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Curcumin inhibits human non-small cell lung cancer
xenografts by targeting STAT3 pathway
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Abstract: Human non-small cell lung cancer (NSCLC) is the most common cause of cancer-related death in men.
Signal transducers and activators of transcription 3 (STAT3) is a potential molecular target in angiogenesis-medi-
ated cancer therapy. In this study, we subcutaneously injected athymic nude mice with NCI-H460 cells to induce
ectopic xenograft model, and treated the animals with curcumin (100 mg/kg) or vehicle by oral gavage. Tumor size
and tumor weight were significantly reduced by curcumin treatment. Besides, curcumin significantly decreased
hemoglobin content and mRNA expression of CD31 and CD105 in tumor tissue, suggesting that curcumin could
inhibit angiogenesis in NSCLC xenograft. Similarly, we intrathoracally injected athymic nude mice with H1975 cells
to induce orthotopic xenograft model, in which curcumin significantly reduced tumor weight as well as improved the
survival rate of mice. STAT3 pathway was involved in curcumin-induced tumor inhibition, in which phosphorylation of
STAT3 and JAK in ectopic xenograft were both declined after curcumin treatment, and the STAT3-regulated promoter
activation of VEGF, Bcl-xL, Cyclin D1 was also significantly reduced after treatment. In in vitro assays, curcumin
significantly inhibited cell migration and tube formation of NCI-H460 cells, but transfection with pMXs-Stat3C, a
dominant active mutant, could abolish the inhibitory effects of curcumin on the cells, suggesting curcumin inhibited
tumor angiogenesis of NCI-H460 cells through the inactivation of STAT3. All data showed that curcumin could be a

potential drug targeting STAT3 to treat NSCLC.
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Introduction

Lung cancer is the most common cause of can-
cer-related death in men and second most
common in women after breast cancer all over
the world [1], and is mainly caused by smoking,
air pollution and genetics [2]. In China, the
prevalence of lung cancer is increasing, most
probably due to haze more frequently occurred
in Northern China [3]. About 85% to 90% of
lung cancers are non-small cell lung cancer
(NSCLC), with a 5-year survival rate of only 16%
[4]. The therapy for NSCLC usually involves a
combination of surgery, chemotherapy and
radiotherapy, however, the side effect of these
treatments is also a concern [5, 6].

Signal transducers and activators of trans-
cription 3 (STAT3) is one of the most vital
transcription factors (TF) which can be activat-
ed by cytokines or growth factors [7, 8]. The
abnormal activation of STAT3 can cause unre-

stricted cell proliferation and malignant trans-
formation [7]. STAT3 is also constitutively
activated in about 50% of NSCLC primary
tumors and lung cancer-derived cell lines [9-11].
Constitutively activated STAT3 up-regulated
VEGF expression and promoted tumor angio-
genesis [12]. On the contrary, inhibition of
STAT3 could regress growth of NSCLC xeno-
graft in mice [13]. Therefore, STAT3 is a poten-
tial molecular target of angiogenesis-mediated
cancer therapy, and has been paid more atten-
tion in drug discovery [14].

Curcumin, also named as diferuloyl methane,
is a natural polyphenol obtained from turmeric,
the rhizome of Curcuma longa (L.), and has
been used in traditional Indian Ayurvedic medi-
cine for centuries [15, 16]. Curcumin has anti-
viral, anti-bacterial, anti-oxidant, anti-inflamma-
tory, and anti-proliferative activities [15, 17,
18]. It was reported that curcumin could inhibit
growth of human NSCLC xenografts [19, 20],
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but the involved molecular mechanism was
still unknown. In this work, we aimed to prove
inhibitory effects of curcumin in ectopic and
orthotopic mouse xenograft model of human
NSCLC, and investigate possible role of STAT3
in anti-angiogenic mechanism using cell-based
assays.

Materials and methods
Chemicals

Curcumin (purity of over 99.5%) was pur-
chased from Sigma (St. Louis, MO). For in vitro
study, curcumin was prepared with dimethyl
sulfoxide (DMSO) at a concentration of 10 mM,
stored as small aliquots at -20°C, and thawed
and diluted as needed in cell culture medium.
For in vivo study, curcumin was prepared with
corn oil daily at a concentration of 20 mg/mL.

Cell culture

Human NSCLC cell line NCI-H460 and H1975
were purchased from American Type Culture
Collection (ATCC), and were grown and main-
tained in Dulbecco’'s Modified Eagle’s Me-
dium (DMEM) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin (Gi-
bco, Grand Island, NY) at 37°C under a humi-
dified atmosphere of 5% CO, in air.

Transfection

pMXs-Stat3C (dominant active mutant) was a
kind gift from Dr. Toshio Kitamura of Tokyo
University (Kitamura et al., 2003). The pMXs
vector containing the Stat3C cDNA or its con-
trol vector was transfected into NCI-H460
cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) and incubated for 48 hours in
culture medium.

Cell migration

NCI-H460 cells were seeded into the insert
of Transwell at a density of 1 x 10° cells/well,
then cultured in serum-free culture media.
Curcumin (30 umol/L) or vehicle was added to
the lower reservoirs. Cells were subsequently
allowed to migrate across a collagen |-coated
polycarbonate filter for 12 h at 37°C. Non-
migrated cells were removed from the top side
of the filter by scraping. Migrated cells on the
bottom side of the filter were subsequently
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fixed with 4% paraformaldehyde for 30 min
and stained by hematoxylin solution (Beyo-
time, Shanghai, China) for 5 min. Cells in five
random fields of each migration well were
counted to determine the average number of
migrated cells.

Tube formation

24-well plates were coated with 300 pyL Mat-
rigel (BD, San Jose, CA) and incubated at
37°C for 20 min to allow the Matrigel to soli-
dify. NCI-H460 cells were plated at a density
of 1 x 10° cells/well and incubated with cur-
cumin (30 umol/L) or vehicle at 37°C for 6 h.
The cells were then photographed using a Zeiss
digital camera. Tube formation was quantified
by measuring the length of capillary structures
using the software Imagel. Five randomly
selected fields of view were photographed per
well. The average value of the five fields was
taken as the value for each sample.

Animals and treatment

Athymic nude mice (4- to 6-week-old) were
obtained from Charles River Laboratories
(Wilmington, MA). Animals were housed in a
temperature-controlled room (22°C) with 12-
h-light/12-h-dark cycling under pathogen-free
conditions, and had free access to food and
water. All experimental procedures related to
the animals complied with the “Guide for the
Care and Use of Laboratory Animals” published
by the National Institutes of Health (NIH) of
the United States and were approved by
Institutional Animal Care and Use Committee
of Zhejiang Cancer Hospital.

The same protocol of treatment was used in
both ectopic and orthoptopic xenograft mod-
els. In each experiment, all rats were randomly
divided into two groups. One of the groups was
treated with curcumin (100 mg/kg) by oral
gavage, the other was treated with vehicle (corn
oil). The treatment begun 7 days prior to cell
implantation and lasted until the end of
experiment.

Ectopic xenograft model

Subconfluent NCI-H460 cells were harvested
by trypsin/EDTA treatment and washed with
cold PBS by centrifugation, then resuspended
in PBS and kept on ice before used. Tumor
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Table 1. Primers for real-time PCR
CD31 5’-TATCCAAGGTCAGCAGCATCGTGG-3’
5-GGGTTGTCTTTGAATACCGCAG-3’
CD105 5-CCTTTGGTGCCTTCCTGATTG-3’
5 -TGTTTGGTTCCTGG-GACAAGTTC-3’
18S 5-GATGGGCGGCGGAAAATAG-3’
5-GCGTGGATTCTGCATAATGGT-3’

Table 2. Primers for real-time PCR

VEGF 5-CTGGCCTGCAGACATCAAAGTGAG-3’
5-CTTCCCGTTCTCAGCTCCACAAAC-3’

Bel-xL 5-CTGGGTTCCCTTTCCTTCCA-3’
5’-TCCCAAGCAGCCTGAATCC-3’

Cyclin D1  5’-GTTGACTTCCAGGCACGGTT-3’
5’-GATCCTCCAATAGCAGCAAACAAT-3’

cells (1 x 10° cells in 0.2 mL PBS) were in-
jected subcutaneously into the mice. Tumor
size was measured every four days by caliper,
and tumor volume was calculated by the for-
mula: 0.5 x (larger diameter) x (smaller diame-
ter)?. At the end of the experiment, the animals
were sacrificed by CO, euthanasia and their
tumor tissues were harvested and weighted,
then stored in -80°C for further analysis.

Orthotopic xenograft model

Subconfluent H1975 cells were harvested by
trypsin/EDTA treatment and washed with cold
PBS by centrifugation, then resuspended in
cold growth factor reduced-Matrigel, which
could fix and prevent tumor cells from diffu-
sion into the lung. Tumor cells (1 x 10° cells in
0.2 mL PBS-diluted Matrigel) were injected
intrathoracally into the mice. The experiment
was terminated when the mice in the vehicle
group become moribund, and all death dates
were recorded. At the end of the experiment,
the animals were sacrificed by CO, euthanasia
and their tumor tissues were harvested and
weighted.

Hemoglobin assay

Concentration of hemoglobin in tumor tissue
was determined using a Hemoglobin Assay Kit
(Sigma) according to the manufacturer’s
instructions.

Real-time PCR

MRNA was extracted from tumor tissue and
reverse-transcribed into cDNA using Prime-
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Script RT-PCR-Kit (TAKARA, Dalian, China). The
primers were listed in Table 1 [21].

Western blot

Tumor tissue was lysed with Protein Extrac-
tion Reagent (Beyotime), and protein concen-
tration was determined by BCA reagent (Be-
yotime). About 20 ug of protein was sepa-
rated in 10% SDS-polyacrylamide gel electro-
phoresis and transferred to a polyvinyl difluo-
ride (PVDF, Millipore, Billerica, MA) membrane.
After blocking with TBST containing 5% milk for
1 hour, the membrane was incubated with
antibodies against STAT3, p-STAT3, JAK, p-JAK
and GAPDH (Cell Signaling, Danvers, MA) over-
night at 4°C. After incubation in horseradish
peroxidase-conjugated secondary antibody for
1 hour, the membrane was exposed to Immo-
bilon solution (Millipore) for band detection.

Chromatin immunoprecipitation (ChIP)

An Agarose ChIP Kit (Pierce, Rockford, IL) was
used to prepare nuclear extracts from tumor
tissue homogenate and perform ChIP accord-
ing to the manufacturer’s instructions. A ChlP-
grade primary antibody against STAT3 was pur-
chased from Cell Signaling. Immunoprecipi-
tated DNA was purified with DNA Clean-Up
Column (Beyotime) and then quantitated by
real-time PCR using PrimeScript RT-PCR-Kit.
The primers were listed in Table 2 [22].

Statistical analysis

Data were presented as mean + standard devi-
ation (SD). Significance of difference between
groups was analyzed by performing two-way
RM ANOVA for time course study, or one-way
ANOVA with Dunnett’s multiple comparison test
or unpaired Student’s t test for other studies.
Survival studies were assessed using Kaplan-
Meier survival curves and analyzed with the
Mantel-Cox log-rank test. P value less than
0.05 was considered statistically significant.
Data were analyzed and graphed by Prism 6.0
(GraphPad Software, La Jolla, CA).

Results

Curcumin inhibited human NSCLC ectopic xe-
nograft

NCI-H460 cells were injected subcutaneously
into athymic nude mice to induce ectopic xeno-
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Figure 1. Curcumin inhibited human NSCLC ectopic xenograft. Athymic nude mice were injected subcutaneously
with NCI-H460 cells (1 x 106 cells in 0.2 mL PBS), and treated with vehicle (corn oil) or curcumin (100 mg/kg) by
oral gavage. The treatment begun 7 days prior to cell implantation and lasted until the end of experiment. A. Tumor
volume. B. Tumor weight. Data were presented as Mean + SD. N=6. *"*P < 0.001 vs. vehicle group.
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Figure 2. Curcumin inhibited human NSCLC orthotopic xenograft. Athymic nude mice were injected intrathoracally
with H1975 cells (1 x 10%cells in 0.2 mL PBS-diluted Matrigel), and treated with vehicle (corn oil) or curcumin (100
mg/kg) by oral gavage. The treatment begun 7 days prior to cell implantation and lasted until the end of experi-
ment. A. Percent survival. Survival studies were assessed using Kaplan-Meier survival curves and analyzed with the
Mantel-Cox log-rank test. B. Tumor weight. Data were presented as Mean + SD. N=8. *"*P < 0.001 vs. vehicle group.

graft model. Treatment of curcumin (100 mg/
kg) could significantly decrease the tumor size
from day 20 post-inoculation (Figure 1A). At
the termination, tumor size in treatment group
was 200.6 + 24.9 mm3, while that in vehicle
group was 405.0 + 66.6 mm3 (P < 0.001).
Likewise, tumor weight in treatment group was
also significantly lower than that in vehicle
group (Figure 1B, 247.3 £+ 42.1 mg vs. 520.0 £
49.8 mg, P < 0.001).
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Curcumin inhibited human NSCLC orthotopic
xenograft

H1975 cells were injected intrathoracally into
athymic nude mice to induce orthotopic xeno-
graft model. Treatment of curcumin (100 mg/
kg) could significantly improve the survival rate
of mice (Figure 2A, P=0.0354). At the termina-
tion, tumor weight in treatment group was sig-
nificantly lower than that in vehicle group
(Figure 2B, 500.5 + 53.7 mg vs. 714.8 + 75.4
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Figure 3. Curcumin inhibited angiogenesis in tumor tissue. At the termination of treatment, tumor tissue from ecto-
pic xenograft was isolated and homogenized for angiogenesis analysis. A. Hemoglobin content. B. mRNA expression
of CD31 and CD105 determined by real-time PCR. Data were presented as Mean + SD. N=6. “*P < 0.001 vs. vehicle
group, ""P < 0.01 vs. vehicle group.
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Figure 4. Curcumin inhibited activation of STAT3 in tumor tissue. At the termination of treatment, tumor tissue from
ectopic xenograft was isolated and homogenized for mechanism research. A. Phosphorylation and total JAK/STAT3
detected by Western blot. GAPDH was used as a loading control. B. Statistical analysis of Western blot data. C.
Changes of gene promoters regulated by STAT3. The nuclear extract in tumor tissue was isolated and used to per-
form chromatin immunoprecipitation with an STAT3 antibody. The change of downstream promoters was analyzed
by real-time PCR. Data were presented as Mean + SD. N=6. *"P < 0.001 vs. vehicle group, “*P < 0.01 vs. vehicle
group.

mg, P < 0.001). These data were consistent STAT3 pathway was involved in curcumin-
with that from ectopic xenograft model. induced tumor inhibition
Curcumin inhibited angiogenesis in tumor tis- Since STAT3 is a potential molecular target of
sue angiogenesis-mediated cancer therapy, in next
work we tried to test whether activation of
We evaluated angiogenesis in ectopic xeno- STAT3 could be changed by curcumin treat-
graft by hemoglobin assay and found that cur- ment. Using Western blot we found that protein
cumin treatment could significantly decreased expression of phosphorylated STAT3 and JAK in
hemoglobin content from 18.26 + 0.90 pg/mg ectopic xenograft were both declined after
to 12.44 + 0.68 pg/mg (Figure 3A, P < 0.001). treatment (Figure 4A, 4B, P < 0.01 for STAT3, P
Next, we determined mRNA expression level of < 0.001 for JAK). Furthermore, ChIP was per-
CD31 and CD105, biomarkers of endothelium, formed to investigate changes of gene promot-
in tumor tissue. Likewise, both of them were ers regulated by STAT3 in tumor tissue. The pro-
also declined after curcumin treatment (Figure moter activation of VEGF, Bcl-xL, Cyclin D1 was
3B, P < 0.001 for CD31, P < 0.01 for CD105). significantly reduced after curcumin treatment
All data showed that curcumin inhibited tumor (Figure 4C, P < 0.001 for VEGF, P < 0.001 for
growth by targeting angiogenesis. BcelxL, P < 0.01 for Cyclin D1).
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Figure 5. Curcumin inhibited cell migration through the inactivation of STAT3. NCI-H460 cells were transfected with
pMXs-Stat3C or control plasmid for 48 hours before seeded in Transwell and treated with curcumin (30 umol/L) or
vehicle for 12 hours. A. Representative photos of each groups. B. Statistical analysis of migrated cells. Data were
presented as Mean + SD. "*P < 0.001 vs. vehicle group, NS, no significant. All experiments were repeated at least

three times.
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Figure 6. Curcumin inhibited tube formation through the inactivation of STAT3. NCI-H460 cells were transfected
with pMXs-Stat3C or control plasmid for 48 hours before seeded in Matrigel and treated with curcumin (30 umol/L)
or vehicle for 6 hours. A. Representative photos of each groups. B. Statistical analysis of tube lengths. Data were

presented as Mean + SD. ™~
three times.

Next, we transfected NCI-H460 cells with
pMXs-Stat3C, a dominant active mutant which
could express consistently activated STAT3, to
investigate whether STAT3 was critical in cur-
cumin-induced inhibition of angiogenesis in
vitro. In Transwell assay, migration of cells
transfected by control vector could be signifi-
cantly inhibited by curcumin treatment, while
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P < 0.001 vs. vehicle group, NS, no significant. All experiments were repeated at least

there was no significant change in those trans-
fected by pMXs-Stat3C (Figure 5). Likewise, in
Matrigel assay, tube formation of cells trans-
fected by pMXs-Stat3C also could not be signifi-
cantly but slightly changed by curcumin treat-
ment (Figure 6). These data showed that cur-
cumin inhibited tumor angiogenesis of NCI-
H460 cells through the inactivation of STAT3.

Am J Transl Res 2017;9(8):3633-3641
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Discussion

Curcumin has been used in traditional Indian
Ayurvedic medicine for centuries, and in recent
decades, it was been proved to have inhibitory
effects on diverse cancers, such as pancreatic
cancer [23], lung cancer [19, 20], brain cancer
[24], ovarian cancer [24] and breast cancer
[25]. In xenograft rodent models, curcumin
showed anti-tumor effects in nude mice bear-
ing A549, LL/2, NCI-H460 and H1975 NSCLC
cells [19, 20, 26, 27]. Lung cancer induced
by tracheal instillation of LLC cells or aspiration
of TNFa could also be inhibited by curcumin
[28, 29]. Besides, using VEGF-overexpressing
transgenic mice, Tung reported that curcumin
decreased pulmonary function damage and
inflammation so that to regress cancer devel-
opment [30].

Targeting potential molecules to inhibit angio-
genesis is a new direction of cancer therapy
[341], in which STAT3 is a candidate molecular
target in angiogenesis-mediated therapy [32].
It has been reported that VEGF expression is
positively related with STAT3 activity in variety
of human cancer cell lines, and furthermore,
Stat3C, a constantly activated STAT3 mutant,
could up-regulate VEGF expression and stimu-
late angiogenesis in tumor tissue [33]. In addi-
tion, targeting STAT3 could block expression of
both HIF-1 and VEGF induced by multiple onco-
genic growth signaling pathways, and then hin-
der tumor angiogenesis [34]. In this study, we
disclosed that curcumin inhibited tumor growth
of NSCLC by targeting angiogenesis, in which
phosphorylated STAT3 was also reduced.

In order to investigate whether curcumin inhib-
ited angiogenesis through targeting STAT3
pathway, we transfected NCI-H460 cells with
pMXs-Stat3C, a dominant active mutant which
could express consistently activated STAT3
[35]. It was reported that the substitution of
two cysteine residues within the C-terminal
loop of the SH2 domain of STAT3 produced a
molecule that could dimerize spontaneously to
bind DNA, and consistently activate transcrip-
tion [7]. In our work, after transfection with the
plasmid, high migration and tube formation
abilities of NCI-H460 cells induced by pMXs-
Stat3C could not be abolished by curcumin
treatment. These data showed that inactivation
of STAT3 was critical in curcumin-induced inhi-
bition of angiogenesis, suggesting STAT3 could
be a potent molecular target for angiogenesis-
mediated NSCLC therapy.
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In this study, we demonstrated that curcu-
min reduced STAT3 phosphorylation, followed
by inhibiting the expression of STAT3 down-
stream genes, including VEGF, BelxL and Cyclin
D1. VEGF is a key regulator in angiogenesis
and it is mainly secreted by tumor cells and
targets VEGF receptor on endothelial cells to
promote angiogenesis [36]. Beside, VEGF-
mediated autocrine loop in endothelial cell is
also an important component in this process
[37]. BelxL belongs to Bcl-2 family, and acts as
an anti-apoptotic protein by preventing the
release of mitochondrial contents such as cyto-
chrome ¢, which leads to caspase activation
and programmed cell death [38]. Cyclin D1 is
a protein required for progression through the
G1 phase of the cell cycle, and overexpression
of it has been shown to correlate with early
cancer onset and tumor progression and it
can lead to oncogenesis by increasing angio-
genesis via VEGF production [39, 40]. Therefore,
inhibition of gene expression of VEGF, BclxL
and Cyclin D1 could prevent angiogenesis and
promote apoptosis so that to regress tumor
growth.

In conclusion, we disclosed inhibitory effects
of curcumin in both ectopic and orthotopic
mouse xenograft model of human NSCLC
through targeting angiogenesis, as well as clari-
fied STAT3 pathway was involved in curcumin-
induced inhibition of tumor growth. These data
suggested curcumin could be a potential drug
targeting STAT3 to treat NSCLC.
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