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Abstract

Background—Treatment resistance resulting from the presence of cancer stem cells (CSCs)
remains a challenge in cancer treatment. Little is known about possible markers of CSCs in
treatment-resistant non-small cell lung cancer (NSCLC). We explored the coxsackie- and
adenovirus receptor (CAR) as one such marker of CSCs in models of treatment-resistant NSCLC.

Materials and methods—Resistant H460 and A549 cell lines were established by repeated
exposure to paclitaxel or fractionated radiation. CSC markers were measured by western blotting
and flow cytometry. We also established stable CAR-overexpressing and stable shRNA-CAR-
knockdown cell lines and assessed their survival, invasiveness, and tumorigenic capabilities with
clonogenic, telomerase, Matrigel, and tumor formation assays.

Results—CAR expression was associated with CSC phenotype both /n vitroand in vivo. CAR-
overexpressing cells were more treatment-resistant, self-renewing, and tumorigenic than were
parental cells, and sShRNA-mediated knockdown of CAR expression was sufficient to inhibit these
functions. CAR expression also correlated with the epithelial-mesenchymal transition.

Conclusions—We showed for the first time that CAR is a marker of CSCs and may affect the
activities of CSCs in treatment-resistant NSCLC. CAR may prove to be a target for CSC treatment
and a predictor of treatment response in patients with NSCLC.
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INTRODUCTION

Tumor resistance to radiation or chemotherapy may be caused by the presence of cancer
stem cells (CSCs) [1-4], and thus identification of biomarkers of CSCs and translation to
CSC-based targeted therapy may represent a viable strategy for overcoming treatment
resistance in patients with cancer. CSCs have been identified in and enriched from both
clinical samples and cell lines of brain, breast, and colon cancers by techniques such as
patterns of cell-surface marker expression [5-10], exclusion of the DNA-binding dye
Hoechst 33342 (the so-called “side population” [SP]) [11-13], and increased aldehyde
dehydrogenase (ALDH) activity [14,15]. Despite the relatively rapid pace of CSC research
in these types of tumors, progress in lung cancer remains slower, in part because of the lack
of reliable markers of human lung stem cells [15-17]. The membrane antigen CD133 has
been described as a putative biomarker of CSC populations in brain, colon, and lung tumors
[9, 10, 18-20], but conflicting results on the detection, abundance, and tumorigenicity of
CD133+ cells and on the usefulness of CD133 as a marker of prognosis indicate the need for
additional markers to interrogate lung CSCs [21-23]. Moreover, ALDH, which depends on
the Notch signaling pathway, was recently found to identify a different CSC subpopulation
than CD133 expression [15].

Coxsackie- and adenovirus receptor (CAR) has been well characterized as a cell surface
attachment receptor for coxsackie and group C adenoviruses [24]. However, CAR is a
multifaceted molecule expressed by many types of cells and is thought to have other cellular
functions as well. CAR has been shown to be both a regulator of Notch signaling [25,26],
with roles in embryonic development, and an epithelial intercellular adhesion molecule, with
reported contributions to mucosal integrity and barrier functions [27,28]. CAR is essential
for life; mice because of abnormal myocardial with embryonic stem cell-CAR knockout are
non-viable development [29-31].

The contribution of CAR to the malignant phenotype is also under study. CAR is variably
expressed in diverse tumors of both epithelial and mesenchymal origin [32-34]. Several
reports have sought to link CAR expression with cell differentiation, tumorigenicity, or
tumor progression. For example, one group postulated from cell culture models that CAR is
a global tumor suppressor in prostate and bladder cancers [32, 33]. Another group found that
upregulated CAR expression correlated with tumor progression [35], and another discovered
that CAR expression is enhanced in the transition from preneoplastic lesions to invasive
adenocarcinoma in a breast cancer model [36]. We previously published our findings of
elevated CAR expression in radioresistant stem-like esophageal cancer cells [13]. Others
have shown that downmodulation of CAR expression in a non-small cell lung cancer
(NSCLC) cell line resulted in diminished colony formation /in vitro and diminished
tumorigenicity /n vivo [37] and that CAR mediates the efficient tumor engraftment of
mesenchymal-type lung cancer cells and has a putative role in the epithelial-mesenchymal
transition (EMT) [38]. Therefore, CAR may have cell type specific functions that explain
the discrepancies between these study findings.

To explore the potential role of CAR in CSCs in treatment-resistant lung cancer, we
established paclitaxel-resistant (CR) or radiation-resistant (RR) NSCLC cell lines and found
that these cell lines were enriched in CSCs, with significant increases in expression of stem
cell markers. More importantly, expression of CAR also was increased in the treatment-
resistant cells. We therefore hypothesized that CAR could be a new CSC marker and may
have an important role in CSCs in treatment-resistant NSCLC. To test this hypothesis, we
determined the effects of overexpressing CAR and inhibiting CAR expression by RNA
interference in treatment-resistant NSCLC /n vitro and on the tumorigenicity of SP- and
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CAR-positive (SP/CAR+) RR cells /n vivo. This is the first report of the novel role of CAR
in CSCs of treatment-resistant NSCLC.

MATERIALS AND METHODS

Cell lines and reagents

Human cell lines A549 and H460 were obtained from the American Type Culture Collection
(ATCC) and routinely maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 10,000 U/mL of penicillin-streptomycin, and 2 mmol/L-glutamine. Normal
human bronchial epithelial cells and normal human fibroblasts were purchased from
Clonetics (San Diego, CA) and cultured as recommended by the manufacturer.
Mesenchymal stem cells (used as a control in the assessment of inhibitory 1C50 doses ) were
isolated from bone marrow samples from healthy donors undergoing bone marrow harvest
for use in allogeneic bone marrow transplantation (generous gift from Dr. F.C. Marini) and
were cultured in a-MEM containing 20% fetal bovine serum, L-glutamine, and penicillin-
streptomycin [39].

The identities of these cell lines were validated by short tandem repeat profiling (done by the
institutional Characterized Cell Line Core) using the AmpFISTR Identifiler PCR
amplification kit (Applied Biosystems) according to the manufacturer’s instructions. The
short tandem repeat profiles for these cell lines matched their known ATCC fingerprints.
Paclitaxel was purchased from Bristol-Myers Squibb Co. (Stamford, CT). Hoechst 33342,
insulin, and basic fibroblast growth factor were purchased from Sigma-Aldrich (St. Louis,
MO), and methylcellulose-based medium from Stem Cell Technologies (Vancouver, BC,
Canada). Antibodies against CD133 were purchased from Abcam, Inc. (Cambridge, MA),
and epidermal -catenin antibody from BD Biosciences, Inc. (Franklin Lakes, growth factor
and anti-human NJ).

Generation of resistant cell lines

To produce chemoresistant cell lines, H460 and A549 cells were treated initially with 5 nM
paclitaxel, and the surviving cells were then treated with increasing doses, up to 100 nM.
Radioresistant subpopulations were established by exposing H460 and A549 cells to 2-Gy
fractions once a week to a cumulative dose of up to 60 Gy [13].

Construction of the CAR retroviral vector—The cDNA for wild-type CAR was
derived by polymerase chain reaction (PCR) using Vent polymerase and then cloned into
pCR 2.1 via BamHI and EcoRl restriction sites and confirmed by DNA sequence analysis.
The BamHI-EcoRI fragment was then inserted into pBabe-puro to produce pBabe-CAR as
follows. pBabe-puro, an MuLV-based retroviral vector, was used to transduce the CAR
gene. A consensus Kozak sequence, GCCACC, was incorporated immediately 5 to the
translational initiation codon of CAR for optimal protein expression. The CAR
oligonucleotide sequences for the upstream and downstream PCR primers were 5-
ggatccgceagcecaccatggegetectgetg-3 and 5-gaattcgctctatactatagacccatce-3. The control vector
pGFP, which produces green fluorescent protein (GFP), was constructed in our lab by
inserting pGFP and pCMV into pBabe-puro. The pBabe-CAR was introduced into 293PA
cells by retroviral vector-mediated transduction; the pGFP control vector was also
introduced into 293PA cells by retroviral vector-mediated transduction.

Establishment of stable CAR-overexpressing or shRNA-CAR-knockdown cell
lines—H460 cells were infected with a pBabe-CAR retroviral vector or pGFP retroviral
vector and selected in a medium containing puromycin for approximately 14 days. During
this time, cells not transduced with the vector were eliminated by drug selection. Initially,
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puromycin-resistant colonies were individually picked, cloned, and expanded in culture.
Three weeks after puromycin selection, abundant CAR or GFP expression could be detected
and the stable CAR-expressing cell line H460/CAR established. To establish H460/RR/
shCAR cells, H460/RR cells were transduced with SMART vector shRNA lentiviral
particles targeted against the CAR gene (catalog number SK0036500025; Thermo Fisher
Scientific, Lafayette, CO) with 8 pg/mL of polybrene (Sigma-Aldrich) to inhibit CAR gene
expression. An empty SMART vector expressing TurboGFP (catalog number S00400001;
Thermo Fisher Scientific) was used as a transduction control. The stable ShPRNACAR-cell
line H460/RRshCAR was generated after 2 weeks of culture in puromycin.

Flow cytometry and side population analysis—Expression of B-catenin, Oct3/4,
CD133, and CAR was assessed by flow cytometry and SP analysis as described elsewhere
[13]. Apoptosis was quantified by flow cytometry [40, 41].

Matrigel invasion assay—The invasive potential of H460/CR and A549/CR cells was
assessed with the CytoSelect 24-well cell migration and invasion assay, colorimetric format
with fluorescence dye according to the manufacturer’s instructions (Cell Biolabs Inc., San
Diego, CA). Each assay was repeated 3 times.

In vivo tumor formation assays

H460/RR cells were used to establish subcutaneous tumors in nu/numice as described in the
Supplementary Methods. Mice were maintained and experiments done in accordance with
NIH and institutional guidelines established for the Animal Core Facility at The University
of Texas MD Anderson Cancer Center. Mice (4 per group) were injected subcutaneously
with limiting dilutions of 10%, 104, or 103 sorted SP or non-SP H460/RR cells and tumor
formation was monitored weekly for the ensuing 16 weeks. These cells typically begin
forming tumors by 1-2 weeks after inoculation.

Lung cancer sphere formation assay

Cells were suspended in 0.8% methylcellulose-based serum-free medium supplemented with
20 ng/mL epidermal growth factor, basic fibroblast growth factor, and 4 pg/mL insulin and
plated at 2,000 cells/mL in ultralow-attachment 24-well plates (Corning Life Sciences,
Lowell, MA). Sphere formation was assessed as described in Supplementary Methods.

Statistical analysis

RESULTS

Data were expressed as means with 95% confidence intervals (CIs) or as means + standard
deviations as appropriate. Analysis of variance (ANOVA) and two-tailed Student’s #tests
were used to identify significant differences in growth of sorted cells /n vivoand in vitro.
Differences were considered statistically significant when the P value was 0.05 or less.

Confirmation of resistance and CSCs inchemo- and radiation-resistant NSCLC cell lines

We established two paclitaxel-resistant lung cancer cell lines, H460/CR and A549/CR, by
repeatedly treating parental H460 and A549 cells with paclitaxel. The resistance indices (the
ICsq for resistant cells/the 1Csq for parental cells) were 80 for the H460/CR cells and 12 for
the A549/CR cells (Supplementary Table S1). Drug resistance was confirmed by P-
glycoprotein expression, which was higher in the resistant variants than in the corresponding
parental cells (Fig. 1A) We also established two radiation-resistant cell lines (H460/RR and
Ab49/RR) by irradiating the parental cells in 2-Gy fractions to cumulative doses of up to 60
Gy. Clonogenic assays confirmed that both H460/RR cells (Fig. 1B) and A549/RR cells
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(Fig. 1D) were significantly more radiation-resistant than their parental counterparts
(P<0.05); more H460/RR cells were in Go-M arrest at 48 and 72 hours after irradiation to 4
Gy (24% and 27%) than their irradiated parental counterparts (7% and 6%) (A<0.05); and
fewer H460/RR cells were apoptotic (23%) than their parental counterparts (48%)
(Supplementary Table S2). Cell-cycle distributions were no different for these two cell lines
either before or after irradiation (Table S2).

We further confirmed that both the chemosensitive and radiosensitive variants contained
CSCs in a series of experiments as follows. Nuclear accumulation of -catenin (a key event
in stem cell activation) and expression of Oct3/4 (a putative embryonic marker) were
increased in both the chemoresistant and radioresistant variants compared with the parental
cell lines, suggesting that these treatment-resistant subpopulations contained CSCs (Fig.
1C). We also found that the proportions of SP cells (those that could exclude Hoechst 33342
dye) were higher in both the chemoresistant and radioresistant subpopulations than in the
parental cells (/£<0.05 for both H460 and A549 cells; Figs. 2A and B). In each case, the SP
population was greatly decreased by treatment with verapamil (Figs. 2A and B), confirming
that the populations were indeed SPs. Serial sorting and reanalysis of SP cells from cultured
SP cells demonstrated enrichment of SP cells and production of non-SP cells in both the
H460/CR and H460/RR variants (Fig. 2C), indicating the capacity for self-renewal.
However, the non-SP cells produced mainly other non-SP cells (data not shown), suggesting
asymmetric division.

We further confirmed the greater clonogenic efficiency of H460/CR cells (26.2% vs. 15.1%
for H460 cells) and A549/CR cells (31.7% vs. 18.1% for A549 cells) and in H460/CR-SP
cells (38.9%) and A549/CR-SP cells (59.7%) (Figs. S1A and B). A Matrigel assay revealed
that H460/CR-SP and A549/CR-SP cells were significantly more invasive than their parental
counterparts (£<0.05, Figs. S1C and D), another characteristic of stem cells. We further
measured telomerase activity in the H460 variants and found that that activity was higher in
the H460/RR and H460/CR than in the H460 cells (A<0.05) and was higher in the sorted
H460/RR-SP and H460/CR-SP cells than in the H460/RR-non-SP and H460/CR-nhon SP
cells (£<0.05; Fig. S1E). Notably, the telomerase activity of all of these cancer cell lines was
considerably higher than that of normal cell lines (P<0.001).

Finally, we also tested the tumorigenicity of SP cells in vivoand found that the difference in
tumor incidence was greatest for the lowest dilution of tumor cells tested: whereas 103 SP
cells could generate tumors in mice, the same number of non-SP cells failed to generate any
detectable tumors (Table 1), indicating that H460/RR-SP cells were enriched in tumor-
initiating cells. Tumors generated from 10° H460/RR-SP cells were also larger and grew
faster than tumors from their non-SP counterparts (A<0.05, data not shown). These results,
in combination with those of the /n vitro experiments, indicate that the treatment-resistant
SP cells (H460/RR-SP, H460/CR-SP, A549/RR-SP, and A549/CR-SP) all have
characteristics of CSCs.

Overexpression of CAR and tumorigenicity in treatment-resistant NSCLC cells and CSCs

Our previous finding that CAR was overexpressed in radioresistant stem-like esophageal
adenocarcinoma cells [13] led us to investigate whether CAR could be a novel marker of
CSCs in treatment-resistant NSCLC. We tested this hypothesis by measuring the expression
of CAR in parental and treatment-resistant H460 cells (adenocarcinoma) and 2 normal
human lung cell lines (bronchial epithelial cells and lung fibroblasts). Expression of CAR
was significantly higher in the H460/RR and H460/CR cells (/£<0.05; Fig. 2D); CAR
expression was also higher in H460/RR/SP and H460/CR/SP cells than in their non-SP
counterparts (£<0.05; Fig. 2E). Similar results were observed for A549 cells (P<0.05; Figs.
2F and G).
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Next, to determine whether expression of CAR affected tumorigenicity, we isolated H460/
RR cells expressing or not expressing CAR from SP and non-SP populations by flow
cytometry and implanted them subcutaneously at limiting dilutions of 10°, 104, or 103 cells
into nude mice. SP/CAR+ cells were significantly more tumorigenic than SP/CAR-, non-
SP/CAR+, or non-SP/CAR-cells (Table 1). Notably, no tumors were observed with SP/
CAR-cells unless at least 10 cells were injected (2 of 4 mice); all 4 mice injected with 104
SP/CAR+ cells developed tumors. Similar results were obtained with non-SP/CAR+ and
non-SP/CAR-cells.

CSC properties in CAR-overexpressing stable cell lines

To explore the role of CAR in CSCs, we constructed a pBabe- CAR retroviral vector and
transduced it into parental H460 cells to establish a CAR-overexpressing stable cell line
(H460/CAR). Relative proportions of cell variants expressing CAR are shown in Figure 3A.
The percentage of H460/RR cells positive for CAR (73.6 £+ 4.1%) was significantly higher
than that of H460 cells (32.5 + 3.6%, ~<0.05), and percentages in both cell lines were higher
than that of normal human bronchial epithelial cells. Moreover, the percentage of cells
positive for CAR in the H460/CAR stable cell line (94.4 + 5.5%) was the highest of all cell
lines tested in this experiment. Clonogenic survival curves showed that the H460/CAR cells
were significantly more radioresistant than H460 cells or the H460/GFP vector controls
(P<0.05; Fig. 3B). Moreover, significantly greater percentages of H460/CAR cells (11.99%)
and H460/RR cells (13.38%) were SP cells than H460 (1.33%) or H460/GFP cells (0.97%,
F<0.05; Fig. 3C), indicating enrichment of CSCs in H460/RR and H460/CAR. More
importantly, H460/RR and H460/CAR cells overexpressed markers associated with CSCs,
such as OCT-4 and p-catenin (Fig. 3D).

Effects of inhibiting CAR expression in CSCs of treatment-resistant NSCLC

To further confirm that the characteristics of CSCs described in the previous paragraph were
a specific consequence of CAR expression, we transduced H460/RR cells with SMART
vector shRNA lentiviral particles targeted against CAR to inhibit expression of the gene.
This shRNA-mediated knockdown of CAR resulted in significantly lower CAR protein
levels (Fig. 3A) and lesser expression of the CSC marker proteins OCT-4 and B-catenin (Fig.
3D) in H460/RR/shCAR stable cells compared with H460/RR/shGFP cells. Radioresistance
and proportions of SP cells were both significantly lower in H460/RR/shCAR than in
H460RR and H460/RR/shGFP cells (A<0.05, Figs. 3B and C).

We further tested whether H460/CAR and H460/RR/shCAR cells could form spheres when
grown in suspension cultures under stem cell selective conditions, an /n vitro measure of
CSC activity. The H460/CAR cells formed 4 times more spheres than the H460/GFP or
H460 cells and produced nearly the same numbers of spheres as the H460/RR cells (Figs.
4A and B). These findings, plus the observation that ShCAR almost completely blocked
sphere formation, indicate that CAR could be an important marker of CSCs. This conclusion
was supported by results of the self-renewal assessment, in which equal numbers of H460/
RR/CAR+ and H460/RR/CAR-cells were sorted and cultured separately under the stem cell
selective conditions (Fig. 4C). As expected, cultures initiated with H460/ RR/CAR+ cells
reproduced the parental distribution of CAR+ and CAR-cells, whereas the cultures derived
from CAR-cells generated primarily CAR-cells. Furthermore, H460/RRCAR+ cells
generated both SP and non-SP cells, whereas H460RR/CAR-cells generated only non-SP
cells (Fig. 4D). Finally, more of the H460/RR/CAR+ cells expressed CD133+ (28.8%), [3-
catenin (39.4%), and Oct3/4 (40.7%) than did H460/RR/CAR-cells (1.9%, 10.6%, and
14.7%, respectively (P<0.05; Fig. 4E).
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CAR expression and EMT

Our observation that CAR-expressing subpopulations (H460/RR/CAR+ and H460/CAR)
resemble mesenchymal cells, and that low-CAR-expressing cells (H460/RR/CAR- and
H460/RR/shCAR) are more representative of epithelioid cells (Fig. 2S), prompted us to
consider whether CAR is implicated in the EMT. To determine whether expression of CAR
was associated with molecular characteristics of the EMT, we used western blorring to
assess markers of EMT in H460/CAR and H460/RR/shCAR cells. We found that the CAR-
overexpressing cells expressed primarily mesenchymal proteins (e.g., p-catenin, vimentin,
SNAIL) and little to no epithelial cytokeratins (e.g., occludin) (Figs. 3D and 4E). In contrast,
none of these mesenchymal proteins were upregulated in H460/RR/shCAR cells (Figs. 3D
and 4E). Hence we conclude that CAR expression correlates with the EMT.

DISCUSSION

We showed in this study that CAR can be used to identify and enrich a subpopulation of
treatment-resistant NSCLC cells having many of the properties ascribed to CSCs [37,42],
suggesting that CAR can be considered a novel marker of CSCs and may be important in the
activity of CSCs associated with treatment-resistant NSCLC. We also found that CAR
expression was associated with the EMT.

Our experimental findings may have relevance with regard to the clinical treatment of
NSCLC, which typically involves combined chemotherapy and radiation. Chemotherapy is
typically administered in cycles that are separated by 3-week intervals to allow restoration of
hematopoietic and other normal cells damaged by the drugs. However, some reports indicate
that tumor cells can aggressively repopulate during these intervals and restore the tumor to
its pretreatment size [43]. Our experimental findings lead us to suspect that conventional
chemotherapy may increase the proportion of CSCs by eliminating drug-sensitive,
differentiated tumor cells, which could also be restored during the 3-week intervals between
chemotherapy cycles. Development of radioresistance after standard-fractionation
radiotherapy parallels this clinical situation [13]. We showed here that treatment with
paclitaxel or fractioned radiation can actually enrich CSCs. Another report that the
enzymatic activity of the putative stem cell marker ALDH1 correlates with radiation-
induced radioresistance in cancer cell lines [4] suggests that, in cases where chemotherapy
or radiation treatment fails to completely eradicate the disease, the residual cancer cells
could promote recurrence because of persistent CSCs. This notion is supported by clinical
observations that, after conventional chemotherapy, breast tumors have an increased
proportion of cells with a CD44M/CD24!0 marker profile and show increased sphere-forming
ability [44]. Collectively, these findings suggest that further characterization of CSCs and
their markers, as well as investigations into the mechanisms by which they mediate
treatment resistance, may provide key information on relevant signaling pathways to be
targeted to increase the therapeutic response.

Several lines of evidence support CAR as a novel CSC marker that could be used to predict
treatment-resistant NSCLC. First, CAR expression was significantly greater in treatment-
resistant NSCLC cells than in their parental counterparts and in 2 normal lung cell lines
(Figs. 1A and 3A), particularly for the SP+ population (Figs. 2B and C). These results are
consistent with our previous report that radiation-resistant SP cells expressed higher CAR
levels than did non-SP cells from an esophageal adenocarcinoma line [13]. Moreover,
downregulation of CAR expression in an NSCLC cell line has been shown to lead to
diminished /n vivo tumorigenicity and /in vitro colony formation [37] and CAR expression
was shown to mediate efficient tumor engraftment (which correlated with invasive
mesenchymal phenotypes) in lung cancer cell lines [38]. More importantly, compared with
their CAR-counterparts, isolated CAR+ treatment-resistant NSCLC cells were more
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tumorigenic (Table 1) and were able to regenerate both CAR+ and CAR-cells. Our
observation that CAR-H460/RR cells formed much smaller and slower-growing tumors in
mice than CAR+ H460/RR cells could indicate residual CSCs in CAR-cells or
contamination with some CAR+ cells. We further verified the importance of CAR in CSCs
in treatment-resistant NSCLC by overexpressing CAR (in CAR-transduced stable cells) and
by inhibiting CAR expression (by shRNA). We analyzed the expression of CAR and
molecular features involving targetable signaling pathways known to be involved in stem
cell physiology and found that expression of CAR was associated with p-catenin and EMT
signaling pathways, which we confirmed by overexpressing and silencing CAR in stable cell
lines (Fig. 3D). B-Catenin is an essential component of both intercellular junctions and the
canonical Wnt signaling pathway that has been implicated in stem cell survival.
Overexpression of B-catenin leads to self-renewal of stem cells and tumorigenesis [45]. Cell-
surface staining of CAR has been shown to overlap and coimmunoprecipitate with the
adherent junction protein -catenin in A549 cells [28], and CAR expression has been
associated with increased expression of Zebl, SNAIL, and vimentin in mesenchymal-type
lung cancer cells [38].

Overexpression of vimentin and SNAIL is traditionally used to identify cells that have
undergone the EMT [46], a key developmental program that is often activated during cancer
invasion and metastasis [47] and promotes the generation of CSCs [48]. Here we provided
functional validation that increasing CAR expression in a lung cancer adenocarcinoma cell
(H460/CAR and H460/RR) induced EMT in two ways: first, by showing that expression of
mesenchymal proteins (B-catenin, vimentin, SNAIL) was markedly upregulated by CAR
overexpression, whereas expression of epithelial cytokeratins (e.g., occludin) was
downregulated; and second, by showing that inhibiting CAR expression in the same lung
cancer cell line (H460/RR/shCAR) induced MET: expression of epithelial cytokeratins was
markedly upregulated, whereas expression of mesenchymal proteins was downregulated
(Figs. 3D and 4E). Collectively, our findings implicate CAR during the EMT, although the
mechanisms underlying this role remain elusive.

At this time, we cannot say if our results will prove to be applicable in the clinical treatment
of patients with NSCLC. We are conducting further studies to determine whether CAR+
cells from samples derived from patients with NSCLC treated with chemotherapy or
radiotherapy can be expanded or generate long-term cultures /n vitro. Those findings will
allow us to take the next step to validate CAR as a potential target for CSC treatment and as
a predictor of treatment response in the clinical setting of NSCLC. In the meantime, the
findings from the current study deepen our understanding of the tumor biology and
tumorigenesis of lung cancer, and they may allow development of a novel approach to
predicting response to treatment and guiding personalized CSC targeted therapy for
treatment-resistant NSCLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Establishing treatment-resistant NSCLC cell lines that express CSC markers. (A) Western
blotting of P-glycoprotein (P-gp) expression in parental (H460 and A549) and paclitaxel
chemotherapy-resistant cell lines (H460/CR, and A549/CR) show upregulation of P-gp in
the resistant cells. (B) Clonogenic survival assays of H460 cells and radiation-resistant
H460/RR cells confirm the resistance of the H460/RR variant. To determine surviving
fractions, counts were normalized according to the plating efficiency of the unirradiated
control. Each point is the mean from three experiments, each done in triplicate (n=9). (C)
Western blots indicates elevated expression of the stem cell survival markers B-catenin and
Oct3/4 in the resistant cells. B-Actin was used as a loading control. These experiments were
repeated 3 times with similar results. (D) Clonogenic survival assays of A549 cells and
radiation-resistant A549/RR cells confirm the resistance of the A549/RR variant.
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Figure2.

Enrichment of side population (SP) cells in established radioresistant (RR) and paclitaxel-
resistant (CR) lung cancer cell lines. (A) and (B), H460, H460/RR, and H460/CR cells (A)
or A549, A549/RR, and A549/CR cells (B) were labeled with Hoechst 33342 dye and the
percentage of SP cells determined by flow cytometry before and after treatment with
verapamil; all resistant cell lines demonstrated enrichment of SP cells. (C) Flow cytometric
analysis of H460/RR and H460/CR SP cells after 7-10 days of culture followed by re-sorting
(by flow cytometry) and a second 7- to 10-day culture revealed progressive enrichment of
SP cells as well as the presence of non-SP cells. Data shown represent one of three
independent experiments. (D) CAR expression measured by flow cytometry and specific
fluorescein isothiocyanate conjugated anti-CAR antibodies revealed increased proportions
of CAR-positive cells among the resistant variants but not in normal human bronchial
epithelial cells (NHBE) or normal human fibroblasts (NHFB). 1gG was used as a control.
(E) CAR expression was increased in treatment-resistant H460 cells in the side population
(SP) subset but not in the non-SP subset. (F) CAR expression was also increased in the
resistant variants of A549 cells and in the SP subset Relative to the non-SP cells (G).
Columns in (D) through (G) represent means of three independent experiments; bars are
95% confidence intervals.
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Figure 3.

Confirmation of CSC properties in CAR-overexpressing stable cell lines and shRNA-
mediated CAR knockdown stable cell lines. (A) Transduction of H460/RR cells with P-
Babe- CAR led to overexpression of CAR and transduction with ShRNA suppressed CAR
expression in resistant variants of H460 cells. GFP was used as a transduction control.
Columns indicate means of three independed experiments, repeated three times; and error
bars are SDs (B) Clonogenic survival assay shows increased survival of the resistant variants
H460/RR and H460/CAR and correspondingly lower survival of the H460/RR/shCAR cells
and H460. Error bars are SDs. (C) Flow cytometric analysis indicates enriched SP cells in
the resistant variant H460/RR and the H460/RR/CAR cells, but not in the ShCAR cells.
Asterisks indicate significant differences; error bars are SDs. (D) Western blots of the H460
variants with antibodies to markers of stem cells (CAR, OCT-4, -catenin) and the
epithelial-mesenchymal transition pathway (vimentin, occludin, SNAIL) show that H460/
RR and H460/CAR cells overexpressed markers of CSCs and mesenchymal proteins (-
catenin, vimentin, SNAIL) but not the epithelial marker occludin, but shCAR did not. -
Actin was used as a loading control.
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Figure4.

CAR and growth of lung CSCs. (A) Phase-contrast microscopy images of tumor spheres
grown from the indicated cell lines under stem cell selective conditions for 10 days reveal
increased sphere formation among the resistant cells and the CAR-overexpressing cells;
shCAR, in contrast, blocked sphere formation. (B) Quantitiave comparison of numbers of
spheres formed by the indicated cell line variants under stem cell selective conditions for 2
weeks. (C) Phase-contrast microscopy images of spheres formed by CAR+ and CAR-H460/
RR cells. CAR+ cells were more tumorigenic and had greater self-renewal capability than
CAR-cells. (D) CAR+ and CAR-cells (isolated by fluorescence-activated cell sorting from
H460/RR) were grown in culture for 2 weeks and reanalyzed for proportions of SP cells and
non-SP cells. The CAR+ cells produced more SP cells (42.5%) than the CAR-cells (3.1%);
the CAR-cells produced predominantly non-SP cells, indicating asymmetric division. (E)
Quantitative comparison of CSC marker expression confirmed that the H460/RR/CAR+
cells expressed these markers but the H460/RR/CAR-cells did not. Columns are the means
of three independent experiments; error bars are 95% confidence intervals.
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Tumorigenicity of cell line variants in nude mice according to side population and expression of coxsackie-

and adenovirus receptor

No. of CellsInnoculated

Cell Variant 10° 104 108
H460 1/4 0/4 0/4
H460/RR 3/4 2/4 1/4
H460/RR/SP 4/4 3/4 2/4
H460/RR/NSP 3/4 1/4 0/4
H460/RR/SP/CAR+ 4/4 4/4 3/4
H460/RR/SP/CAR- 4/4 2/4 0/4
H460/RR/NSP/CAR+  4/4 2/4 0/4
H460/RR/NSP/CAR-  2/4 0/4 0/4

RR, radioresistant; SP, side population; CAR, coxsackie- and adenovirus receptor.

Values are numbers of tumor produced /number of mice.
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