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Human Marrow Stromal Cells Downsize the Stem Cell Fraction of
Lung Cancers by Fibroblast Growth Factor 10
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The functional interplay between cancer cells and marrow stromal cells (MSCs) has attracted a great deal of interest due to the
MSC tropism for tumors but remains to be fully elucidated. In this study, we investigated human MSC-secreted paracrine factors
that appear to have critical functions in cancer stem cell subpopulations. We show that MSC-conditioned medium reduced the
cancer stem cell-enriched subpopulation, which was detected as a side population and quiescent (G,) cell cycle fraction in human
lung cancer cells by virtue of fibroblast growth factor 10 (FGF10). This reduction of the stem cell-enriched fraction was also ob-
served in lung cancer cells supplemented with recombinant human FGF10 protein. Moreover, supplementary FGF10 attenuated
the expression of stemness genes encoding transcription factors, such as OCT3/4 and SOX2, and crippled the self-renewal capac-
ity of lung cancer cells, as evidenced by the impaired formation of floating spheres in the suspension culture. We finally con-
firmed the therapeutic potential of the FGF10 treatment, which rendered lung cancer cells prone to a chemotherapeutic agent,
probably due to the reduced cancer stem cell subpopulation. Collectively, these results add further clarification to the molecular
mechanisms underlying MSC-mediated cancer cell kinetics, facilitating the development of future therapies.

Despite therapeutic advances, cancer-related death remains
common, mainly because of the property of cancer cell pop-
ulations to restore themselves after treatment (1). Accumulating
evidence indicates that such cancer cell characteristics are derived
from a small subpopulation with distinct stem-like properties ca-
pable of self-renewal, expelling cellular toxins, and maintaining a
quiescent state (2—4). This subpopulation is defined as cancer
stem cells, and it has been proposed that quiescent cancer stem
cells can resist cytotoxic drugs that target cycling cancer cells, with
the help of high drug efflux capacities and sustain the long-term
self-renewal that potentially leads to eventual relapse after the
completion of therapy (5-8).

The functional traits of cancer stem cells are sustained in the
tumor microenvironment, where the importance of marrow stro-
mal cells (MSCs) (also referred to as mesenchymal stem cells) has
been highlighted by their tumor-homing potential (7, 9, 10). In
spite of extensive studies, the impact of MSCs on tumor progres-
sion remains unclear; some investigations have reported the
MSC-mediated promotion of tumor growth, while others have
shown that MSCs rather alleviate tumor progression (9, 11, 12).
MSCs are functionally characterized by their ability not only to
differentiate into several mesenchymal cell lineages but also to
secrete a vast array of paracrine factors, including growth factors,
cytokines, proangiogenic factors, exosomes, and even extracellu-
lar matrix components (10, 11). Some factors are perceived to
influence tumor growth in general (11). Thus, the inconsistent
findings on MSCs in cancer progression are thought to result from
the complexity of tumor cell heterogeneity and the diverse para-
crine effectors secreted from MSCs (9, 11).

In the present study, we hypothesized that MSCs can release a
paracrine factor that affects the cellular kinetics of cancer stem
cells and thereby likely exert paradoxical effects on the growth of
tumors, which are variably composed of cancer stem and non-
stem cells. To evaluate this concept, we examined cancer cells
exposed to conditioned medium (CM) from human bone mar-
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row-derived MSCs by using assays for the side population and the
G, cell cycle state, which take advantage of the active efflux capac-
ity and the quiescent property in cancer stem cells. Our data show
that the MSC CM reduces the stem cell fraction of lung cancer cells
but not that of non-lung cancer cells, via fibroblast growth factor
10 (FGF10) released from MSCs.

MATERIALS AND METHODS

Cancer cell lines and culture conditions. The human lung cancer cell
lines A549, NCI-H1299, and NCI-H1975 were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). The human breast cancer
cell line MCF-7 and human cervical cancer cell line HeLa were obtained
from the Riken Bioresource Center (Tsukuba, Japan). All cancer cells were
maintained at 37°C in 5% CO, with full cancer medium—i.e., Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% fetal bovine serum (Nichirei, Tokyo, Japan), 100
U/ml penicillin (Life Technologies, Carlsbad, CA), and 100 p.g/ml strep-
tomycin (Life Technologies).

CM from MSCs. Primary human MSCs were maintained at 37°C in
5% CO, with minimum essential medium alpha (Life Technologies) sup-
plemented with 17% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (Life Technologies) unless other-
wise noted (13). One million MSCs at passage 1 were obtained from the
Texas A&M Health Science Center for the Preparation and Distribution of
Adult Stem Cells (Temple, TX) and were incubated at passage 2 in a
150-mm-diameter dish for 24 h. Only adherent (i.e., viable) cells were
recovered and then replaced in a 150-mm-diameter dish at a density of 60
cells/cm®. The MSCs at passage 3 were then cultured for 9 days with the
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medium changed every 3 days. After 9 days, confluent MSCs were incu-
bated with 30 ml of the full cancer medium. In parallel, the full cancer
medium was incubated in empty culture dishes without MSCs for prepa-
ration of mock-conditioned medium (mock CM). After 48 h, the culture
supernatant was recovered, passed through a 0.45-pum-pore filter to elim-
inate the cell debris, and stored at 4°C until use. Human MSCs were
obtained from three donors: a 21-year-old female (donor 1), a 22-year-old
male (donor 2), and a 24-year-old male (donor 3). MSCs from donor 1
were used in this study unless otherwise noted.

Cancer cell treatment. One million cancer cells were seeded in a 100-
mm-diameter dish and cultured for 24 h. The cancer cells were washed
with phosphate-buffered saline (PBS [pH 7.4]) two times and were treated
with 10 ml of conditioned medium for 48 h. In some experiments, instead
of the conditioned medium, the full cancer medium containing 50 ng/ml
human FGF1 (R&D Systems, Minneapolis, MN), 50 ng/ml human FGF3
(R&D Systems), 50 ng/ml human FGF7 (R&D Systems), 50 ng/ml human
FGF10 (R&D Systems), 50 ng/ml human FGF22 (R&D Systems), or an
equal volume of vehicle (PBS) was used for the cancer cell treatment.
Where indicated, 5 pg/ml rabbit polyclonal anti-FGF10 antibody (Ab-
cam, Cambridge, United Kingdom) or 5 pg/ml control rabbit IgG (Wako
Pure Chemical, Osaka, Japan) was added to the conditioned medium
before the cancer cell treatment was started.

Side population assay. Cancer cells were collected and suspended in
high-glucose DMEM (Sigma-Aldrich) containing 2% bovine serum albu-
min (Wako Pure Chemical) and 10 mM HEPES at a density of 10° cells/ml
and then were stained with 5 pg/ml of Hoechst 33342 (Sigma-Aldrich) at
37°C for 90 min. After discrimination of the dead cells stained with 2
pg/ml of propidium iodide (Sigma-Aldrich), the Hoechst 33342-stained
live cells were analyzed using a FACSAria II cell sorter and FACSDiva
software (BD Biosciences, San Jose, CA).

Cell cycle assay. Cancer cells were collected and stained in a nucleic
acid staining solution (0.1 M phosphate-citrate buffer [pH 4.8] with 0.9%
NaCl, 0.5% bovine serum albumin, 5 mM EDTA, and 0.02% saponin)
containing 10 pg/ml 7-aminoactinomycin D (7-AAD) (Imgenex, San Di-
ego, CA) for 20 min. The cells were washed twice with PBS and were
further stained in the nucleic acid staining solution containing 1 pg/ml
pyronin Y (Sigma-Aldrich) for 5 min at 4°C. The cell cycle fractions were
identified and quantified using an Epics XL cytometer and EXPO32 ADC
software (Beckman Coulter, Miami, FL).

Animal studies. BALB/c nu/nu mice were purchased from Charles
River Japan (Yokohama, Japan), and were housed under specific-patho-
gen-free conditions. For limiting dilution analyses, conditioned medium-
treated H1299 cells in the side population fraction were subcutaneously
injected to 4-week-old female mice (day 0). The macroscopic tumor for-
mation was examined at day 50. To evaluate the growth kinetics of tu-
mors, 5 X 10° unfractionated H1299 cells were injected. The size of each
tumor was assessed every other day and recorded as the tumor volume in
mm? (length by width? X 0.52) (14). Where indicated, the tumor-bearing
mice were treated with repeated intraperitoneal administration of cispla-
tin (4 mg/kg body weight; Wako Pure Chemical). All procedures were
performed according to protocols approved by Tohoku University’s In-
stitutional Committee for the Use and Care of Laboratory Animals.

Immunohistochemistry. Paraffin-embedded lung sections from 3
lung cancer patients (Tohoku University Hospital, Sendai, Japan) were
deparaffinized and rehydrated. After antigen unmasking for 10 min at 95
to 100°C in 10 mM sodium citrate buffer (pH 6.0), the specimens were
stained with fluorescein isothiocyanate (FITC)-conjugated anti-human
CD90 antibody (clone 5E10; BD Biosciences) and phycoerythrin (PE)-
conjugated anti-FGF10 antibody (Bioss, Woburn, MA). CD90 is com-
monly regarded as an essential marker of human MSCs (15, 16). Nuclei
were counterstained by using Vectashield mounting medium with DAPI
(4',6-diamidino-2-phenylindole) (Vector Laboratories, Burlingame,
CA). The Institutional Review Board at Tohoku University Graduate
School of Medicine (Sendai, Japan) approved the study.
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RT-PCR. For reverse transcription-PCR (RT-PCR), total cellular
RNA was extracted from cancer cells or MSCs at passage 3 with an RNeasy
Plus kit (Qiagen, Valencia, CA) and reverse transcribed to cDNA with the
SuperScript III first-strand synthesis system (Life Technologies). The gen-
erated cDNA was amplified by semiquantitative and quantitative PCR
(qPCR). For semiquantitative PCR, products were amplified using Plati-
num Taq DNA polymerase (Life Technologies), resolved on a 2% agarose
gel, and detected by ethidium bromide staining; the semiquantitative am-
plification conditions were 94°C for 2 min, followed by 35 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 30 s. For quantitative PCR, a DNA
Engine Opticon 2 system (Bio-Rad Laboratories, Hercules, CA) and a
SYBR GreenER qPCR SuperMix Universal kit (Life Technologies) were
used according to the suggestions of the manufacturer; the quantitative
data were normalized to the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression, and the relative gene expression was determined as
a factor by which the normalized expression of the sample was changed
from that of the reference. The following primer pairs were used in this
study: FGFR1B (FGF receptor 1B gene), 5'-AATGTGACAGAGGCCCAG
AG-3" and 5'-GGAGTCAGCAGACACTGT-3'; FGFR2B, 5'-ACTCGGG
GATAAATAGTTCCAA-3" and 5'-CCTTACATATATATTCCCCAGCA
T-3'; FGF1,5-CACATTCAGCTGCAGCTCAG-3" and 5'-TGCTTTCTG
GCCATAGTGAGTC-3"; FGF2, 5'-CTTCTTCCTGCGCATCCACC-3’
and 5'-CACATACCAACTGGTGTATTTC-3'; FGF3,5'-TGAACAAGAG
GGGACGACTCTATG-3" and 5'-AGTCTCGAAGCCTGAACGTGAG-
3'; FGF7, 5'-GAAGACTCTTCTGTCGAACAC-3" and 5'-TATTGCCAT
AGGAAGAAAGTGG-3'; FGFI0, 5'-GCGGAGCTACAATCACCTTC-3'
and 5'-GGAAGAAAGTGAGCAGAGGTG-3'; FGF22, 5'-AGCATCCTG
GAGATCCGCTC-3" and 5'-GCTGTGAGGCGTAGGTGTTG-3'; ACTB
(B-actin), 5'-GTGGGGCGCCCCAGGCACCA-3" and 5'-CTCCTTAAT
GTCACGCACGATTTC-3"; OCT3/4, 5'-ACATGTGTAAGCTGCGGC
C-3" and 5'-GTTGTGCATAGTCGCTGCTTG-3'; SOX2, 5'-CGATGCC
GACAAGAAAACTT-3" and 5'-CAAACTTCCTGCAAAGCTCC-3';
LGR4, 5'-GGCTGAGTGCTTTGCAGTCT-3" and 5'-CCTCCGTCAAG
CTGTTGTC-3'; and GAPDH, 5'-GAGTCAACGGATTTGGTCGT-3'
and 5'-TTGATTTTGGAGGGATCTCG-3'.

Western blotting. MSCs at passage 3 and those cocultured for 48 h
with A549 lung cancer cells separated with a 0.4-wm-pore membrane
were lysed in radioimmunoprecipitation assay (RIPA) buffer (Cell Signal-
ing Technology, Danvers, MA) containing protease inhibitor cocktail
(Sigma-Aldrich). The whole-cell extract was separated in a 15% Tris-
glycine gel (Novex, San Diego, CA) and transferred onto a polyvinylidene
difluoride (PVDF) membrane (Life Technologies). After treatment with
PVDF blocking reagent (Toyobo, Osaka, Japan), the membrane was
probed with a primary antibody against FGF10 or B-actin (clone AC-15;
Sigma-Aldrich) and a secondary horseradish peroxidase (HRP)-conju-
gated antibody against the primary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). The signals were visualized using the ECL enhanced
chemiluminescence detection system (GE Healthcare, Piscataway, NJ).

Sphere-forming assay. Using an ultra-low-attachment 96-well plate,
100 A549 cells were seeded and cultured in 100 pl of serum-free DMEM—
F-12 containing 10 ng/ml human recombinant epidermal growth factor
(EGF) (R&D Systems) and 10 ng/ml human recombinant basic fibroblast
growth factor (bFGF) (R&D Systems) with 50 ng/ml recombinant human
FGF10 (rFGF10) or an equal volume of vehicle (PBS) on day 1. On days 4
and 7, 50 pl of the medium with FGF10 or vehicle was added for replen-
ishment. On day 10, the numbers of spheres over 100 pm in diameter were
counted in six wells.

Cell reproliferation monitoring after cytotoxic treatment. In a 96-
well plate, 5 X 10° A549 lung cancer cells were seeded and cultured 1 day
before the start of the experiment. On the next day (day 0), the medium
was replaced by the full cancer medium containing 80 uM cisplatin
(Wako Pure Chemical) with 20 ng/ml of recombinant human FGF10 or
an equal volume of vehicle (PBS), and the cells were cultured for 2 days.
The A549 cells were washed with PBS two times and were further cultured
in the full cancer medium for another 10 days. The number of viable
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cells was determined by a colorimetric method using MTS (3-4,5-
dimethylthiazol-2-yl-5-3-carboxymethoxyphenyl-2-4-sulfophenyl-2H-
tetrazolium, inner salt) (CellTiter 96, Promega, Madison, WI) per the
manufacturer’s instructions.

Statistical analysis. Data sets were compared by Student’s unpaired
two-tailed ¢ test. Pvalues of <0.05 were considered statistically significant.
Error bars in the graphical data represent means * standard errors.

RESULTS

An MSC-derived soluble factor decreases lung cancer cells with
stem cell phenotypes. At first, we explored the biological effect of
MSCs on the cancer stem cell kinetics, analyzing the side popula-
tion of various cancer cells treated with conditioned medium from
human MSCs (MSC CM) (Fig. 1A and B). The side population
possessed the characteristic low-fluorescence profile imparted by
the dye exclusion property of the ATP-binding cassette (ABC)
transporters, having become a crucial hallmark for the stem cell
trait (5,7, 8). In our flow cytometry, 11% of the H1299 lung cancer
cells treated with MSC CM were detected in the side population,
whereas 19% of the control H1299 cells were detected in the side
population (Fig. 1A). The decrease in the side population fraction
of H1299 cells was statistically significant between the MSC CM
and control CM treatments, and a similarly significant but modest
decrease was also observed in cells of both lung cancer lines A549
and H1975 that had been treated with MSC CM (H1299, P < 0.01;
A549, P < 0.05; H1975, P < 0.01) (Fig. 1B). However, the MSC
CM treatment did not significantly decrease the side population
fractions of MCF-7 breast cancer cells and HeLa cervical cancer
cells compared with the control CM treatment (MCF-7, P > 0.3;
HeLa, P > 0.3) (Fig. 1B).

Consistent results were achieved in a cell cycle analysis to eval-
uate the number of quiescent cells (Fig. 1C and D). Cell cycle
quiescence is another hallmark of stem cells, as the G, phase was
characterized by lower levels of both DNA (7-AAD) staining and
RNA (pyronin Y) staining in the two-parameter flow cytometric
analysis. When treated with MSC CM, 2% of H1299 lung cancer
cells were in the G, phase, whereas 5% of control H1299 cells were
in the G, phase (Fig. 1C). A lower G, cell fraction mediated by the
MSC CM treatment was also observed in A549 and H1975 lung
cancer cells but not in MCF-7 and HeLa non-lung cancer cells
(H1299, P < 0.005; A549, P < 0.005; H1975, P < 0.005; MCF-7,
P > 0.05; HeLa, P > 0.3) (Fig. 1D). Notably, in H1299 cells with
the side population phenotype, the MSC CM treatment increased
the gene expression of cyclin-dependent kinases 4 (CDK4) and 6
(CDK®6), which help trigger progression of cell cycle entry and
thereby decreased the G, proportion in the side population cells
(MSC CM versus control CM, 7.7% versus 37%; CDK4, P <
0.0005; CDK®6, P = 0.08) (data not shown).

This is also confirmed in vivo by the three analyses comprising
limiting dilution, the growth model, and the treatment model for
tumors that arose from H1299 lung cancer cells treated with MSC
CM (Fig. 2 and Fig. 3). In a limiting dilution analysis to determine
the fraction of tumor-initiating cells, as few as 5 X 10> side popu-
lation cells of H1299 lung cancer cells treated with control CM
were sufficient to form a tumor in 2 of 4 injections into BALB/c
nu/nu mice, but side population cells treated with MSC CM failed
to form a tumor in all 4 injections (Fig. 2). With 5 X 10* H1299
cells in the side population fraction, all 4 injections of cells treated
with control CM formed tumors, whereas only 1 injection of side
population cells treated with MSC CM formed a more slowly
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FIG 1 Conditioned medium of human MSCs reduces the proportion of lung
cancer stem cells. Lung cancer cells (H1299, A549, and H1975), breast cancer
cells (MCF-7), and cervical cancer cells (HeLa) were cultured for 48 h with
conditioned medium of MSCs (MSC CM) or mock-conditioned medium
(control CM). After the culture, cells were stained with Hoechst 33342 or
7-AAD—pyronin Y to analyze the side population (A and B) or cell cycle (C and
D), respectively. (A) Representative side population subset (SP) with the per-
centage in H1299 cells. (B) Proportion of cancer cells in the side population.
(C) Representative phase distribution of the cell cycle with the percentage of
H1299 cells in the G, phase. (D) Proportion of cancer cells in the G, phase. For
panels B and D, the cell proportion is reported as the mean percentage *
standard error per group (n = 3). Asterisks indicate significant differences
compared with the control CM.

growing tumor (Fig. 2). With 5 X 10° unfractionated H1299 cells
injected, all injections formed tumors, and tumors from cells
treated with MSC CM grew much more slowly than those from
cells treated with control CM (Fig. 3A). Strikingly, even after the
intraperitoneal repeated administration of the chemotherapeutic
agent cisplatin, the tumor growth kinetics of H1299 cells treated
with MSC CM were also lower than those of cells treated with
control CM (Fig. 3B). Taken together, these results show that
MSCs produce a soluble factor that reduces the stem cell subpop-
ulation of lung cancers.

FGF10is defined as a candidate factor to decrease lung cancer
stem cells. To further clarify the molecular mechanisms regulat-
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FIG 2 Treatment with conditioned medium of MSCs decreases cancer stem
cell frequency. The side population (SP) fraction was isolated from H1299 lung
cancer cells that had been treated with conditioned medium of MSCs (MSC
CM) or mock-conditioned medium (control CM). For limiting dilution anal-
yses, the indicated numbers of side population cells were subcutaneously in-
jected into female BALB/c nu/nu mice (n = 4 per group). (A) Representative
macroscopic images of resulting tumors (indicated by arrows) 50 days after the
injection. Scale bar, 5 mm. ND, not detected. (B) Tumor development from
side population cells 50 days after the injection. The tumor volume is reported
as the mean =* standard error number of detected tumors.

ing the stem cell subpopulation of lung cancers, we examined the
FGF signaling components (Fig. 4), as FGFs from lung mesen-
chyme have been implicated in the lung morphogenesis of early
embryo development as locally acting paracrine cues (17, 18). In
the semiquantitative RT-PCR analysis for the mRNA expression
of epithelium-specific FGF receptors (FGFRs [i.e., FGFR1b and
-2b splice isoforms]), the expression of the FGFR1b isoform was
observed in all types of cancer cells to a greater or lesser extent,
whereas that of the FGFR2b isoform was not observed in any types
of cancer cells examined in this study (Fig. 4A). We next investi-
gated the mRNA expression of FGFs, which can be specific ligands
for triggering the FGFR1b isoform, using semiquantitative RT-
PCR in human MSCs from three unrelated donors. Among FGFs
with binding affinity for FGFR1D, expression of FGF1, FGF7, and
FGF10 mRNA was detected in MSCs from every donor, but ex-
pression of FGF2, FGF3, and FGF22 mRNA was not detected in
MSCs from any donor (Fig. 4B). In H1299 cells with side popula-
tion phenotypes, only FGFI mRNA expression was detected,
whereas FGF3, FGF7, FGF10, and FGF22 mRNA expression was
not (data not shown). We therefore examined whether the stem
cell subpopulation could be reduced in lung cancers by the addi-
tion of these proteins, except for FGF2, which specifically binds to
FGFR2c¢. Recombinant human FGF10 (rFGF10) but not other
FGFs caused a 50% reduction of the side population fraction in
H1299 lung cancer cells compared with the control vehicle
(rFGF10, P < 0.05; rFGF1, P < 0.05, but increase; rEGF3, P <
0.01, but increase; rFGF7, P > 0.05; rFGF22, P < 0.005, but in-
crease) (Fig. 4Cand D) (data notshown). In A549 and H1975 lung
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FIG 3 Treatment with conditioned medium of MSCs delays the tumor
growth of lung cancer cells and renders them chemosensitive in vivo. Female
BALB/c nu/nu mice were injected subcutaneously with H1299 lung cancer
cells (5 X 10°) that had been treated with conditioned medium of MSCs (MSC
CM) or mock-conditioned medium (control CM). (A) Tumor growth model.
On and after day 5, the size of each tumor was assessed every other day and is
reported as the average tumor volume * standard error per group (n = 3). (B)
Treatment model. When the average tumor volume reached 100 mm?, the
treatment was started with intraperitoneal repeated administration of cisplatin
(4 mg/kg body weight; MSC CM on days 20, 22, and 24 and control CM on
days 10, 12, and 14). The size of each tumor was assessed every other day and is
reported as the average tumor volume = standard error per group (n = 4).

cancer cells, rTFGF10, but not rFGF1, also reduced the side popu-
lation fraction significantly but to a lesser extent, whereas neither
rFGF10 nor rFGFI significantly affected the side population in
MCEF-7 and Hela cells (rFGF10, A549 and H1975, P < 0.05;
rFGF10, MCF-7 and HeLa, P > 0.05; rFGF1, all cell types, P >
0.05) (Fig. 4D). In clinical specimens from three lung cancer pa-
tients, immunohistochemical analyses using CD90 as an essential
marker of MSCs demonstrated that FGF10-expressing MSCs ac-
cumulated in the lung cancer regions but not in the normal lung
regions (Fig. 5). Thus, we focused on the biological role of MSC-
derived FGF10 in decreasing lung cancer stem cells.

FGF10 production in MSCs and its regulatory function for
cancer stem cells. To confirm FGF10 production in MSCs even in
the microenvironment of a tumor, we analyzed by Western blot-
ting the whole-cell extract from MSCs under coculture conditions
with or without cancer cells. The amounts of FGF10 were compa-
rable among MSCs from three unrelated donors, regardless of
whether the MSCs had been cocultured with H1299/A549 lung
cancer cells or not, suggesting that the FGF10 production of MSCs
was not affected by the cocultured cancer cells (Fig. 6A). We then
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FIG 4 FGF signaling reduces the proportion of lung cancer stem cells. (A)
Semiquantitative RT-PCR analysis of epithelial-specific FGF receptor isoforms
FGFR1b and FGFR2D, in five cancer cells. (B) Semiquantitative RT-PCR anal-
ysis for FGFR1b-reacting FGFs (coded for by the FGF1, FGF2, FGF3, FGF7,
FGF10, and FGF22 genes) in MSCs from three unrelated donors. For panels A
and B, expression of B-actin mRNA (ACTB) was used as a control. (C and D)
Functional analysis of recombinant FGF proteins. Cancer cells were cultured
for 48 h with recombinant FGF10, FGF1, or vehicle (PBS [control]) and were
stained with Hoechst 33342 to analyze the side population. A representative
side population subset (SP) with its percentage in H1299 lung cancer cells (C)
and proportions of five cancer cells in the side population (D) are shown. The
cell proportion is reported as the mean percentage = standard error per group
(n = 3). Asterisks indicate significant differences compared with the control
vehicle.

tested whether FGF10 produced in MSCs was functionally active
or not by neutralizing FGF10 in conditioned medium from the
MSC monoculture (MSC CM). The addition of a neutralizing
antibody against FGF10 to MSC CM caused a significant 2-fold
increase of the side population fraction in H1299 lung cancer cells
compared with that of the control antibody (P < 0.005) (Fig. 6B
and C). We observed essentially similar results in A549 and H1975
lung cancer cells but not in MCF-7 and HeLa non-lung cancer
cells (A549, P < 0.05; H1975, P < 0.01; MCF-7, P > 0.1; Hela,
P > 0.1) (Fig. 6C). In this experimental setting, no significant
differences in the side population fractions were detected in all
cancer cells used between the presence and absence of control
antibody (all cell lines, P > 0.05) (data not shown). The data
suggest that, even in the tumor microenvironment, MSCs pro-
duce active FGF10, which appeared to have a regulatory function
in lung cancer stem cells.

Recombinant FGF10 alone regulates lung cancer stem cells.
To understand the importance of FGF10 in influencing the stem
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FIG 5 MSCs expressing FGF10 accumulate in lung tumors. (A and B) Specimen
from a 59-year-old woman with squamous lung cancer. (Cand D) Specimen from
an 81-year-old man with lung adenocarcinoma. (E and F) Specimen from a
59-year-old woman with squamous lung cancer. Lung specimens from lung
cancer patients were stained with FITC- and PE-conjugated antibodies specific
for CD90 (an essential marker for MSCs) and FGF10, respectively. Nuclei were
counterstained with DAPI. Scale bars, 100 pm. The lung cancer regions and
the normal lung regions are shown in panels A, C, and E and panels B, D, and
F, respectively. In all panels, controls included the isotype-matched control
antibodies (Ctrl Ab).

cell kinetics of lung cancers, we further analyzed various aspects of
the stem cell features, including self-renewing clonogenicity, the
gene expression profile, and cell cycle quiescence (Fig. 7). When
cultured with recombinant FGF10 or the vehicle under serum-
free nonadherent culture conditions, FGF10-treated H1299 and
A549 human lung cancer cells formed significantly fewer clonal
spheres than control cells (H1299, 6.0 versus 13.0 spheres formed
from 100 cells, P < 0.001; A549, 5.4 versus 12.6 spheres formed
from 100 cells, P < 0.001) (Fig. 7A and B). Additionally, the
FGF10 treatment of H1299 and A549 cells decreased the mRNA
expression of the stemness genes OCT3/4 and SOX2, both of
which encode key transcription factors in the maintenance of can-
cer stem cells as well as pluripotent embryonic stem cells, com-
pared with the control treatment with vehicle (OCT3/4, H1299,
P = 0.08; OCT3/4, A549, P < 0.005; SOX2, both cells, P < 0.05)
(Fig. 7C). As determined by flow cytometry analysis of the cell
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FIG 6 MSCs produce FGF10 affecting lung cancer stem cells. (A) Western blot
analysis of FGF10 in transwell-cocultured MSCs with H1299 or A549 lung
cancer cells. Controls included MSCs cultured without lung cancer cells. MSCs
were from three unrelated donors, and B-actin production (ACTB) was used
as a control. (B and C) Functional analysis of FGF10 production. The side
population was analyzed in cancer cells stained with Hoechst 33342 after the
48-h culture with conditioned medium of MSCs in the presence of anti-FGF10
neutralizing antibody or control antibody. A representative side population
subset (SP) with the percentage in H1299 lung cancer cells (B) and proportions
of five cancer cells in the side population (C) are shown. The cell proportion is
reported as the mean percentage = standard error per group (1 = 3). Asterisks
indicate significant differences compared with the control antibody.

cycle distribution, the fraction of 7-AAD'" pyronin Y'°* quies-
cent cells in the G, phase was significantly attenuated by recom-
binant FGF10 in lung cancer cells, including H1299, A549, and
H1975 cells, but was not affected in non-lung cancer cells, includ-
ing MCF-7 and HelLa cells (FGF10 compared to vehicle: H1299,
P < 0.005; A549, P < 0.005; H1975, P < 0.005; MCF-7, P > 0.05;
HeLa, P > 0.2) (Fig. 7D and E). Conversely, these various aspects
of the stem cell feature suppressed by conditioned medium from
MSCs (MSC CM) were significantly recovered in lung cancer cells
by the addition of a neutralizing antibody against FGF10 (com-
pared with control antibody by number of spheres, P < 0.001;
OCT3/4, P = 0.07; SOX2, P = 0.07; H1299, P < 0.005; A549, P <
0.005; H1975, P < 0.001; MCE-7, P > 0.05; HeLa, P > 0.05) (data
not shown). Together, these findings support the notion that
FGF10 essentially contributes to the regulatory function of MSC
for the stem cell subpopulation in lung cancers.

Anticancer implications of FGF10 in combination with a cy-
totoxic agent. Finally, we sought to clarify the pharmaceutical
potential of FGF10 for cancer therapy (Fig. 5). Based on accumu-
lating evidence that cancer stem cells are responsible for disease
recurrence due to their chemoresistance (19), we hypothesized
that FGF10 would enhance the overall chemosensitivity of cancer
cells by reducing the cancer stem cell fraction. To evaluate this
concept, when treating A549 lung cancer cells with the cytotoxic
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drug cisplatin (days 0 to 2), we used recombinant FGF10 or vehi-
cle as an adjunctive treatment and thereafter monitored the cell
viability status as a percentage of the initial value on day 0 (Fig.
8A). The adjunctive FGF10 caused a significant decrease in the
viability of cisplatin-treated A549 cancer cells on days 2 to 16
compared with the control vehicle (P < 0.05) (Fig. 8A). Of note,
control A549 cells that had been treated with cisplatin alone re-
covered substantial viability on day 4, whereas those that had been
adjunctively treated with FGF10 displayed only 83% cell viability
even on day 12. Additionally, control A549 cells treated with cis-
platin alone showed an approximately 3-fold increase in the
mRNA expression levels of the stemness genes OCT3/4 and SOX2
on day 4 compared to those on day 0, whereas A549 cells treated
with FGF10 as well as cisplatin expressed both genes at compara-
ble levels on days 0 and 4 (Fig. 8B). Thus, the levels of stemness
gene expression, including LGR4, were significantly lower in A549
cells after the FGF10 adjunctive treatment than those in control
A549 cells (OCT3/4, P < 0.05; SOX2, P < 0.05; LGR4, P < 0.005)
(Fig. 8B). Similar in vitro results were observed with H1299 lung
cancer cells (days 4 to 26, P < 0.05; OCT3/4, P < 0.05; SOX2, P <
0.05; LGR4, P = 0.07) (data not shown).

DISCUSSION

In this study, we demonstrated that treatment with MSC-condi-
tioned medium resulted in decreased proportions of both lung
cancer cells with a side population phenotype and those in the
quiescent G, cell cycle state. The lung cancer-specific suppression
of the cancer stem cell-enriched fraction was caused by FGF10
secreted from MSCs, as evidenced by the finding that the MSC-
mediated decrease was impeded by the neutralization of FGF10
and restored by recombinant FGF10 protein. Of note, the addition
of FGF10 to the lung cancer cell culture was also found to decrease
the number of self-renewal cancer cells with the ability to grow as
floating spheres in serum-free medium. Consistent with the re-
duced cancer stem cell fraction, the mRNA expression of stemness
markers, such as OCT3/4 and SOX2, was significantly blunted in
lung cancer cells treated with recombinant FGF10 protein. In-
deed, the FGF10 treatment rendered the lung cancer cells more
responsive to an anticancer agent, most likely by reducing the
chemoresistant stem cell component.

Cancer stem cells are characterized as quiescent cells with self-
renewal and high drug efflux capacities, which thereby retain re-
sistance to anticancer agents (2, 3, 20). These conventional cyto-
toxic drugs exert killing effects on rapidly proliferating cells but
not on quiescent cells, such as cancer stem cells. Their chemore-
sistance is also enhanced by increased levels of drug efflux pumps.
Thus, even after the chemotherapy-induced eradication of the
majority of tumor cells, the self-renewal capacity of cancer stem
cells enables them to repopulate tumors.

This concept of cancer stem cells has fueled the notion that the
pool of cancer stem cells within a tumor may have important
implications for the development of better therapeutic ap-
proaches (5, 6, 8). Indeed, several studies have aimed to induce
cancer stem cells out of the cell cycle quiescent state for their
complete eradication following chemotherapy (7). For instance,
in chronic myeloid leukemia, arsenic inhibition of the promyelo-
cytic leukemia protein tumor suppressor enhanced the cell cycle
entry of leukemia-initiating cells and increased the proapoptotic
effect of chemotherapy on them (21). In acute myeloid leukemia
(AML), treatment with granulocyte colony-stimulating factor (G-
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FIG 7 Additive FGF10 reduces the proportion of lung cancer stem cells. Cancer cells were cultured in the presence of recombinant FGF10 or vehicle (PBS
[control]) for 10 days (A and B) or 48 h (C to E). (A and B) Sphere-forming assay of H1299 and A549 lung cancer cells. Representative spherical images of H1299
cells (A) and the number of formed spheres in a well (B) are shown. Scale bars, 200 pm. (C) OCT3/4 and SOX2 gene expression in H1299 and A549 cells. By
quantitative RT-PCR, the levels of gene expression in FGF10-treated cells were analyzed relative to those in control cells. (D) Representative phase distribution
of cell cycle with the percentage of H1299 lung cancer cells in the G, phase. (E) Proportion of five cancer cells in the G, phase. For panels D and E, after the FGF10
treatment, cancer cells were stained with 7-AAD—-pyronin Y for the cell cycle analysis. Data are presented as the mean * standard error per group (n = 5 for panel
Band n = 3 for panels C and E). Asterisks indicate significant differences compared with the control vehicle.

CSF) made AML stem cells susceptible to chemotherapy by induc-
ing them to divide (22). Such pharmacological action controlling
cancer stemness is now shared with retinoic acids that have been
efficaciously used for patients of acute promyelocytic leukemia
and high-risk neuroblastoma (23, 24). In this context, we have
identified FGF10 as a stemness regulator specific for lung cancer
cells in conditioned medium from MSC, with evidence support-
ing the view that FGF10 could be successfully applied for induc-
tion of lung cancer stem cells out of quiescence and making them
more susceptible to antiproliferative chemotherapy.
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The paracrine FGF-FGFR interactions are known for their
main roles in epithelial-mesenchymal communication for tissue
patterning and organogenesis (25-27). The mammalian FGF fam-
ily comprises 18 ligands, which are generally produced in either
epithelial or mesenchymal tissue and distinctly engaged by their
cognate receptors on the opposite tissue. This unidirectional FGF
signaling safeguards normal physiological conditions against
morbid autocrine stimulation, and the importance of the FGF
signaling axis has been highlighted by ligand-promiscuous stim-
ulation and ectopic expression of FGFRs in pathological settings,
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including cancer stem cells (25, 26, 28). For instance, breast cancer
cells were found to enhance the cancer stem cell property through
pretreatment of FGF9, which generally signals from epithelium to
mesenchyme (29). In pancreatic ductal adenocarcinoma, the ec-
topic expression of the EGFR2 mesenchymal isoform was ob-
served in 83 of 117 cases and associated with stem cell-like features
of the tumor cells (30).

Unlike the aberrant FGF-FGFR signaling that appears to enrich
the cancer stem cell component, triggering FGFRs in line with the
homeostasis between cancer-originating epithelium and mesen-
chyme may conversely reduce the fraction. FGF10 is a paracrine
ligand produced from mesenchyme and is thought to act on the
epithelium as an indispensable morphogenetic factor of the lungs,
as evidenced by the finding that FGF10-deficient mouse embryos
exhibit lung agenesis (31, 32). These lung-specific functions of
FGF10 may provide further insight into molecular mechanisms by
which FGF10, but not other FGFs with binding affinity for
FGFRI1b, can affect cancer stem cells derived only from lung. In
this way, our data show that FGF10 from mesenchyme-derived
MSCs preferentially activates the epithelial-type FGFR1b of lung
cancer cells, resulting in the reduction of cancer stem cells. Previ-
ous studies have also shown that a recombinant form of FGF10
had no effect on the growth of a certain lung cancer cell line and
that forced overexpression of FGF10 rather disrupted lung mor-
phogenesis, causing pulmonary adenomas (33, 34). Furthermore,
FGF10-expressing cells have been shown to represent a pool of
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resident MSCs in mouse lung, while our immunohistochemical
data did not demonstrate FGF10-expressing MSCs in normal hu-
man lung (35). The universality of our concept that recruited, or
resident, MSCs in lung cancer affect cancer stem cell kinetics
awaits further studies using various tumor cells and experimental
conditions.
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