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The methylation status of the IGFBP-3 gene is strongly associated with cisplatin sensitivity in patients with non-small
cell lung cancer (NSCLC). In this study, we found in vitro evidence that linked the presence of an unmethylated
promoter with poor response to radiation. Our data also indicate that radiation might sensitize chemotherapy-resistant
cells by reactivating IGFBP-3-expression through promoter demethylation, inactivating the PI3K/AKT pathway. We also
explored the IGFBP-3 methylation effect on overall survival (OS) in a population of 40 NSCLC patients who received
adjuvant therapy after R0 surgery. Our results indicate that patients harboring an unmethylated promoter could benefit
more from a chemotherapy schedule alone than from a multimodality therapy involving radiotherapy and platinum-
based treatments, increasing their OS by 2.5 y (p D .03). Our findings discard this epi-marker as a prognostic factor in a
patient population without adjuvant therapy, indicating that radiotherapy does not improve survival for patients
harboring an unmethylated IGFBP-3 promoter.

Introduction

Non-small cell lung carcinoma (NSCLC) accounts for 1 of
every 6 cancer-related deaths worldwide.1 This mortality rate is
due to the advanced stage of the disease at diagnosis and its resis-
tance to all therapies. Surgery is the standard treatment in the
early stages, and platinum-based adjuvant therapy has been
shown to be effective in the advanced stages of the disease.2 Mul-
timodal therapy combining thoracic radiotherapy with chemo-
therapy after surgery also plays a role in the management of
NSCLC,3 primarily for patients at higher risk of local recurrence.
However, treatment outcomes vary widely in terms of survival,
and increased morbidity is strongly linked with therapy.

The mechanisms of drug resistance in cancer therapy have
been widely analyzed, particularly for NSCLC, in which plati-
num-based therapy has often failed. In fact, we have previously
reported that the loss of IGFBP-3 expression by promoter
hypermethylation results in reduced tumor cell sensitivity to

cisplatin in NSCLC, an effect that is mediated by the activation
of the IGF-IR/AKT pathway.4,5 Despite the promising results
regarding the usefulness of epigenetic alterations as potential
markers in chemotherapy response,6,7 these epi-markers have
not been studied extensively in radiotherapy, leading to scarce
data concerning epigenetics and radiosensitivity.8 The radiore-
sistance of tumor cells is a less explored and poorly defined field
compared with drug resistance, and the role of the IGF-I/
IGBP-3 axe on radiosensitivity in cancer is controversial
because of the differing results when various tumor types are
evaluated.9–11 Furthermore, the relationship between IGFBP-3
promoter hypermethylation and the response to radiotherapy
in NSCLC is unknown. Recent studies have reported that
radiotherapy induces global DNA hypomethylation,12 which is
why, in the present study, we evaluated both, the role of radio-
therapy on the biology of IGFBP-3 promoter methylation and
its clinical value as a potential tool for deciding on a concomi-
tant radiotherapy after NSCLC surgery.
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Methods

Cell lines and radiation-clonogenic cell survival assays
The resistant cell lines H23R and H460R were established

previously in our laboratory from the parental H23S and H460S
lung cell lines, and together with the cell line H1299 were pur-
chased from the ATCC (Manassas, VA); all were maintained in
RPMI supplemented with 10% FBS. The CDDP sensitive and
resistant ovarian cancer cell lines 41M and 41MR, hereafter
called 41S and 41R respectively, were provided by Dr. L Kelland
and were maintained in DMEM supplemented with 10% FBS.5

Each of the paired sensitive and resistant cell lines were irradiated
at doses of 0, 2, 4, 6 and 8 Gy using a Cesium-137 irradiator
Mark I30 (JL Shepherd and Associates, San Fernando, CA).
Immediately following irradiation, the cells were trypsinized,
diluted and seeded onto p100 plates. After 14 days, the cells
were stained by crystal violet, and colonies with over 50 cells
were counted with a ColCount colony counter (Optronix,
Oxford, UK). Individual assays were performed in triplicate and
repeated at least twice. The survival fraction was calculated as pre-
viously described.13 For DNA, RNA and protein extraction, cell
lines were cultured at a density of 400,000 cells by 60 mm plate
for 72 h after irradiation.

NSCLC clinical samples and data collection
Formalin-fixed, paraffin-embedded (FFPE) surgical specimens

were obtained from 40 NSCLC patients who received a chemo-
therapy schedule based on cisplatin/carboplatin with or without
concomitant radiotherapy. Histological slides obtained from
each block were reviewed by an expert pathologist (F. Rojo) to
confirm diagnosis, and to guarantee at least 90% tumoral con-
tent. Follow-up was performed according the criteria used in the
Medical Oncology Division from Hospital del Mar, including
clinical assessments and thorax CT every 3 months for 2 y and
every 6 months thereafter. Clinical, pathological, and radiological
data were recorded by an independent observer at the H. del Mar
and blinded for statistical analysis. In addition 10 samples
obtained from pulmonary biopsies with non-neoplastic lung
pathology were used as control tissues. We also included in the
study clinical/pathological and IGFBP-3 methylation data from
an external group of 36 patients from La Paz University Hospital,
as published previously,4,5 who did not receive any therapy after
surgery. The results from this group were adjusted by age, gender
and stage to establish a control group.

Western-blot analysis
Whole-cell extracts from the human cancer cell lines and

Western-Blot were performed as described.14 Briefly, 20 mg
from the 41S and 41R cell lines at 5 IR doses tested were sub-
jected to western blot and the membranes were hybridized with
antibodies against AKT (BD Biosciences, NJ, USA), pAKT-
Ser473, pERK1/2-thr202/Tyr204 (E10) (Cell Signaling, MA,
USA), ERK (C-14) (sc-154), IGFIR, anti-pIGFIR-Tyr1161
(Santa Cruz Biotechnology, Heidelberg, Germany), and anti-
a-tubulin (Sigma Aldrich) as a loading control.

DNA and RNA extraction, bisulfite modification,
quantitative methylation-specific PCR and qRT-PCR

DNA from human cancer cell lines, 40 paraffin-embedded
NSCLC primary specimens, and 10 non-neoplastic lung tissues
were isolated and bisulfite modified as described.5 We then mea-
sured the IGFBP-3 promoter methylation by qMSP using the
following primer/probe set: F:50-TTTTACGAGGTATATAC-
GAATGC-30; R:50-TCTCGAAATAAAATCTCCCTACG-30;
Probe:50FAM-CCGATATCGAAAAAACT-30. A primer/probe
set for the unmethylated ACTB gene promoter was used as refer-
ence.15 Serial dilutions of bisulfite-modified DNA from the
SW760 cell line that harbors a methylated promoter for IGFBP-
3 were used to construct calibration curves for IGFBP-3 and
ACTB genes. PCR reactions were performed in triplicate as
described.15

Total RNA from human cancer cell lines was isolated as previ-
ously described.16 Reverse transcription and qRT-PCR analysis
were performed as described.5 Samples were analyzed in triplicate
using the HT7900 Real-Time PCR system (Applied Biosystems,
USA), and relative gene expression quantification was calculated
according to the comparative threshold cycle method (2¡DDCt)
using GADPH as an endogenous control gene. Primers and
probes for IGFBP-3 and GADPH expression analysis were pur-
chased from Applied Biosystems (IGFBP-3: Hs 00365742_g1)
GADPH: Hs03929097_g1).

Infinium humanmethylation27 annotation and TCGA
NSCLC data

The Infinium HumanMethylation27 annotation (available
at ftp://ftp.illumina.com/Methylation/InfiniumMethylation/
HumanMethylation27/) used the National Center for Biotech-
nology Information (NCBI) relaxed definition of 200 bp length,
50% GC content and 0.6 ObsCpG/ExpCpG for identification
of CpG islands in genes in the Consensus Coding Sequence
(CCDS) database.17 We first obtained the sequence of the
probes from the TCGA Infinium HumanMethylation27 Bead-
Chip annotation in order to determine the position of the
probes within the gene IGFBP-3, and interrogate the Infinium
probes located within the bona fide CpG island at the IGFBP-3
promoter region. A probe was considered unmethylated if the
b-value was �0.15, as previously described.18 We correlate the
methylation score (raw b-value) of the TCGA NSCLC patients
with their clinical-pathological parameters.

Statistics and study approval
Discrete variables (histology, T, N, stage, gender, methylation

status at the IGFBP3 promoter and chemotherapy schedule)
were compared with the Chi2 test and corrections with Fisher´s
exact test were made when needed. DFS was defined as the time
from surgery to clinical, radiological or histological evidence of
relapse. Statistical significance was defined as P < 0.05.

Survival functions for patients diagnosed with NSCLC with
an unmethylated IGFBP3 promoter who were treated with
chemotherapy or with chemo-radiotherapy were plotted
using Kaplan-Meier methods, and were compared under 3
conditions the log-rank, Breslow and Tarone-Ware methods.
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For patients without any
evidence of survival at the
time of analysis, data on
OS were censored at the
time of the last contact.
Statistical analyses were
done by use the SPSS soft-
ware (version 17.0).

Samples were collected
following the ethical and
confidentiality issues by
Dr. Rojo and Dr. De
Castro. The present study
is approved by the Idi-
PAZ following rigorous
biosecurity and ethical
protocols in all proce-
dures, in accordance with
the Hospital’s Local Ethic
Committee.

Results and
Discussion

Cell line data and
discussion

To investigate the role
of IGFBP-3 methylation
in radiosensitivity, we
first developed radiation-
clonogenic cell survival
assays with 3 paired
CDDP-sensitive and
CDDP-resistant cell lines
harboring various IGFBP-
3 methylation profiles:
H23S/R, H460S/R and
41S/R.4 Each of the paired
cell lines was irradiated at
doses of 0, 2, 4, 6 and 8
Gy. The unmethylated
41S cells showed lower sen-
sitivity to radiotherapy
than the H23S cells, which
are semimethylated for
IGFBP-3, whereas both the
CDDP-resistant 41R and
H23R cell lines that harbor
an IGFBP-3 hypermethy-
lated promoter showed an
increased sensitivity to
radiotherapy (Figs. 1A, B) compared with their paired sensitive
cell lines. These results agree with reported data that show that
DNA hypermethylation of the tumor suppressor genes TIMP3,
CDH1 and MGMT predicts a better outcome in head and neck

cell squamous cell carcinoma and glioblastoma when treated
with radiotherapy.19,20 There was no significant change in the
radiotherapy sensitivity of the paired H460S/R cell lines, which
were used as a negative control experimental group, given we

Figure 1. Radiation clonogenic cell survival assays with 3 paired CDDP-sensitive and CDDP-resistant cell lines, 41S/R
(A), H23S/R (B) and H460S/R (C). The images are representative of 0, 4 and 8 Gy doses in each paired cell line using a
cesium-137 irradiator Mark I30. Individual assays were performed in triplicate and repeated at least twice. The survival
fraction (SF) was calculated by the following formula: SF D (number of colonies formed/number of cells seeded) x plat-
ing efficiency of the control group, in which plating efficiency was calculated as the ratio between the colonies
observed and the number of cells plated. Dose-response clonogenic survival curves were plotted on a log-linear scale.
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already reported that the resistance to cisplatin treatment
in H460R cells is not mediated by changes in IGFBP-3
expression and promoter methylation 4 (Fig. 1C). Our results
indicate that those NSCLC cells harboring an IGFBP-3
unmethylated promoter might receive less benefit from radio-
therapy-based therapy than those cells with a hypermethylated
promoter.

Radiotherapy is believed to function either by direct ioniza-
tion or indirectly by DNA interaction of radicals formed by
water ionization.21 inducing DNA damage and mitochondrial
production of ROS and RNS. The oxidative stress generated
results in a complex cellular response, such as the activation of
cell signaling, the inhibition of certain proteins and the
increased metabolism of chemical compounds in the cells. All
these events involve genetic and epigenetic alterations that lead
the biological balance toward either death or survival of the
treated malignant cells.22 Therefore, to investigate whether the

epigenetic regulation of
the axis IGFBP-3/IGFIR/
AKT is a mechanism that
influences radiosensitivity
in tumor cells, we studied
the changes in the
IGFBP-3 expression and
promoter methylation
levels associated with
radiotherapy treatment in
the 41S/R and H460S/R
paired cell lines. We also
used the additional lung
cancer cell line H1299,
purchased from the
American Type Culture
Collection (ATCC),
because these cells harbor
a hypermethylated pro-
moter for the IGFBP-3
gene and present an ele-
vated IC50 (6 ug/ml) to
cisplatin.5 We first
observed a reactivation of
IGFBP-3 expression in a
dose-response effect after
radiotherapy treatment in
the resistant cell line
41R, increasing from
102 (2 Gy) to 107.8 times
(at 8 Gy) in comparison
with the sensitive cell line
41S treated at the same
doses, in which there
were no noticeable
changes in IGFBP-3
expression (Fig. 2A),
probably due to the high
basal levels of IGFBP-3

expression in this cell line. As expected, there were no signifi-
cant changes between the negative control cell lines H460S
and H460R (Fig. 2B). These results are in agreement with
previous findings that the hydroxyl radicals generated by radia-
tion induce gene expression in mammalian cells.23 The
increase in IGFBP-3 expression in the 41R cells is probably
mediated by the decrease in IGFBP-3 promoter hypermethyla-
tion observed in this cell line after ionizing radiation. IGFBP-
3 promoter hypermethylation decreases by approximately 30%
at 2 and 4 Gy and 63% at 6 Gy compared with the non radi-
ated cells (0Gy) (Fig. 2C). As expected, we did not find any
decrease in the methylation levels in the cell line 41S after
radiation therapy, probably because those cells harbor at base-
line a completely unmethylated promoter for IGFBP-312

(Fig. 2C).
These results are not specific for the paired cell lines 41S

and 41R because the results obtained from the additional cell

Figure 2. (A, B, D) Quantification of IGFBP-3 expression levels in 41S/R, H460S/R and H1299 cells 72 h after IR treat-
ment using the resistant untreated controls (0Gy) as calibrators. (C, E) Methylation levels of IGFBP-3 in 41S, 41R and
H1299 cells 72 h after irradiation.. The calculation of the IGFBP-3 gene to b-actin ratios was based on the fluorescence
emission intensity values for both genes at 0, 2, 4 and 6 Gy. The data were normalized to each untreated control, set
to 100%, and represent the mean § standard deviation of at least 3 independent experiments performed in triplicate
at each concentration for every cell line analyzed. (F) Activation of the ERK and IGFIR/AKT axes 72 h after radiation in
the 41S and 41R cell lines at 5 IR doses.
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line H1299 also agree
with these observations;
there was an increase in
the IGFBP-3 mRNA lev-
els that is a dose-response
effect after radiotherapy
treatment, increasing
from 102.6 at 2 Gy to
106.4 times at 8 Gy in the
H1299 cells (Fig. 2D).
These results are concom-
itant with a reduction in
the methylation levels of
the IGFBP-3 promoter
after radiation exposure,
reaching similar values to
that observed in the 41R
cells (75% and 63%,
respectively) (Fig. 2E). In
the 3 experimental groups
treated at the higher con-
centration (8 Gy), we
could not obtain a DNA
template of sufficient
quality to perform the
qRT-MSP analysis. Sup-
porting our observation,
previous studies have
shown that radiotherapy
causes global hypomethy-
lation in vitro and
in vivo, possibly due to a
decreased expression of
epigenetic regulators12,24;
we did not observe
changes in the DNMT3B
expression levels between
the studied cell lines (data
not shown), but in fur-
ther studies, it would be necessary to get insight into the spe-
cific mechanisms responsible for IGFBP-3 demethylation after
radiotherapy treatment in cisplatin chemotherapy-resistant
cells.

We then analyzed whether the observed changes in IGFBP-
3 expression and promoter methylation were linked to modifi-
cations affecting the activation of the IGFIR/AKT cellular
pathway, which could explain the observed differential sensi-
tivity to ionizing radiation. The results confirmed our previ-
ously published results, showing at 0 Gy the phosphorylation
of both the IGFIR and AKT proteins in the resistant cell 41R
compared with the sensitive cell line 41S at the same dose
(Fig. 2F).4 The exposure to ionizing radiation decreased the
IGFIR and AKT phosphorylation levels in a dose response
manner from 0 Gy to 8 Gy in the 41R cells. These results
were concomitant with the dose-response increase in IGFBP-3
expression we observed in the resistant cell line 41R at the

same doses. This outcome indicates that the re-expression of
IGFBP-3 through promoter demethylation is probably mediat-
ing the decrease in the activation of the survival pathway IGF-
IR/AKT by sequestering the IGF-I factor, a mechanism that
we have already described in those cells.4 The re-silencing of
this survival pathway in cisplatin-resistant cells that initially har-
bored a methylated promoter for IGFBP-3 could result in a
gain in sensitivity to radiotherapy treatment. These findings
open the door to exploring radiotherapy as an alternative treat-
ment to cisplatin in those tumors that present the hypermethy-
lated promoter of IGFBP-3.

As expected, IR-treatment induced a dose-response increase
in the expression of ERK1/2 levels in both sensitive cells and
cisplatin-resistant cells. In fact, MAPK signaling can be stimu-
lated by treatment with IR in tumor cells,25,26 probably pro-
moting the activation of the ERBB family receptor, which in
turn increases the activity of downstream molecules in the

Figure 3. (A) Clinicopathological parameters of the entire population: Methylation status for the IGFBP-3 promoter,
gender, age, smoking status, histology, stages, chemo-radiotherapy schemes, disease-free survival (DFS) and overall
survival (OS). (B) Box plot for the IGFBP-3/ACTB ratios determined by quantitative methylation-specific PCR (qMSP), in
DNA from 40 paraffin-embedded tumors and 10 non-neoplastic lung tissue samples, the obtained ratios were multi-
plied by 1000 for easier tabulation, as described.15 The values designated as 0.1 and 0.01 are zero values, which can-
not be plotted correctly on a log scale. NSCLC-M: the samples considered methylated for IGFBP-3, with higher
promoter methylation levels than the controls; NSCLC-U: the samples considered negative, with methylation levels
less than or equal to those of the negative control group. (C) Kaplan-Meier. Comparison between IGFBP-3methylation
status (unmethylated) and cumulative survival (days) in 40 patients diagnosed with NSCLC who were treated with
chemotherapy (radiotherapy-) or with chemo-radiotherapy (radiotherapyC).
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RAS pathway such as RAF-1, MEK 1/2, ERK1/2 and p90rsk.27

The activation of the ERK pathway can either protect or
enhance radiation sensitivity, depending on the cell type ana-
lyzed.28-30 Our data indicate that this survival pathway is acti-
vated by radiotherapy treatment in IGFBP-3 unmethylated
41S cells alone, and although the synthesis of the ERK protein
is increased in 41R cells, its activation is inhibited. Therefore,
the radioprotection observed in the 41S cells after radiotherapy
exposure might be due to the activation of the ERK signaling
pathway, as previously reported in the DU145 and A431
human cancer cell lines.31,32 The ERK pathway activation
observed in the 41S cells could also be secondarily regulated
by the K-RaS/p38 pathway, given it has been proposed that a
sublethal dose of radiation can enhance the metastatic poten-
tial of cancer cells via the K-Ras pathway.33 These results indi-
cate the possibility of alternative treatments with specific
MERK inhibitors such as AZD6244, which enhance the radia-
tion responsiveness of diverse tumor types, including lung and
colorectal tumors.30

Primary tumor data and discussion
We next explored the IGFBP-3 methylation effect on overall

survival (OS) in a population of 40 patients with NSCLC who
received a chemotherapy schedule based on cisplatin or carbopla-
tin with or without concomitant radiotherapy (Figs. 3A, B and
Table 1). We also included an external group of 36 patients with
NSCLC who did not receive any therapy after surgery, whose
results were published previously.4,5 The NSCLC samples were
separated into 2 groups based on their IGFBP-3 methylation lev-
els; patients with methylation levels equal to those of the negative
control group were considered unmethylated (Fig. 3B). We then
analyzed the patients’ responses to radiotherapy and platinum-
based treatments in terms of methylation levels. The survival
functions were plotted using the Kaplan-Meier estimator and
were compared using log-rank under 3 conditions (Fig. 3C). We
found a statistically significant association (p D .03) between OS
and evidence of IGFBP-3 methylation. Twenty-6 of the 40
patients (65%), harbored an unmethylated promoter and, as
expected, approximately, 31% of them underwent combined
treatment with IR and Chemotherapy compared with the 69%,
who underwent a chemotherapy regimen based on cisplatin or
carboplatin without radiotherapy. Our results indicate that
patients with an unmethylated IGFBP-3 promoter had an OS of
6.57 y when receiving chemotherapy alone; however, when this
group of patients also received radiotherapy, their OS decreased
by approximately 2.5 y, confirming our experimental data from
human cancer cells. This result could be associated with the ini-
tial stage at diagnosis, given that patients with locally advanced
stages tend to receive radiotherapy; however, when we analyzed
the stages of the patients who received radiotherapy, we found
no correlation between stage at diagnosis and radiotherapy
(p D .329). There were unfortunately no patients with a regimen
of radiotherapy alone; therefore, although we observed a trend
toward better survival when patients with a methylated promoter
received a combined treatment with chemotherapy and

radiotherapy, it was not a statistically significant event (data not
shown).

We also interrogated the methylation status of IGFBP-3
in silico using The Cancer Genome Atlas (TCGA) database
(http://cancergenome.nih.gov/). We found that most probes
hybridized within the area located from ¡600 to ¡450 bp
from the TSS, which is a hot spot for methylation at the CpG
island located in the IGFBP-3 promoter.5 When we examined
the raw b-value (probe methylation), the histology, the sur-
vival factors and the chemotherapy schedule in the TCGA
dataset of 149 patients with NSCLC, (32 adenocarcinoma and
117 squamous cell carcinoma), we found that in the absence
of methylation patients live longer when receiving chemother-
apy as a unique treatment, whereas concomitant treatment
with radiotherapy decreases the survival by half (p D .034).

Finally, the identification of a predictor for therapy could
reflect biological changes in cancer cells that are independent of
any type of therapy used. To evaluate this possibility, we tested
IGFBP-3 methylation status in a cohort of patients diagnosed
with early-stage NSCLC who underwent an R0 resection without
any adjuvant therapy. In this regard, there was no statistical sig-
nificance (p D .09) in OS according to the methylation status
(data not shown). In summary, our results indicate that the
unmethylated IGFBP-3 promoter is associated with resistance to
radiotherapy in NSCLC. Specifically, the differences in survival
suggest that patients harboring an unmethylated IGFBP-3 pro-
moter would not benefit from adding radiotherapy to adjuvant
chemotherapy.

The limitations of this study are associated with the small
number of patients analyzed, due mainly to different treatment
arms, which limited the number of patients in each group; how-
ever, our findings are promising given there is currently no DNA
methylation marker or marker panel that can predict radiother-
apy response.34 Future prospective multicentric studies including
additional and larger NSCLC cohorts need to be performed in
future. Nevertheless, IGFBP-3 methylation status is worth con-
sidering prior to using radiation therapy after surgery for patients
with NSCLC.
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