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Abstract

Accelerated progression of residual non-small cell lung cancer (NSCLC) after incomplete radiofre-

quency ablation (RFA) has frequently been reported. In this study, NSCLC cells A549, CCL-185,

and H358 were treated using a water bath at 47°C for 5, 10, 15, 20, and 25 min gradually to establish

the sublines A549-H, CCL-185-H, and H358-H, respectively. A549-H, CCL-185-H, and H358-H cells

showed a significant increase in proliferation rate when compared with their corresponding parental

cells in vitro. The expression of hypoxia-inducible factor-1α (HIF-1α) was obviously upregulated in

both A549-H and CCL-185-H cells. Silencing of HIF-1α abolished the insufficient RFA-induced prolif-

eration in A549-H and CCL-185-H cells. Furthermore, insufficient RFA treatment markedly elevated

the phosphorylation of ERK1/2 and Akt, but not of p38 MAPK or JNK, in A549-H and CCL-185-H

cells. The inhibitor of Akt, LY294002, but not the inhibitor of ERK1/2, PD98059, suppressed the upre-

gulation of HIF-1α and the proliferation of A549-H and CCL-185-H cells in vitro. The in vivo results

confirmed that insufficient RFA could trigger the tumor growth, upregulate the HIF-1α expression,

and activate Akt in A549 xenograft tumors. Our data suggest that insufficient RFA can promote the

in vitro and in vivo growth of NSCLC via upregulating HIF-1α through the PI3K/Akt signals.
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Introduction

Primary lung cancer is the most common cause of death due to cancer
worldwide. Non-small cell lung cancer (NSCLC), which is one of the
leading causes of cancer-related death, constitutes 80% of primary
lung carcinoma [1]. Pneumonectomy or lobectomy with mediastinal
lymph node sampling is the gold-standard treatment for early-stage
NSCLC [2]. However, the high incidence of comorbidities and metas-
tases often makes it technically not feasible for surgery. For example, it
is estimated that >20%of patients with early-stage lung cancer did not
undergo surgery [3]. Therefore, novel treatment approaches are
needed for clinical NSCLC therapy.

Radiofrequency ablation (RFA), as a minimally invasive alterna-
tive therapy, has been considered as a potential curative for small

primary lung tumors and lung metastases in patients who are medic-
ally inoperable [4,5]. In 2000, Dupuy et al. [6] reported the first three
clinical cases of percutaneous lung RFA. Since then, RFA has been in-
creasingly utilized as a nonsurgical treatment option for patients with
primary and metastatic lung tumors [5,7,8]. RFA can locally heat the
tumor to a lethal temperature while doing minimal damage to the sur-
rounding normal lung tissue [9]. Furthermore, image-guided percu-
taneous RFA can reduce morbidity, mortality, cost, and hospital
stay compared with those of open surgery.

One of the major problems for RFA is the difficulty in achieving
complete tumor destruction [10]. This is because of the fact that the
periphery of the tumor is distant from the center of ablation; therefore,
the target temperature for ablation cannot be easily achieved
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throughout the tumor [11]. Recently, more and more clinical cases
about the rapid growth of residual cancer cells after RFA have been
reported [12,13]. The mechanistic investigations suggested that RFA
may alter tumor microenvironment to enhance the outgrowth of re-
sidual tumor cells or directly influence tumor cells to promote progres-
sion of residual tumor [12,14,15]. Insufficient RFA will also lead to
activation of various downstream signaling molecules such as
MAPK and PI3K/Akt [12,16], which can trigger the proliferation of
cancer cells. However, most of these results and conclusions are
based on the hepatocellular carcinoma. The effects of insufficient
RFA on the progression of lung cancer, particularly for NSCLC,
and the mechanisms involved in the process have not been clearly de-
termined.

In the present study, we investigated the effects and mechanisms of
insufficient RFA on the progression of NSCLC cells both in vitro and
in vivo. Our results revealed that insufficient RFA can trigger the pro-
liferation of NSCLC cells via PI3K/Akt/HIF-1α signals. The in vivo re-
sults confirmed that insufficient RFA can trigger the growth,
upregulate the HIF-1α, and activate Akt in A549 xenograft tumors.

Materials and Methods

Chemicals and reagents

All chemicals were of reagent grade or better and were purchased from
Sigma Chemical Co. (St Louis, USA) unless otherwise noted. PD
98059 (MAPK/ERK inhibitor), LY294002 (PI3K/Akt inhibitor), and
YC-1 (HIF-1α inhibitor) were purchased from Beyotime (Nanjing,
China). Antibodies against Bcl-2, PCNA, HIF-1α, Akt, p-Akt,
ERK1/2, p-ERK1/2, p38 MAPK, p-p38 MAPK, JNK, p-JNK and
GAPDH, and horseradish peroxidase (HRP)-conjugated secondary
antibody were purchased from Cell Signaling Technology (Beverly,
USA). PrimeScript® RT reagent kit and SYBR® Premix Ex Taq™
were products of TaKaRa (Dalian, China). E.Z.N.A® HP Total
RNA kit was obtained from Omega Bio-Tek (Doraville, USA).

Cell culture

Human NSCLC cell lines A549, CCL-185, and H358 were purchased
from the American Type Culture Collection (ATCC, Manassas, USA)
and maintained in high-glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin, and 100 μg/ml streptomycin (Life Technologies, Cergy Pontoise,
France) in a humidified atmosphere of 5% CO2 at 37°C.

Insufficient RFA treatment

The in vitro insufficient RFA treatment was conducted as previously
described [12,17]. Briefly, A549, CCL-185, or H358 cells were seeded
into the 6-well plates, cultured for 24 h, sealed, and submerged in a
water bath set to 47°C for 5 min. Cells were allowed to recover to
80% confluence, and then exposed to above heat treatment for
10 min. Then the process was repeated and cells were sequentially ex-
posed to above heat treatment for 15, 20, and 25 min. Cells survived
from the treatment were designated as A549-H, CCL-185-H, and
H358-H, respectively.

Cell viability assay

The cell viability was evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay according to the previous
study [18]. Cells were seeded at a concentration of 2 × 103/well in
96-well plates. MTT solution was added to each well at a final

concentration of 0.5 mg/ml and incubated for 4 h. At the end of incu-
bation, formazan crystals resulting from MTT reduction were dis-
solved by addition of 150 µl dimethyl sulfoxide per well. The
optical density was measured at 570 nm with a microplate reader
(model 550, BioRad, Hercules, USA).

Western blot analysis

The A549-H, CCL-185-H, or H358-H cells and their parental cells
were lysed in cell lysis buffer, and then the lysates were cleared by cen-
trifugation and denatured by boiling in Laemmli buffer. Aliquots of
protein were separated on 10% sodium dodecyl sulfate–polyacryl-
amide gels and electrophoretically transferred to nitrocellulose mem-
branes. After being blocked with 5% nonfat milk at room temperature
for 2 h, membranes were incubated with the primary antibody at
1:1000 dilution overnight at 4°C and then incubated with an
HRP-conjugated secondary antibody at 1:1000 dilution for 2 h at
room temperature, and finally detected with the Western Lightning
Chemiluminescent detection reagent (Perkin-Elmer Life Sciences,Wel-
lesley, USA).

Real-time polymerase chain reaction assay

Total mRNA was extracted using the TRIzol reagent (Invitrogen,
Carlsbad, USA), and reverse transcription was performed using an
RT-PCR kit. Real-time experiments were conducted on a DNAEngine
Opticon System (MJ Research Inc., Guilford, USA) using SYBRGreen
PCR Master Mix kit and specific primers. The sequences of primers
to determine the expression of the target gene were listed as follows:
GAPDH, forward: 5′-GCACCGTCAAGGCTGAGAAC-3′ and reverse:
5′-TGGTGAAGACGCCAGTGGA-3′; HIF-1α, forward: 5′-GCGGCA
TGAATCTATTGGAC-3′ and reverse 5′-CCCAGGAAGCCGTCTTTA
TT-3′. Comparative threshold cycle (CT) values were reported relative
to GAPDH mRNA. The cycle number when the fluorescence first
reached a preset threshold (Ct) was used to quantify the initial concen-
tration of individual templates for expression of mRNA of genes of
interest. All experiments were performed three times independently
and the average was used for comparison.

Transient transfection of small-interfering RNAs

To further examine the functional role of HIF-1α in A549-H and
CCL-185-H cells, transient transfection was performed in cells with
small-interfering RNA (siRNA) targeting HIF-1α mRNA (siCTTNB1,
Gene Parma, Shanghai, China) or mock transfection (Gene Parma).
Cells were transfected with either a control or an siRNA using Lipofecta-
mine 2000 (Invitrogen) in OPRI-MEM medium (Gibco, Gaithersburg,
USA) according to the manufacturer’s instructions. The sequence of
HIF-1α siRNAwas 5′-CCACCACUGAUGAAUUAAATT-3′.

Xenograft assays

Male BALB/c nude mice (5 weeks old) were randomized into four
groups and housed in laminal-flow cabinets under specific pathogen-
free conditions. Then 2 × 106 cell A549-H (n = 18) or parental A549
cells (n = 6) were suspended in 200 μl serum-free DMEM andmatrigel
(1 : 1), and then injected subcutaneously into the upper right flank re-
gion of nude mice. After establishment, A549-H tumor-bearing mice
were treated with YC-1 (HIF-1α inhibitor, n = 6) or LY294002 (PI3K/
Akt inhibitor, n = 6) (5 mg/kg i.p. qd) for every 3 days. Tumor size was
measured with a caliper rule for every 3 days. The tumor volume was
estimated with the formula ‘a × b2 × 0.5’, in which a represents the
longest and b represents the shortest radius of the tumor in
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millimeters. At the end of the experiments, mice were euthanized, and
tumor tissues were removed and fixed for histological examination
and immunohistochemical staining.

Immunohistochemistry

Immunohistochemistry staining of formalin-fixed paraffin-embedded
tissue was conducted as previously described [19]. Briefly, tumor tis-
sues were fixed in formalin and embedded in paraffin. Sections (5 μm)
were deparaffinized and hydrated, and endogenous peroxidase activ-
ity was blocked with 3% H2O2 in water for 10 min. Antigen retrieval
was done with 10 mM citrate buffer (pH 6.0) for 10 min. Slides were
incubated with Biocare blocking reagent for 10 min to block non-
specific binding. Then, they were incubated with p-Akt or HIF-1α
antibody overnight at 4°C. Slides were washed with phosphate
buffered saline (PBS) twice and then incubated with goat anti-rabbit
HRP-conjugated secondary antibodies for 30 min at room tempera-
ture and then washed. Finally, slides were incubated with 3,3′-diami-
nobenzidine and counter stained with hematoxylin.

Statistical analysis

All values were expressed as the mean ± SD. The data were analyzed
using Student’s t test or the analysis of variance test. P < 0.05 was con-
sidered statistically significant. GraphPad Prism (GraphPad Software
Inc., San Diego, USA) was used for these analyses.

Results

Insufficient RFA treatment promotes the proliferation of

NSCLC cells in vitro
In order to evaluate the effects of insufficient RFA treatment, we mea-
sured the cell viability of A549-H, CCL-185-H, andH358-H cells and
compared with their corresponding parental cells. The MTT assays
showed that A549-H had significant (P < 0.05) greater cell viability
when comparedwithA549 cells at 24, 48, and 72 h (Fig. 1A). Similarly,

the cell viability of CCL-185-H (Fig. 1B) and H358-H (Fig. 1C) cells
were also significantly (P < 0.05) greater than that of their correspond-
ing parental cells. The proliferation rates of A549-H, CCL-185-H, and
H358-Hwere ∼2.8, 2.0, and 1.4 folds of their corresponding parental
cells at 72 h, respectively. To further verify the role of insufficient RFA
in cell viability of NSCLC cells, the expression of Bcl-2 and PCNA,
markers of cell viability, were detected by western blot analysis. The
results showed that A549-H cells had obviously greater expression
of Bcl-2 and PCNA thanA549 cells. Similar phenomenonwas also ob-
served in CCL-185-H and H358-H cells (Fig. 1D). Collectively, our
data suggested that insufficient RFA treatment can significantly pro-
mote the growth of NSCLC cells in vitro.

Upregulation of HIF-1α mediates insufficient

RFA-induced proliferation of NSCLC cells

Recent studies indicated that insufficient RFA treatment can increase
the expression of HIF-1α in cancer cells [12,17] and then promote
the invasion and angiogenesis. To verify themechanisms for insufficient
RFA-induced proliferation of NSCLC cells, we checked the mRNA and
protein expression of HIF-1α. The results showed that the mRNA and
protein expression of HIF-1α in A549-H cells were obviously greater
than that in A549 cells. Similar elevated expression of HIF-1α was
also observed in CCL-185-H cells (Fig. 2A,B). To verify the role of
HIF-1α in insufficient RFA-induced proliferation of NSCLC cells,
we knocked down its expression by the use of siRNA (Fig. 2C). Inter-
estingly, the knockdown of HIF-1α significantly attenuated the insuf-
ficient RFA-induced proliferation of A549-H and CCL-185-H cells
(Fig. 2D). These results suggested that upregulation of HIF-1α may
mediate insufficient RFA-induced proliferation of NSCLC cells.

Insufficient RFA modulates the activities of MPAK and

PI3K/Akt signals

Previous studies indicated that insufficient RFAwill lead to the activa-
tion of various downstream signaling molecules such as MAPK and

Figure 1. Insufficient RFA treatment promotes the proliferation of NSCLC cells in vitro TheA549-H (A), CCL-185-H (B), and H358-H (C) cells and their corresponding

parental cells were cultured for 24, 48, and 72 h, and then cell viability was assessed by MTT assay. (C) The protein expression of Bcl-2 and PCNA in A549-H,

CCL-185-H, and H358-H cells and their corresponding parental cells were measured by western blot analysis. Data are presented as means ± SD of six

independent experiments. *P < 0.05 compared with control; **P < 0.01 compared with control.

Insufficient RFA increases the growth of NSCLC 373

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/48/4/371/1754676 by guest on 24 April 2024



PI3K/Akt [12,16]. Therefore, the effects of insufficient RFA treatment
on the activation ofMAPK and PI3K/Akt were investigated. As shown
in Fig. 3A, there was obviously increased phosphorylation of Akt and
ERK1/2 in A549-H cells, but not of p38 MAPK and JNK. Similarly,
the increased phosphorylation of Akt and ERK1/2 was also observed
in CCL-185-H cells (Fig. 3B). These data suggested that insufficient
RFA treatment can activate Akt and ERK1/2 in NSCLC cells.

PI3K/Akt mediates insufficient RFA-induced HIF-1α
upregulation and cell proliferation

To investigate whether the activation of ERK1/2 and PI3K/Akt parti-
cipates in insufficient RFA-induced HIF-1α upregulation and cell pro-
liferation, the PI3K/Akt inhibitor LY294002 and ERK inhibitor
PD98059 were used according to previous studies [20]. As shown in
Fig. 4A, PI3K/Akt inhibitor LY294002, but not ERK inhibitor
PD98059, could significantly abolish the upregulation of HIF-1α in
A549-H (Fig. 4A) and CCL-185-H (Fig. 4B) cells. These results sug-
gested that PI3K/Akt, but not ERK1/2, mediated the insufficient
RFA-induced upregulation of HIF-1α in NSCLC cells. Furthermore,
A549-H and CCL-185-H cells were treated with LY294002 and
PD98059 for 24 h, and then the cell vitality was measured by MTT
assay. The results revealed that LY294002, rather than PD98059,
significantly inhibited the in vitro proliferation of A549-H and

CCL-185-H cells (Fig. 4C). These data revealed that PI3K/Akt med-
iates insufficient RFA-induced HIF-1α upregulation and proliferation
of NSCLC cells.

PI3K/Akt/HIF-1α signals mediate insufficient

RFA-induced growth of NSCLC cells in vivo
We further examined the growth of the A549 tumor and A549-H
tumor, and the effects of LY294002 and YC-1 on the growth of
tumor xenografts in nude mice. Ten days after the injection, A549-H
cells began to form measurable tumors, the volume of which increased
with time (Fig. 5A). However, A549 cells produced measurable tumors
only after 16–19 days. After 34 days, all mice were sacrificed due to the
large volume of tumor in the A549-H group. During the experiments,
the average size of tumor in A549-H groups was significantly (P < 0.05)
greater than that of A549 groups (Fig. 5A). In addition, both LY294002
and YC-1 treatment significantly (P < 0.05) diminished the difference of
the tumor growth between A549-H tumor and parental A549 tumor,
and the inhibitory effects of LY294002 and YC-1 were not significantly
(P > 0.05) different (Fig. 5A). Similarly, the volumes of the A549-H
tumor xenografts were significantly (P < 0.05) higher than those of
the parental A549 tumor. Additionally, the volumes of groups injected
with LY294002 or YC-1 were markedly decreased in comparison with
that of A549-H groups (Fig. 5B).

Figure 2. The upregulation of HIF-1αmediates insufficient RFA-induced proliferation of NSCLC cells The mRNA (A) and protein (B) levels of HIF-1α in A549-H and

CCL-185-H cells and their corresponding parental cells were measured by real-time polymerase chain reaction and western blot analysis, respectively. **P < 0.01

compared with the parental cell. (C) Cells were transfected with si-NC or si-HIF-1α for 24 h, then the expression of HIF-1αwas measured. (D) A549-H and CCL-185-H

cells were transfected with si-NC or si-HIF-1α for 48 h, and the cell viability was detected by MTT assay. Data are presented as means ± SD of six independent

experiments. **P < 0.01 compared with si-NC.
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Western blot analysis showed that the expression ofHIF-1α andAkt
was obviously higher in the A549-H group than that in parental A549
tumor (Fig. 5C). LY294002 significantly inhibited the expression of Akt
andHIF-1α in the A549-H group. Furthermore, YC-1 significantly sup-
pressed the expression of HIF-1α, but not of Akt, in the A549-H group.
This was further confirmed by the results of immunohistochemical
study (Fig. 5D). These data suggested that PI3K/Akt/HIF-1 signals me-
diate insufficient RFA-induced growth of NSCLC cells in vivo.

Discussion

RFA is safe and effective for lung cancer therapy. However, the phe-
nomenon of rapid growth of residual lung tumor after RFA has been

observed in many clinical centers, while the detailed mechanisms have
not been well illustrated. The illustration of biological behaviors of re-
sidual NSCLC and the mechanisms involved are important to improve
the prognosis of NSCLC patients. In the present study, we revealed
that insufficient RFA can significantly promote the in vitro prolifer-
ation of NSCLC cells. HIF-1α was markedly elevated during this pro-
cess, while silence of HIF-1α alleviated insufficient RFA-induced cell
proliferation. Insufficient RFA can activate ERK1/2 and Akt in
NSCLC cells. Inhibition of PI3K/Akt, but not of ERK1/2, attenuated
insufficient RFA-induced HIF-1α upregulation and cell proliferation.
The results of in vivo xenografts also confirmed that insufficient
RFA can trigger the growth of NSCLC, while inhibitor of PI3K/Akt
or HIF-1α can attenuate this effect. Collectively, our results revealed

Figure 4. PI3K/Akt mediates insufficient RFA-induced HIF-1α upregulation and cell proliferation A549-H (A) and CCL-185-H (B) cells were treated with PD98059 (10

μM) or LY294002 (10 μM) for 24 h, and then the expression of HIF-1α, p-ERK1/2, and p-Akt was examined bywestern blot analysis. (C) A549-H or CCL-185-H cells were

treated with PD98059 (10 μM) or LY294002 (10 μM) for 24 h, and then cell viability was measured by MTT assay. Data are presented as means ± SD of three

independent experiments. **P < 0.01 compared with control.

Figure 3. The variation of MAPK and PI3K/Akt in NSCLC cells treated by insufficient RFA The phosphorylation and total ERK1/2, JNK, p38 MAPK, and Akt were

detected in A549-H (A) and CCL-185-H (B) cells by western blot analysis and compared with their corresponding parental cells.

Insufficient RFA increases the growth of NSCLC 375

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/48/4/371/1754676 by guest on 24 April 2024



that insufficient RFA can facilitate the progression of NSCLC cells
by promoting the in vitro and in vivo growth via PI3K/Akt/HIF-1α
signals.

RFA induces coagulation necrosis once the tissue temperature ex-
ceeds 50°C for 4–6 min [21]. Recent studies suggested that if cancer
cells are not completely coagulated, the residual tumor cells are
prone to proliferation, invasion, and angiogenesis [12,13]. This is
also observed in our present study that the proliferation rates of
A549-H, CCL-185-H, and H358-H were ∼2.8, 2.0, and 1.4 folds of
their corresponding parental cells, respectively. Our data are consist-
ent with the results that one of HepG2 sublines showed >100% in-
crease in proliferation, marked heat tolerance, and no obvious
difference in invasiveness compared with parental HepG2 cells [17].
Another study demonstrated that one subline of HepG2 cells showed
18.8% ± 3.1% increase in cell viability compared with parental
HepG2 cells [12]. The difference might be due to the variation of
cell lines and insufficient RFA treatment.

HIF-1α, a component of HIF-1, can promote the progression of
various cancer cells via facilitating the cell proliferation, metastasis,
and tumor angiogenesis [22,23]. RFA has been reported to trigger
the angiogenesis and proliferation of residual hepatocellular carcin-
oma via upregulation of HIF-1α [12,24]. Hyperthermia may play an
important role in the rapid growth of residual cancer cells after RFA by
promoting angiogenesis via HIF-1α/VEGFA [12]. Our present study
revealed that the mRNA and protein levels of HIF-1αwere significant-
ly increased in insufficient RFA-treated NSCLC cells when compared
with their parental cells. Furthermore, silence of HIF-1α attenuated

insufficient RFA-induced cell proliferation. This result confirmed
that HIF-1α plays an essential role in insufficient RFA-induced pro-
gression of NSCLC.

Previous studies suggested that HIF-1α is regulated by several up-
stream cellular signals including RAS/MARK, PI3K/Akt/mTOR, suc-
cinate dehydrogenase, and reactive oxygen species [25,26]. Therefore,
we investigated the underlying molecular mechanisms responsible for
the upregulation of HIF-1α in insufficient RFA-treated NSCLC cells.
The results showed that the elevated phosphorylation of Akt and
ERK1/2, but not of p38 MAPK or JNK, was observed in A549-H
and CCL-185-H cells. In addition, the inhibitor of Akt, but not of
ERK1/2, suppressed the upregulation of HIF-1α and increased prolif-
eration of A549-H and CCL-185-H cells. These data suggested that
insufficient RFA can upregulate HIF-1α via PI3K/Akt signals in
NSLCL cells, which has not been reported previously.

We also confirmed that insufficient RFA treatment can trigger the
in vivo initiation and progression of NSCLC cells in xenograft mouse
model. Both LY294002 and YC-1 can attenuate the in vivo growth of
A549-H cells. Moreover, insufficient RFA also increased the expres-
sion of p-Akt, Akt, and HIF-1α in A549-H tumor. Based on the
above findings, we postulated that the hyperthermia-induced NSCLC
subline exerted its stronger growth effect through enhanced PI3K/
Akt/HIF-1α signaling pathway. These novel findings could be a poten-
tial mechanism associated with the rapid growth of the residual tumor
after RFA and, therefore, could have important therapeutic implica-
tions. Nevertheless, further studies are still needed to clarify the
rapid growth of residual NSCLC cells after insufficient RFA treatment.

Figure 5. PI3K/Akt/HIF-1α signals mediate insufficient RFA-induced in vivo growth of NSCLC cells (A) Average tumor volume is shown for the A549 tumors.

Parental A549 tumors with PBS (n = 6), A549-H tumors with PBS (n = 6), and A549-H tumors with LY (LY294002, n = 6) or YC (YC-1, n = 6). (B) Mice were killed 34

days after implantation and the tumor tissueswere removed andmeasured. (C) The protein levels of p-Akt, Akt, and HIF-1αwere determined bywestern blot analysis

in the tumor lysates. (D) The tumor tissue sections of each group were subjected to immunohistochemistry detection of p-Akt and HIF-1α.
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