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Upregulation of the inwardly rectifying potassium
channel Kir2.1 (KCNJ2) modulates multidrug
resistance of small-cell lung cancer under the
regulation of miR-7 and the Ras/MAPK pathway
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Abstract

Background: KCNJ2/Kir2.1, a member of the classical inwardly rectifying potassium channel family, is commonly
expressed in a wide range of tissues and cell types. Previous studies indicated that Kir2.1 may be associated with
SCLC multidrug resistance (MDR). However, whether Kir2.1 can regulate MDR and its underlying mechanisms
remain poorly understood in SCLC.

Methods: KCNJ2/Kir2.1 expression was examined in tissues from fifty-two SCLC cases by immunohistochemistry.
Overexpression or knockdown of KCNJ2/Kir21 was performed in multidrug-resistant SCLC cell lines (H69AR and
H446AR) and their parental cell lines (H69 and H446) to assess its influence on cell growth, apoptosis, the cell cycle
and chemoresistance.

Results: KCNJ2/Kir2.1 was expressed in 44.23% (23/52) of SCLC tissues. Overexpression of KCNJ2/Kir2.1 was
correlated with the clinical stage and chemotherapy response in SCLC patients. Knockdown of KCNJ2/Kir2.1
expression using KCNJ2/Kir2.1 shRNA in HE9AR and H446AR cells inhibited cell growth and sensitized the cancer
cells to chemotherapeutic drugs by increasing cell apoptosis and cell cycle arrest. Forced KCNJ2/Kir2.1 expression in
H69 and H446 cells promoted cell growth and enhanced multidrug resistance via reduced drug-induced apoptosis
accompanied by cell cycle arrest. KCNJ2/Kir2.1 expression was also influenced by PKC and MEK inhibitors. In
addition, multidrug resistance protein 1 (MRP1/ABCC1) was confirmed to interact with KCNJ2/Kir2.1 by Co-IP assays.

Conclusions: KCNJ2/Kir2.1 modulates cell growth and drug resistance by regulating MRP1/ABCC1 expression and is
simultaneously regulated by the Ras/MAPK pathway and miR-7. KCNJ2/Kir2.1 may be a prognostic predictor and a

potentially novel target for interfering with chemoresistance in SCLC.
Keywords: SCLC, KCNJ2/Kir2.1, Chemoresistance, MRP1/ABCC1, miR-7, Ras/MAPK pathway

Background

Lung cancer, with 1.35 million new cases and causing
more than 1 million deaths each year, is the most com-
mon cancer and the leading cause of cancer-related
deaths worldwide [1]. Small-cell lung cancer (SCLC), the
most aggressive type of lung cancer, constitutes approxi-
mately 15-18% of all lung cancers [2]. According to the
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Veterans Administration Lung Group system, SCLC is
traditionally defined by a two-stage classification system
that includes limited disease and extensive disease. At
present, chemotherapy remains the first treatment op-
tion for SCLC patients. Although 80-90% of SCLC pa-
tients are initially responsive to chemotherapy, most of
them succumb to the disease within a year due to rap-
idly developing multidrug resistance (MDR) [3,4]. Thus,
MDR has become the main obstacle to the treatment of
SCLC and a central issue in improving its prognosis.
Kir2.1, encoded by the KCNJ2 gene, is a member of
the classical inwardly rectifying potassium channel family
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(Kir2 subfamily). It conducts a strong inward rectifier K*
current in a wide range of tissues and cell types, including
neurons, skeletal muscle, cardiac myocytes, and immune
system and carcinoma cells [5]. The KCNJ2 gene was first
cloned by Kubo et al. from a macrophage cell line in 1993
[6]. Similar to the other members of the Kir family, Kir2.1
is tetrameric, containing two transmembrane helix do-
mains (M1 and M2), an ion-selective P-loop between M1
and M2, and cytoplasmic N- and C-terminal domains.
Functionally, Kir2.1 plays a key role in maintaining the
resting membrane potential and regulating cellular excit-
ability in SCLC cells, cardiac myocytes, skeletal muscle
and neurons [7-9]. Changes in the expression levels of K*
channels induced by aberrant KCNJ2 expression have sub-
stantial effects on cellular processes such as cell death,
apoptosis, proliferation and adhesion, which is linked to a
variety of cardiac and neurological disorders [10-15]. Hu-
man SCLC cells are suggested to be of neurorctodermal
origin and exhibit electrophysiological characteristics typ-
ical of neuroendocrine cells. Previous studies have indi-
cated that the large, inwardly rectifying K+ current is
generated by Kir2.1 and may be associated with SCLC cell
MDR [16,17]. However, whether Kir2.1 can regulate MDR
and its underlying mechanisms remain poorly understood
in SCLC.

MicroRNAs (miRNAs) are a class of small, non-coding
RNAs of 18-24 nucleotides in length that negatively
regulate the expression of specific genes by binding to
the 3" untranslated region (3’'UTR) of an mRNA, leading
to either translational inhibition or mRNA degradation
[18]. Recent evidence has shown that more than 50% of
miRNAs are located in cancer-associated genomic break
points and can function as tumor suppressor genes or
oncogenes depending on their targets [19,20]. Moreover,
extensive studies have indicated that miRNAs are closely
related to responses to chemotherapeutic treatment
[21-24]. For example, Yang et al. reported that miR-214
induced cell survival and cisplatin resistance in ovarian
cancer [25]. Additionally, miR-650 levels affected the
chemosensitivity of lung adenocarcinoma cells to doce-
taxel via Bcl-2/Bax expression regulation by directly
targeting ING4 [23], and suppression of miR-137 ex-
pression in a drug-resistant SCLC cell line increased its
sensitivity to cisplatin [26]. Moreover, our previous
miRNA expression profile study revealed that the ex-
pression of 61/852 miRNAs was significantly increased
(>3-fold) in MDR SCLC H69AR cells compared with
their drug-sensitive parental cell line H69, suggesting a
role for these differentially expressed miRNAs in the
development of drug resistance in SCLC cells [22].

We previously found that KCNJ2 is overexpressed in
H69AR cells compared to parental H69 cells, whereas
miR-7 is expressed at a lower level in H69AR cells com-
pared with H69 cells (unpublished data). In the present
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study, we further investigated the roles of KCNJ2/Kir2.1
in drug resistance using human drug-resistant SCLC
cell lines (H69AR and H446AR). The correlation be-
tween KCNJ2 expression and clinical drug response
was analyzed in SCLC patients. We then validated the
interaction between Kir2.1 and MRP1/ABCC1 by co-
immunoprecipitation (Co-IP). Furthermore, we showed
that KCNJ2 was modulated by the Ras/MAPK pathway
and directly targeted by miR-7. Collectively, our results
provide a novel explanation for the chemoresistance of
SCLC and suggest that KCNJ2/Kir2.1 plays a crucial
role in SCLC MDR.

Results

Kir2.1 expression is associated with the clinical stage and
the chemotherapy Response of SCLC patients

To investigate the clinical features of Kir2.1 expression
in SCLC, we first examined the expression levels of
Kir2.1 in 52 SCLC specimens and 15 normal lung tissues
by immunohistochemistry (IHC). Kir2.1 was localized on
the membrane of the cancer cells (Figure 1A), whereas
no positive Kir2.1 staining was observed in normal lung
alveolar epithelium (Figure 1B). And the corresponding
IHC staining scores are indicated in Additional file 1A:
Figure S1A. Additionally, the positive expression of
Kir2.1 was 23 of 52 (44%) in SCLC and 1 of 15 in nor-
mal bronchial epithelium, respectively (Figure 1E).

We further analyzed the correlation between Kir2.1
expression and the clinicopathological features of SCLC
patients. As shown in Table 1, Kir2.1 expression was sig-
nificantly more frequent at the extensive disease stage
and in the drug-resistant group than at the limited dis-
ease stage and in the drug-sensitive group. Correlation
analysis showed that Kir2.1 expression was significantly
associated with clinical stage and chemotherapy re-
sponse in SCLC patients (P < 0.05), but not with gender,
age or smoking history (P> 0.05) (Table 1).

KCNJ2/Kir2.1 expression is correlated with
chemoresistance in SCLC

Our previous study indicated a 4.75-fold upregulation of
KCNJ2 expression in H69AR cells compared with their
parental H69 cells by cDNA microarray analysis (unpub-
lished data). We confirmed the result in two pairs of
SCLC cells (H69AR/H69 and H446AR/H446) by qRT-
PCR, western blotting and immunofluorescence assays.
Figure 2 shows that KCNJ2/Kir2.1 expression was sig-
nificantly increased at both mRNA and protein levels in
H69AR and H446AR cells as compared with H69 and
H446 cells, respectively.

Based on the upregulation of KCNJ2/Kir2.1 in MDR
SCLC cells, we hypothesized that KCNJ2/Kir2.1 may be
involved in SCLC chemoresistance. To test this hypoth-
esis, we performed gain-of-function and loss-of-function
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Figure 1 Kir2.1 and MRP1/ABCC1 expression in SCLC and normal alveolar epithelium tissues by IHC. (A-B) Representative images of Kir2.1 [HC
staining in SCLC (A) and normal alveolar epithelium tissues (B). (C-D) Representative images of MRP1/ABCCT IHC staining in SCLC (C) and normal
alveolar epithelium tissues (D). Brown chromogen represents positive staining. Scale bar, 50 um. (E) The IHC staining results of Kir2.1 and MRP1/ABCC1
expression in normal alveolar epithelium and SCLC tissues. The positive rate of Kir2.1 and MRP1/ABCC1 were higher in SCLC tissues than
normal alveolar epithelium. **, P < 0.01 compared with normal alveolar epithelium.

studies. First, we developed two stable KCNJ2/Kir2.1-
overexpressing sublines, H69-KCNJ2 and H446-KCNJ2,
by transfecting H69 and H446 cells with pcDNA3.1-
KCNJ2, and their corresponding negative control sub-
lines (H46-NC and H446-NC) that were transfected
with pcDNA3.1 empty vector. qRT-PCR and western
blotting analyses showed that KCNJ2/Kir2.1 expression
was significantly upregulated at both the mRNA and pro-
tein levels in H69-KCNJ2 and H446-KCNJ2 as compared
with H46-NC and H446-NC, respectively (Figure 3).
Subsequently, we stably transfected multidrug-resistant
H69AR and H446AR cells with two shRNAs (shKCNJ2-1
and shKCNJ2-2) targeting KCNJ2 to inhibit KCNJ2/Kir2.1
expression. As shown in Figure 3, KCNJ2/Kir2.1 expres-
sion was notably decreased in cells transfected with

shKCNJ2-1 or shKCNJ2-2 (H69AR-shKCNJ2-1, H69AR-
shKCNJ2-2, H446AR-shKCNJ2-1 and H446AR-shKCNJ2-
2) when compared with their corresponding negative
controls, H69AR-shNC or H446AR-shNC. The viability
and sensitivity of the SCLC cells to chemotherapeutic
drugs (ADM, CDDP and VP-16) were then assessed using
CCK8 assays. Table 2 shows that the ICs, values of H69
and H446 cells significantly increased after transfection
with pcDNA3.1-KCNJ2, whereas the ICs, values of HG9AR
and H446AR cells decreased after the introduction of
shKCNJ2-1 or shKCNJ2-2. Collectively, these results indi-
cated that KCNJ2/Kir2.1lupregulation or downregulation
could significantly affect the sensitivity of SCLC cells to
chemotherapeutic drugs, suggesting that KCNJ2/Kir2.1 ex-
pression may be associated with chemoresistance in SCLC.
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Table 1 The expression of Kir2.1 and MRP1/ABCC1 and their relationships with the clinicopathological characteristics

in SCLC patients

Clinic pathological n Expression of Kir2.1 Expression of MRP1/ABCC1

features + P + - P
Gender 1 1
Male 43 18 25 21 22

Female 9 5 4 6 3

Age 0.892 0426
<55 23 7 16 10 13

255 29 16 13 17 12

Smoking history 1 0.328
Yes 41 20 21 22 19

No 1 3 8 5 6

Clinical stage 0.032 0.001
limited disease 25 7 18 6 19

extensive disease 27 16 11 21 6

Chemotherapy reponse 0.021 0.001
Sensitive group 25 6 19 7 18

Resistant group 22 17 5 20 2

"median age.
-, negative expression; +, positive expression.
The P-value was calculated by x? test.

KCNJ2/Kir2.1 induces cell cycle arrest and apoptosis
following exposure to chemotherapeutic drugs

The above observations prompted us to investigate the
possible mechanisms of KCNJ2/Kir2.1 in SCLC chemore-
sistance. Using flow cytometry analysis, we evaluated the
effect of KCNJ2/Kir2.1 on cell cycle control and apoptosis
following exposure to chemotherapeutic drugs.

As shown in Figure 4, overexpression of KCNJ2/
Kir2.1 in H69 and H446 cells induced an increase of
cells entering the GO/G1 phase and a corresponding de-
cline of cells in the S phase after treatment with ADM
(4.6 uM) for 24 h. In contrast, knockdown of KCNJ2/
Kir2.1 by shKCNJ2-1 or shKCNJ2-2 in H69AR and
H446AR cells resulted in a significant decrease of cells
in the GO/G1 phase and an increase of cells in the S
phase. These results suggest that KCNJ2/Kir2.1could
induce cell cycle arrest.

We further examined the impact of KCNJ2/Kir2.1 on
apoptosis. Notably, after treatment with ADM (4.6 uM)
for 24 h, upregulating KCNJ2/Kir2.1 expression in H69
and H446 cells prevented drug-induced apoptosis. Mean-
while, silencing KCNJ2/Kir2.1 expression in H69AR and
H446AR cells significantly increased drug-induced
apoptosis (Figure 5). In addition, similar results of cell
cycle and apoptosis analysis were observed in SCLC
cells after treatment with CDDP (16.7 uM) or VP-16
(34 uM) (Additional file 2: Figure S2, Additional file 3:
Figure S3, Additional file 4: Figure S4, and Additional
file 5: Figure S5).

KCNJ2/Kir2.1 enhances SCLC tumor growth in vivo

To further determine the effect of KCNJ2/Kir2.1 on
tumor growth in vivo, SCLC cells with altered KCNJ2/
Kir2.1 expression were subcutaneously injected into
nude mice. As shown in Figure 6A-D, the injection of
KCNJ2/Kir2.1-overexpressing H69 and H446 cells resulted
in significantly increased tumor weights compared with the
injection of the corresponding NC cells. However, with
KCNJ2/Kir2.1-knockdown H69AR and H446AR cells, the
average tumor weight decreased to 12-25% of that of the
tumors originating from the cells transfected with shNC.
Additionally, the injection of KCNJ2/Kir2.1-overexpressing
H69 and H446 cells resulted in earlier tumor formation
compared with the injection of NC cells. In contrast, the
time until tumor appearance was prolonged in H69AR and
H446AR cells transfected with shKCNJ2-1 or shKCNJ2-2
compared with that transfected with shNC. These findings
demonstrated that KCNJ2/Kir2.1 enhanced SCLC tumor
growth in vivo.

We then further examined Kir2.1 expression in SCLC
tissues from the tumor xenografts by IHC. The results
showed higher Kir2.1 expression in H69-KCNJ2 tumors
and lower expression in shKCNJ2-1 H69AR tumors as
compared with the corresponding NC cells (Figure 6E
and Additional file 1B: Figure S1B). Moreover, evaluated
by staining scores, Kir2.1 and MRP1/ABCC1 expression
were significantly upregulated in tumors originating
from H69 and H446 cells transfected with KCNJ2-
overexpressing vector and downregulated in tumors of
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Relative KCNJ2 expression

Relative expression of
Kir2.1 protein

H69 HB9AR
H69

HE9AR

Figure 2 KCNJ2/Kir2.1 expressionin SCLC cells. (A) KCNJ2 mRNA level was determined by gRT-PCR in SCLC multi-drug resistant H69AR and
H446AR cells and their corresponding parental cells, H69 and H446. (B-C) Western blotting and immunofluorescence analyses showed that
Kir2.1expression was upregulatedin H69ARand H44AR cellsas compared with H69 and H446 cells, respectively. Values of three independent
experiments are represented as the mean + SD. **, P < 0.01 compared with the parental cells.
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H69AR and H446AR cells transfected with shKCNJ2-1
or shKCNJ2-2 (Figure 6F).

KCNJ2/Kir2.1 interacts with MRP1/ABCC1

We previously found that the expression of both KCNJ2/
Kir2.1 and MRP1/ABCC1 was increased in H69AR cells
compared with parental H69 cells by cDNA microarray
analysis [22]. To further investigate the relationship be-
tween KCNJ2/Kir2.1 and MRP1/ABCC1 in SCLC, we

simultaneously detected the expression of these two pro-
teins in SCLC and normal lung tissues by IHC. Membrane
localization of KCNJ2/Kir2.1 and MRP1/ABCC1 was ob-
served in cancer cells (Figure 1A and C), whereas no posi-
tive MRP1/ABCCI1 staining was observed in normal lung
alveolar epithelium (Figure 1D). Similar to Kir2.1, the rate
of MRP1/ABCC1 positivity was much higher in SCLC
specimens (52%) than in normal bronchial epithelium
(7%) (Figure 1E). Correlation analysis showed that MRP1/
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Figure 3 Altered KCNJ2/Kir2.1 expression in SCLC cells. gRT-PCR (A) and Western blot (B) analyses showed forced KCNJ2/Kir2.1 expression in
H69 and H446 cells after transfection of pcDNA3.1-KCNJ2, and KCNJ2/Kir2.1
bars represent the means + SD of three independent experiments. **, P < 0.01 compared withthe corresponding NC cells transfected with pcDNA3.1
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inhibition in HE9AR and H446AR cells by shKCNJ2-Tor shKCNJ2-2. The

ABCC1 expression was significantly associated with the
SCLC patient’s clinical stage and chemotherapy response,
but not with gender, smoking, age or lymph node metasta-
sis (Table 1). Furthermore, as shown in Table 3, MRP1/
ABCC1 expression was clearly correlated with Kir2.1 ex-
pression in SCLC tissues.

To explore the relationship between KCNJ2/Kir2.1 and
MRP1/ABCC1, we analyzed MRP1/ABCC1 expression
changes with upregulated or downregulated KCNJ2/Kir2.1
expression. qRT-PCR and western blotting analyses re-
vealed a marked increase in MRP1/ABCC1 in H69 and
H446 cells transfected with pcDNA3.1-KCNJ2 and a de-
crease in MRP1/ABCClin H69AR and H446AR cells
transfected with shKCNJ2-1 or shKCNJ2-2 (Figure 7A-B).
These results provide evidence indicating that KCNJ2/
Kir2.1 could affect MRP1/ABCC1 expression.

We performed Co-IP assays to further evaluate the
interaction between KCNJ2/Kir2.1 and MRP1/ABCC1
in SCLC cells. Cell lysates from H69 cells were pre-
pared and immunoprecipitated with an anti-Kir2.1

antibody. Both immunoprecipitates and cell lysates
without IP were blotted with anti-ABCC1 and anti-
Kir2.1. As shown in Figure 7C, Kir2.1 formed a com-
plex with ABCCI1. These data reveal that Kir2.1 can
interact with MRP1/ABCCI.

The modulatory effect of the Ras/MAPK pathway on
KCNJ2/Kir2.1

Based on previous findings that the Ras-MAPK pathway
is involved in modulating the inward rectifier potassium
channel IRK1 [5], we investigated whether the Ras-
MAPK pathway could regulate KCNJ2/Kir2.1 in SCLC.
Initially, SCLC MDR H69AR and H446AR cells were
treated with PKC inhibitor (staurosporine, 10 nM) and
MEK inhibitor (U0126, 10 uM) to inhibit two key com-
ponents of Ras-MAPK pathway respectively. Then, we
examined the mRNA and protein levels of both KCNJ2/
Kir2.1 and MRP1/ABCCI in these SCLC cells by qRT-
PCR and Western blotting. The results showed that the
expression of both KCNJ2/Kir2.1 and MRP1/ABCC1
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Table 2 Effect of KCNJ2/Kir2.1 on drug sensitivity
(X s, n=3, pg/ml)

Cells 1C50

ADM CDDP VP-16
H69 5222+0117 17.711+£0279 12403 £2.791
H69-NC 5426+087 17548 +£0.423  122.27 £2938
H69-KCNJ2 13.678 £0.195*% 22649+ 7.623* 28341 +6.884*
H446 4293+0049  4529+0.063 52342£30
H446-NC 4412+0212 4.884 +0.068 50296 £ 1.53
H446-KCNJ2 14.048 £ 0.242* 15303+£0.712* 80.064 +4.97*
HE9AR 21106 £6.665 76652+1238  53158+6.06
H69AR-shNC 209.69+3.157  7732+1.362 52072+ 4704
H69AR-shKCNJ2-1 62.275+ 1.214% 44583+ 1514*% 39474 +£19.996*
HE9AR-shKCNJ2-2 18823 £0.935% 33.183+£2.637* 35951 +£8.62*
H446AR 39.29+0.738 133.73+4875 17963 +£2978
H446AR-shNC 4235+ 1388 13212+4434 17564 +8.726
H446AR-shKCNJ2-1  27.082 £2.289% 72.724+0.896* 11831 +£4.934*
H446AR-shKCNJ2-2 19920 +£0.688* 21.517 £2.693* 10851 +5.772*

*P < 0.05 (compared with corresponding negative control groups).

was significantly downregulated following treatment
with staurosporine and U0126 as compared with the
controls (Figure 8). Moreover, an additive inhibitory ef-
fect on KCNJ2/Kir2.1 and MRP1/ABCC1 expression was
observed in SCLC cells upon simultaneous PCK and
MEK suppression (Figure 8). These findings suggest that
KCNJ2/Kir2.1 modulation is mediated by the Ras-PKC-
MAPK pathway.

MiR-7 directly regulates KCNJ2 expression in SCLC

All processes involved in cancer, including apoptosis and
proliferation, have been shown to be regulated by small
regulatory non-coding RNAs, i.e.,, miRNAs [27]. There-
fore, the above results showing that KCNJ2/Kir2.1 is
overexpressed in SCLC led us to hypothesize that
KCNJ2/Kir2.1 expression may be regulated by endogen-
ous miRNAs. We utilized three prediction algorithms
(PicTar, TarScan and miRBase database) to predict the
miRNAs that possibly target KCNJ2 in SCLC. The re-
sults showed that miR-7, miR-212 and miR-1 have po-
tential interaction sites in the 3’-untranslated region
(3’'UTR) of KCNJ2 mRNA. Based on the involvement of
miR-7 in drug resistance, we investigated whether
KCNJ2 is regulated by miR-7. We transfected an miR-7
agomir or antagomir into SCLC cells to increase or de-
crease miR-7 expression, respectively (Figure 9A). The
levels of KCNJ2/Kir2.1 and MRP1/ABCC1 were then
measured by qRT-PCR and Western blotting at 48 h
post-transfection. The expression of both KCNJ2/Kir2.1
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and MRP1/ABCCI1 decreased significantly after transfec-
tion of miR-7 agomir compared with NC agomir, whereas
the miR-7 antagomir clearly upregulated the levels of
KCNJ2/Kir2.1 and MRP1/ABCC1 when compared with
NC antagomir (Figure 9B-D).

To test whether miR-7 can regulate KCNJ2/Kir2.1
via direct interaction with the KCNJ2 3'UTR, we
constructed luciferase reporter vectors containing wild-
type (psiCHECK2-KCNJ2-wt) or mutated (psiCHECK2-
KCNJ2-mt) 3'UTRs of KCNJ2mRNA. H69 cells were
cotransfected with each vector and either the miR-7
agomir or antagomir or the corresponding NC; the
KCNJ2 luciferase activity was measured after cotrans-
fection. As shown in Figure 9E, the miR-7 agomir sup-
pressed luciferase activity when cotransfected with the
wildtype reporter vector as compared with NC agomir,
whereas the miR-7 antagomir increased luciferase activ-
ity compared with NC antagomir. In contrast, the lucif-
erase activity of the mutated reporter vector was not
affected by simultaneous transfection with the miR-7
agomir or antagomir (Figure 9E). Taken together, these
findings suggest that KCNJ2 is a direct target of miR-7
in SCLC.

Regulation of chemoresistance by KCNJ2/Kir2.1 is partly
mediated by miR-7

To further investigate the effect of miR-7 on the chemore-
sistance of SCLC cells, we analyzed the sensitivity of SCLC
cells to chemotherapeutic drugs (ADM, CDDP and VP-16)
after transfection with the miR-7 agomir, antagomir or the
corresponding NC. The ICs, values of the chemotherapeu-
tic drugs were significantly decreased after miR-7 agomir
transfection compared with the controls. Meanwhile, the
ICsq values increased when expression of miR-7 was sup-
pressed by miR-7 antagomir (Figure 10). These results
demonstrated that the upregulation of miR-7 expression
sensitized the SCLC cells to all three chemotherapeutic
drugs, whereas the downregulation of miR-7 desensitized
the SCLC cells. Together, these data suggest that miR-7 de-
regulation may be responsible for the effects of KCNJ2 on
SCLC chemoresistance.

miR-7 expression is associated with Kir2.1 levels and
prognosis in SCLC patients

To further confirm the association between miR-7 and
KCNJ2/Kir2.1 expression, we analyzed miR-7 expression
in the above-mentioned 52 SCLC tissue specimens by
qRT-PCR. The median value of miR-7 expression was
chosen as the cut-off point for separating SCLC tissues
with low-level miR-7 expression (n = 26) from those
with high-level miR-7 expression (n = 26). Correlation
analysis showed that miR-7 expression was inversely cor-
related with KCNJ2/kir2.1 (P < 0.001) and MRP1/ABCC1
expression (P = 0.002) (Table 4). Moreover, low-level
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Figure 4 KCNJ2/Kir2.1 affects the cell cycle distribution of SCLC cells after ADM treatment. (A) Representative FACS profiles are shown. The
numbers indicate the percentages of cells in the GO/G1, S and G2/M phases. (B) Histographs for the cell cycle distribution of SCLC cells. H69 and H446
cells stably transfected with KCNJ2 expression plasmid (H69-KCNJ2 and H446-KCNJ2) showed an increased proportion in the GO/G1 phase and a decreased
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HA446AR-shKCNJ2-1 and H446AR-shKCNJ2-2) showed a decreased proportion in the GO/G1 phase and an increased proportion in the S phase
when compared with H69AR-shNC or H446AR-shNC. Data are shown as the means + SD from three independent experiments. *, P < 0.05;
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miR-7 expression was significantly associated with a more
aggressive clinical stage (P = 0.012) (Table 4). Kaplan-
Meier analysis revealed that SCLC patients with low miR-
7 expression had much shorter overall survival times than

patients with high miR-7 expression (Additional file 6:
Figure S6). In addition, miR-7 expression reached sig-
nificance in a univariate Cox proportional hazards re-
gression model (P = 0.024, Additional file 7: Table S1).
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(See figure on previous page.)

Figure 5 KCNJ2/Kir2.1 affects cell apoptosis in SCLC cells after ADM treatment. (A) Cells were analyzed by annexin-V/propidium iodide (Pl) dual
labeling. Representative FACS profiles are shown, on which cell population in the quadrant of Annexin VPl represents apoptotic cells. (B) Histographs
for cell apoptosis of SCLC cells. The percentage of the Annexin VPl cell population was determined. The results show data from at least three
independent experiments. **, P < 0.01 compared with the corresponding NC cells.

Discussion

Previous studies have revealed that K+ channel
blockers inhibit SCLC cell proliferation via membrane
depolarization [16,28] and that some types of inwardly
rectifying K'channels are involved in SCLC MDR
[16,29]. In our previous analysis of a cDNA microarray
[22], KCNJ2 expression was increased in SCLC multi-
drug resistant H69AR cells compared with the parent
H69 cell line, suggesting that KCNJ2/Kir2.1 might be
relevant in the drug resistance of SCLC. However, the
molecular mechanism by which KCNJ2/Kir2.1 exerts a

role in the chemoresistance of SCLC was not clear
until now. In this study, we showed that the mRNA
and protein expression of KCNJ2/Kir2.1 was upregu-
lated in both H69AR and H446AR cells compared with
that in their respective parental cells, confirming the re-
sults of the SCLC mRNA expression profiling. Moreover,
Kir2.1 expression in 52 clinical SCLC tissues was signifi-
cantly associated with the chemotherapeutic responses of
the SCLC patients. To further investigate whether KCNJ2/
Kir2.1 regulates MDR, we first established two stable
KCNJ2/Kir2.1-overexpressing sublines, H69-KCNJ2 and
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Figure 6 KCNJ2/Kir2.1 enhances SCLC tumor growth in vivo. (A, C) Tumors formation and growth curves of tumor volumes formed by H69
and H69AR cells with altered KCNJ2 expression.1, H69; 2, H69-NC; 3, H69-KCNJ2; 4, HE9AR; 5, H69AR-NC; 6, H69AR-shKCNJ2-1; 7, HE9AR-shKCNJ2-2.
(B, D) Tumors formation and growth curves of tumor volumes formed by H446 and H446AR cells with altered KCNJ2 expression. 1, H446; 2, H446-NC;
3, H446-KCNJ2; 4, H446AR; 5, H446AR-NC; 6, H446AR-shKCNJ2-1; 7, H446AR-shKCNJ2-2. (E) Kir2.1 expression was examined by IHC in the tumor
xenografts originating from H69-NC, H69-KCNJ2, HE9AR-NC and H69AR-shKCNJ2-1 cells. Representative images were shown. Brown chromogen
represents positive staining. Scale bar, 50 um. (F) Kir2.1 and MRP1/ABCClexpression were evaluated by staining scores in the tumor xenografts. *, P <
0.05 compared with the corresponding NC cells transfected with pcDNA3.1 empty vector or shNC.
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Table 3 The correlation between Kir2.1 and MRP/ABCC1
in SCLC tissues

ABCC1 Kir2.1 i'e P
-

- 23 2 25622 <0.001

+ 6 21

-, negative expression; +, positive expression.
The P-value was calculated by x? test.
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H446-KCNJ2, and suppressed KCNJ2/Kir2.1 expression in
H69AR and H446AR cells by shRNAs specifically target-
ing KCNJ2. Next, we examined the effect of KCNJ2/Kir2.1
upregulation and downregulation on the sensitivity of
SCLC cells to chemotherapeutic drugs (ADM, CDDP
and VP-16). H69AR and H446AR cells became much
more sensitive to chemotherapeutic agents than the NC
groups after significantly inhibiting KCNJ2/Kir2.1 ex-
pression, whereas KCNJ2/Kir2.1 upregulation led to the
desensitization of H69 and H446 cells to these drugs.
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Figure 7 Kir2.1 interacts with MRP1/ABCC1 expression. (A-B) gRT-PCR (A) and Western blotting (B) analyses showed that KCNJ2/Kir2.1 upregulation
or downregulation successfully elevated or suppressed MRP1/ABCCT mRNA and protein levels, respectively. (C) The interaction between Kir2.1 and
MRP1/ABCC1 was analyzed by Co-IP. Anti-Kir2.1 antibody was used for IP. The amounts of ABCCT and Kir2.1 in the immunoprecipitates were detected by

anti-Kir2.1 IgG
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Our findings indicate that KCNJ2/Kir2.1 is closely cor-
related with chemoresistance and may represent a poten-
tial clinical strategy for interfering with chemoresistance
in SCLC; however, more clinical data are needed to verify
this proposal.

To further investigate the possible mechanism of
KCNJ2/Kir2.1 in SCLC chemoresistance, we evaluated
the effect of KCNJ2/Kir2.1 on apoptosis and cell cycle
control by flow cytometry. Our results indicated that
one reason for the resistant phenotype of MDR SCLC
cells may be that KCNJ2/Kir2.1 induces cell cycle arrest
at the GO/G1 phase and inhibits drug-induced apoptosis.
Moreover, consistent with the results obtained in vitro,
KCNJ2/Kir2.1 promoted tumor growth in a xenograft
nude mouse model. These results suggest that KCNJ2/
Kir2.1 may play an oncogenic role in SCLC.

In addition to the potential therapeutic impact of
KCNJ2/Kir2.1, our studies shed light on the mechanisms
by which KCNJ2/Kir2.1 mediates MDR in SCLC. Several
studies have confirmed that MRP1/ABCC1 is highly
expressed in H69AR cells [30,31], and may be closely re-
lated to chemoresistance in SCLC [22]. Enyeart et al.
showed that K channels, including KCNJ2/Kir2.1, might
function with MRP1/ABCC1 [32]. In this study, we first
found that MRP1/ABCC1 expression was positively cor-
related with KCNJ2/Kir2.1in SCLC cells and tissues. To
further confirm this relationship, we performed Co-IP
and demonstrated that Kir2.1 can interact with MRP1/

ABCCI in H69AR cells. Our data suggest that KCNJ2/
Kir2.1 might affect the resistance to chemotherapy via
interaction with MRP1/ABCC]1 in SCLC cells.

The KCNJ2/Kir2.1 channel is modulated by several
factors, including PKC, direct tyrosine kinase phosphoryl-
ation, the acidic intracellular pH and AMP-activated pro-
tein kinase [17,33-35]. The work reported by Giovannardi
et al. has shown that RAS-PKC-MEK signaling is also an
important regulator of KCNJ2/Kir2.1 [5]. In this study,
KCNJ2/Kir2.1 expression at the mRNA and protein levels
was markedly downregulated in the H69AR and H446AR
cells after treatment with staurosporine, a PKC inhibitor,
or U0126, a MEK inhibitor. It has been suggested that the
KCNJ2/Kir2.1 channel is regulated by the Ras-MAPK
pathway. However, whether Ras-MAPK signaling is in-
volved in the mechanism by which KCNJ2/Kir2.1regulates
SCLC MDR remains unknown.

miRNAs play an important role in the development of
drug resistance in some tumor types [24,36], and our
previous study showed that some miRNAs are involved
in the development of drug resistance in SCLC cells
[22]. Thus, we hypothesized that certain miRNAs could
affect chemosensitivity by directly targeting KCNJ2/
Kir2.1 in SCLC, and we identified miR-7 as a direct sup-
pressor of KCNJ2/Kir2.1. Recently, miR-7 was reported
to be a tumor suppressor due to its abilities to suppress
cell growth and metastasis [37-39], promote apoptosis
and inhibit drug resistance [40]. Our data showed that
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Figure 9 KCNJ2 is a direct target of miR-7. (A) The miR-7levels in H69, H69AR, H446, H446AR cells were measured after transfection with an
miR-7 agomir or antagomir or the corresponding NC. (B-D) KCNJ2/Kir2.1 and MRP1/ABCClexpression at mRNA and protein levels was assessed
after transfection of SCLC cells with an miR-7 agomir or antagomir or the corresponding NC. (E) A dual luciferase assay was performed in H69
cells transfected with the luciferase construct alone or cotransfected with anmiR-7 agomir or antagomir or the corresponding NC. *, P < 0.05;
** P<0.01 compared with the corresponding NC cells transfected with NC agomir or NC antagomir.
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an miR-7 agomir or an antagomir led to a significant de-
crease or increase, respectively, in KCNJ2/Kir2.1 expres-
sion at both the mRNA and protein levels in SCLC cells.
Luciferase reporter assays demonstrated that miR-7 dir-
ectly targeted KCNJ2 in H69AR cells, and miR-7 expres-
sion was associated with SCLC chemoresistance. In
addition, we found that miR-7 downregulation was

associated with KCNJ2/Kir2.1 expression and advanced
clinicopathological features of SCLC tissues. These find-
ings indicate that KCNJ2/Kir2.1 is directly regulated by
miR-7 in SCLC.

In summary, our findings reported here provide a
novel mechanism by which KCNJ2/Kir2.1 modulates the
sensitivity of SCLC cells to chemotherapeutic drugs,

Table 4 Relationship between miR-7 expression and clinicopathological characteristics in SCLC patie