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Mesenchymal Stromal Cells Protect Cancer Cells
From ROS-induced Apoptosis and Enhance the
Warburg Effect by Secreting STC1
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Previous studies have demonstrated that mesenchymal
stromal cells (MSCs) enhance cell survival through upreg-
ulation and secretion of stanniocalcin-1 (STCT). This
study shows that MSC-derived STC1 promotes survival
of lung cancer cells by uncoupling oxidative phospho-
rylation, reducing intracellular reactive oxygen species
(ROS), and shifting metabolism towards a more glyco-
lytic metabolic profile. MSC-derived STC1 upregulated
uncoupling protein 2 (UCP2) in injured A549 cells in an
STC1-dependent manner. Knockdown of UCP2 reduced
the ability of MSCs and recombinant STC1 (rSTC1) to
reduce cell death in the A549 population. rSTC1-treated
A549 cells displayed decreased levels of ROS, mito-
chondrial membrane potential (MMP), and increased
lactate production, all of which were dependent on the
upregulation of UCP2. Our data suggest that MSCs can
promote cell survival by regulating mitochondrial respi-
ration via STC1.
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INTRODUCTION

Mesenchymal stem or stromal cells (MSCs) reside in multiple
organs, can be isolated and expanded for cell therapy, and have
been shown to contribute to tissue repair by several mecha-
nisms.! MSCs can home and contribute to the tumor stroma
but there are conflicting reports as to whether the MSCs sup-
port or suppress tumor growth.>* We previously observed that
MSCs responded to signals from apoptotic cells by upregulation
and secretion of stanniocalcin-1 (STC1).* STC1 is a evolution-
arily conserved secreted protein that exerts pleiotropic effects
including alteration of mitochondrial function by upregulation
of uncoupling protein 2 (UCP2).>* Here, we demonstrate that
co-culture of MSCs with lung cancer cell lines made apoptotic
by H,0, or chemotherapeutic drugs activated MSCs to secrete
STCI. The STC1 reduced apoptosis by upregulating UCP2 in the

cancer cells to enhance the increased anaerobic glycolysis that is
referred to as the Warburg effect and that promotes the growth
of cancers. The results suggest that antibodies or antagonists
to STCI might counteract some of the effects of tumor stroma
and provide a useful therapy for some cancers. The results also
suggest that therapy using MSCs may itself be a double-edged
sword.

RESULTS
To test whether STC1 secreted by MSCs reduced ROS-induced
cell death, we used cultures with A549 cells, a line of human
alveolar basal epithelial adenocarcinoma cells. The A549 cells
were made apoptotic by the addition of 100 umol/l H,0,"*"
and cultured alone or in the presence of MSCs grown on a
transwell filter (outlined in Supplementary Figure S1). MSCs
promoted the survival of A549 cells as measured by annexin V/
propidium iodide (PI) staining and flow cytometry (Figure 1a),
and by lactate dehydrogenase release (Figure 1b). STC1 tran-
scripts and protein were upregulated in MSCs stimulated by
H,O, (Figure 1c). Blocking STCI in the co-culture with anti-
STC1 antibodies reduced the ability of the MSCs to promote cell
survival (Figure 1d). Addition of recombinant STC1 (rSTC1)
(12.5, 25, 50 ng/ml) was sufficient to increase survival of A549
cells exposed to H,O, (Figure le). rSTC1 also promoted sur-
vival of A549 cells exposed to H,O, as measured using a WST8
assay at a 48-hour timepoint (Figure 1f). To test longer term
effects, increased the incubation time of the experiments. rSTC1
increased the survival of A549 cells exposed to H,O, in experi-
ments that were extended for 5 days (Supplementary Figure S2).
Similar results were obtained with three additional lung cell
lines, two additional lung epithelial adenocarcinoma (H1299 and
PC9) and one lung epithelial squamous cell carcinoma (EBC1)
lines. However, rSTC1 had no effect on the survival of squamous
cancer cell line (LK2).

We next sought to determine whether the STC1-mediated
increased survival of A549 cells could be attributed to decreased
ROS production. Knockdown of STC1 in MSCs with short
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Figure 1 MSCs reduced ROS-induced cell death and cytotoxicity in A549s in a STC1-dependent manner. (a) A549 cells were incubated in a
6-well plate in culture medium containing H,0O, (100 umol/l) with or without MSCs on a transwell filter (Supplementary Figure S1). Seven hours
later, cell survival was assayed by flow cytometry for annexin-V staining and Pl incorporation. (b) A549 cells were grown as in a and assayed for
viability by LDH release. (c) STC1 expression in MSCs cultured in conditioned media with or without H,0, (100 umol/l) as evaluated using RT-PCR
and western blot. (d) A549 cells were exposed to H,0, (100pmol/l) in the presence or absence of MSCs. Each culture was then incubated with
control IgG or anti-STC1 antibodies and assayed for cell viability by flow cytometry. () Recombinant human STC1 was added to A549 cells exposed
to H,0, (100 pmol/l) and assayed by flow cytometry. (f) A549 cells were exposed to H,O, (100 umol/l) with or without rSTC1 and assayed every 12
hours up to 48 hours for viability by WST8 assay. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stromal cell; LDH, lac-
tate dehydrogenase; Pl, propidium iodide, ROS, reactive oxygen species; rSTC1, recombinant stanniocalcin-1; RT-PCR, reverse transcription-PCR.

interfering RNA (siRNA) (Supplementary Figure S3) inhibited
cytoprotection of H,0O,-injured A549 cells (Figure 2a). A549 cells
grown alone or in the presence of MSCs were exposed to H,O,
for 4 hours and assayed by flow cytometry for ROS production.
The co-cultures displayed a 30% reduction in ROS compared to
A549 cells cultured alone (Figure 2b). Knockdown of STCI in
MSCs by siRNA resulted in increased ROS production in the
A549 cells exposed to H,O, compared to ROS production by
A549 cells co-cultured with MSCs transduced with a nonspecific
siRNA (Figure 2c¢). In addition, as expected, addition of rSTC1
decreased ROS in A549 cells cultured with H,O, to control levels
(Figure 2d). Addition of rSTC1 also reduced ROS in three other
cell lines cultured in the presence of H,0, (HL1299, PC9, ad
EBCI in Supplementary Figure S4). A fourth cell line (LK2) was
unresponsive to rSTC1. Unexpectedly, STC1 reduced ROS in one
cell line (PC9) incubated in the absence of H,O, (Supplementary
Figure S4). To expand our observations to a more clinically rel-
evant model of ROS induction, we damaged A549 cells with
the chemotherapeutic drug, paclitaxel.'* Treatment of A549 cells
with paclitaxel increased ROS production to the same extent as
H,O, (Figure 2e). Treatment of cells with the ROS scavenger
N-acetyl cysteine, as well as STCI, reduced ROS production.
To test whether H,0, had any effect on the biochemical action
of STC1, we exposed 500 ug/ml rSTC1 to 10mmol/l H,0, for
1 hour. H,0,-exposed STC1 was as effective at reducing ROS pro-
duction as nonexposed rSTCI (Figure 2e, last column).
Previously, STC1 was shown to induce UCP2 expression in
macrophages and thereby decrease ROS production.” To confirm
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whether STC1 increased UCP2 in A549 cells cultured with H,0,,
rSTC1 was added to the culture medium and UCP2 expression
was assayed in the A549 cells by real-time PCR and western
blot. The rSTC1 increased expression of UCP2 (Figure 3a). We
next tested whether STC1 produced by A549 cells contributed
to the UCP2 production in the same cells incubated with H,0,.
As expected, knockdown of STCI in the A549 cells with a spe-
cific siRNA decreased the levels of messenger RNA for UCP2
(Figure 3b). The expression of UCP2 was also upregulated in
A549s when co-cultured with MSCs and addition of anti-STC1
antibodies reduced this effect (Figure 3c).

To confirm that upregulation of UCP2 was the primary
mechanism for the reduction of ROS, UCP2 in the A549 cells was
knocked down with a specific siRNA. Downregulation of UCP2
in A549 cells was confirmed by real-time PCR and western blot
(Figure 4a). Knockdown of UCP2 in A549 cells abolished the
ability of rSTCI to increase viability of A549 cells injured with
H,0, (Figure 4b). Also, knockdown of UCP2 by siRNA impaired
the ability of rSTC1 to decrease ROS compared to the controls
(Figure 4c). In order to corroborate the role of UCP2, we next
assayed whether rSTC1 affected traditional pathways for ROS
resistance in A549 cells. rSTClhad no effect on catalase, glutathi-
one peroxidase or thioredoxin reductase (Supplementary Figure
§5). These results suggested ROS reduction induced by rSTC1 was
not dependent on these enzyme reactions but rather the upregula-
tion of UCP2 in A549 cells.

We next tested the effects of STCI on mitochondrial mem-
brane potential (MMP) as assayed by flow cytometry using JC1
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Figure 2 MSCs decreased ROS in H,0 -exposed A549 cells in a STC1-dependent manner. (a) A549 cells were incubated in culture medium
containing H,0, (100 umol/l) with or without MSCs on a transwell filter. MSCs were transfected with a control or STC1 directed siRNA. Cells were
assayed for viability using annexin V/PI staining. (b) A549 cells were incubated in a 6-well plate in culture medium containing H,O, (100 umol/I)
with or without MSCs on a transwell filter. Four hours later, each culture was assayed for ROS using the dye, carboxy-H2DCFDA. Upper panel,
representative flow cytometry data. Lower panel, quantification of ROS from three experiments. (¢) MSCs transfected with scrambled or STC1-
specific siRNA were co-cultured with A549 in medium containing H,0, (100 umol/l). Left panel: A549 cells were assayed for ROS using carboxy-
H2DCFDA. Right panel: siRNA knockdown of STC1 in MSCs measured by real-time PCR. (d) rSTC1 was added to the A549 cell culture medium
containing H,0, (100 umol/I). After 4 hours, A549 cells were assayed for ROS using carboxy-H2DCFDA. (e) NAC (N-acetylcysteine, 10 mmol/I),
rSTC1 (50ng/ml), and H,0,-pretreated rSTC1 (50 ng/ml) were added to A549 cells exposed to paclitaxel (5 pmol/l). Cells were assayed for ROS
using carboxy-H2DCFDA. MSC, mesenchymal stromal cell; Pl, propidium iodide; ROS, reactive oxygen species; siRNA, short interfering RNA;

rSTC1, recombinant stanniocalcin-1.

dye. rSTC1 decreased MMP of A549 cells incubated under con-
trol conditions (Figure 5a), incubated with H,O, (Figure 5a),
or incubated under conditions of hypoxia and acidosis
(Supplementary Figure S6). In contrast, rSTC1 increased MMP
in A549 cells in which UCP2 was knocked down with a siRNA
and the cells were exposed to H,0, (Figure 5b). As expected,
rSTC1 had no effect on MMP in the presence of a blocking
antibody to STC1 (Figure 5c). Two additional lung epithelial
adenocarcinoma (H1299 and PC9) and one lung epithelial
squamous cell carcinoma (EBC1) lines behaved similarly when
assayed for MMP with JC1 dye following incubation with H,0,
and rSTC1 (Supplementary Figure S7). One squamous cancer
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cell line (LK2) did not respond to rSTC1. The conditioned media
of A549 cells was then assayed for the presence of lactate that
is produced by anaerobic glycolysis. rSTC1 induced a 33%
increase in lactate production in the presence or absence of H,O,
(Figure 5d). The increase in anaerobic glycolysis (about 0.4 pmol
of lactate per cell equivalent to 0.2 pmol glucose) was not suffi-
cient to be detectable by an increase in glucose utilization under
the same conditions (Figure 5e).

To determine whether uncoupling of oxidative phosphoryla-
tion by STC1 increased nonphosphorylating respiration in A549
cells, we measured metabolic flux using an automated instrument
(Seahorse Extracellular Flux Analyzer; Seahorse Bioscience, North
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Figure 3 Autocrine and paracrine upregulation of UCP2 by STCI1.
(a) A549 cells were exposed to rSTC1 (50ng/ml) for 4 hours and
assayed for UCP2 expression by real-time PCR (left panel) and western
blot (right panel). (b) A549 cells cultured in medium containing H,0,
(100 umol/l) were assayed for UCP2 expression by real-time PCR fol-
lowing knockdown of STC1 by siRNA. (c) A549 cells were cultured in
medium containing H,0, (100 pmol/l) with/without MSCs. Antibody
vehicle only, control 1gG, or anti-STC1 antibodies (500ng/ml) were
added to the co-cultured A549 cells. MSC, mesenchymal stromal cell;
siRNA, short interfering RNA; STC1, stanniocalcin-1; UCP2, uncoupling
protein 2.

Billerica, MA), and using a Clarke electrode to measure oxy-
gen consumption rate (OCR) and extracellular acidification rate
(ECAR) over time following injection of test compounds. To vali-
date the adequacy of the measurements of OCR and ECAR, con-
trol experiments were performed with 2-deoxyglucose (2-DG) to
stimulate aerobic metabolism (increased OCR, decreased ECAR),
rotenone to promote anaerobic metabolism (decreased OCR,
increased ECAR), and 2,4-dinitrophenol (2,4-DNP) to uncouple
oxidative phosphorylation (increased OCR, increased ECAR).
The expected responses were observed (Figure 5f, left panel).
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Treatment of the A549 cells with rSTC1 produced an increase in
OCR and ECAR characteristic of uncoupling of oxidative phos-
phorylation, whereas control cells respired via aerobic metabo-
lism (Figure 5f, right panel). Raw data of OCR and ECAR over 12
hours are displayed in Figure 5g. To confirm these data and inves-
tigate the effect of rSTC1 in H,O,-exposed cells, A549 cells were
treated with rSTCI in the absence or presence of H O, and oxygen
consumption was measured using a Clarke electrode system. As
expected, treatment of A549 cells with rSTC1 in the absence or
presence of H,O, led to an increase in OCR (Figure 5).

DISCUSSION

The microenvironment provided by the stromas of tumors is a
key determinant for the propagation and metastases of cancer
cells.”*""* The stromas can arise from a variety of cells, including
bone marrow MSCs, tissue resident MSCs or even endothelial
cells that can transform into MSC-like cells.'*"'® Previous reports
demonstrated that co-culture of MSCs with leukemia cells
increased the cancer-characteristic Warburg effect of excessive
anaerobic glycolysis by upregulating the expression of UCP2 in
the leukemia cells.”*?* By uncoupling oxidative phosphoryla-
tion, UCP2 increases the efficiency of mitochondria in generat-
ing electrons to reduce ROS.”?! UCP2 can thereby contribute to
the aberrant redox system of many cancer cells that allows them
to proliferate in the presence of carcinogenic environments that
generate ROS.?? The stromas of tumors provide a large number
of factors that enhance propagation and metastases of tumors
and that probably vary with the stromas of different cancers.”
The results here suggest that STC1 secreted by MSC-like cells
in tumor stroma plays a critical role in enhancing the Warburg
effect and making tumors resistant to ROS. Therefore blocking
antibodies or antagonists to STC1 may be attractive candidates
as an adjunct therapy for y-radiation and other therapies that
increase ROS. The results also highlight additional consider-
ations that need to be addressed in order to fully understand
the use of MSCs as a cell therapy. By understanding the pro-
cesses that make MSCs a “double-edged sword”? in the context
of some disease states, we may be able to modify the cells or
culture conditions such that the therapeutic outcomes are more
predictable.

MATERIALS AND METHODS
For details, see Supplementary Materials and Methods.

Cell culture and reagents. Frozen vials of passage 1 human bone marrow
MSCs from three different donors were obtained from Tulane University
(http://www.som.tulane.edu/gene_therapy/distribute.shtml; currently
http://medicine.tamhsc.edu/irm/msc-distribution.html). For STC1 block-
ing and western blot assays, goat anti-STC1 antibodies were used as
reported in our previous studies** (R&D Systems, Minneapolis, MN).

Viability assay. Viability was measured by two independent methods,
annexin V/PI staining and lactate dehydrogenase release assay. Cell
proliferation was measured using 4-[3-(2-methoxy-4-nitrophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt
(WST-8 assay).

Measurement of ROS. ROS were measured using acetoxymethyl ester
dye, 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate, according to
the manufacturer’s instructions (C2938; Molecular Probes, Eugene, OR).

www.moleculartherapy.org vol. 20 no. 2 feb. 2012
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Figure 4 STC1-mediated reduction of ROS is dependent on UCP2.

(a) A549 cells were transfected with siRNA-targeting UCP2 and assayed

for UCP2 by real-time PCR (upper panel) and western blot assays (lower panel). (b) A549 cells were cultured in H,0, (100 ymol/l) and trans-
fected with control, UCP2 or STC1 directed siRNA. For each condition, cells were tested for the ability of rSTC1 to promote viability. (c¢) A549
cells were transfected with siRNA-targeting UCP2 or a scrambled siRNA control (siSCR) and cultured in medium containing H,0, (100 umol/I)
and rSTC1 (50 ng/ml). After 4 hours, cells were assayed for ROS using carboxy-H2DCFDA. Left panel: representative flow cytometry images.
Right panel: quantification of flow cytometry data from multiple experiments. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; qRT-PCR,

quantitative reverse transcription-PCR; ROS, reactive oxygen species;

protein 2.

Measurement of MMP. MMP was measured using JC1 dye, according to
the manufacturer’s instructions (Molecular Probes).

Lactate, glucose, catalase, glutathione peroxidase, and thioredoxin
reductase activity measurements. Lactate and glucose concentrations
as well as catalase, glutathione peroxidase, and thioredoxin reductase
activity in the culture medium were measured using commercial colo-
rimetric assays (BioVision, Mountain View, CA) and a microplate
reader.

Oxygen consumption measurements. OCRs were measured using an S1
Clarke electrode disc (Hansatech, Norfolk, UK).

Molecular Therapy vol. 20 no. 2 feb. 2012

siRNA, short interfering RNA; STC1, stanniocalcin-1; UCP2, uncoupling

XF-24 OCR and ECAR measurements. OCR and ECAR were measured
using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA) according to manufacturer’s instructions and as reviewed
previously.**

Statistical analyses. All experiments were performed a minimum of three
times in triplicate. Analysis of variance followed by a Tukey’s post-hoc test
was performed for experiments with more than two groups; otherwise,
a two-tailed, unpaired Student’s ¢-test was performed. Statistical analyses
were performed using Smith’s Statistical Package (http://www.economics.
pomona.edu/StatSite/SSP.html).

421



) © The American Society of Gene & Cell Th
MSC-derived STC1 Modulates Warburg Effect ¢ Amenican society of ene & el Therapy

a MMP (Jaggr/Jmonomer) b MMP (Jaggr/Jmonomer)
P<0.01
P <0.001 P <0.001 2
T 15
1 >
€ g 1 & 1
5 5 £
> > £ 05
IS < < .
£ 05 £ 05
2 a o
= = 0
siRNA siCTR siUCP2
0 0 rSTC1 + +
DMEM DMEM+rSTC1 H,0,+rSTC1
Ho0o + +
C MMP (Jaggr/Jmonomer) MMP (Jaggr/Jmonomer)
DMEM H,0,
- P<0.05
18 P<001 — 159 r oo P<0.05
S 14 —_— S 4 — N.S
> >
S g
5 054 5 05+
< <
0 0+
rSTC1 - + + + rSTC1 . + + +
Control IgG - - + - Control IgG - - + -
Anti-STC1 Ab - - - + Anti-STC1 Ab - - - +
d e
P<0.05 P<0.05
s 5 4
==y = N.S 4+ N.S
831 83
£ 0‘; €0 3
8% 22 34
§2 §2 2
°5 sl o< 24
2 @ o
g 5 gE ! 1
51 3
- DMEM DMEM+STC1 c 0 0
H,0,+rSTC1 DMEM DMEM+STC1 H,0, H,0,+rSTCH
f XF-24 extracellular flux analysis
Uncoupling
g 100 Aerobic :\; 100; Aerobic Uncoupling
s % i T 10 hour h
© . - = 60/ "
= 30 min 15 min I 7 hou 0O, consumption/A549 cell
g @ 24DNP 2 40 10 hours —i— 4 hour :
s = ® rotENoN £ 20 1 hour
g . B % e 7 hours & ® rSTC1+
> 5 mi ® 206 T —
2 20 ‘ B P it ® 1STC1 15 P<0.001
S N5 mingomin - @OMEM g 4o 1 hour
S 60 ——e < £ 10 P<0.05
g -80 Anaerobic S 80 Anaerobic 3 —_—
S 100k & 100k E 5
-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 o 20 40 60 80 100
g Extracellular acidification rate (%) Extracellular acidification rate (%) 0
—~ N o [
< & ¢ & &8 &0
2 o ¥ o7
) [ 0“\ e
© <
- S
g g
3 = ® STC1+
£ k<]
g 8 ® rSTC1-
2
8 8
c E}
Q ]
o =
n}

0 60 120 180 240 300 360 420 480 540 600 660 720 780 0 60 120 180 240 300 360 420 480 540 600 660 720 780

Time (minutes) Time (minutes)

Figure 5 STC1 promotes anaerobic glycolysis in A549 cells. (@) A549 cells were cultured with or without H,0, (100 umol/I) and rSTC1 (50 ng/ml).
Four hours later, cells were assayed for MMP by JC1 dye incorporation. Left panels, representative flow cytometry data. Right panels, quantification
of MMP from multiple experiments. (b) A549 cells were cultured in H,0, (100 umol/l) and transfected with control (siCTR) or siRNA directed towards
UCP2. Cells were assayed for MMP by JC1 dye incorporation. (c) A549 cells were cultured in the absence (left panel) or presence (right panel) of H,0,.
Cells were treated with nonspecific IgG or anti-STC1 antibodies and assayed for MMP by |JC1 dye incorporation. (d) A549 cells were cultured with or
without H,0, (100 umol/l) and rSTC1 (50 ng/ml). Four hours later, cells were assayed for lactate production using a colorimetric assay. (e) A549 cells
were cultured with or without H,0, (100umol/l) and rSTC1 (50 ng/ml). Four hours later, conditioned medium was assayed for glucose levels using
a colorimetric assay. As indicated in text, the increase in anaerobic glycolysis was detected by assays of lactate production but too small to detect by
assay of glucose. (f) A549 cells were cultured on XF24-well plates to allow injection of compounds and subsequent detection of OCR and ECAR by
the Seahorse XF Extracellular Flux Analyzer. Left panel: validation of the system. Cells cultured in DMEM were transferred to assay medium, exposed
to test compounds, and then analyzed for OCR and ECAR for 30 minutes with 2-deoxyglucose (2-DG) to stimulate aerobic metabolism (aerobic),
rotenone (ROTENON) to inhibit mitochondrial metabolism (anaerobic), and 2,4-dinitrophenol (2,4-DNP) to uncouple oxidative phosphorylation
(uncoupling). Right panel: cells cultured in similar conditions were exposed to DMEM with or without rSTC1 (final concentration; 50ng/ml) for
10 hours. (g) A549 cells were cultured as in a, and analyzed by the Seahorse system for 12 hours following injection of culture medium with or
without rSTC1(50ng/ml). (h) A549 cells were cultured with or without H,0, (100 umol/l) and rSTC1 (50ng/ml), and oxygen consumption rate was
measured over time using a Clarke electrode. DMEM, Dulbecco’s modified Eagle medium, ECAR, extracellular acidification rate; MMP, mitochondrial
membrane potential; OCR, oxygen consumption rate; rSTC1, recombinant stanniocalcin-1; UCP2, uncoupling protein 2.
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SUPPLEMENTARY MATERIAL

Figure S$1. Setup of the co-culture experiments.

Figure $2. rSTC1 promotes survival in other lung epithelial cell lines
after 5 days.

Figure $3. Knockdown of STC1 in MSCs by siRNA.

Figure $4. Other lung epithelial cells also reduce ROS in response to
rSTCT.

Figure $5. rSTC1 does not affect the activity of other canonical anti-
oxidant enzymes.

Figure $6. rSTC1 reduces MMP in A549 cells grown in hypoxia or
acidosis.

Figure $7. rSTC1 reduced MMP in other lung epithelial cell lines.
Materials and Methods.
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