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ABSTRACT
Poor clinical outcome of lung cancer (LuCa) is primarily due to lack of knowledge 

about specific molecules involved in its progression and metastasis. In this study, 
we for the first time show the clinical and biological significance of CC chemokine 
receptor-9 (CCR9) in non-small cell lung cancer (NSCLC). Expression of CCR9 and 
CCL25, the only natural ligand of CCR9, was significantly higher (p < 0.0001) in NSCLC 
tissues and serum respectively, compared to their respective controls. Interestingly, 
expression of both CCR9 and CCL25 was significantly higher in adenocarcinomas 
(ACs) compared to squamous cell carcinomas (SCCs) (p = 0.04, and p < 0.0001). 
Similar to tissues, AC and SCC cell lines were positive for CCR9 expression. Despite 
of marginal difference in CCR9 expression, AC cells showed higher migratory and 
invasive potential in response to CCL25, compared to SCC cells. This differential 
biological response of AC cells was primarily due to differential expression of matrix 
metalloproteinases and tissue inhibitor of metalloproteinases under the influence of 
CCL25. Our results suggest CCR9 as a potential target for developing new treatment 
modality for NSCLC. Additionally, differential serum CCL25 level in ACs and SCCs, 
two NSCLC subtypes, suggest its potential as a non-invasive diagnostic/prognostic 
biomarker. 

INTRODUCTION

Lung cancer (LuCa) is a leading cause of death 
for both men and women worldwide, with an estimated 
159,260 deaths (86,930 men and 72,330 women) in 
the United States in 2014 (American Cancer Society). 
Despite advance treatment and surgical options offered in 
the clinics, high incidence, limited screening, and rapid 
progression of the disease lead to a poor prognosis and 
quality of life [1-3]. LuCa is classified into two major 
types, non-small lung cancer (NSCLC) and small cell 
lung cancer (SCLC). NSCLC, which accounts for 85% 
of lung cancer cases, have two most common subtypes 
i.e. squamous cell carcinoma (SCC) and adenocarcinoma 
(AC). The latter form of the disease accounts for about 
40% of all NSCLC cases and has a poorer prognosis 
relative to SCC [1,4]. Due to metastatic relapse, patients 

diagnosed with NSCLC have an average of only five years 
of survival [4,5]. Nevertheless, the molecular mechanisms 
involved in the metastatic process and factors involved in 
disseminating primary tumor and directing disseminated 
cells to specific organs are not fully elucidated. Notably, 
this process shares similarities with immune cell 
trafficking, which is primarily mediated by chemokine-
chemokine receptors. 

Chemokines and their seven trans-membrane 
G-protein coupled receptors are known for their roles 
in inflammation, leukocyte trafficking, and immune 
differentiation. Many cancer cell types specifically 
express different CC and CXC chemokine-chemokine 
receptors, including CCR6, CCR9, CXCR4, and CXCR5 
[6]. CCR9 and its natural ligand, CCL25, which is a 
thymus-expressed chemokine, are primarily involved in 
immune homeostasis [5,7-10]. However, different studies 
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have shown the involvement of CCR9-CCL25 axis in 
colorectal, prostate, ovarian and breast cancers [7-11]. In 
patients with breast or ovarian carcinomas, higher CCR9 
expression in cancer tissues correlate with disease severity, 
and CCR9 expressing cancer cells migrate and invade 
under a chemotactic gradient of CCL25 via up-regulation 
of matrix metalloproteinases (MMPs) [10-12]. Further, 
we and others have shown that CCR9-CCL25 interaction 
supports cancer cell survival by inhibiting chemotherapy-
induced apoptosis in a PI3K-/Akt-dependent and focal 
adhesion kinase (FAK)-independent manner [4,12-17]. 
Although few studies have addressed the significance of 
chemokine/chemokine receptor expression in NSCLC, it 
has been suggested that, for NSCLC, higher expressions 
of CXCR1, CXCR2, and CXCR4 with their ligands 
CXCL5, CXCL8, and CXCL12 are associated with tumor 
angiogenesis, metastasis, and poor survival [2-4,11,13-17].

In this report, for the first time we have shown 
higher expression of CCR9 and/or CCL25 in clinical 
samples and cell lines from NSCLC. In addition to the 

clinical relevance of CCR9/CCL25 expression, we also 
show the biological significance of this axis in cultured 
LuCa cells. Our findings suggest that CCR9-CCL25 
interaction aids in LuCa progression by facilitating the 
migration, invasion, and metastasis of LuCa cells, and 
that blocking this axis would inhibit LuCa metastasis and 
progression. In addition to this, significantly higher CCR9/
CCL25 in AC patients than SCC suggests its association 
with aggressive disease and could be used as potential 
prognostic biomarker. 

RESULTS

CCR9 is expressed in LuCa tissues and correlates 
with tumor stage

Expression of CCR9 was higher in SCC and AC 
tissues compared to non-neoplastic tissues (Fig. 1A, B, 

Figure 1: Expression of CCR9 in LuCa tissues. Representative figures of [A] non-neoplastic (n=8), [B] SCC (n=12) and [C] 
AC (n=25) lung tissues stained with anti-CCR9 antibodies. Brown (DAB) color shows CCR9 staining. The images were captured with 
TissueFAXS tissue analysis system using a 20X objective. Immuno-intensities of CCR9 in each section were quantified with HistoFAXS 
tissue analysis system. [a] CCR9 expression in non-neoplastic (NN, n=8), SCC (n=12), and AC (n=25) tissues. Asterisks show significant 
differences (** p < 0.01; **** p < 0.0001) between lung cancer and control groups. [b and c] Expression of CCR9 with respect to tumor 
stages in SCC and AC cases, respectively. Asterisks show significant differences (** p < 0.01; **** p < 0.0001) between NN vs. T1 or ≥T2 
in SCC and AC groups. All the statistical analyses were done by Mann Whitney U test. Box plots in each figure show the minimum and 
maximum values and the lines in the box plots indicate the median CCR9 expression of each group. 
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and C). CCR9 expression, presented in terms of total 
positive pixel counts, was highest in AC with a median 
value of 9.8x108, followed by SCC with a median value of 
8.7x108, relative to non-neoplastic tissues with a median 
value of 2.3x108 (p < 0.0001 and p < 0.01 respectively) 
(Fig. 1a). Interestingly, ACs showed significantly higher 
CCR9 expression compared to SCCs (p = 0.04). Further, 
CCR9 expression was correlated with tumor stages (T) 
for SCC and AC tissues. In SCCs, expression of CCR9 in 
stage ≥T2 (median value 6.7x108) was lower than in stage 
T1 (median value 9.9x108). However, the maximum value 
was higher in ≥T2 (1.5x109) than in T1 (1.1x109). CCR9 
expression in ≥T2 ACs (median value 9.9x108) was higher 
than in T1 (median value 8.8x108) (Fig. 1b and c). 

Serum CCL25 level is elevated in LuCa patients 

Serum CCL25 levels in SCC and AC patients and 
in healthy controls were quantified by ELISA. Level of 
CCL25 was highest in AC patients, followed by SCC 
patients, relative to healthy controls (Fig. 2). The median 
values of serum CCL25 in SCC and AC patients were 280 
and 378 pg/ml, respectively, whereas CCL25 expression in 
sera from healthy controls was lower, with a median value 
of 185 pg/ml. All these comparisons (healthy controls vs. 
SCC or AC, and SCC vs. AC) were statistically significant 
(p < 0.0001). Higher serum CCL25 in AC patients 
compared to SCC suggests the significance of CCL25 as a 
potential prognostic indicator.

CCR9 is expressed in LuCa cell lines and mediates 
cell migration and invasion 

Expression of CCR9 mRNA and protein in 
SCC (NCI-H520) and AC (NCI-H2126) cell lines was 
evaluated by quantitative RT-PCR and flow cytometry, 

respectively. CCR9 mRNA copy number per 106 copies of 
18S RNA were 2.1x104 and 1.94x104 in SCC and AC cells, 
respectively (Fig. 3A). Consistent with results for mRNA 
expression, both cell lines stained positive for CCR9. The 
intensity of membrane CCR9 expression, measured in 
terms of mean fluorescence intensity, was similar in SCC 
and AC cells. There were higher expressions, 1.16 and 
1.12 fold, of CCR9 in SCC and AC cells, respectively, 
relative to their isotype intensities (Fig. 3B). No CCL25 
mRNA expression could be detected in the LuCa cell 
lines, which suggests that CCR9 is not activated in an 
autocrine fashion. 

The function of CCR9 in LuCa cells was 
demonstrated by determining the capacity of SCC and 
AC cells to migrate towards a chemotactic gradient of 
CCL25, the natural ligand for CCR9. Relative to controls, 
higher number of SCC and AC cells migrated, and 
invaded through Matrigel under the chemotactic gradient 
of CCL25 (Fig. 4A and 4B). The number of AC cells that 
migrated and invaded in response to CCL25 was higher 
than that of SCC cells, and in each case the process was 
inhibited by anti-CCR9 antibodies. These results, which 
were significant (p < 0.01), demonstrate that CCR9-
CCL25 axis is functional in LuCa cells.

CCL25 modulates expression of Matrix 
Metalloproteinases (MMPs) and Tissue Inhibitor 
of Metalloproteinases (TIMPs) in LuCa cell lines 

To determine the underlying mechanism behind 
CCR9-CCL25-mediated migration and invasion of LuCa 
cells, expressions of MMPs and TIMPs in these cells 
were analyzed following treatment with CCL25. The 
level of MMP-2 mRNA was increased following CCL25 
treatment by 2.25 fold and 1.1 fold in SCC and AC cells, 
respectively (Fig. 5A). Expression of MMP-9 mRNA in 
AC cells was increased by 3.5 fold in response to CCL25 

Figure 2: Serum CCL25 levels in LuCa patients. Serum CCL25 levels in healthy donors (n=9), SCC (n=17) and AC (n=14) 
patients were analyzed by ELISA. As used, the ELISA could detect >5 pg/mL of CCL25. Box plots for each group show the minimum 
and maximum values. The lines in the box plots indicate the median serum CCL25 concentrations of each group. The difference in CCL25 
concentrations between healthy controls and SCC or AC and SCC and AC were analyzed using Mann Whitney U test and were highly 
significant (p < 0.0001). 
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treatment. In SCC cells, however, expression of MMP-9 
was below the range of detection. There were no major 
changes in the expression of other MMPs in either of 
the LuCa cell lines following CCL25 treatment (data not 
shown). There was 1.7-fold increase in the expression of 
TIMP-2 mRNA in response to CCL25 treatment in SCC 
cells relative to that in untreated cells. In AC cells treated 
with CCL25, expressions of both TIMP-1 and TIMP-2 
mRNAs were decreased to 0.36 fold relative to amounts 
in untreated cells. 

The effect of CCL25 on active MMP-2 and MMP-9 
secretion by LuCa cell lines was determined by gelatin 
zymography (Fig. 5B). Significantly higher MMP-2 
activity, presented as band area, was observed in culture 
supernatants from SCC cells stimulated with CCL25 
relative to untreated controls (25432 vs. 19146) (p < 
0.05). Similar to mRNA expression results, no MMP-
9 activity could be detected in samples from SCC cells. 
Both MMP-2 and MMP-9 activity was observed in culture 
supernatants from AC cells, and both activities were 
higher in CCL25-treated samples relative to untreated 

controls (5974 vs. 6674 for MMP-2 and 14562 vs. 16874 
for MMP-9). 

Levels of TIMP-1 and TIMP-2 proteins in culture 
supernatants after CCL25 treatment were determined 
by ELISA; samples from untreated cells were used 
as controls. Both TIMP-1 and TIMP-2 proteins were 
quantified in AC cells, but TIMP-1 protein could not 
be detected in either treated or untreated samples of 
SCC cells. Although, relative to controls, there was no 
significant change in TIMP-1 levels (1487 pg/ml vs. 1507 
pg/ml) in AC cells, TIMP-2 was significantly elevated 
(395 pg/ml vs. 471 pg/ml) in response to CCL25 (p < 
0.05). Similar results were observed for TIMP-2 levels in 
SCC cells (417 pg/ml vs. 489 pg/ml) (p < 0.05).

DISCUSSION

Chemokines and their corresponding receptors are 
primarily known to be involved in leukocyte trafficking 
and host defense. However, recent evidences suggest 

Figure 3: Expression of CCR9 in LuCa cell lines. 
[A] Total RNA was isolated from SCC (NCI-H520) and AC 
(NCI-H2126) cells. Quantitative RT-PCR analysis of CCR9 
mRNA expression was performed in triplicate. The copies of 
transcripts are expressed relative to copies of 18S rRNA mean 
+/- S.D., n=2. The asterisk indicates statistical significance (p = 
0.0432) between SCC and AC cells. [B] SCC (NCI-H520) and 
AC (NCI-H2126) cells were stained with PE-conjugated isotype 
control antibodies (solid histogram) or PE-conjugated anti-
CCR9 monoclonal antibodies (dashed histogram) and quantified 
by flow cytometry. The mean fluorescent intensities (MFIs) of 
PE-positive cells are shown. 

Figure 4: LuCa cell migration and invasion mediated 
by CCR9-CCL25. SCC (NCI-H520) and AC (NCI-H2126) 
cells were tested for their ability to migrate [A] and invade 
[B] toward chemotactic gradients of 0 (open bar) or 100 ng/
ml (black bar) of CCL25. The cells were pre-treated with anti-
human CCR9 antibody (1 µg/ml) (grey bar) during migration 
and invasion assays. Asterisks indicate significant differences in 
migration and invasion between untreated and CCL25-treated or 
anti-CCR9-treated cell lines (** p < 0.01). Data was analyzed 
using non-parametric two tailed t-test and is presented as mean 
+/- S.D., n=3.
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that tumor cells acquire this skill of immune cells 
and exploite the chemokine and their corresponding 

receptors for their survival and dissemination, and use 
them as a navigational tool to find secondary sites for 
metastasis [18-21]. Among all chemokine receptors 
known to be involved in the progression of different 
cancers including LuCa, CXCR4 is expressed in majority 
of cancers and plays an important role in dissemination 
and homing of primary tumor at distant sites [6,22-
25]. Other than CXCR4, we and other groups have also 
shown the involvement of CXCR5 and CCR9 in survival 
and metastasis of tumor cells in different malignancies 
[8,11,12,26-28]. In this study for the first time we have 
shown the potential role of CCR9 in LuCa, which was 
highly expressed in non-small cell lung carcinoma 
(NSCLC) tissues compared to controls. Interestingly, 
serum CCL25, which is the only natural ligand for 
CCR9, was also significantly elevated in NSCLC 
patients compared to controls, suggesting the clinical 
significance of CCR9/CCL25 in LuCa. Lung AC patients 
have poorer prognosis compared to SCC [29,30]; higher 
CCR9/CCL25 expression in AC patients compared to 
SCC observed in our study suggest possible association 
of CCR9-CCL25 axis with LuCa aggressiveness, and 
holds promise to be validated as prognostic indicator in 
LuCa. Clinical staging of cancer is based on TNM, which 
is used to determine the clinical outcome, determining 
therapeutic interventions and prognosis [31]. Patients 
with higher tumor stage tend to have poorer prognosis 
[32]. Interestingly, higher expression of CCR9 in NSCLC 
correlated with tumor size (T); higher tumor size is often 
associated with metastatic tumor. We have previously 
shown that CCR9 and CCL25 play significant role in 
prostate cancer cell survival, which is required for cancer 
cells to achieve their metastatic goal [8]. Hence, higher 
expression of CCR9 in NSCLC suggests its potential role 
in dissemination of primary tumor and promoting tumor 
cell survival during metastasis. Subsequent studies with 
higher number of patients in each group (SCC and AC) 
and subgroups (T1 and ≥T2) should provide conclusive 
information correlating CCR9 expression in NSCLC with 
disease progression and survival. 

We and others have shown the clinical and biological 
significance of CCR9-CCL25 axis in various solid tumors, 
e.g., prostate, ovarian, colorectal, and breast cancers 
[8,11,33,34]. In this study, we have shown the biological 
significance of this axis using NSCLC cell lines derived 
from SSC (NCI-H520) and AC (NCI-H2126). Similar to 
tissue expression, CCR9 was expressed by NSCLC cell 
lines. Despite of marginal difference in CCR9 expression, 
AC cell lines showed higher invasive and metastatic 
potential compared to SCC cells, which was evident in 
in vitro assays, performed under the chemotactic gradient 
of CCL25. Chemokine receptors mediated signaling is 
very much dependent on their internalization, recycling 
and/or degradation. Chemokine receptors after binding 
of their ligands/agonists cluster into clathrin-coated 
domains of the plasma membrane [35]. Hence, higher 

Figure 5: CCL25-induced expression of MMPs and 
TIMPs in LuCa cells. Cells were tested for their capacity 
to express mRNA and protein for MMP-2 and -9 and TIMP-
1 and -2. [A] SCC (NCI-H520) and AC (NCI-H2126) cells 
were treated for 30 min with 0 or 100 ng/mL of CCL25. Total 
RNA was isolated, and quantitative real time-PCR analysis was 
performed for mRNA expression of MMP-2 and -9 and TIMP-1 
and -2. Transcript copies were presented relative to copies of 
18S rRNA. [B] Active gelatinases (MMP-2 and -9) in culture 
supernatants were quantified by gelatin zymography. Cells were 
stimulated with CCL25 (0 or 100 ng/ml) for 24 h. Top: Graph 
represents densitometric analysis of zymography for control and 
treated samples, presented as band area, analyzed by ImageJ 
software. Bottom: Representative zymography. [C] TIMP-1 and 
TIMP-2 in culture supernatants were quantified by ELISA. Bars 
represent the concentration (pg/ml) of TIMP-1 and TIMP-2 in 
culture supernatants collected from cells treated with 0 or 100 
ng/ml of CCL25 for 24 h. Asterisks show significant differences 
between untreated and CCL25-treated LuCa cells. Data was 
analyzed by non-parametric two tailed t-test and presented as 
mean +/- S.D., n=2. * p < 0.05.
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biological responses in AC cells compared to SCC cells, 
with both having similar CCR9 expression, could be 
associated with post ligation modifications in CCR9, 
recycling and/or phosphorylation of CCR9 following 
CCL25 stimulation in AC cells. Furthermore, tumor cells 
make MMPs, which digest the basement membrane and 
facilitate tumor cell invasion to new tissues. Although 
various MMPs have been implicated in acquisition 
of invasive and metastatic properties by tumor cells, 
MMP-2 and MMP-9, which degrade type IV collagen, a 
major component of basement membranes, are majorly 
associated with metastasis [36-39]. It was interesting to 
note that AC cells were making both MMP-2 and -9 under 
the influence of CCL25, whereas SCC cells were making 
only MMP-2. Furthermore, expression and activity of 
MMP-2 in response to CCL25 was higher in AC cells 
compared to SCC. Hence, differential expression and 
activities of MMPs, presumably due to the differences in 
CCR9 recycling/phosphorylation, produced by these cells 
following CCL25 stimulation could be responsible for 
their differential biological activities.  

TIMPs inhibit the activities of MMPs and have 
been considered as anti-cancer proteins, however 
recent studies have demonstrated a contradictory pro-
tumor role of TIMPs [40-43]. Elevated plasma levels of 
TIMP-1 are associated with worse clinical outcomes of 
colon or prostate cancer patients [44]. Further, TIMP-
2 over-expression stimulates proliferation of human 
osteosarcoma [45] and A549 lung AC cells [46,47] and 
protects melanoma cells from apoptosis by modulating the 
NF-κB pathway [43]. TIMPs affect cancer progression in 
both MMP-dependent and MMP-independent manner 
[48,49]. Hence, higher TIMP expression by LuCa cells 
in response to CCL25 suggests potential involvement of 
CCR9-CCL25 axis in LuCa progression and outcome. 
Interestingly, AC cells make both TIMP-1 and TIMP-2, 
while only TIMP-2 was detected in SCC. This further 
suggests that differential expression of MMPs and TIMPs 
in AC cells following CCL25 stimulation is involved 
in maintaining the aggressive phenotype and can be 
correlated with the poorer prognosis of AC cases. 

In conclusion, elevated serum CCL25 in AC patients 
and differential expression of CCR9 in AC tissues suggests 
the clinical and prognostic significance of CCR9-CCL25 
axis in LuCa. Higher biological response and selective 
modulation of key metastatic factors (MMPs and TIMPs) 
in AC cells following CCL25 treatment, further suggest 
that this chemokine-receptor axis play crucial role in LuCa 
metastasis and maintaining aggressive phenotype. Hence, 
blocking CCR9-CCL25 axis may improve the therapeutic 
outcome and overall survival of LuCa patients. 

METHODS

Tissue specimens 

Tissue microarray (TMA) slides containing 
malignant (n = 45) and non-neoplastic (n = 8) samples 
were procured from AccuMax Array (ISU Abxis Co., 
Ltd.). These were generated from lung biopsies of 39 cases 
diagnosed with NSCLC with histological subtypes of AC 
(n = 27), SCC (n = 12), and others (n = 6); and 8 non-
neoplastic cases. To construct the TMA slides, two cores 
(1 mm in diameter) per patient were arrayed on a blank 
paraffin block, and a qualified pathologist validated the 
histopathology of each core twice for class and grade of 
the tumor. 

Immunohistochemistry and quantitation of 
immunohistochemical staining

TMA slides containing malignant and non-
neoplastic tissues were stained for CCR9. Briefly, TMAs 
were de-paraffinized in xylene and rehydrated through a 
graded series of ethanol (100%, 95% and 70%) for 5 min 
in each series and washed in distilled water. Following 
de-paraffinization, antigen retrieval was performed by 
incubating TMAs with 0.01 M EDTA (pH 8.0) in a pressure 
cooker for 5 min. Slides were then cooled in running water 
and transferred to Tris-buffer (pH 7.6). The endogenous 
peroxidase activity was blocked by incubating the slides 
with 3% H2O2 in PBS for 5 min. The slides were then 
rinsed three times each with de-ionized water, followed 
by Tris-buffer (pH 7.6). Fc blocking was accomplished by 
incubating slides with Fc block (Innovex Biosciences, CA, 
USA) for 30 min at room temperature (RT) in a humidity 
chamber. To reduce non-specific binding, the sections 
were washed with Tris-buffer and incubated with 3% 
normal goat serum for 1 h at RT. The slides were then 
washed with Tris-buffer, and sections were incubated with 
5 µg/ml of HRP-conjugated mouse anti-CCR9 antibody 
(R&D Systems, MN) for 90 min at RT in a humidity 
chamber. The negative control slide was incubated with 
5 µg/ml mouse isotype control antibody (R&D Systems). 
Following incubation, sections were washed with Tris 
buffer and developed with 3,3’-diaminobenzidine (DAB) 
substrate kits (Vector Laboratories, CA) for 25 min at 
RT. Counterstaining was accomplished with hematoxylin 
(Sigma, MO). Subsequently, sections were washed with 
water, dehydrated in 70%, 95%, and absolute alcohol 
for 5 min each; passed through xylene three times for 1 
min each; and finally mounted with Permount (Sigma). 
The immunopositivity of the sections was analyzed with 
TissueFAXS tissue analysis system (TissueGnostics, 
Vienna, Austria).

To analyze the immunohistochemical staining 
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numerically, virtual slides were created from the 
stained samples after scanning each specimen with 
TissueGenostics system. The TissueFAXS generated true-
color digital images of each stained sample, which were 
analyzed with HistoFAXS software. 

Enzyme-linked immunosorbent assay (ELISA) 

CCL25: Sera from patients diagnosed with SCC 
(n=17) or AC (n=14), and from healthy controls (n=9), 
were provided by Dr. Goetz H. Kloecker of the James 
Graham Brown Cancer Center, University of Louisville, 
Louisville, KY. Healthy donors had no active lung 
disease or symptoms at the time of blood collection. All 
subjects gave written informed consent. The University 
of Louisville IRB approved the use of these diagnostic 
specimens in accordance with the Department of Health 
and Human Service Policy for the Protection of Human 
Research Subjects 45 CFR 46.101(b) 2 and use of 
archived de-identified materials. Serum CCL25 levels 
were quantified by human CCL25 Quantikine ELISA kit 
(R&D Systems) according to the manufacturer’s protocol. 
Briefly, 100 µl of assay diluent (provided with the kit), 
followed by 50 µl of standards, controls, and serum 
samples, were added in different wells of an ELISA plate 
and incubated for 2 h at RT. Following washing four times 
with Quantikine wash buffer 1 (provided with the kit), 
200 µl of conjugate (antibody) was added to each well, 
and the plate was further incubated for 2 h at RT. The 
plate was washed, 200 µl of substrate solution was added, 
and the plate was incubated for 30 min in the dark at RT. 
Following incubation, 50 µl of stop solution (2N H2SO4) 
was added to each well, and the optical density was 
measured with a microplate ELISA reader at 450 nm with 
the wavelength correction set at 540 nm. Each sample was 
tested in duplicate for assessment of inter-assay variation. 

TIMP -1 and -2: Culture supernatants from CCL25 
treated and untreated cells were collected after 24h 
and levels of TIMP-1 and -2 were quantified by human 
TIMP-1 and TIMP-2 DuoSet ELISA kits (R&D Systems) 
following manufacturer’s instructions. Briefly, 100 µl 
capture antibody (TIMP -1 or -2) were coated in 96 well 
ELISA plate for overnight at RT. Following washing and 
blocking, 100 µl of standards, samples and controls were 
added in duplicates and incubated overnight at 40C. Next 
day, the wells were washed and 100 µl detection antibody 
(TIMP -1 or -2) was added in respective wells and 
incubated for 2 h at RT. After washing, 100 µl streptavidin-
HRP conjugate was added and the plate was incubated 
for 20 min in dark at RT. Following washing, 100 µl of 
substrate solution was added, and the plate was incubated 
for 20 min in dark at RT. The reaction was stopped with 
50 µl of stop solution (2N H2SO4), and the optical density 
was measured with a microplate ELISA reader at 450 nm 
with the wavelength correction set at 540 nm. 

Cell culture 

NSCLC cell lines NCI-H520 (HTB-182, derived 
from an SCC patient) and NCI-H2126 (CCL-256, derived 
from an AC patient) were purchased from American 
Type Culture Collection (ATCC). NCI-H520 cells were 
cultured in 5% CO2 at 370C in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (HyClone), 
100 µg/ml of streptomycin, and 100 U/ml of penicillin 
(Sigma). NCI-H2126 cells were cultured in 5% CO2 
at 370C in HITES medium supplemented with 5% fetal 
bovine serum, 100 µg/ml of streptomycin, and 100 U/ml 
of penicillin (Sigma). These cell lines were selected as 
they represent the two NSCLC sub-types, SCC and AC, 
used in first part of this study.

Migration and Invasion assays

The migratory and invasive potentials of NSCLC 
cells were determined with BD Biocoat™ migration 
and invasion chamber system (BD Biosciences). Briefly, 
Matrigel inserts were hydrated for 2 h with 500 µl of 
serum-free DMEM medium at 370C with 5% CO2. In the 
bottom chamber, 100 ng/ml of CCL25 (Peprotech, NJ) 
was added in serum-free RPMI or HITES medium for 
SCC (NCI-H520) or AC (NCI-H2126) cells, respectively. 
The respective culture medium with no CCL25 was used 
in control wells. Next, 10,000 cells in 500 µl of serum-
free RPMI or HITES medium were added per well to the 
migration and invasion chambers. To determine if the 
migratory and invasive behaviors of cells were specific 
to CCL25 gradients, cells were incubated with 1 µg/ml of 
anti-human CCR9 antibody (R&D systems, MN) for 1 h at 
370C with 5% CO2 before adding them to the top chamber. 
The cells were incubated for 16 h and 24 h at 370C with 
5% CO2 for migration and invasion assays, respectively. 
Non-migrating cells on the upper surface of the membrane 
were removed with a cotton swab. The cells that migrated 
or invaded to the lower surface of the membrane were 
fixed with 100 % methanol for 3 min at RT, stained with 
crystal violet for 2 min, and rinsed twice with de-ionized 
water. The membranes were peeled and mounted on glass 
slides. The migrated cells were counted by microscopy at 
20x magnification. All experiments were repeated three 
times to validate the results.

RNA isolation and analysis of mRNA expression 

Total RNA was isolated from untreated and CCL25-
treated NSCLC cells using Tri-Reagent (Sigma) according 
to the manufacturer’s protocol. RNA was precipitated and 
re-suspended in RNA Secure (Ambion, Life technologies, 
NY). cDNA was generated by reverse transcribing 1 μg of 
total RNA by use of Verso cDNA Synthesis kits (Thermo 
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Scientific) with random hexamer primers, following the 
manufacturer’s protocol. Primers specific for CCR9, 
CCL25, MMP-1, MMP-2, MMP-3, MMP-9, MMP-10, 
MMP-11, MMP-13, tissue inhibitor of metalloproteinase 
(TIMP)-1, TIMP-2, and 18S rRNA (internal control) were 
used to determine mRNA expression with iQ SYBR-
Green Supermix (Bio-Rad, CA), as previously described 
[11]. The real-time thermal cycler (CFX96 Touch, Bio-
Rad) profile used for amplification was as follows: initial 
denaturation 950C for 3 min; denaturation 950C for 30 sec; 
and annealing, extension, and detection at 600C for 45 sec 
for 40 cycles. The number of copies for each target was 
calculated by means of a standard curve, and data were 
normalized with copies of 18S rRNA in each sample. 
The results were presented as the number of copies of 
target gene per 106 copies of 18S rRNA or fold change 
expression with respect to controls. Gene expression 
experiments were done in duplicates and repeated three 
times to validate the results.

Flow cytometry

Surface expression of CCR9 in NSCLC cell lines 
was analyzed by flow cytometry. Briefly, cells were 
washed three times in fluorescence-activated cell-sorting 
(FACS) buffer (2% FBS in PBS) and treated with 1 µg 
of Fc Block (BD Biosciences, CA) per 105 cells for 15 
min at RT. Fc-blocked cells were incubated with 1 µg of 
phycoerythrin (PE)-conjugated mouse anti-human CCR9 
or PE-conjugated mouse IgG2a isotype control antibodies 
(R&D System) per 105 cells for 1 h at 4°C. Following 
staining, the unbound antibodies were removed by washing 
the cells thrice with FACS buffer. The labeled cells were 
then fixed in 500 µL of fixative (2% paraformaldehyde in 
PBS) for 10 min at RT. Fixed cells were washed twice, 
re-suspended in 500 µl of FACS buffer, and subjected 
to flow cytometry by FACSARIAII (BD Biosciences, 
CA, USA). The flow cytometry data were analyzed with 
Flowjo 10.0.6 software. The experiment was performed in 
duplicates and repeated three times.

Gelatin zymography

The activity of MMP-2 and MMP-9 in conditioned 
medium from LuCa cells treated with CCL25 (0 or 100 
ng/ml for 24 h) was analyzed by gelatin sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
zymography. Before analysis, cell culture supernatants 
were concentrated 4-fold by use of Amicon Ultra-4 with a 
10-kDa cutoff (Millipore Corporation, MA). Total protein 
was quantified with BCA protein assay kits (Pierce, 
Thermo Scientific, IL). Equal amounts of protein (50 µg) 
were mixed with equal volumes of zymogram sample 
buffer and resolved on gelatin polyacrylamide gels (Bio-
Rad). The gels were incubated in 1x zymogram renaturing 

buffer (Life Technologies, NY) with gentle agitation for 
30 min at RT. Following incubation, gels were equilibrated 
in 1x zymogram developing buffer (Life Technologies) for 
30 min at RT, then incubated at 370C overnight with fresh 
1x zymogram developing buffer. Gels were washed three 
times with deionized water to remove developing buffer 
and stained with LabSafe GEL blue (G-Biosciences, MO), 
which revealed gelatinolytic activity as clear bands against 
a blue background. 

To estimate the amount of active MMPs in a sample, 
the intensity of the lytic bands was analyzed by use of 
ImageJ software. Data were presented as band areas 
resulting from the activity of MMP-2 and MMP-9 on 
the same gel. The experiment was performed using two 
biological replicates and repeated three times. 

STATISTICS

Comparisons of CCR9 expression immunointensity 
in lung TMA and comparison of CCL25 levels in serum of 
healthy controls and NSCLC patients were made by non-
parametric Mann Whitney U test. Results were declared 
significant at α level of 0.05. All in vitro experiments were 
repeated three times. Results of migration and invasion 
assays and comparisons of MMP-2 and -9 and TIMP-1 
and -2 mRNA and/or protein expression were analyzed 
by non-parametric two-tailed t test; values were declared 
significantly different at α level of 0.05. 
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