Adult Leukemia Working Party. 
Induction therapy for adults with acute lymphoblastic leu-
kemia: Results of more than 1500 patients from the interna-
tional ALL trial: MRC UKALL XII/ECOG E2993. Blood 
2005;106(12):3760–7.
Roberts KG, Mullighan CG. Genomics in acute lympho- 5. 
blastic leukaemia: Insights and treatment implications. Nat 
Rev Clin Oncol. 2015;12:344.
Stankovic T, Marston E. Molecular mechanisms involved  6. 
in chemoresistance in paediatric acute lymphoblastic leu-
kaemia. Srp Arh Celok Lek. 2008;136:187–92.
Einsiedel HG, Stackelberg Av, Hartmann R, Fengler R,  7. 
Schrappe M, Janka-Schaub G, Mann G, Hählen K, Göbel U, 

Figure 7. NET1 is required for miR-206 function. (A) Western blot of NET1 expression in NET1 knockdown Nalm-6 cells with or 
without miR-206 inhibition. (B) MTT, (C) colony formation, (D) Western blot of cleaved caspase 3 and Bcl-2 expression, (E) cell death 
detection ELISA, and (F) TUNEL staining assays in (A) cell groups. *p < 0.05.



Delivered by Ingenta
IP: 89.252.132.194 On: Thu, 23 Jun 2022 06:08:51

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

944 SUN ET AL.

Klingebiel T, Ludwig W-D, Henze G. Long-term outcome 
in children with relapsed ALL by risk-stratified salvage 
therapy: Results of trial acute lymphoblastic leukemia- 
relapse study of the Berlin-Frankfurt-Münster Group 87. 
J Clin Oncol. 2005;23(31):7942–50.
Yeoh E-J, Ross ME, Shurtleff SA, Williams WK, Patel D,  8. 
Mahfouz R, Behm FG, Raimondi SC, Relling MV, Patel 
A, Cheng C, Campana D, Wilkins D, Zhou X, Li J, Liu 
H, Pui C-H, Evans WE, Naeve C, Wong L, Downing JR. 
Classification, subtype discovery, and prediction of out-
come in pediatric acute lymphoblastic leukemia by gene 
expression profiling. Cancer Cell 2002;1:133–43.
Dinndorf PA, Gootenberg J, Cohen MH, Keegan P, Pazdur  9. 
R. FDA drug approval summary: Pegaspargase (oncaspar) 
for the first-line treatment of children with acute lympho-
blastic leukemia (ALL). Oncologist 2007;12:991–8.
Liu-Dumlao T, Kantarjian H, Thomas DA, O’Brien S, 10. 
Ravandi F. Philadelphia-positive acute lymphoblastic 
leukemia: Current treatment options. Curr Oncol Rep. 
2012;14:387–94.
Anderson K, Lutz C, van Delft FW, Bateman CM, Guo Y, 11. 
Colman SM, Kempski H, Moorman AV, Titley I, Swansbury 
J, Kearney L, Enver T, Greaves M. Genetic variegation of 
clonal architecture and propagating cells in leukaemia. 
Nature 2011;469:356–61.
Bhatia S, Landier W, Hageman L, Kim H, Chen Y, Crews 12. 
KR, Evans WE, Bostrom B, Casillas J, Dickens DS, 
Maloney KW, Neglia JP, Ravindranath Y, Ritchey AK, Wong 
FL, Relling MV. 6MP adherence in a multiracial cohort of 
children with acute lymphoblastic leukemia: A Children’s 
Oncology Group study. Blood 2014;124:2345–53.
Ross ME, Zhou X, Song G, Shurtleff SA, Girtman K, 13. 
Williams WK, Liu H-C, Mahfouz R, Raimondi SC, Lenny 
N, Patel A, Downing JR. Classification of pediatric acute 
lymphoblastic leukemia by gene expression profiling. 
Blood 2003;102(8):2951–9.
Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-14. 
Smith E, Dalton JD, Girtman K, Mathew S, Ma J, Pounds 
SB, Su X, Pui CH, Relling MV, Evans WE, Shurtleff 
SA, Downing JR. Genome-wide analysis of genetic 
alterations in acute lymphoblastic leukaemia. Nature 
2007;446:758–64.
Faderl S, Kantarjian HM, Talpaz M, Estrov Z. Clinical sig-15. 
nificance of cytogenetic abnormalities in adult acute lym-
phoblastic leukemia. Blood 1998;91(11):3995–4019.
Mullighan CG, Phillips LA, Su X, Ma J, Miller CB, 16. 
Shurtleff SA, Downing JR. Genomic analysis of the clonal 
origins of relapsed acute lymphoblastic leukemia. Science 
2008;322(5906):1377–80.
Irving JA, Enshaei A, Parker CA, Sutton R, Kuiper RP, 17. 
Erhorn A, Minto L, Venn NC, Law T, Yu J, Schwab C, 
Davies R, Matheson E, Davies A, Sonneveld E, Boer MLd, 
Love SB, Harrison CJ, Hoogerbrugge PM, Revesz T, Saha 
V, Moorman AV. Integration of genetic and clinical risk 
factors improves prognostication in relapsed childhood 
B-cell precursor acute lymphoblastic leukaemia. Blood 
2016;128(7):911–22.
Wernicke CM, Richter GH, Beinvogl BC, Plehm S, 18. 
Schlitter AM, Bandapalli OR, Prazeres da Costa O, 
Hattenhorst UE, Volkmer I, Staege MS, Esposito I, 
Burdach S, Grunewald TG. MondoA is highly overex-
pressed in acute lymphoblastic leukemia cells and modu-
lates their metabolism, differentiation and survival. Leuk 
Res. 2012;36:1185–92.

Pang X, Shimizu A, Kurita S, Zankov DP, Takeuchi K, 19. 
Yasuda-Yamahara M, Kume S, Ishida T, Ogita H. Novel 
therapeutic role for dipeptidyl peptidase III in the treatment 
of hypertension. Hypertension 2016;68:630–41.
Chan AM, Takai S, Yamada K, Miki T. Isolation of a novel 20. 
oncogene, NET1, from neuroepithelioma cells by expres-
sion cDNA cloning. Oncogene 1996;12:1259–66.
Gilcrease MZ, Kilpatrick SK, Woodward WA, Zhou X, 21. 
Nicolas MM, Corley LJ, Fuller GN, Tucker SL, Diaz LK, 
Buchholz TA, Frost JA. Coexpression of alpha6beta4 inte-
grin and guanine nucleotide exchange factor Net1 identi-
fies node-positive breast cancer patients at high risk for 
distant metastasis. Cancer Epidemiol Biomarkers Prev. 
2009;18:80–6.
Shen SQ, Li K, Zhu N, Nakao A. Expression and clinical 22. 
significance of NET-1 and PCNA in hepatocellular carci-
noma. Med Oncol. 2008;25:341–5.
Fang L, Zhu J, Ma Y, Hong C, Xiao S, Jin L. Neuroepithelial 23. 
transforming gene 1 functions as a potential prognostic 
marker for patients with non-small cell lung cancer. Mol 
Med Rep. 2015;12:7439–46.
Ahmad HM, Muiwo P, Ramachandran SS, Pandey P, 24. 
Gupta YK, Kumar L, Kulshreshtha R, Bhattacharya A. 
miR-22 regulates expression of oncogenic neuro- 
epithelial transforming gene 1, NET1. FEBS J. 2014; 
281:3904–19.
Srougi MC, Burridge K. The nuclear guanine nucle-25. 
otide exchange factors Ect2 and Net1 regulate RhoB-
mediated cell death after DNA damage. PLoS One 2011; 
6(2):e17108.
Ambros V. MicroRNA pathways in flies and worms: Growth, 26. 
death, fat, stress, and timing. Cell 2003;113:673–6.
Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, 27. 
Peck D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando 
AA, Downing JR, Jacks T, Horvitz HR, Golub TR. 
MicroRNA expression profiles classify human cancers. 
Nature 2005;435:834.
Peng Y, Croce CM. The role of MicroRNAs in human can-28. 
cer. Signal Transduct Target Ther. 2016;1:15004.
Ramani R, Megason G, Schallheim J, Karlson C, 29. 
Vijayakumar V, Vijayakumar S, Hicks C. Integrative anal-
ysis of microRNA-mediated gene signatures and path-
ways modulating white blood cell count in childhood 
acute lymphoblastic leukemia. Biomark Insights 2017; 
12:1177271917702895.
Correia NC, Fragoso R, Carvalho T, Enguita FJ, Barata JT. 30. 
MiR-146b negatively regulates migration and delays pro-
gression of T-cell acute lymphoblastic leukemia. Sci Rep. 
2016;6:31894.
Ren YQ, Wang HJ, Zhang YQ, Liu YB. WBP2 modu-31. 
lates G1/S transition in ER+ breast cancer cells and is a 
direct target of miR-206. Cancer Chemother Pharmacol. 
2017;79:1003–11.
Wang CQ, Huang YW, Wang SW, Huang YL, Tsai 32. 
CH, Zhao YM, Huang BF, Xu GH, Fong YC, Tang CH. 
Amphiregulin enhances VEGF-A production in human 
chondrosarcoma cells and promotes angiogenesis by inhib-
iting miR-206 via FAK/c-Src/PKCdelta pathway. Cancer 
Lett. 2017;385:261–70.
Zhang YX, Yan YF, Liu YM, Li YJ, Zhang HH, Pang 33. 
M, Hu JX, Zhao W, Xie N, Zhou L, Wang PY, Xie SY. 
Smad3-related miRNAs regulated oncogenic TRIB2 pro-
moter activity to effectively suppress lung adenocarcinoma 
growth. Cell Death Dis. 2016;7:e2528.


