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miR-3127-5p is a primate-specific miRNA which is down-regulated in recurrent NSCLC tissue vs. matched
primary tumor tissue (N 5 15) and in tumor tissue vs. normal lung tissue (N 5 177). Reduced miR-3127-5p
expression is associated with a higher Ki-67 proliferation index and unfavorable prognosis in NSCLC.
Overexpression of miR-3127-5p significantly reduced NSCLC cells proliferation, migration, and motility in
vitro and in vivo. The oncogene ABL1 was a direct miR-3127-5p target, and miR-3127-5p regulated the
activation of the Abl/Ras/ERK pathway and transactivated downstream proliferation/metastasis-associated
molecules. Overexpression of miR-3127-5p in A549 or H292 cells resulted in enhanced resistance to dasatinib,
an Abl/src tyrosine kinase inhibitor. miR-3127-5p expression levels were correlated with dasatinib sensitivity
in NSCLC cell lines without K-Ras G12 mutation. In conclusion, miR-3127-5p acts as a tumor suppressor
gene and is a potential biomarker for dasatinib sensitivity in the non-mutated Ras subset of NSCLC.

L
ung cancer is a leading cause of cancer deaths worldwide1,2. Non-small-cell lung cancer (NSCLC) accounts
for approximately 87% of lung cancer cases3. Dozens of microRNAs (miRNAs) are reportedly involved in
NSCLC tumorigenesis and progression, and induce post-transcriptional gene silencing to regulate cell

proliferation, apoptosis, migration or contribute to drug sensitivity. For example, miR-21, the miR-17-92 cluster,
and miR-221/222 are up-regulated in NSCLC tumor samples and appear to act as oncogenes4,5, whereas other
miRNAs, such as let-7, miR-29, miR-15a, miR-16 and miR-34 function as tumor suppressors6–9. miR-3127-5p
(MELmiRNA-108) was first identified in human melanoma samples by deep sequencing in 201010. This primate-
specific miRNA11 is also found in other types of human cancer cells12. Our preliminary studies using miRNA
microarrays and Q-PCR revealed that certain species-specific miRNAs, including miR-3127-5p, are down-
regulated in relapsed lung cancer tissues compared to levels in paired primary lung cancer samples, however,
the exact biological role of miR-3127 in cells was unknown.

In this study, we addressed the relationship between expression levels of miR-3127-5p, clinicopathological
characteristics, and post-operative overall survivals in NSCLC samples, and sought to determine the mechanism
of miR-3127-5p action in tumorigenesis through in vivo and in vitro experiments. We also investigated the
correlation between miR-3127-5p expression levels and dasatinib sensitivity in NSCLC cell lines. Our results
indicate that miR-3127-5p acts as a tumor suppressor gene and suggest that this miRNA has potential for use in
diagnosis and therapeutic development for NSCLC.

Results
Patients. The general information of 15 cases of paired primary lung tumor and recurrent tumor is summarized
in Table S1. Demographic and clinical information is summarized in Table S2 for 177 NSCLC patients whose
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tumor samples were evaluated for miRNA expression and IHC
analysis; follow-up was completed with 175 patients (98.9%).

miR-3127-5p is down-regulated in recurrent NSCLC. We per-
formed comprehensive miRNA microarray analyses on three pairs
of primary and recurrent NSCLC tissue using human miRNA
OneArrayH microarray (Sanger miRBase release 17.0). A set of
miRNAs were found to be expressed at significantly lower levels in
relapsed NSCLC samples than in tumor tissue from patients with
primary cancer (Figure 1A). We selected four primate-specific
miRNAs, i.e. miR-3127-5p, miR-3940-5p, miR-4294 and miR-4447
to validate their expression in 15 pairs of recurrent tumor and
matched primary tumor FFPE tissue by Q-PCR. Among them,
miR-3127-5p, miR-3940-5p and miR-4294 were notably downregu-
lated in relapsed tumors compared to matched primary tumors
(Figure 1B, Figure S1A).

The expression of the 4 miRNAs were also detected in the tumor
tissue, in tumor-adjacent tissue, and in normal tissues taken from 177
patients with NSCLC. We observed markedly lower levels of miR-
3127-5p, miR-3940-5p and miR-4294 in tumors than in normal
tissue (p , 0.01). The expression of miR-3127-5p and miR-3940-
5p were also lower in tumor-adjacent tissue than in normal tissue (p
, 0.01) (Figure 1C, Figure S1B).

Reduced miR-3127-5p expression is associated with unfavorable
prognosis in NSCLC. To investigate the association of miR-3127-5p,
miR-3940-5p and miR-4294 expression with prognosis, 177 NSCLC
patients were divided into three groups equally based on miRNA
expression levels (high, middle, and low). Overall survival was
found to be different significantly within groups based on miR-
3127-5p expression level (Figure 1D; log-rank test, p 5 0.019),
while miR-3940-5p and miR-4294 expression were not associated
with prognosis in NSCLC (Figure S1C). The 2-year survival rate was
significantly worse in the low miR-3127-5p expression group
compared to the middle and high expression groups (49.5%,
63.8%, and 81.5%, respectively). This finding suggests that reduced
miR-3127-5p expression is a predictive factor of poor survival in
NSCLC.

We sought correlations between miR-3127-5p expression and
other clinicopathological features (Table 1). miR-3127-5p expression
levels were significantly lower in clusters of pTNM stage II-IV sam-
ples and in tumors with diameters of greater than 3 cm (p50.003).
The reduced miR-3127-5p expression was also marginally signifi-
cantly lower in mediastinal lymph metastasis group (p50.052).

We also found that miR-3127-5p expressions were specifically
down-regulated in tumors that expressed Ki-67, a nuclear marker
for proliferation (Figure 1E, Table 2). This finding further confirmed
that reduced miR-3127-5p was associated with tumor growth and
proliferation in NSCLC.

miR-3127-5p inhibits proliferation, migration, and motility in
A549 and H292 NSCLC cells in vitro. To examine the biological
role of miR-3127-5p in NSCLC cells, we generated stable miR-3127-
5p or miR-3127-5p inhibitor transduced NSCLC cell lines A549 and
H292, and evaluated effects on proliferation, migration, and motility.
As shown in Figures 2A and 2B, exogenous overexpression of miR-
3127-5p in A549 and H292 significantly reduced cell proliferation
rates compared to controls (p , 0.01, repeated measure ANOVA). In
contrast, miR-3127-5p inhibitor significantly promoted prolifera-
tion. The cell cycle analyses showed that the percentage of cells in
S phrase decreased in A549 or H292 that overexpressed miR-3127-
5p and was elevated in cells expressed miR-3127-5p inhibitor.
(Figure 2C). Taken together, these results indicate that miR-3127-
5p acts as a tumor suppressor gene in NSCLC cells.

Transwell invasion assay and wound healing assay were per-
formed to investigate whether miR-3127-5p could prevent NSCLC
cell migration and invasion. As shown in Figure 2D, motility of cells

at 12 and 24 hours after generation of the wound was monitored
under a microscope in the scratch wound healing assay. Closure of
the wound was complete within 24 hours in inhibitor transduced
A549 and H292. In contrast, miR-3127-5p overexpression resulted in
cells that migrated toward the wound much more slowly than did the
control cells. In the transwell invasion assay, few cells (less than 5%)
migrated to the lower chamber in cells in which miR-3127-5p was
overexpressed, and significantly more cells migrated to the lower
chamber in inhibitor transduced A549 and H292 cells than did con-
trol cells (Figure 2E; p,0.01). Collectively, these results demonstrate
that miR-3127-5p overexpression notably reduces and miR-3127-5p
knockdown promotes the invasion and migration ability of NSCLC
cells.

miR-3127-5p expression levels influence NSCLC tumorigenicity
and metastasis in mouse xenograft model. The effect of miR-3127-
5p overexpression or knockdown on NSCLC tumorigenicity and
metastasis in vivo were evaluated in mouse A549 or H292
xenograft models. The growth of the xenografted tumors were
measured for 5 weeks. As shown in Figures 3A and 3B, the growth
of tumors of cells overexpressing miR-3127-5p were significantly
slower than that of controls. Growth of xenografts of cells
expressing miR-3127-5p inhibitor was faster than that of the Lv-
GFP control tumors (repeated measure ANOVA, p , 0.01).

The number of visible neoplastic nodules (metastases) on each
lung was counted and evaluated at 13th weeks after inoculation.
Significantly fewer lung metastases were observed in miR-3127-5p
overexpressing xenografts, and more were observed in miR-3127-5p
inhibitor xenografts than in the Lv-GFP control groups (Figure 3C).

Several metastasis-associated molecules, cyclin D1, MMP-9, and
VEGF are reportedly trans-activated by Abl kinase signaling13–16, we
found that levels of cyclin D1, VEGF and MMP-9 increased in the
miR-3127-5p inhibitor A549 or H292 xenografts, and were
decreased in miR-3127-5p–overexpressing xenografts compared to
those in controls (Figure 3D).

ABL1 is a direct miR-3127-5p target and miR-3127-5p regulates
the activation of c-Abl/Ras/ERK pathway in NSCLC cells. To
delineate the mechanism by which miR-3127-5p inhibits NSCLC
cell proliferation, invasion, and migration, we searched for the
target genes of miR-3127-5p targets using TargetScan 6.2. We
found that the 39 untranslated region (39-UTR) of the human
oncogene ABL1 possesses two regions of 7 bases that are
complementary to miR-3127-5p and conserved in human and
other mammalians (Figure 4A). We cloned the wild-type ABL1 39-
UTR or a 39-UTR with mutations in the putative seed sites into the
luciferase reporter vector. The overexpression of miR-3127-5p
significantly decreased the luciferase activity from the construct
with the wild-type 39-UTR but had little effect on activity of the
construct with the mutant ABL1 39-UTR in 293T cells; expression
of miR-3127-5p inhibitor had the reverse effect (Figure 4B). c-Abl
protein levels also decreased in A549 and in H292 cells with
overexpression of miR-3127-5p and increased in miR-3127-5p
knockdown A549 or H292 cells (Figure 4C). In functional
complementation assay, stable H292 overexpressing miR-3127-5p
was electroporated with the pGV142-CMV-ABL1 pasmid. The
results showed that the cell cycle distribution, inhibition of
migration and invasion caused by miR-3127-5p could be reversed
by exogenou c-Abl overexpression (Figure 4D, E). To investigate the
role of miR-3127-5p-c-Abl axis in NSCLC clinical samples, we
examined ABL1 mRNA expression in the 177 cases of paired
NSCLC samples by Q-PCR. ABL1 mRNA was highly expressed in
NSCLC tumor samples (Figure S2A), and ABL1 mRNA expression
levels were much higher in groups with low levels of miR-3127-5p
expression than in groups with moderate or high expression (Figure
S2B, N 5 177; Kruskal-Wallis H test). As shown in Figure 4F and
Table 2, miR-3127-5p expression was significantly down-regulated
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Figure 1 | miR-3127-5p expression is down-regulated in NSCLC tumor tissues, and low miR-3127-5p levels correlate with unfavorable prognosis in
patients with NSCLC. (A): miRNA expression in primary tumor tissues and tissues from relapse tumors were evaluated by microarray analysis. (N 5 3, P:

primary tumor; R: recurrent tumor, miRNAs with log2 R/P,-0.8 or log2R/P.0.8 were shown. miR-3127-5p, miR-3940-5p, miR-4294 and miR-4447 for

validation were indicated). (B): The expression of miR-3127-5p was significantly down-regulated in relapsed tumor tissue compared to paired primary

tumor tissue. Paired Student’s t-test (N 5 15). (C): The expression of miR-3127-5p in normal, tumor-adjacent, and tumor tissues of 177 matched NSCLC

samples. N: normal; TN: tumor adjacent normal; T: tumor. Data were analyzed using Wilcoxon Mann Whitney U test; middle line: median; upper and

bottom line: min and max; upper and bottom edge of box: 25% and 75% IQR. (D): Reduced miR-3127-5p expression is associated with shorter overall

survival in patients with NSCLC (Low: n559; Middle: n558; High: n558; log-rank test; 2YS: 2-year overall survival). (E): Left panel: miR-3127-5p

expression was significantly down-regulated in Ki-67-positive NSCLC tumors (N 5 177, Wilcoxon Mann Whitney U test). Right panel: Representative

photographs of Ki-67 IHC positive and negative NSCLC tissues (ADC: adenocarcinoma; SQC: squamous carcinoma; AD-SQC: adeno-squamous

carcinoma; Numbers in parentheses: -DDCT for miR-3127-5p).
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in samples with high levels of IHC staining for c-Abl. There were no
significant correlations in levels of p53 or EGFR IHC staining with
miR-3127-5p expression (Table 2).

It is well known that oncogenic c-Abl can activate Ras/ERK sig-
naling by interaction with Grb2 and induce constitutive activation of
Ras17; therefore, the c-Abl/Ras/ERK signaling axis is critical for
malignant progression in some tumors. We found that there was
an decrease/increase in levels of the active Ras-GTP form in the
miR-3127-5p/inhibitor transduced A549 or H292 as shown after
precipitation with Raf1-RBD and immunoblotting with a Ras anti-
body (Figure 5A). We found that by silencing ABL1 expression, miR-
3127-5p overexpression down-regulated p-ERK in A549 and H292
cells; miR-3127-5p inhibitor had the opposite effect on p-ERK levels.
We also examined several proliferation and metastasis-associated
molecules (i.e., cyclin D1, MMP-9, and VEGF) that are trans-
activated by c-Abl/Ras/ERK signaling and found that these factors
were down- or up-regulated by miR-3127-5p overexpression or
knockdown, respectively (Figure 5B). Taken together, these results
indicate that miR-3127-5p regulates the activation of the c-Abl/Ras/
ERK signaling by targeting ABL1 (as illustrated schematically in
Figure 5C), thus miR-3127-5p plays a role in tumorigenesis, inva-
sion, and metastasis of NSCLC.

miR-3127-5p down-regulation is associated with dasatinib
sensitivity in NSCLC cell lines without the K-Ras G12 mutation.
Dasatinib is a small-molecule, ATP-competitive inhibitor of c-Abl
and src tyrosine kinases. We evaluated the dasatinib sensitivity in

miR-3127-5p or inhibitor transduced A549 or H292. Interestingly,
we found that cells that overexpress miR-3127-5p were much more
resistant to dasatinib than control cells; the IC50 value (the half-
maximum growth inhibitory concentration) for A549 cells that
overexpress miR-3127-5p was 15.0 mg/mL compared to 9.5 mg/mL
for control A549 cells and 0.4 mg/mL compared to 0.06 mg/mL for
H292 cells. In contrast, miR-3127-5p inhibitor resulted in enhanced
sensitivity to dasatinib with IC50 of 0.5 mg/mL compared to 9.5 mg/
mL for A549 cells and IC50 of 0.02 mg/mL compared to 0.06 mg/mL
for H292 cells (Figure 6A, p , 0.01, repeated measure ANOVA). In
H292 cells that harbor wild-type K-Ras, overexpression of miR-
3127-5p enhanced resistance by approximately 7 fold, a signifi-
cantly greater enhancement than observed in A549 cells harboring
the K-Ras G12 mutation. The results imply that lower miR-3127-5p
expression levels contribute to dasatinib sensitivity, suggesting that
miR-3127-5p may be a candidate biomarker for prediction of
dasatinib sensitivity in NSCLC.

To confirm the association of miR-3127-5p expression level with
dasatinib sensitivity, we examined the miR-3127-5p, c-Abl protein
expression and dasatinib IC50 in 14 NSCLC cell lines. We found that
miR-3127-5p expression was linearly associated with dasatinib IC50

for the 11 NSCLC cell lines without the Ras G12 mutation (i.e.,
A549[G12S], H23[G12C], and H358[G12C]) (Figure 6B, E, F,
Pearson’s correlation, p , 0.01, r2 5 0.895). MiR-3127-5p expression
was also negatively related to c-Abl protein level in the NSCLC cell
lines without K-Ras condon 12 mutation (Figure 6C, D, Pearson’s
correlation, p , 0.01, r2 5 0.433). Reduced miR-3127-5p expression

Table 1 | Relationship between clinicopathological features and miR-3127-5p expression levels in 177 cases of patients with NSCLC

# of cases (%)

miR-3127-5p

2DDCt p value

Age (years) 177
§70 28 (15.8%) 13.82 (9.68–20.46)
,70 149 (84.2%) 13.10 (8.13–18.06) 0.54

Gender 177
Male 136 (76.8%) 13.10 (7.90–17.56)
Female 41 (23.2%) 13.92 (10.71–20.68) 0.16

Smoking habit 177
Non-smoking 103 (58.2%) 12.99 (7.76–19.76)
Smoking (ever/current) 74 (41.8%) 13.64 (9.45–16.72) 0.75

Cell subtype 177
Squamous 71 (40.1%) 13.15 (7.91–15.71)

0.67Adenocarcinoma 66 (37.3%) 13.69 (8.56–21.51)
Adeno-squamous 35 (19.8%) 12.29 (7.58–17.88)
Large cell carcinoma 5 (2.8%) 13.43 (11.43–20.56)

TNM stage 177
I 91 (51.4%) 13.91 (9.62–20.42) 0.03*
II–IV 86 (48.6%) 12.57 (7.50–16.41)

Differentiationa 142
Well 36 (23.3%) 14.24 (9.40–22.27)

0.40Moderate 71 (52.6%) 13.15 (8.41–16.70)
Poor 35 (24.1%) 12.96 (8.45–20.94)

Tumor size 177
Diameter,

5
3 70 (39.5%) 14.70 (10.19–21.92) 0.003*

Diameter. 3 107 (60.5%) 12.72 (7.48–16.00)
MLN 177

N0 117 (66.1%) 13.71 (9.40–19.40) 0.052
N11N2 60 (33.9%) 12.07 (7.18–16.64)

Location 177
RULb 55 (31.1%) 13.41 (9.30–17.88)
RML1 RLL 46 (25.9%) 13.06 (8.79–17.99)
LUL 46 (25.9%) 14.20 (9.24–18.65) 0.31
LLL 30 (16.9%) 10.31 (6.65–16.35)

Table legend: LLL: left lower lobe; LUL: left upper lobe; MLN: mediastinal lymph node; RUL: right upper lobe; RMLL: right middle-lower lobe; RLL: right lower lobe.
a35 missing cases were of adenosquamous carcinoma; differentiation degree could not be determined.
bOne case of right upper lobe adhesion middle lobe. Wilcoxon Mann Whitney test for two groups; Kruskal-Wallis H tests for several independent samples.
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means higher sensitivity to dasatinib in NSCLC cell lines without K-
Ras codon 12 mutant.

Discussion
We validated the expression of miR-3127-5p, miR-3940-5p, miR-
4294 and miR-4447 in NSCLC samples. Our data show that miR-
3127-5p is associated with prognosis of NSCLC patients and acts as a
tumor suppressor in NSCLC. miR-3127-5p expression was signifi-
cantly decreased in tumor tissue from patients with recurrent
NSCLC as compared to levels in primary tumors. Levels of miR-
3127-5p were also lower in tumor tissues than in tumor-adjacent
and normal tissues in samples from 177 patients with NSCLC.
Reduced miR-3127-5p expression was markedly associated with
advanced stage NSCLC. Ki-67, a marker for proliferation of tumor
cells, is strictly associated with cell proliferation and present during
all active phases of the cell cycle, but absent from resting cells18. We
found that miR-3127-5p was down-regulated in Ki-67-positive
NSCLC specimens, further suggesting that miR3127-5p is involved
tumor cell proliferation. Finally, reduced expression of miR-3127-5p
is associated with poor prognosis in NSCLC patients. The 2-year
overall survival was only 58% in the patient group with low levels
of miR-3127-5p expression but was 82% in the group with high
expression levels (p , 0.05). The overexpression of miR-3127-5p
in NSCLC cells significantly reduced tumor cell proliferation in both
in vitro experiments and a xenograft animal model, whereas inhibi-
tion of miR-3127 expression promoted tumor cell proliferation. We
also demonstrated that miR-3127-5p acts as a negative regulator of
cellular metastatic potential, motility and invasion were reduced in
cells engineered to overexpress miR-3127-5p. Based on these obser-
vations, we conclude that miR-3127-5p acts as a tumor suppressor
gene. To the best of our knowledge, this is the first report that corre-
lates miR-3127-5p with tumorigenic potential.

To study the molecular mechanism responsible for the suppres-
sion of NSCLC cell proliferation and invasion caused by miR-
3127-5p, we searched for possible gene targets. We focused on a
well-known proto-oncogene ABL1; the ABL1 39-UTR has two con-
served regions complementary to the seed region of miR-3127-5p.
We found that miR-3127-5p overexpression reduced the luciferase
activity of luciferase reporter containing the ABL1 39-UTR, but did
not alter expression of a luciferase reporter with mutations in the
putative binding sites. In addition, c-Abl protein levels were up- or

down-regulated by miR-3127-5p knockdown or overexpression,
respectively, in A549 and H292 cells. The inhibitive effects of migra-
tion and invasion caused by miR-3127-5p could be reversed by over-
expressing c-Abl. ABL1 mRNA and protein were highly expressed in
NSCLC cell lines and tumor samples, and levels were negatively
correlated with miR-3127-5p expression. These data support the
notion that ABL1 is a direct target of miR-3127-5p.

ABL1 is a proto-oncogene that encodes cytoplasmic and nuclear
protein tyrosine kinase that has been implicated in processes of cell
differentiation, cell division, cell adhesion, and stress response19.
Although c-Abl non-receptor tyrosine kinases are known to drive
leukemia development, recent research suggests that in some solid
tumors c-Abl is activated via unique mechanisms that do not involve
gene mutation or translocation20. c-Abl activation can promote
matrix degradation, invasion, proliferation, tumorigenesis in
breast21, lung22 and liver23. In lung cancer, c-Abl expression is corre-
lated with EGFR, IGF-1R, PDGFR, and/or c-Kit expression24. c-Abl
can be activated by receptor tyrosine kinases PDGFR25 and EGFR.
Activated c-Abl can phosphorylate the EGFR(Tyr1173), impair
EGFR internalization, and increase EGFR cell-surface expression26.
The high c-Abl expression observed in NSCLC tumor tissues may
contribute to tumorigenesis and proliferation through by-pass
activation. We found that ABL1 mRNA was overexpressed in about
81.4% (144 of 177 cases determined by Q-PCR) and that the protein
was overexpressed in 42.0% (75 of 177 cases determined by IHC), in
agreement with the finding that c-Abl activation is a frequent event
in NSCLC22. Several downstream signaling pathways affected by the
c-Abl, v-Abl, or Bcr-Abl have been identified; among them, Ras
constitutive activation has been well studied17,27,28. Proto-oncogene
c-Abl can interact directly with adaptor Grb2, which leads to activa-
tion of Ras/ERK signaling17. We found that inhibition of miR-3127-
5p expression activated K-Ras and resulted in phosphorylation of
ERK1/2 in A549 and H292 cells, whereas overexpression of miR-
3127-5p had the reverse effect. We examined several metastasis-
associated molecules, cyclin D1, MMP-9, and VEGF, and found that
these factors were also down-regulated by miR-3127-5p overexpres-
sion. Although there may be other miR-3127-5p target genes, we
suggest that miR-3127-5p regulates cell proliferation and invasion
by directly controlling expression of ABL1.

Dasatinib (BMS-354825, Bristol-Myers Squibb), an Abl/Src kinase
inhibitor that can bind to both the active and inactive conformations
of the ABL kinase domain29, is used first-line treatment for chronic
myelogenous leukemia and Ph-positive acute lymphoblastic leuke-
mia. Data from a phase II clinical trial of dasatinib in molecularly
unselected patients with NSCLC suggested that dasatinib as a single
agent had only a modest therapeutic effect that was lower than plat-
inum-based chemotherapy but that a potential subpopulation of
patients with NSCLC may be sensitive to dasatinib30. Therefore,
molecular markers are needed to predict patient responses to dasa-
tinib. Genetic variants of EGFR, K-Ras, p53, and Smad4/DPC4 do
not predict dasatinib response in NSCLC or other solid tumors31,32.
Here, we described that miR-3127-5p inhibitor enhanced the dasa-
tinib sensitivity of NSCLC cells with a K-Ras G12 mutant and cells
without any Ras mutation. The contribution of overexpression of
miR-3127-5p to dasatinib resistance was more apparent in H292
cells harboring wild-type K-Ras. To verify the association of miR-
3127-5p expression with dasatinib sensitivity, we examined the dasa-
tinib sensitivity, miR-3127-5p expression level, and the mutation
status of K-Ras in 14 NSCLC cell lines (Table S3). We found that
miR-3127-5p expression level was linearly correlated with dasatinib
IC50 in NSCLC cell lines after exclusion of the three cell lines, A549,
H358, and H23, which harbor the K-Ras G12 mutation. Because
activating K-Ras mutants can produce independent tumor-driving
effects, we think it is reasonable to discriminate cell lines with non-
mutated Ras from the mutated when evaluating the association of
dasatinib sensitivity with c-Abl/Ras/ERK pathway activation by

Table 2 | The association of miR-3127-5p expressiona with Ki-67,
p53, c-Abl and EGFR immunohistochemistry staining in 177 cases
of NSCLC

IHC # of cases

miR-3127-5p

2DDCt median(IQR) p value

Ki-67 177
(-) 43 16.21(11.32–22.98)
(1) 134 12.78(7.76–16.76) 0.002b

p53 177
(-) 78 13.92(10.70–17.99) 0.28b

(1) 99 12.96(7.49–19.54)
EGFR 177
(-) 83 13.66(8.50–19.74) 0.15b

(1) 94 11.79(8.05–16.93)
c-Abl 177
(-) 102 13.92(10.97–21.03) 0.003c

(1) 38 13.40(7.94–17.29)
(11) 30 9.55(5.94–14.91)
(111) 7 8.12(7.48–14.18)
aLevel of miRNA expression ranged from no detectable expression (2) to very high levels of
expression (111).
bWilcoxon Mann Whitney test.
cKruskal-Wallis H tests.
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Figure 2 | miR-3127-5p affects proliferation, migration, and motility of A549 and H292 cells. (A) and (B): Left panel: Q-PCR determination of miR-

3127-5p expression in A549 cells and H292 cells stably transfected with Lv-GFP, Lv-3127, or Lv-3127-off. Right panel: Growth curves of (A) A549 cells and

(B) H292 cells stably transduced with control Lv-GFP; Lv-3127, a vector for overexpression of miR-3127-5p; or Lv-3127-off, a vector for expression of an

miR-3127-5p inhibitor. Cells (1000/well) were cultured in a 96-well plate, and cell growth was monitored every 24 h for 7 days using a CCK-8 assay, each

type of cell was analyzed in quadruplicate (p , 0.01 for A549 cells and H292 cells, repeated measure ANOVA). (C): Cell cycle analysis. The percentage of

cells in G0/G1 phase increased and that in S phase decreased in Lv-3127 transduced A549 (left panel) and H292 (right panel) cells; the opposite was

observed in Lv-3127-off transduced cells. (D): miR-3127-5p overexpression reduced cell motility, and miR-3127-5p knockdown increased cell motility in

the wound scratch assay in both A549 (left panel) and H292 (right panel) cells. A uniform scratch was made in each confluent layer culture; the extent of

the wound closure was monitored under a phase-contrast microscope, and photographs were taken at 0, 12, and 24 h. Triplicate experimentation

generated similar results. (E): A549 (upper panels) and H292 (lower panels) cells were loaded onto the top well of the transwell inserts in triplicate for cell

migration assay. Photographs are representative of cells that had migrated to the bottom chamber after 48 h. Cells were stained with hematoxylin and

observed under a microscope (3200). Invasion was quantified by determining the total number of cells that had migrated through the membrane.
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Figure 3 | miR-3127-5p knockdown promotes the tumorigenicity and metastasis in mouse xenograft model. (A): Growth curve of subcutaneous

tumors from A549 (upper panels) or H292 (bottom panels) cells transduced with Lv-3127, Lv-3127-off, or Lv-GFP in the first 5 weeks after inoculation.

(B): Xenografted tumors were observed using a whole-body fluorescent imaging system at 30 days after inoculation. (C): After 13 weeks, animals were

sacrificed, and the number of visible neoplastic nodules (metastases) on each lung was counted. Representative photographs of the whole lungs and HE

staining for lung metastasis lesion sections (1003) are shown. (D): Representative photographs of c-Abl, Ki-67, cyclin D1, MMP-9, and VEGF IHC of

A549 or H292 xenograft tumors (2003).
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miR-3127-5p. In the other hand, although dasatinib is also an inhib-
itor for c-src, we did not find the correlation of dasatinib sensitivity to
c-src expression in NSCLC cell lines (Figure S3, Pearson’s correlation,
p . 0.05, r2 5 0.057). Dasatinib may benefit patients with wild-type

Ras and low levels of miR-3127-5p expression. Our results suggest
that miR-3127-5p is a candidate for a dasatinib sensitivity biomarker
for NSCLC; however, this requires verification in larger numbers of
clinical samples.

Figure 4 | Oncogene c-Abl is a direct target of miR-3127-5p. (A): Two sites in the ABL1 39-UTR are complementary to miR-3127-5p as analyzed by

Targetscan. (B): 293T cells were co-transfected with pmiR-RB-Report-ABL1_39UTR or pmiR-ABL1_39UTR-Mut plasmids and pL-GFP, pL-miR-3127-

5p, or pL-miR-3127-5p-off plasmids. A Renilla-TK luciferase reporter (5 ng) was added as an internal control. The luciferase activity of the cells was

determined after 48 h. (C): A549 or H292 cells transduced with Lv-3127, Lv-3127-off, or Lv-GFP were subjected to immunoblotting for c-Abl (The full-

length blots were presented in the supplementary Figure S4). (D): H292-3127 was transducted with pGV142-CMV-ABL1 and control vectors, the cell

cycle analysis and immunoblotting of c-abl were performed at 36hrs after eletroporation. (E): Wound scratch assay (left panel) and transwell invasion

assay (right panel) of H292-3127 transduced with pGV142-CMV-ABL1 (Magnification, 3200). Triplicate experiments were done. (F): Left panels:

Representative photographs of c-Abl IHC staining grades in NSCLC tumor samples (2003). Right panels: miR-3127-5p expression was low in c-Abl IHC

positive staining samples (mean 6 SEM, ANOVA).
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Recent findings suggest a significant function of species-specific
miRNAs in varied biological processes, including tumorigenesis33–35,
inflammation, apoptosis, or induction of pluripotency36. miR-3127-
5p is a primate-specific miRNA which is frequently down-regulated
in advanced NSCLC. Reduced miR-3127-5p expression can promote
tumor proliferation, enhance cell motility and invasion both in vitro
and in vivo by targeting proto-oncogene c-Abl, and lead the activa-
tion of c-Abl/ras/ERK pathway. We demonstrated that reduced miR-
3127-5p expression level in NSCLC cell lines is closely associated
with dasatinib sensitivity, especially in samples without the K-Ras
G12 mutation. miR-3127-5p may contribute to dasatinib sensitivity,
and its use as a biomarker is worth further investigation.

Methods
Patients and samples. The procedure of human sample collection was approved by
the Ethical Committee of Tongji University. All patients signed informed consent for
the collection and use of their tissues for this study. Fifteen pairs of primary and
recurrent NSCLC formalin fixed, paraffin-embedded (FFPE) samples were obtained
from patients who underwent surgery after relapse of NSCLC in Shanghai Pulmonary
Hospital. The 177 fresh frozen specimens used in this study were obtained from
Shanghai Pulmonary Hospital between December 2009 and April 2012. None of the
patients had been treated with adjuvant chemotherapy prior to the operation. The
end-point of follow-up was August 2012, or date of death. Normal (N), tumor-
adjacent normal (TN), and tumor (T) tissue were obtained from excision specimens
for each lung cancer patient.

Total RNA extraction, microarray, and real-time PCR quantification of miRNAs.
RNA was extracted from frozen tissue samples or cell lines using a miRNA easy Mini
kit (QIAGEN, GmbH; Hilden, Germany). For purification of DNA and RNA from
FFPE samples, kits from EPICENTRE Biotechnologies (Madison, WI, USA) were
used. Microarray analysis was performed with miRNA OneArray (Sanger miRBase,
V17.0; Phalanx; Hsinchu, Taiwan).

For quantitative PCR (Q-PCR) analysis of miRNAs, cDNA was reverse transcribed
from total RNA samples using the QIAGEN miScript Reverse Transcription Kit.

Specific primers for each miRNA were obtained from QIAGEN: hs-miR-3127-5p
(Cat. No. MS 00020503), miR-3940-5p (Cat. No. MS 0003019), miR-4294 (Cat. No.
MS 00021427), miR-4447 (Cat. No. MS00041230) and hs-RUN6-2-1 (Cat. No. MS
00033740). Q-PCR for each sample was performed in duplicate. The -DDCt method
was used to analyze the relative quantitative expression levels of miRNAs with snRNA
U6 as an internal control gene. Target gene ABL1 was amplified from 177 cases of
paired tumor and normal samples by SYBR Green real-time PCR; forward primer:
TCAACAAGATGTTTTGCCAACTG; reverse primer: ATGTGCTGTGACTG-
CTTGTAGATG.

Immunohistochemistry of Ki-67, c-Abl, p53, EGFR, cyclin D1, MMP-9, and
VEGF. Anti-p53 (Clone DO-7, DAKO; Glostrup, Denmark), anti-EGFR (Clone
EGFR.25; Gene Tech; Shanghai, China), anti-c-Abl (HPA028409; Sigma-Aldrich; St.
Louis, MO, USA), anti-ki-67 (Clone MIB-1, DAKO), anti-cyclin D1 (#AC853,
Beyotime Institute of Biotechnology; Jiangsu, China) were used as primary antibodies
for immunohistochemistry (IHC) staining. Immunoreactive counting scores were
based on four grades that depended on positive nuclear staining for Ki-6737 and c-Abl,
or positive cytoplasmic and nuclear staining for p53, or positive membrane staining
for EGFR. Immunohistochemical staining in surgical specimens was independently
assessed by two pathologists.

Cell lines, lentivirus, and infection. The NSCLC cell lines were provided by the
ATCC (Manassas, VA, USA). GFP hsa-mir-3127-5p Lentivector (Lv-3127, Cat. No.
mh1036), inhibitor hsa-miR-3127-5p Lentivector (Lv-3127-off, Cat. No. mh30446,
expressing an miR-3127-5p inhibitor), and pLenti-III-mir-GFP-Blank (Lv-GFP, Cat.
No. m001) were purchased from Applied Biological Materials Inc. (Richmond, BC,
Canada). pGV142-CMV-ABL1 was provided by Aodeshi Biological Inc. (Shanghai,
China). Lentiviruses were packaged in 293T cells and infected per the manufacturer’s
recommended protocol. A549 or H292 cells were infected with lentiviruses Lv-3127,
Lv-3127-off, and Lv-GFP. Stable transduced cells were generated by seeding infected
A549 or H292 cells in puromycin-supplemented medium (0.8 mg/mL for A549 and
0.2 mg/mL for H292) for 2 weeks. Transduction of pGV142-CMV-ABL1 and vector
control into H292-3127 was performed on a Gene Pulser (Bio-rad, CA, USA), and the
electroporated cells were cultured in DMEM with 10% serum.

Cell cycle analysis. Cells were trypsinized and washed, then fixed in 70% ethanol.
Cells (5 3 105) were resuspended in 0.5 mL PBS and treated with 50 mg/mL

Figure 5 | miR-3127-5p regulates c-Abl/Ras/ERK pathway activation by targeting oncogene c-Abl. (A): A549 or H292 cells transduced with

Lv-3127, Lv-3127-off, or Lv-GFP were lysed. Lysates (1.0 mg) were incubated with 50 mL of GST-Raf1-RBD beads for 30 min to pull down active Ras.

Samples were immunoblotted using an anti-K-Ras antibody, thereby allowing levels of GTP-bound Ras within the cells to be assessed. Whole cell lysates

(50 mg) were also subjected to western blot for detection of total K-Ras. The numbers under bands indicate the ratio of integrated optical density to

GAPDH normalized by GFP control (The full-length blots were presented in the supplementary Figure S5). (B): A549 or H292 cells transduced with Lv-

3127, Lv-3127-off, or Lv-GFP were subjected to immunoblotting with antibodies to ERK, p-ERK, and downstream factors MMP-9, VEGF, and cyclin D1

(The full-length blots were presented in the supplementary Figure S4, 5). (C): Schematic diagram illustrating the effect of reduced miR-3127-5p levels on

activation of c-Abl/Ras/ERK pathway and promotion of tumor proliferation and metastasis.
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Figure 6.Correlation | between expression of miR-3127-5p and response to dasatinib in NSCLC cell lines. (A): Dasatinib sensitivity of A549 (left) and

H292 (right) cells transduced with Lv-3127, Lv-3127-off, or Lv-GFP as determined in a CCK8 cell viability assay. (p , 0.01, repeated measure ANOVA).

(B): miR-3127-5p expression in the 14 NSCLC cell lines as determined using an miRNA poly (A) tailing-based Sybr Green Q-PCR assay.

(C): Immunoblotting of c-Abl protein for NSCLC cell lines. The number under each band refers to the integrated band density (The full-length blots were

presented in the supplementary Figure S6). (D): Negative relationship between c-Abl protein and miR-3127-5p expression in the NSCLC cell lines

without K-Ras condon 12 mutation (Pearson’s correlation, p , 0.01, r2 5 0.443). (E): IC50 values for dasatinib in NSCLC cell lines determined by CCK8

cell viability assay. (F): miR-3127-5p expression level was linearly associated with dasatinib IC50 for the 11 NSCLC cell lines after exclusion of the three cell

lines with a K-Ras codon 12 mutation (K-Ras mutation status: H23(G12C), H358(G12C), A549(G12S), H460(Q61H), SPC-A1(Q61H). Pearson’s

correlation, p , 0.01, r2 5 0.895).
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propidium iodide and 1 mg/mL RNase for 30 minutes. Samples were analyzed with a
Beckman Coulter FC500 (Beckman Coulter; Brea, CA, USA). Data were collected and
processed using CXP and MultiCycle AV software.

Proliferation, migration, and invasion assay. Stable transduced A549 and H292
(1000/well) were seeded in a 96-well plate in 100 ml complete DMEM supplemented
with 10% fetal bovine serum, and cell growth was monitored every 24 h for 7 days
using a CCK-8 assay.

Migration assays were performed in transwell inserts with 8-mm pore, uncoated
membrane filters (Corning Inc.; Corning, NY, USA). Serum-starved adherent cells
are trypsynized, 200 ml cell suspension (2 3 105) in serum-free medium was placed
into the upper chamber, and the low chamber was filled with 500 ml 10% FCS-
DMEM. After 24 h, cells that migrated to the lower chamber were fixed and stained
with hematoxylin. Experiments were independently repeated three times.

For the scratch wound healing assay, cells were streaked with a 200 ml sterile pipette
tip, washed with PBS, and replenished with serum-free DMEM. Wounds were imaged
using an inverted microscope (Olympus; Tokyo, Japan) at 12 and 24 hours after
wounding.

Immunoblot assay. Protein lysates were prepared, subjected to SDS/PAGE,
transferred onto nitrocellulose membranes and blotted according to standard
methods. The primary antibodies used were anti-GAPDH 151,000 (#sc-47724), anti-
K-Ras(F234) 15500 (#sc-30), anti-c-Abl(K-12) 15500 (#sc-131), anti-cyclin D1
15500 (#sc-753), anti-VEGF 15500 (#sc-152) (Santa Cruz Biotechnology; Santa Cruz,
CA, USA); anti-MMP-9 154000 (#ab76003) (Abcam Ltd., Cambridge, MA, USA);
and ERK1/2(#4695), p-ERK1/2(#4370) (Cell Signaling Technology; Danvers, MA,
USA). Secondary antibodies were anti-mouse (#sc-2031) and anti-rabbit (#sc-2317)
HRP-conjugated (Santa Cruz Biotechnology) used at 155,000 dilutions.

Luciferase reporter assay. pmiR-RB-Report-ABL1_39UTR Vector was obtained
from Ribbio Co. Ltd. (Guangzhou, China). The constructs with mutations in both
predicted miR-3127-5p seed sites (pmiR-ABL1_39UTR-Mut) of the ABL1 39-UTR
were generated with mutagenic oligonucleotide primers (Table S4) according to the
protocol supplied with the QuikChange II Site-Directed Mutagenesis Kit (Agilent;
Santa Clara, CA, USA). The relative luciferase activity of the cells was determined
after 48 h in a dual-luciferase reporter assay as per the manufacturer’s instructions
(Promega; Madison, WI, USA) on a FLX800 fluorescence and luminescence Reader
(Bio-tek, Winooski, VT, USA).

Ras-GTP pull-down assay. The active GTP-bound form of Ras was measured with a
K-Ras Activation Assay Kit (Cell Biolabs; San Diego, CA, USA) following the
manufacturer’s instructions. Briefly, total cell lysates (1.0 mg) were incubated with
50 mL Raf1-RBD-agarose beads for 30 min to pull down activated GTP bound Ras.
The Raf1 RBD bound protein was then analyzed by western blot and probed with
antibody to K-Ras (#sc-30). Whole cell lysates (50 mg) were also subjected to western
blot for detection of total K-Ras.

Immunodeficient mouse xenograft tumor model. The murine studies were
conducted in accordance with the Institutional Animal Care and Use Committee
(IACUC) guidelines and were approved by the Animal Care and Use Committee of
Tongji University Animal Center.

A549 and H292 cells (2 3 106 in phosphate-buffered saline containing 50%
Matrigel) stably transduced with Lv-3127, Lv-3127-off, or Lv-GFP were injected
subcutaneously into the unilateral hind limb of BALB/C nude mice (6 weeks old, N 5

6 for each group). The volumes of tumors were recorded four days after trans-
plantation day: tumor volume 5 length 3 width2/2. In vivo imaging (IVIS Lumina II
In vivo imaging system, USA) was used to detect GFP fluorescence in transplanted
mice at 30 days post-injection. At 13 weeks after injection, mice were anesthetized and
sacrificed; the visible neoplastic nodules (metastases) on the lungs were counted, and
then were paraffin-embedded to perform hematoxylin and eosin (HE) staining.

Cell viability and cell sensitivity assay to dasatinib. Stable transduced A549 or H292
cells, and 14 NSCLC cell lines (H460, PC9, A549, H1975, H1703, H1650, H23, H1299,
H292, H358, H1395, SK-MES-1, SPC-A1, H661) were evaluated for the dasatinib
sensitivity in vitro. Cells were cultivated in 96-well plates (Corning) at a seeding
density of 5,000 cells per well in the presence of dasatinib (Dalian Meilun Biotech Co.;
Dalian, China). The experiments were conducted on 96-well plates with eight
compound concentrations (0 nM, 7 nM, 0.029 mM, 0.117 mM, 0.469 mM, 1.88 mM,
7.5 mM, 30 mM). Four wells per concentration were tested. Sensitivity of the cell lines
to dasatinib was determined using a CCK-8 assay after 96 hours of treatment.

K-Ras mutation detection. Genomic DNA was extracted from all cell lines. The
primers used to amplify the K-Ras gene exons 2, 3, and 4 are listed in Table S5. The
PCR products were purified from a 2.0% agarose gel, and isolated products were
subjected to direct sequencing using the same primers.

Statistical analysis. Data were expressed as median and interquartile range (IQR);
statistical differences in miRNA expression levels between two groups were calculated
using the nonparametric Wilcoxon Mann Whitney U test. The Kruskal-Wallis H test
was used on several independent samples. A paired t-test was used for paired samples.
Pearson’s correlation was used to evaluate the correlation coefficient of the two
groups. The significance of tumor volume increases and cell line growth curves were

evaluated by univariate test of repeated measures ANOVA. A chi-square test was used
to compare proportional data. The survival curves were estimated by the Kaplan-
Meier method, and the resulting curves were compared using the log-rank test.
Statistical analyses were performed with SPSS 17.0 software (SPSS Inc.; Chicago, IL,
USA). The level of significance was defined as a p value of less than 0.05.
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