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MicroRNAs (miRNAs) have been identified as important post-transcriptional regulators involved
in various biological and pathological processes of cells, but their underlying mechanisms in

: chemosensitivity and metastasis have not been fully elucidated. The objective of this study was

. to identify miR-181b and its mechanism in the chemosensitivity and metastasis of NSCLC. We

: found that miR-181b expression levels were lower in A549/DDP cells compared with A549 cells.

. Functional assays showed that the overexpression of miR-181b inhibited proliferation, enhanced
chemosensitivity to DDP, attenuated migration and metastatic ability in NSCLC cell lines in vitro
and in vivo. TGFBR1 was subsequently identified as a novel functional target of miR-181b. TGF3R1
knockdown revealed similar effects as that of ectopic miR-181b expression, whereas overexpression
of TGFBR1 rescued the function of miR-181b-mediated growth, chemosensitivity and metastasis
in NSCLC cells. In addition, miR-181b could inactivate the TGF3R1/Smad signaling pathway.

. We also observed that decreased miR-181b expression and increased TGF3R1 expression were

: significantly associated with chemosensitivity to DDP and tumor metastasis in NSCLC patients.
Consequently, miR-181b functions as a tumor suppressor and has an important role in proliferation,
chemosensitivity to DDP and metastasis of NSCLC by targeting TGF3R1/Smad signaling pathway.

Lung cancer is the leading cause of cancer morbidity and mortality worldwide. Non-small cell lung
: cancer (NSCLC) accounts for 80-85% of lung cancer with a 5-year survival rate of 15%'. Approximately
. two-thirds of patients are diagnosed at an advanced stage, and of the remaining patients who undergo
© complete surgical resection, the recurrence rate remains high (30-70%)?, due to the resistance to drugs
and metastasis of NSCLC. Therefore, clarification of the molecular mechanisms underlying chemosen-
. sitivity and metastasis of NSCLC, establishment of an effective prognostic biomarkers and therapeutic
© targets for the malignancy are clinically important.
: Recently, research on microRNA (miR) has proceeded at an accelerated rate. MiRs are a class of
22 nucleotide non-coding RNA molecules that negatively regulate the expression of target genes
. post-transcriptionally by binding to the 3’ untranslated region (3UTR) of mRNA?®. With the expan-
. sion of miRNA expression profiling efforts, miRNA abnormal expression patterns have been identi-
fied as unique signatures associated with diagnosis, staging, prognosis and response to treatment. In
addition, miRNAs could regulate the sensitivity of drugs and directly involved in cancer metastasis by
activating oncogenic pathways or suppressing tumor suppressor gene pathways or protein expression®”’.
Many papers have been reported that miR-181b is one of the important determinants of the prognosis
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and/or chemosensitivity in several kinds of cancers, such as gastric cancer, colon cancer, pancreatic
cancer, chronic lymophocytic leukemia and glioma® 3. With regard to NSCLC, it has been reported
that miR-181b expression was significantly down-regulated in NSCLC tissues as compared with their
normal counterparts. Low miR-181b expression may be a poor prognostic marker of NSCLC patients'*.
MiR-181b was down-regulated in A549/DDP cells compared with A549 cells and modulated multidrug
resistance by targeting BCL-2'°. Those results suggested that miR-181b might be involved in NSCLC
development and chemosensitivity. However, the mechanism underlying the role of miR-181b in cell pro-
liferation and chemosensitivity in NSCLC have not been fully elucidated. Additionally, its involvement
in metastasis also remains largely unknown.

The transforming growth factor 3 (TGF3) superfamily plays crucial roles in cell proliferation, apop-
tosis, EMT, invasion and metastasis'®!”. Two types of cell-surface receptors, TGFj3 receptor types 1 and
2 (TGFBR1 and TGFBR2), are mainly involved in the transmission of TGF3 signaling to perform mul-
tiple intracellular functions. Upon binding of TGF3 to its receptor TGF3R2, the active TGF3R2 recruits
and causes phosphorylation of TGF3R1, which can phosphorylate the transcription factors Smad2
and Smad3, and then leads to formation of the Smad2/3/4 complex. The complex translocates into the
nucleus, where the Smad transcriptional complex regulates the expression of target genes, such as C-myc,
p21. Hence, TGF3RI is the central propagator of the TGFJ signaling. Besides the canonical pathway,
TGEFp has been reported to interfere with the activity of other proteins and signaling pathways, such as
the PI3K/Akt pathway'8.

In the present study, we aimed to evaluate the possible roles and related target genes of miR-181b in
tumorigenesis of NSCLC. We found that miR-181b expression levels were lower in A549/DDP in com-
parison to A549 cells. Functional assays showed that the overexpression of miR-181b inhibited cell pro-
liferation, chemoresistance to DDP, migration, invasion and metastasis in vitro and in vivo. Furthermore,
studies identified TGF3RI as a direct and functional target of miR-181b. TGF3R1 knockdown revealed
similar effects as that of ectopic miR-181b expression, whereas overexpression of TGF3R1 attenuated the
function of miR-181b in NSCLC cells. In addition, miR-181b could inactivate the TGF3R1/Smad sign-
aling pathway. We also observed that the expression level of miR-181b and TGF3R1 were significantly
correlated with chemosensitivity to DDP and metastasis in NSCLC patients. Therefore, miR-181b could
regulate cell proliferation and cisplatin-chemosensitivity and metastatic capability by targeting TGF3R1/
Smad signal pathway, suggesting a candidate method for NSCLC treatment.

Results
MiR-181b inhibits cell proliferation in NSCLC cells. In this study, we investigated the expression
levels of miR-181b in HBE normal lung epithelial cell line, A549, H1650 and A549/DDP lung cancer
cell lines. MiR-181b expression was significantly decreased in A549/DDP cells compared with A549 and
H1650 cells, and they were lower than HBE normal lung epithelial cells, as detected by qPCR (Fig. 1a).
To study whether miR-181b could contribute to malignant phenotypes of NSCLC cells, we evaluated
miR-181b on cell growth in A549/DDP, A549 and H1650 cells. qPCR assay indicated that expression
level of miR-181b in A549/DDP, A549, H1650 and transfected cells (Fig. 1b and Fig. Sla). After trans-
fection with miR-181b mimics, the proliferation of A549/DDP cells were significantly inhibited at days 3
to 4 (P < 0.05), whereas miR-181b inhibitor increased cell growth in A549 cells at days 2 to 4 (P < 0.05,
Fig. 1c). Accordingly, the colony-forming efficiency of A549/DDP cells transfected with the miR-181b
mimic were significantly lower than that of cells transfected with the miR-control (P < 0.01). Compared
with anti-miR-NC transfected cell, colony-forming efficiency of in anti-miR-181b transfected A549 cells
were significantly increased (P < 0.05, Fig. 1d). The same results were confirmed in H1650 cell
(Fig. S1b,c). These results suggest that miR-181b inhibits cell proliferation in NSCLC cells.

MiR-181b enhances chemosensitivity of NSCLC cells to DDP. Next, we assessed the func-
tional role of miR-181b in chemosensitivity of NSCLC cells to DDP. After transfected with miR-181b
mimics, the IC50 of A549/DDP cells to DDP was significantly decreased (313.80=+17.21 umol/l vs
89.35+3.38umol/l, P< 0.01), as evidenced by the growth inhibition curve. Conversely, inhibition of
miR-181b could simultaneously protected A549 and H1650 cells from cisplatin treatment (P< 0.001,
Fig. 2a and Fig. S2a).

To determine the effects of miR-181b on the cell cycle and apoptosis of NSCLC cells when exposed
to DDP treatment, flow cytometry assays were performed. After transfection with the miR-181b mimics,
the percentage of cells in the G1 stage was higher than miR-NC group in A549/DDP cells (P < 0.05).
And the percentage of cells in the S stage was lower than miR-NC (P < 0.05, Fig. 2b). The percent of
anti-miR-181b-transfected A549 cells in G1 phase of cell cycle decreased and the percentage of cells in S
phase increased compared with NC groups (P < 0.05, Fig. 2b). Annexin V/ PI-based apoptosis analyses
revealed that transfected with miRNA-181b mimics in A549/DDP cells increases the ratio of apoptotic
cells (8.13+£0.19% vs 13.50£0.29%, P < 0.05 Fig. 2c). However, blocking miR-181b in A549 cells sig-
nificantly reduced DDP-induced apoptosis (14.4040.31% vs 5.90 & 0.32%, P < 0.001 Fig. 2c). Therefore,
these data suggest that miR-181b could increase chemosensitivity of DDP by inducing cell arrest in G1
phase and apoptosis enhancement when exposed to DDP treatment.
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Figure 1. MiR-181b inhibits cell proliferation in NSCLC cells. (a) qPCR analysis to quantify the
expression levels of miR-181b in HBE, A549/DDP, A549 and H1650 cell lines. U6 was used for normalization.
(b) CCK analysis of cell proliferation after transfected with miR-181b mimics, miR-181b inhibitors, or control
in A549/DDP or A549 cell lines. (c) Colony-forming efficiency was detected in A549/DDP or A549 cell lines
transfected with the miR-181b mimics or miR-181b inhibitors. *P < 0.05; **P < 0.01.

MiR-181b attenuates scratch, migration, invasion and modulates the epithelial-mesenchymal
transition (EMT) of lung cancer cells. We further studied the effects of miR-181b on cell migra-
tion and invasion using a scratch and transwell assay. A549/DDP cells transfected with miR-181b
mimics showed less migratory ability than in miR-NC at 24h after wound creation (Fig. 3a). The
migratory and invasive abilities of A549/DDP cells were also reduced by 0.4540.03 and 0.26 £ 0.02
fold by over-expression of miR-181b compared with the capabilities of control cells (P < 0.05; P< 0.01;
Fig. 3b). In contrast, A549 cells transfected with miR-181b inhibitors showed more migratory ability
than in miR-NC at 24 h after wound creation. Migration and invasion were increased by 4.13+0.24 and
3.60 £ 0.46 fold with miR-181b knockdown treatment in A549 cells (P < 0.05, P < 0.05; Fig. 3b). The
same results were confirmed in H1650 cell (Fig. S3a,b).
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Figure 2. MiR-181b enhances chemosensitivity of NSCLC cells to DDP. (a) CCK analysis of IC50 values
of DDP after transfected with miR-181b mimics, miR-181b inhibitors, or control in A549/DDP or A549 cell
lines. (b) Flow cytometric analysis of cell cycle in A549/DDP and A549 were determined after transfected
miR-181b mimics, miR-controls, miR-181b inhibitors or negative controls combined with DDP. (c¢) Flow
cytometric analysis of apoptosis in A549/DDP and A549 were determined after transfected miR-181b
mimics, miR controls, miR-181b inhibitors or negative controls combined with DDP. *P < 0.05; **P < 0.01;
PP < 0.001.

EMT has been regarded as an important mechanism that facilitates cancer cell migration and leads to
metastasis, so we also tested whether miR-181b is involved in the EMT to influence cancer metastasis.
Several putative EMT-related markers, such as E-cadherin, N-cadherin and Vimentin were evaluated by
Western Blotting. A549/DDP cells transfected with miR-181b mimics decreased Vimentin, N-cadherin
expression and increased E-cadherin expression, and A549 cells transfected with miR-181b inhibi-
tors showed an increase in Vimentin, N-cadherin expression and a decrease in E-cadherin expression
(Fig. 3c). These observations indicate that miR-181b can also suppress the EMT of NSCLC. Collectively,
our findings suggest that miR-181b negatively regulate tumor migration, invasion and EMT marker
expression of NSCLC cells in vitro.
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Figure 3. MiR-181b attenuates scratch, migration and invasion, modulates the epithelial- mesenchymal
transition (EMT) of lung cancer cells. (a) Wound-healing assay in A549/DDP and A549 were determined
after transduction with the miR-181b mimics, miR-controls, or miR-181b inhibitors or negative controls. (b)
Transwell migration and invasion assays for A549/DDP and A549 were determined after transduction with
the miR-181b mimics, miR-controls, or miR-181b inhibitors or negative controls. (c) Western blot detection
of E-cadherin, Vimentin, N-cadherin protein expression in A549 and A549/DDP after transduction with
the miR-181b inhibitors, negative controls, or miR-181b mimics or miR-controls. GAPDH was used as an
internal control. *P < 0.05; **P < 0.01; **P < 0.001.

TGFB3R1 is a direct target of miR-181b. To elucidate the underlying mechanisms of the suppressive
effects of miR-181b on cell proliferation, chemosensitivity to DDP and metastasis of NSCLC, we used
several bioinformatics methods to help identify the target human genes of miR-181b. Among the targets
predicted by the search programs of TargetScan, miRanda and miRDB, TGF3R1 was the gene that local-
ized at the three main centers of the net comprised of 513 predicted genes (Fig. 4a).

To confirm that miR-181b can regulate TGF3R1 expression by directly binding to the TGF3R1
3’-UTR, we generated luciferase reporter constructs containing specific mutations at putative miR-181b
binding site. As shown in Fig. 4b, when H1299 cells were transfected with the wild type TGFSR1 3’-UTR,
co-transfection of miR-181b mimics inhibited luciferase activity (p=0.002). In contrast, the effects of
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Figure 4. TGF3R1 is a direct target of miR-181b. (a) Venn diagrams showed the number of genes identified
as potential targets of miR-181b using three predicting search programs of TargenSCan, miRanda and miRBD.
(b) Relative luciferase activity was analysed after wild-type or mutant 3'-UTR reporter plasmids were co-
transfected with pGLE/miR-181b or miR-181b-NC in H1299 cells. (c¢) qRT-PCR and western blot detection

of TGF3R1 mRNA and protein expression in A549 or A549/DDP cells transfected with miR-181b mimics or
anti-miR-181b. U6 or GAPDH was used as an internal control. *P < 0.05; **P < 0.01.

miR-181b mimics were eliminated in H1299 cells transfected with the mutant type TGF3R1 3’-UTR.
These results suggested that miR-181b binds directly to putative TGF3R1 3’-UTR regions, as predicted.

Moreover, we found that the protein expression and mRNA levels of TGF3R1 were up-regulated in
A549/DDP cells compared with A549 and H1650 cells. The expression levels of TGF3R1 decreased in
A549/DDP cells transfected with miR-181b mimics and increased in A549 and H1650 cells transfected
with miR-181b inhibitors (Fig. 4c and Fig. S4a).

TGFBR1 has a critical role in miR-181b-mediated cell growth, chemosensitivity to DDP and
metastasis of NSCLC cells.  We further investigated whether TGF3R1 was responsible for cell growth,
chemosensitivity to DDP and metastasis of NSCLC cells after regulating miR-181b expression. Through
the knock-down TGF(BR1 in anti-miR-181b-A549 cells, cells were more sensitive to DDP, decreased
migratory, invasive capability and inhibited EMT markers than control. Through transfection of TGF3R1
in miR-181b-A549/DDP cells, cells were more resistant to cisplatin, increased migratory, invasive capa-
bility and EMT markers expression than control (Fig. 5a—e).

These results indicated that TGF3R1 has a critical role in miR-181b-mediated cell growth, chemosen-
sitivity to DDP and metastasis of NSCLC cells.

MiR-181b regulates a Smad-dependent and a Smad-independent TGF-3 signaling by sup-
pressing TGFBR1. TGEFBRI1 is an important component in TGF-f signaling. Its loss or reduced
expression may impair TGF-3 signaling. To examine if miR-181b is involved in the abrogation of this sig-
naling pathway, the phosphorylation of Smad3, a key protein in this pathway, was detected in A549 cells
and A549/DDP cells treated with miR-181b mimics and inhibitors respectively. As shown in Fig. 6a, the
introduction of miR-181b did attenuate p-Smad3 expression, whereas silencing of miR-181b increased
p-Smad3 expression. Notably, the reduction of p-Smad3 expression was also observed in A549 treated
with siRNA-TGF3R1, similar to the effect of miR-181b (Fig. 6b). These data indicate that miR-181b
attenuates Smad-dependent TGF-(3 signal though suppressing TGF3R1.

SCIENTIFIC REPORTS | 5:17618 | DOI: 10.1038/srep17618 6



neg-control
miR-181b
TGFR1

pcg -control
anti-181b
anti-TGFBR1

AS49 by CCK-8
= neg-control
© anti-181b

A549/DDP by CCK-8
= neg-control
€ miR181b

- anti-181bsanti-TGFER1 - - miR-181b+TGFBR1

www.nature.com/scientificreports/

- . . -
b 1w Tisan inm ux ~ 0o% }g 1% u 1071:. “‘um irﬁ
= - 5 |+ ' “ “ . {
g | e : w %
g ".5 B - J;,: 1w |& Bk ] ‘.Y: !
=3 & | w | | i ‘ ]
z E B o e g A 'i—' 2 |s\g L “*-51*,-/
2 = - = i) Auwuv«:i-pmm(mm)
§ 3 & == neg-control :m':‘s'::"“'
= anti-181b =
T =3 anti-181b+anti-TGFBR1 £ 15 = miR-181b+TGFARI
K
£, i )
-y g 5 E 5
50 100 150 00 0 50 100 150 200 250 300 350 400 450 2 L
Cisplatin{umol/l ) Cisplatin(umol/l ) o o.
Ass00R
c d
neg-control  + & neg-control neg-control neg-control : -
anti-181b miR-181b %
anti-181b * miR-1810 TORRL
anti-TGFAR1 = TGFER1 = -
S, =
—!
- ASds - neg-control - Neg-control o - nag-control is == Neg-control
7 s = anti-181b = miR-181b = anti-181b = miR-181b
E E .m-mm«m-TGFsm, ® = miR-181b+TGFRR1 E s & = anti- 1B'WHWGFW; = = miR-181b+TGFRR1
§100 3 $a L £ 10 .
% I £ %
H H £2 gos
] £ L
& H s H
° o o
AS49 o 0.0
Mioration Iovasion
e AS49/00F
neg-control  * = = neg-control *+ - e
ant-181b - 4+ 4+  miRABE -+ +
anti-TGFR1 - - ¢ TOFPRI - -+
Ncadherin| = gy == chhﬂln! =

E-cadhorin | s s sy | E-cadhorin | = v - |

Vimentin [ e | Vimentin s s w—]

AS549 A549/DDP

Figure 5. TGFQR1 has a critical role in miR-181b-mediated cell growth, chemosensitivity to DDP and
metastasis of NSCLC cells. (a) CCK analysis of the IC50 values of DDP in A549/miR-181b inhibitors,
A549/miR-181b inhibitors/si-TGF3R1, A549/DDP/miR-181b or A549/DDP/miR-181b/TGFA3RI. (b) Flow
cytometric analysis of apoptosis in A549/miR-181b inhibitors, A549/miR-181b inhibitors/si-TGF3R1, A549/
DDP/miR-181b or A549/DDP/miR-181b/TGF3R1 with DDP treatment. (c,d) Scratch, migration, invasion
assay in A549/miR-181b inhibitors, A549/miR-181b inhibitors/si-TGF3R1, A549/DDP/miR-181b or A549/
DDP/miR-181b/TGF(R1. (e) Western blot detection of E-cadherin, Vimentin, N-cadherin protein expression
in A549/miR-181b inhibitors, A549/miR-181b inhibitors/si-TGF3R1, A549/DDP/miR-181b or A549/DDP/
miR-181b/ TGF3R1. GAPDH was used as an internal control. *P < 0.05; **P < 0.01; **P < 0.001.

PI3K/Akt signaling pathway is a central regulator in cancer cell proliferation, metastasis and EMT
process. Multiple studies have suggested the existence of direct or indirect crosstalk between TGF-3
signaling and PI3K/Akt signaling, so we wonder whether PI3K/Akt pathway is also involved in NSCLC
aggressiveness in the presence of miR-181b-mediated TGF3R1 inactivation. To test this, we exam-
ined the expressions of p-Akt, after treating A549 and A549/DDP cells with miR-181b inhibitors and
siRNA-TGF3R1 or miR-181b mimics respectively. Our results showed that miR-181b inhibitor could
elevate the expressions of p-Akt in A549 cells, whereas its mimic could reduce the expressions of p-Akt in
A549/DDP. As expected, siRNA-TGF@R1 displayed a consentaneous phenocopy with the effect of miR-
181b mimics in A549 cells (Fig. 6a,b), suggesting the downregulated TGF3R1 could decrease PI3K/Akt
pathway. Notably, miR-181b inhibitors could increase the expression of c-Myc and Cyclin D1, and reduce
P27 expression in A549 cells. Conversely, miR-181b mimics could reduce the expression of c-Myc and
Cyclin D1, and increase p27 expression in A549/DDP cells. Additionally, the increasing of c-Myc, Cyclin
D1 expression and decreasing p27 expression were observed in A549 treated with siRNA-TGF(3R1, simi-
lar to the effect of miR-181b (Fig. 6¢,d).

Expression of miR-181b in NSCLC tissues is negatively correlated with TGF3R1 expression
and responses of NSCLC patients to DDP. To investigate the correlation between miR-181b/
TGFBR1 dysregulation and response to DDP and prognosis of patients, the expression of miR-181b and
TGF3R1 mRNA was detected in a total of 38 NSCLC patients who received surgery, primary culture and
subsequent MTT assay. Based on the patient’s response to DDP, they were divided into two groups: IR >
30% as sensitive; and IR<30% as resistant. First, gQPCR was used to detect the expression of miR-181b
and TGF3R1 mRNA expression, and we showed that the relative level of miR-181b expression in sensi-
tive tissues (n=20) was significantly higher than that in insensitive tissues (n=18) (P < 0.05; Fig. 7a).
However, the relative level of TGF3R1 mRNA expression in sensitive groups was significantly lower than
that in insensitive groups (P < 0.001; Fig. 7b). Immunostaining of TGF3R1 protein expression indicated
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Figure 6. MiR-181b regulates a Smad-dependent and a Smad-independent TGF-3 signaling by
suppressing TGF3R1. (a) Western blot detect expression of Smad3, p-Smad3, p-Akt473 and Akt in A549,
A549/miR-181b inhibitors, A549/DDP or A549/DDP/miR-181b. (b) Western blot detect expression of
Smad3, p-Smad3, p-Akt473 and Akt in A549/miR-181b inhibitors, A549/miR-181b inhibitors/si-TGF3R1,
A549/DDP/miR-181b or A549/DDP/miR-181b/ TGFBR1. (c) Western blot detect expression of c-Myc, p27
and cyclin D1 in A549, A549/miR-181b inhibitors, A549/DDP or A549/DDP/miR-181b. (d) Western blot
detect expression of c-Myc, p27 and cyclin D1 in A549/miR-181b inhibitors, A549/miR-181b inhibitors/si-
TGFBR1, A549/DDP/miR-181b or A549/DDP/miR-181b/TGF3R1. GAPDH was used as an internal control.

that the staining of TGF3R1 protein was stronger in the insensitive tissues than in the sensitive tissues
(Fig. 7c).

The correlation of miR-181b expression with prognosis of NSCLC patients was investigated by
Kaplan-Meier analysis and log-rank test. As shown in Fig. 7d,e, the status of miR-181b expression was
found to be closely correlated with both overall survival (OS) and disease-free survival (DFS) of patients
(P=0.029 and 0.044, respectively). Furthermore, by linear regression analysis, it was found that there
was an inverse correlation between relative miR-181b and TGF3R1 mRNA expression in NSCLC tissues
from patients (Fig. 7f). These data suggested that miR-181b expression in tumor tissues was negatively
correlated with TGF3R1expression and responses of NSCLC patients to DDP.

To further support our finding, we finally investigated the clinical relevance of miR-181b and TGF3R1
in NSCLC patients. We observed that the lower expression of miR-181b was associated with bigger tumor
size, higher pT status and pTNM stage. The higher expression of TGF3R1 was correlated with greater
possibility of lymph node metastasis (Supplementary Table S1), supporting that miR-181b-mediated
TGFBR1 down-regulation was closely linked to NSCLC proliferation and aggressiveness. In addition,
when all of the clinicopathological factors were evaluated, multivariate analysis using the Cox propor-
tional hazard model indicated that status of miR-181b might be an independent factor for prediction
of poor OS (HR: 0.022, 95% CI: 0.001-0.328; p =0.006) in NSCLC patients (Supplementary Table S2).

To further validate these findings, we searched the Oncomine database for the prognostic value of
TGFBRI1 in NSCLC. Two data sets showed that the high levels of TGF3RI are significantly correlated
with short OS in NSCLC patients. Two data sets confirmed that TGF3R1 are significantly higher expres-
sion in metastasis tissue compared with primary site (Supplementary Table S3).

Collectively, these data suggest that the miR-181b/TGF3R1 plays an important role in chemosensi-
tivity and metastasis of NSCLC.
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Figure 7. Expression of miR-181b in NSCLC tissues is negatively correlated with TGF3R1 expression
and responses of NSCLC patients to DDP-based chemotherapy. (a) QRT-PCR detection of relative miR-
181b expression in sensitive group (n=20) and insensitive group (n=18) NSCLC tissues. Abundance

of miR-181b was normalized to U6 RNA. (b) qRT-PCR detection of relative TGF3R1 mRNA expression

in sensitive group (n=20) and insensitive group (n=18) NSCLC tissues. Abundance of TGF3R1 was
normalized to GAPDH. (c) Immunostaining of TGF3R1 protein expression in sensitive and insensitive
NSCLC tissues. (d) The OS curves for the high-miR-181b expression group (n=21) and the low-miR-181b
expression group (n=17). (e) The DFS curves for the high-miR-181b expression group (n=21) and the
low-miR-181b expression group (n=17). (f) A statistically significant inverse correlation between miR-181b
and TGF3R1 mRNA levels in 38 cases of NSCLC tissues.

MiR-181b regulates chemosensitivity to DDP and metastasis in vivo. To explore whether miR-
181b could influence lung cancer chemosensitivity to DDP in vivo, s.c. tumors were developed in nude
mice followed by treatment with agomir-181b or agomir-NC. All Nude mice were treated with DDP.
As shown in Fig. 8a, the tumors treated with agomir-181b grew significantly slower than those with
agomir-NC after the treatment with DDP. At 35 days after inoculation, the average tumor volume of
A549/DDP/agomir-181b groups was significantly lower than that of A549/DDP/agomir-NC following
DDP treatment (P < 0.01). Agomir-181b with DDP increased the expression of cleaved PARP compared
to NC-agomir with DDP (Fig. 8b). TUNEL assay showed that the apoptotic rate of tumors developed
from A549/DDP/agomir-181b groups (22.33 £ 0.88%) was significantly higher than that of tumors devel-
oped from A549/DDP/agomir-NC groups (11.67 £ 0.88%) following DDP treatment (P < 0.01; Fig. 8b,c).

Thus, we further investigated whether miR-181b could affect NSCLC cell metastasis in vivo.
A549/DDP cells were injected into the lateral tail veins of nude mice and established a model to imitate
metastasis formation (n=6). As expected, miR-181b suppressed lung metastasis formation. The number
of lung metastasis nodules was significantly decreased in the agomir-181b group and increased in the
agomir-NC group (P < 0.05, Fig. 8d). Taken together, these results suggest that miR-181b is negative
regulators of NSCLC metastasis.

To clarify the cellular mechanisms underlying miR-181b-mediated tumor chemosensitivity to DDP
and metastasis, resected tissues from those treated xenograft tumors were analyzed to verify miR-181b
and TGF3R1 expression. As shown in Fig. 8c,e, miR-181b could significantly decrease the expression of
TGF3R1 in vivo.

All these data indicated that treated with miR-181b could rescue chemosensitivity to DDP and reduce
metastasis in NSCLC cells vivo.
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Figure 8. MiR-181b regulates chemosensitivity to DDP and metastasis in vivo. Mice were treated with
DDP (3.0mg kg1 body weight; i.p., thrice) or with 0.1 ml PBS (pH 7.4; i.p., thrice). (a) Representative
images of tumor growth 28 days after injection using miR-181b agomir or miR-181b-NC agomir.
Representative images of tumor volume growth curves (left). (b) Western blotting detect the expression of
PARP and cleaved PARP in tumors developed from miR-181b agomir or miR-181b-NC agomir treated. (c)
Immunostaining of TGF3R1 protein expression in tumors developed from A549/DDP/ miR-181b agomir
or A549/DDP/ miR-NC agomir cells treated with DDP or PBS. Up: H&E staining; middle: TUNEL assay;
down: immunostaining. Original magnification: X 200. The bar graph is the apoptosis rate calculated of
TUNEL assay. (d) Representative photos of mouse lungs and images of the histological inspection of mouse
lungs for the presence of microscopic lesions at 7 weeks after tail vein injection with A549/DDP cells and
injected subcutaneously miR-181b agomir or miR-181b-NC agomir. (e) qPCR and Western blotting detect
the expression of miR-181b , TGF3R1 in tumors developed from miR-181b agomir or miR-181b-NC agomir
treated. Data were presented as mean=s. d., (f) Hypothesized mechanisms of miR-181b regulate cisplatin-
resistant and metastasis in NSCLC. *P < 0.05; **P < 0.01.

Discussion

Increasing evidence suggests that deregulation of miRNA are detected in many human cancers, including
NSCLC, demonstrating various functions by interaction with tumor-related genes'>?. These miRNAs
have regulatory roles in the pathogenesis of cancer in humans, through the suppression of genes involved
in cell proliferation, differentiation, apoptosis, resistance and metastasis? 2. Therefore, identification of
tumor-related miRNA and their direct target genes is critical for understanding the biological signifi-
cance of miRNA in tumorigenesis and may reveal novel therapeutic targets for the effective treatment of
patients. Among these, miR-181b was identified as one of the most important miRNAs contributing to
tumor initiation and progression.

Previous reports showed that miR-181b may function as either an oncogene or a tumor suppressor
in different cancer types. For example, miR-181b promotes cell proliferation and inhibits apoptosis in
ovarian cancer and cervical cancer’»*. MiR-181b as an oncogenic microRNA enables monitoring of
early breast cancer in serum?. In contrast, miR-181b inhibits cell growth in gastric cancer by targeting
CREB1? and increases drug sensitivity in acute myeloid leukemia via targeting HMGB1 and Mcl-1%.
MiR-181b modulates glioma cell sensitivity to temozolomide by targeting MEK1". In our study, we
found that miR-181b inhibited the proliferation of NSCLC in vitro. MiR-181b enhanced chemosensi-
tivity of NSCLC cells to DDP in vitro and in vivo. These results suggested that miR-181b was a tumor
suppressor in NSCLC.

Recently, miR-181b was reported to have suppressive effects on tumor metastasis. MiR-181b down-
regulated NOVALI to suppress migration and invasion in astrocytoma®. In this study, the potential
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involvement of miR-181b in NSCLC metastasis was investigated. The ectopic expression of miR-181b
markedly suppressed the migratory and invasive capacities of NSCLC cells in vitro. MiR-181b agomir
significantly reduced the lung metastases of A549/DDP in vivo. Furthermore, miR-181b downregulation
was also found to involve in NSCLC patients with metastasis. These results suggested that miR-181b was
a negative regulator in NSCLC invasion and metastasis.

TGFSR1 was further identified as a new direct and functional target of miR-181b using several dif-
ferent miRNA target prediction programs and experimental validation. We demonstrated that miR-181b
binds to the 3'-UTR of TGF3R1 by using dual-luciferase reporter assays. In addition, miR-181b can
inhibit TGF3R1 mRNA and protein expression levels. It has been demonstrated that TGF3 signaling has
two distinct and opposite roles in cancer progression and metastasis. During early stages of carcinogen-
esis, TGFJ strongly suppresses cell growth and acts as a tumor suppressor®*-3*. In contrast, in late stages
of cancer progression, it promotes tumor progression, EMT, invasion and metastasis***. This dramatic
change in TGFJ function reflects a variety of dynamic alterations that occur within tumor cells.

However, the mechanism underlying the role of TGF3R1 in NSCLC also remains largely unclear. Some
research reported that TGF3R1 was down regulated in NSCLC*’. Lei Z et al. found that MiR-142-3p
repressed TGF-3-induced growth inhibition through repression of TGF3R1 in non-small cell lung can-
cer®®. While, Hou and Okayama Lung Statistics shown that TGF3R1 was upregulation in lung adenocar-
cinoma who was dead at 3 or 5 year compared to alive at 3 or 5 year in Oncomine database. Bhattacharjee
Lung Statistics shown that TGF3R1 was upregulated 2.05 fold in metastasis than primary site in lung
cancer. In this study, we observed that TGF3R1 knock-down reduced cell proliferative and invasive abil-
ity, similar effects as that of ectopic miR-181b expression. The relative level of TGF3R1 mRNA expression
in insensitive tumor tissues was significantly higher than that in sensitive tumor tissues. These results
suggested that TGF3RI1 has the oncogenic property in NSCLC. It was found that there was an inverse
correlation between relative miR-181b and TGF3R1 mRNA expression in NSCLC tissues. Furthermore,
several small molecular weight compounds and antibodies inhibiting the TGF( signaling pathway are
now under clinical trials. LY-573636, the TGF3R1 inhibitor, is in phase II clinical trials for metastatic
breast cancer, metastatic non-small-cell lung cancer, and malignant melanoma®. SB-431542, the most
widely used TGFARI inhibitor, has been shown to inhibit tumor metastasis in breast cancer*’, glioma*!,
and renal cell carcinoma®” in the preclinical stage. YR-290, the TGF@3R1 inhibitor, also can inhibit the
kinase activity of TGFBR1 and TGF3-mediated metastasis in breast cancer®. Therefore, it has been pro-
posed that MiR-181b/TGF3R1 may have potential clinical use in the future.

It is also known that TGF-3 and PI3K/AKT signal transductions are two pivotal pathways that control
cell function. Importantly, PI3K/Akt pathway could be directly or indirectly regulated by TGE-3*6.
In the present study, we provided further evidence that miR-181b-mediated TGFB3RI1 inactivation not
only pulled down the TGF-3 signaling but also inactivated PI3K/Akt pathway in NSCLC. Bresin A et al.
also found that the expression of pAkt was influenced by miR-181b in chronic lymphocytic leukemia®’.
Subsequently, we observed the obvious expression alterations of some important genes, c-Myc, Cyclin D1
and p27, related to cell proliferation and cell cycle, in NSCLC cells in the presence of miR-181b-mediated
TGFQRI inactivation. In particular, the knockdown of TGF3R1 by siRNA displays a consentaneous phe-
nomenon with the effect of miR-181b. These date support a major involvement of miR-181b-medited
TGFBR1 inactivation that drives down the TGF-{3 signaling and suppresses PI3K/Akt pathway in NSCLC
proliferation and aggressiveness.

In conclusion, we demonstrated that miR-181b inhibited cell proliferation, augmented the chemo-
sensitivity to DDP, suppressed migration and invasion in NSCLC cells in vitro and in vivo. Furthermore,
MiR-181b may increase chemosensitivity to DDP and suppress the invasion and metastasis of NSCLC
cells through directly targeting the TGF3R1 signaling pathway. MiR-181b and TGF3R1 were nega-
tive correlated, and associated with chemosensitivity to DDP and metastasis in NSCLC patients. Thus,
miR-181b plays multiple tumor suppressive roles in NSCLC cells. Our findings suggest that miR-181b/
TGFBR1 might be a promising prognostic and therapeutic target to increase chemosensitivity to DDP
and suppress metastasis in NSCLC.

Methods

Cell lines and culturing. The HBE normal lung epithelial cell line, human lung cancer cell line
A549, A549/DDP and H1650 were obtained from Heilongjiang Cancer Institute (Harbin, China). Cells
were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 50 U/ml penicil-
lin/50 mg/ml streptomycin, then incubated at 37°C in a humidified atmosphere of 5% CO,. To maintain
the MDR phenotype, DDP (1 ug/ml) was added to the culture media for A549/DDP cells.

Real time-PCR. Total cellular RNA from the cultured cells was isolated using Trizol reagent
(Invitrogen). RNA samples (500ng each) were then reverse-transcribed into cDNA with miRNA-181b
reverse transcriptase primers using a TagMan MicroRNA Reverse Transcription kit (Applied Biosystems).
Levels of miRNA-181b and U6 expression were determined by qPCR with TagMan MicroRNA Assays
and an ABI 7500 machine (Applied Biosystems). The levels of mature miRNA-181b expression were
then normalized to U6 and calculated as the inverse log of the ACt (Relative mRNA abundance was
calculated as 2-ACHACt = Ct(miR-181b) - CUUON) - A]] procedures were performed following the manufacturer’s
instructions.
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Western blot analysis. The cells or tissues lysed in lysis buffer. 50 ug of protein sample each was sep-
arated by SDS-PAGE (10% gels) and transferred onto a 0.45um polyvinylidene fluoride (PVDF) mem-
brane. The proteins were probed with TGFR3R1, E-cadherin, N-cadherin, Vimentin, p-Smad3, Smad3,
p-Akt, c-Myc, p27, cyclin D1, PARP and cleaved PARP antibody (Cell Signaling). The bound antibodies
were detected using ECL Western Blotting Detection system. Equivalence of protein loading was assessed
using (mouse anti-3-actin or GAPDH antibody, Sigma).

MiRNA mimics and inhibitor, gene transfection. The cells were cultured in 6-well plates to 40%
confluence. MiR-181b mimics, inhibitor, negative control TGF3R1 or si-TGF3R1 (Sigma) were mixed
with Lipofectamine 2000 (Invitrogen), and then added to the cell culture medium according to the man-
ufacturer’s instructions. After 24 h of transfection, total RNA and protein were prepared from the cells
and subjected to qRT-PCR and western blot analyses, respectively.

Dual luciferase reporter assay. 1x 10° H1299/well were cultured in 24-well plates, transfected
with TGF3R1-3'UTR- wt or TGF3R1-3'UTR-mt and mi-181b or mi-NC using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s protocol as described. Luciferase activity was meas-
ured 24 h after transfection using the Dual Luciferase Reporter Assay System (Promega) and normalized
to Renilla luciferase activity.

Cell proliferation assay and primary culture of cells from NSCLC patients. 1 x 10%/well the
suspensions of NSCLC cell lines were incubated in 96-well plates and grew at 37°C with different con-
centrations of cisplatin (0~200umol/l for A549 cells; 0~450 umol/l for A549/DDP cells). Each patient
had signed informed consent for medical record review and tissue sample donation. This study was
approved by the institutional review board at Harbin Medical University and conducted according to all
current ethical guidelines. Each fresh specimen from NSCLC patients was homogenized and digested in
0.25% trypsin. The dispersed cancer cells were filtered through an 80 mm nylon mesh, washed twice in
500 mL RNase free PBS, centrifuged at 1000 rpm for 5 min, and then incubated in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 5% penicillin/streptomycin at 37°C in 5% CO2. The
NSCLC cells from each patient were seeded at a density of 1 x 10° per well in 96-well plates with culture
medium for 24 h. Then the cells were treated with cisplatin. After treatments, the medium were removed
and added RPMI1640 of 90 mL and CCK-8 of 10 mL. The cells on the plate were incubated for 3h in the
incubator. The absorbance at 450 nm wavelength was measured on an automated reader. The inhibition
rate (IR) was calculated.

IR = (OD¢onirol group = ODexperimental group)/ ODcontrol group X 100%. IR > 30% was defined as sensitive and
IR <30% as resistant. The data were presented as mean =+ standard deviation (SD) from four replicate
wells per microtiter plate®®->,

Colony formation assay. After 24 h post-transfection, the cells were diluted and replaced in six-well
plates. After 10 days, visible colonies were fixed with methanol, stained with crystal violet, counted and
normalized to the control group. The experiments were performed at least three times.

Flow cytometry. Cells were incubated with culture medium containing DDP for 24 h after transfec-
tion with miR-181b mimics, inhibitor or negative control. For apoptosis analysis, cell were then collected,
washed with PBS, resuspended in 100 pl of 1X binding buffer and stained with 5 pl Annexin V and 5 pl
of PI (Becton-Dickinson) at room temperature for 15 min in the dark. For cell cycle analysis, cells were
washed with ice-cold PBS and fixed with 70% ethanol overnight at -20 °C. Fixed cells were rehydrated
in PBS for 10 min and subjected to PI/RNase staining. A flow cytometer (Becton-Dickinson) was utilized
to evaluate the apoptotic levels and cell cycle in each sample following the manufacturer’s instructions.

Wound-healing assay. Cells were seeded in six-well plates and incubated to generate confluent cul-
tures. Wounds were scratched in the cell monolayer using a 200 ul sterile pipette tip. The cells were rinsed
with phosphate- buffered saline. The migration of the cells at the edge of the scratch was monitored at
time 0 and 24 h, respectively. The cells were stained and photographed.

Cell migration and invasion assay. After transfected, cells were plated in medium without serum
in the top chamber of a transwell (Corning). The bottom chamber contained standard medium with
10% fetal bovine serum. After 24h incubation, the cells that had migrated to the lower surface of the
membrane were fixed with 90% ethanol, stained with crystal violet and photographed under microscope.
Cell numbers were counted under a light microscope at x 400 magnification.

Immunohistochemistry (IHC). Each patient had signed informed consent for medical record review
and tissue sample donation. This study was approved by the institutional review board at Harbin Medical
University and conducted according to all current ethical guidelines. Tissue sections were immersed in
MEDTA, bathed in a steamer at 100°C for 15 min and incubated in methanol containing 0.3%H,0, for
15 min. The slides were incubated with for TGF3R1 primary antibody (1:800 dilution, Abcam), stained
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using DAB and counterstained using hematoxylin. The staining results were interpreted independently
and blindly by two pathologists. For each slide, three to five randomly selected fields were evaluated.
For each field, the percentage of DAB-positive- tumor cells was calculated as: [(number of DAB-positive
tumor cells/total number of tumor cells) x 100]. The relative staining intensity was defined as negative
for 5%; weak (+4) for 5-25%; moderate (++) for 25-50%, and strong (+++) for 50% of the tumor cells
stained positive for TGF3RI.

In vivo chemosensitivity and metastasis assay. All animal experiments were undertaken in
accordance with the NIH Guide for the Care and Use of Laboratory Animals, with the approval of
the Scientific Investigation Board of the affiliated tumor hospital of Harbin Medical University. BALB/c
athymic nude mice (male, 4-6 weeks old) were purchased from the Shanghai Experimental Animal
Center of Chinese Academy of Sciences (Shanghai, PR. China) and bred at pathogen-free conditions
in Animal Center of the affiliated tumor hospital of Harbin Medical University. 4 x 105 A549/DDP cells
were injected subcutaneously into the left flank of each mice. After 8 days, the transplanted nude mice
were randomly divided into three groups (n=6 each). Agomir-miR-181b or agomir-NC (RiboBio Co.,
Ltd, Guangzhou, China) was directly injected into the implanted tumor at the dose of 1 nmol per mouse
every 4 days for seven times. Tumor volume (V) was monitored by measuring the length (L) and width
(W) and calculated with the formula V= (L x W?) x 0.5. Upon termination, each mouse was weighed
and tumors were harvested for immunohistochemistry analysis, Western blot analysis and qPCR. The
immunohistochemistry analysis was performed and measured according to our previously described
method.

For tumor metastasis analysis, nude mice were inoculated with 1 x 10° viable A549/DDP cells in
200 ml of phosphate buffered saline via tail vein injection. Agomir-miR-181b or agomir-NC was injected
subcutaneously into the right upper flank region of mice at the dose of 1 nmol per mouse every 4 days
for seven times. Four or seven weeks later, mice were sacrificed, and the lungs were harvested and fixed
in formalin. The fixed samples were then embedded in paraffin, the section were stained with H&E and
analyzed for presence of metastases.

Statistical analysis. The experiments were repeated a minimum of three times. Statistical analysis
was performed using SPSS 18.0. The results are expressed as the means+ SD. A one-way ANOVA test,
or two-tailed Student t test, was used to compare continuous variables. P < 0.05 was considered to be
statistically significant.
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