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Mesenchymal stem cells (MSCs), which are modulated by
cytokines present in the tumor microenvironment, play an
important role in tumor progression. It is well documented that
inflammation is an important part of the tumor microenviron-
ment, so we investigated whether stimulation of MSCs by
inflammatory cytokines would contribute to their ability to pro-
mote tumor growth. We first showed that MSCs could increase
C26 colon cancer growth in mice. This growth-promoting effect
was further accelerated when the MSCs were pre-stimulated by
inflammatory factors IFN-y and TNF-a. At the same time, we
demonstrated that MSCs pre-stimulated by both inflammatory
factors could promote tumor angiogenesis in vivo to a greater
degree than untreated MSCs or MSCs pre-stimulated by either
IFEN-y or TNF-« alone. A hen egg test-chorioallantoic mem-
brane (HET-CAM) assay showed that treatment of MSC-condi-
tioned medium can promote chorioallantoic membrane angio-
genesis in vitro, especially treatment with conditioned medium
of MSCs pretreated with IFN-y and TNF-« together. This
mechanism of promoting angiogenesis appears to take place via
an increase in the expression of vascular endothelial growth fac-
tor (VEGF), which itself takes place through an increase in sig-
naling in the hypoxia-inducible factor 1a (HIF-1a)-dependent
pathway. Inhibition of HIF-1« in MSCs by siRNA was found to
effectively reduce the ability of MSC to affect the growth of
colon cancer in vivo in the inflammatory microenviroment.
These results indicate that MSCs stimulated by inflammatory
cytokines such as IFN-y and TNF-« in the tumor microenviron-
ment express higher levels of VEGF via the HIF-1« signaling
pathway and that these MSCs then enhance tumor angiogenesis,
finally leading to colon cancer growth in mice.
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Worldwide, more than 1 million new cases of colorectal can-
cer are diagnosed each year (1). Colorectal cancer is the third
most common malignancy and the fourth most common cause
of cancer mortality (1). Inflammatory bowel disease is an
important risk factor for the development of colon cancer.
Inflammation is also likely to be involved in other forms of
sporadic and heritable colon cancer. The molecular mecha-
nisms by which inflammation promotes cancer development,
however, are still being uncovered and may differ between coli-
tis-associated and other forms of colorectal cancer (2—4).

Mesenchymal stem cells (MSCs)® are nonhematopoietic
stem cells with the potential for both self-renewal and multi-
plex differentiation. They can differentiate into multiple lin-
eages, such as osteoblasts, chondrocytes, and adipocytes (5, 6).
Some studies have established that bone marrow-derived
MSCs can engraft injured tissues, such as those of the lung,
liver, heart, and brain, and recover their function. In the past 10
years, certain institutional studies have confirmed that the use
of stem cell transplantation is an important tool in the treat-
ment of several types of malignancies (7-9). For these reasons
(10), such cells are currently being tested for the potential use in
cell and gene therapy for tumors (11, 12). In contrast, newer
studies have proposed that stem cells may be the direct cellular
targets of the genetic alterations that lead to tumor formation
and important contributors to the maintenance of human
cancers (13, 14). Emerging evidence suggests that both bone
marrow-derived MSCs and mature stromal cells can play an
importantrole in the growth and development of human malig-
nancies (15, 16).

The tumor microenvironment is very important with regard
to the preservation and promotion of tumor growth and devel-
opment. Indeed, changes occurring in the microenvironment
of the progressing tumor resemble the process of chronic
inflammation, which begins with ischemia followed by intersti-
tial and cellular edema, the appearance of immune cells, and
finally the growth of blood vessels (17). Chronic inflammation
is clearly involved in shaping the tumor microenvironment and
is an important constituent thereof (18). It has been well docu-
mented that tumors are generally infiltrated by inflammatory
cells and inflammatory cytokines (19, 20). In response to these
pro-inflammatory cytokine cascades, tumor and stromal cells

3 The abbreviations used are: MSC, mesenchymal stem cells; HIF-1c, hypoxia-
inducible factor 1«; BV, blood vessel.
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produce a variety of soluble mediators with wide-ranging bio-
logic effects. Thus, cell proliferation and differentiation, matrix
remodeling, blood vessel growth, and cell migration and
recruitment can all be re-programmed to benefit the tumor.
IEN-vy and TNEF-« are important inflammatory cytokines. The
role of TNF-« in driving tumor progression has been empha-
sized by Balkwill and co-workers (21). Their work provides an
example of how tumors usurp the normal process of inflamma-
tion to promote their own progression. It also suggests that
blocking TNEF-q, such as by anti-TNF-a antibodies, might be
therapeutically useful (22). Some research institutions have
found INF-v to be an important inflammatory cytokine affect-
ing tumor growth (9, 23, 24). Tumor angiogenesis is a major
factor in the development of tumors. VEGF and HIF-1« are
angiogenic cytokines that regulate angiogenesis in the tumor
environment. The expression of these two pro-angiogenic cyto-
kines can indicate the ability of the tumor to form new blood
vessels in cancerous tissue.

In this study, we found that after being stimulated by inflam-
matory cytokines IFN-y and TNF-a, MSCs showed a remarka-
ble ability to accelerate tumor growth by up-regulating the
expression of VEGF and significantly increasing the production
of the VEGF protein, which promotes angiogenesis, providing
nutrition for tumor cells. In addition, we observed that the
mRNA and protein expression of HIF-1a became raised when
MSCs were stimulated by the two inflammatory cytokines. The
mechanism by which MSCs promote angiogenesis appears to
be the increase in VEGF expression, which itself takes place
through an increase in signaling in the HIF1a-dependent path-
way within MSCs. Inhibition of HIF1a by siRNA in MSCs could
effectively reduce the ability of MSC to affect the growth of
colon cancer in vivo in the inflammatory microenviroment.
Overall, this study supports the conclusion that MSCs promote
tumor growth by contributing to angiogenesis in the colon can-
cer microenvironment. For this reason, medical practitioners
should be cautious when using MSCs as part of cancer therapy.

EXPERIMENTAL PROCEDURES

Animals—Male BALB/c mice, 9-10 weeks old, were pur-
chased from the Shanghai Experimental Animal Center of the
Chinese Academy of Sciences, Shanghai, China. All mice used
in this study were housed in pathogen-free conditions, and all
procedures were performed in accordance with guidelines
established by the Chinese Academy of Sciences’ Committee on
Animals.

Cell Culture—Mouse colon carcinoma cell line C26 was
obtained from the Chinese Academy of Sciences Cell Bank and
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 units/ml of penicillin, and 100
pg/ml of streptomycin (all from Invitrogen). Cultures were
maintained in a humidified atmosphere of 5% CO, at 37 °C.

Preparation of Mouse Bone Marrow Mesenchymal Stem Cells—
MSCs were generated from bone marrow flushed out of the
tibias and femurs of 4 —6-week-old BALB/c mice. Cells were
cultured in a-minimal essential medium supplemented with
10% FBS, 2 mMm glutamine, 100 units/ml of penicillin, and 100
mg/ml of streptomycin (all from Invitrogen). Non-adherent
cells were removed after 72 h, and adherent cells were main-
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tained in media replenished every 3 days. Cells were used at the
5th to 20th passage (47). The MSCs were divided into groups
and exposed to the following: 1) control MSCs: pretreated with
no inflammatory cytokines; 2) IFN-vy group: pretreated with
IEN-y (20 ng/ml, PeproTech) alone; 3) TNF-a group: pre-
treated with TNF-a (20 ng/ml; PeproTech) alone; 4) I+T
group: pretreated with TNF-a and IFN-vy together (20 ng/ml
each). After incubation for 12 h, we collected MSCs for in vitro
and in vivo experiments.

C26 Murine Colon Cancer Model—C26 colon cancer cells
and MSCs were prepared either as single-cell type suspensions
(1 X 10° cells in 100 ul of PBS) or as mixtures of cells (1 X 10°
C26 cells and 1 X 10° MSCs in 100 ul of PBS). Subcutaneous
administration of C26 cells (alone or mixed with MSCs) was
performed in the armpit areas of Balb/c mice. Mice were exam-
ined three times per week and tumor growth was evaluated by
measuring the length and width of the tumor mass. The animals
were euthanized and the tumors were removed at the end of the
experiment. Tumor masses were weighed and analyzed by
histology.

Conditioned Medium—MSCs were stimulated with IFN-vy
(20 ng/ml) and TNF-« (20 ng/ml) for 12 h. Then the culture
medium was replaced with fresh DMEM F-12. After being cul-
tured for a further 24 h, the conditioned medium was obtained
by collection and 0.22 um filtration of the supernatant media
from MSCs.

Immunohistochemistry—Tumor tissue sections (4 wm thick)
were cut and mounted on 3-aminopropyltriethoxysilane-
coated slides. Incubation with monoclonal anti-mouse CD34
antibody (Abbiotec, La Jolla, CA) was performed at room tem-
perature for 1 h, after blocking endogenous peroxidase activity.
Detection of the primary antibody was performed using rabbit
anti-mouse antibody (DAKO A/S, Denmark) and streptavidin-
biotin-horseradish peroxidase complex (SABC/HRP, DAKO
A/S, Denmark). The peroxidase reaction was visualized using
diaminobenzidine/H,O, (0.05% (w/v)/0.03% (v/v)).

Chorioallantoic Membrane Angiogenic Assay—Chicken
embryos hatched for 8 days were randomly divided into five
groups (10 chick embryos per group). The air chambers were
opened under sterile conditions, and the crust endomembrane
was exposed. The normal medium (control group) and MSC-
conditioned medium were daubed onto the chicken embryonic
allantois. The holes were then sealed with adhesive tape steril-
ized by Co-60 irradiation. The air chambers were reopened
when these chicken embryos had hatched until the 11th day.
The allantoides were then fixed on cover slides (48). Blood ves-
sels (BVs) were divided into two classes: bole vessels and
branches on the bole vessels with vessel diameters not less than
1 mm were defined as class I BVs; branches on the bole vessels
with vessel diameters less than 1 mm were defined as class II
BVs (49, 50). The number of each order of BVs was double
blindly determined by three investigators.

Real-time PCR—Cells were collected to extract the total cel-
lular mRNA using TRIzol reagent (Invitrogen). cDNA was syn-
thesized using Moloney murine leukemia virus reverse tran-
scriptase (Promega) and 2 ug of total RNA and oligo(dT),
primers. Two-microliter aliquots of cDNA were used for PCR
amplification. Real-time PCR was performed in triplicate using
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the SYBR PrimeScript RT-PCR Kit (Takara, Dalian, China) and
the sequence of primers listed in Table 1. Total sample RNA
was normalized to endogenous B-actin mRNA. Thermocycler
conditions included an initial hold at 50 °C for 2 min and then
95 °C for 10 min; this was followed by a two-step PCR program
of 95 °C for 15 s and 60 °C for 60 s repeated for 40 cycles on an
Mx4000 system (Stratagene, La Jolla, CA), on which data were
collected and quantitatively analyzed. The expression level of
mRNA was presented as fold-change relative to an untreated
control.

TABLE 1
Oligonucleotide sequences used in real-time PCR and siRNA assays
Assay Gene Sequence (5" —3')
Real-time PCR VEGF
F GGAGATCCTTCGAGGAGCACTT
R GGCGATTTAGCAGCAGATATAAGAA
HIF-1a
F CGGCGAAGCAAAGAGTCTGAAGT
R TCGCCGTCATATGTTAGCACCAT
B-Actin
F CTCCATCCTGGCCTCGCTGT
R GCTGTCACCTTCACCGTTCC
VEGF siRNA Sequence 1
Sense CGAGATAGAGTACATCTTCAA
Antisense TTGAAGATGTACTCTATCTCG
Sequence 2
Sense TGCGGATCAAACCTCACCAAA
Antisense TTTGGTGAGGTTTGATCCGCA
Sequence 3
Sense GATCAAGTTCATGGATGTCTA
Antisense TAGACATCCATGAACTTGATC
Control
Sense UUCUCCGAACGUGUCACGUTT
Antisense ACGUGACACGUUCGGAGAATT
HIF-1a siRNA Sequence 1
Sense CCCATTCCTCATCCGTCAAAT
Antisense ATTTGACGGATGAGGAATGGG
Sequence 2
Sense AGTCGACACAGCCTCGATATG
Antisense CATATCGAGGCTGTGTCGACT
Sequence 3
Sense TGGATAGCGATATGGTCAATG
Antisense CATTGACCATATCGCTATCCA
Control
Sense UUCUCCGAACGUGUCACGUTT
Antisense ACGUGACACGUUCGGAGAATT

B 2s-

2.0

Tumor Weight (g)

MSC - + + + + lFNv - .
IFNy - - + - + TNFa - -
TNFa - - - + +

Enzyme-linked Immunosorbent Assay—ELISA assays were
performed using a commercial VEGF ELISA kit (R&D Sys-
tems). MSC- conditioned medium was collected and stored at
—80°C for further experiments. Assays were performed in
duplicate, and readings were compared with standard curves
obtained with standard proteins provided with the Kkits.
Mean * S.D. of concentrations in triplicate samples were com-
pared by £ test.

Western Blotting—Cells were washed in PBS solution, and
protein was extracted according to an established protocol.
Nuclear extract proteins were quantified using the Bio-Rad
protein assay. Proteins were then mixed with Laemmli sample
buffer, heated at 65 °C for 10 min, loaded (20 wg/sample), sep-
arated by SDS-polyacrylamide gel (7.5%) electrophoresis under
denaturing conditions, and electroblotted on nitrocellulose
membranes. The nitrocellulose membranes were blocked by
incubation in blocking buffer (1% BSA in Tris-buffered
saline, 0.1% Tween 20), incubated with anti-HIF-1a anti-
body (1:500 polyclonal; Bethyl), washed, and incubated with
anti-rabbit peroxidase-conjugated secondary antibody
(1:10,000; Sigma). Signals were visualized by chemilumines-
cent detection. Blots were quantified using Quantity One
software from Bio-Rad, and HIF-1«a expression (peak inten-
sity) was normalized to values in the control group. Equal
loading of samples was verified by Coomassie Blue staining
of simultaneously run gels. Gels were run four times, and the
images shown are representative.

Statistical Analysis—Statistical analysis of the data were
performed using GraphPad Prism 4 software. Student’s ¢ test
was used to compare the mean values of the two groups. Data
from three or more groups were compared using the one-
way analysis of variance, followed by the Dunnett’s post hoc
test. Final values are expressed as mean * S.E. A difference of
at least p < 0.05 was considered statistically significant.
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FIGURE 1. Acceleration of the growth of colon cancer in mice by MSCs pre-stimulated by inflammatory cytokines. Mice were randomized into five
groups, with one control group (n = 7) only receiving 1 X 10° C26 cells and the other groups receiving 1 X 10°C26 cellsand 1 X 10> MSCs together. MSCs were
pre-stimulated in advance by inflammatory cytokines for 12 h. A, photographic illustration of tumors excised from all experimental mice on the day of
euthanasia (day 18). B, tumor weights of mice treated with MSCs, particularly the IFN-y + TNF-a group, were significantly increased (¥, p < 0.05) relative to those
of the control group (**, p < 0.01). C, similar results occurred for tumor volumes.
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FIGURE 2. In vivo promotion of cancer angiogenesis by MSCs pretreated with inflammatory cytokines. /-V, CD34 immunostaining showing the
numbers of newly formed vessels in colon cancer tissues: (/) control, (/) MSCs, (/ll) MSCs (IFN-7), (V) MSCs (TNF-a), and (V) MSCs (IFN-y + TNF-a). Bottom

right, quantification of the vessels was estimated by counting five randomly chosen high-power fields. MSCs were stimulated by two cytokines showing
the most marked effect in enhancing microvessel formation in tumor tissues compared with the others groups (**, p < 0.01).

RESULTS like cells (supplemental Fig. S1, B and C). We used MSCs from

Acceleration of the Growth of Colon Cancer in Mice by MSCs the 8th passage (propagated for 6 weeks) to analyze the expression

Pre-stimulated with Inflammatory Cytokines—MSCs were iso- of cell surface molecules by flow cytometry and found these cells to
lated from mouse bone marrow and expanded. The resulting be positive for CD90, CD105, CD166, CD44, and CD29 and neg-

cells exhibited spindle-shaped morphology and continuous ative for CD34, CD14, and CD45 (supplemental Fig. S1D).
proliferation (supplemental Fig. S1A). The MSCs generated The pro-tumorigenic effects of MSCs have been demon-
were capable of differentiating into adipocytes and osteoblast-  strated in multiple systems. Recent studies have shown that
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FIGURE 3. In vitro promotion of angiogenesis in chicken embryonic allantoides by MSCs pretreated with inflammatory cytokines. MSCs were stimu-
lated in advance by inflammatory cytokines for 12 h. BVs were broken down into two classes: bole vessels and branches on the bole vessels with vessel
diameters not less than 1 mm defined as class | BVs; branches on the bole vessels with vessel diameters less than T mm were defined as class Il BVs. I-V, chicken
embryonic allantois microvessels: (/) control, (/) MSCs, (/ll) MSCs (IFN-v), (IV) MSCs (TNF-a), and (V) MSCs (IFN-y + TNF-a). Bottom right, chicken
embryonic allantois microvessel formation in all groups (¥, p < 0.05; **, p < 0.01).

MSCs contribute to the growth of breast and ovarian cancer
(25, 26). The specific mechanisms by which this occurs have not
yet been elucidated. To determine the effects of MSCs stimu-
lated by inflammatory cytokines on tumor growth in mice, C26
colon cancer cells mixed with MSCs were injected subcutane-
ously into BALB/c mice, which served as the allograft tumor
model. Subcutaneous C26 tumor-bearing mice that had not
been exposed to MSCs were used as controls. The other groups
were treatment groups. Tumor growth was measured after the

ACEEVEN
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mice were euthanized on day 18. Relative to controls, C26 cells
administrated with MSCs were found to increase colon cancer
growth in vivo, with MSCs pretreated by both IFN-y and
TNEF-a showing the greatest tumor-promoting effects (Fig. 14).
Tumor weight was higher in all four treatment groups than in
the control group (p < 0.05). No statistical difference in tumor
weight was observed between the groups exposed to MSCs pre-
treated with IFN-vy or TNF-« and the MSC control group (p >
0.05). However, the tumors of the IFN-y + TNF-a group were
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FIGURE 4. Production/secretion of HIF-1« and VEGF by MSCs pretreated with inflammatory factors. A, real-time PCR analysis of the expression of VEGF
mMRNA in MSCs. B, enzyme-linked immunosorbent assay analysis of the protein expression of VEGF in the supernatant of MSCs. C, real-time PCR analysis of the
expression of HIF-1a mRNA in MSCs. D, Western blot detection of the expression of HIF-1a protein in tumor tissue. Data are representative of three indepen-
dent experiments and shown as mean * S.E. ¥, p < 0.05; **, p < 0.01 versus control.

significantly more massive than those of other groups (p <
0.01) (Fig. 1B). The same results were seen for tumor volumes
(Fig. 1C).

Promotion of in Vivo Tumor Angiogenesis by MSCs Pretreated
with Inflammatory Cytokines—Tumor progression is closely
linked with microvessel formation, which is usually associated
with the inflammatory microenvironment. Inflammation is an
essential element in tumor microenvironment, but the role of
inflammation in angiogenesis and the underlying mechanism
by which it influences the process have yet to be established.
Thus, we assessed the density of newly formed microvessels in
tumor tissue sections via immunohistochemistry for CD34, a
marker for vascular endothelial cells. Our study demonstrated
that MSCs could enhance microvessel formation in tumor tis-
sues, with MSCs pretreated with two inflammatory cytokines
(TNF-a and IFN-vy) showing the most marked effects. As
shown in Fig. 2, whereas there is no significant difference in
microvessel-stimulating effect among non-treated MSCs and
MSCs pretreated with single inflammatory cytokine, TNF-a, or
IEN-y (p > 0.05), the three groups showed stronger CD34
staining than the control group (p < 0.05). Furthermore, MSCs
pre-stimulated by both inflammatory cytokines, TNF-a and
IEN-vy, showed a striking ability to promote angiogenesis,
showing three times as many new vessels than any other treat-
ment group (p < 0.01). All the above results demonstrate that
MSCs stimulated by exogenous inflammatory cytokines and
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MSCs in the inflammatory microenvironment have remarkable
stimulating effects on tumor angiogenesis.

Promotion of Angiogenesis in Chicken Embryonic Allantois in
Vitro by MSCs Pretreated with Inflammatory Cytokines—Three
days after hatching, the allantoides were fixed on cover slides,
and the BVs on the slides were counted. As shown in Fig. 3,
relative to the control group, the conditioned medium of MSCs
pretreated with no or single inflammatory cytokines had no
stimulating effects in the formation of class I BVs, but condi-
tioned medium of MSCs pretreated with both inflammatory
cytokines could significantly enhance class I BV formation (p <
0.05). All treatment groups had higher density of class II BVs
than the control group (p < 0.05), with the group with both
inflammatory cytokines showing the most striking effects (p <
0.01). These results indicate that, after stimulation with both
TNE-a and IFN-y, MSCs promoted angiogenesis in chicken
embryonic allantois in vitro by secreting certain angiogenesis-
related cytokines.

Promotion of Angiogenesis via the Production and Secretion of
VEGEF by MSCs Pretreated with Inflammatory Cytokines—As
shown above, angiogenesis can be enhanced by MSCs that
have been pretreated with inflammatory cytokines IFN-vy and
TNF-a. VEGF and HIF-la were chosen and investigated
because of their known pro-angiogenic functions. The levels of
mRNA expression of VEGF and HIF-1a were higher in MSCs
pretreated with IFN-y and TNF-q, either alone (p < 0.05) or in
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FIGURE 5. Regulation of the expression of VEGF in MSCs by the HIF-1« signaling pathway. A, real-time PCR analysis of the expression of HIF-1a in MSCs
that received no pretreatment and in MSCs treated with control solution or HIF-1a siRNA under inflammatory conditions (all groups were pretreated with two
inflammatory cytokines). B, Western blot of VEGF in MSCs treated with control or HIF-1« siRNA under inflammatory conditions (pretreated with two inflam-
matory cytokines). C, real-time PCR analysis of the expression of VEGF (see A). D, Western blot of HIF-1« in MSCs treated with control solution or VEGF siRNA
under inflammatory conditions. The bar graph below the blot represents a summary of the results. Data are representative of three independent experiments

and shown as mean = S.E. *, p < 0.05 versus control.

combination (p < 0.01) than in the MSC control group. mRNA
levels of the double pretreatment group were almost three
times higher than those of either single pretreatment group
(Fig. 4, A and C). VEGF protein expression in conditioned
medium of MSCs pretreated with both inflammatory cytokines
was significantly elevated over that of other groups (p < 0.01)
(Fig. 4B). Western blot results showed that pre-stimulation
with inflammatory cytokines promoted the expression of
HIF-1a in MSCs, especially in MSCs pre-stimulated with both
IFN-y and TNF-a (Fig. 4D). These findings demonstrate that,
in the tumor inflammation microenvironment, MSCs might
secrete VEGF and so enhance angiogenesis and accelerated
tumor growth.

Regulation of VEGF Expression by the HIF-1a-dependent
Pathway Signaling—The mechanism by which VEGF levels
increase in response to inflammatory cytokines is not clear.
Because HIF-1a activity and levels are influenced by cellular
glucose availability and metabolism, we hypothesized that the

JULY 15,2011 +VOLUME 286+NUMBER 28

increase in VEGF in response to IFN-y and TNF-a might take
place through a HIF-1a-dependent pathway. The above results
show that IFN-vy and TNF-« can increase levels of HIF-1a. To
further test this hypothesis, we measured VEGF protein levels
in control or HIF-1a siRNA-transfected MSCs, which were in
advance pretreated with both inflammatory cytokines. The lev-
els of VEGF were significantly lower (Fig. 58) when the expres-
sion of HIF-1a was inhibited by siRNA (Fig. 54). However,
HIF-1a expression did not change significantly when VEGF
expression was inhibited by siRNA (Fig. 5, C and D). Overall,
these results suggest that IFN-y and TNF-« increase VEGF
levels through a HIF-1a-dependent pathway.

Inhibition of the Growth of C26 Colon Cancer Cells in Vivo by
VEGF siRNA and HIF1a siRNA—As has been shown above, the
growth of C26 cells can be enhanced by MSCs pretreated with
inflammatory cytokines IFN-y and TNF-a. This enhancement
might be correlated with angiogenesis associated with VEGF
and HIF1la expressed by MSCs. The pro-angiogenic capabili-
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FIGURE 6. Inhibition of colon cancer growth favored by MSCs in vivo by HIF 1« siRNA and VEGF siRNA. Transfections of VEGF siRNA and HIF 1« siRNA into
MSCs were performed using Lipofectamine. The MSCs siRNA-VEGF (1 X 10°) and MSCs siRNA-HIF 1« (1 X 10°) were stimulated by both IFN-yand TNF-afor 12 h
and then mixed with C26 colon cancer cells (1 X 10°) for subcutaneous administration to BALB/c mice via the armpit area. Eighteen days after implantation, the
animals were euthanized and their tumors were dissected. A, photographic illustration of tumors. B and C, the weight and volume of C26 tumors. D, CD34
immunostaining showing the numbers of newly formed vessels in colon cancer tissues: () control siRNA, (//) VEGF siRNA, (/ll) HIF1« siRNA. Bottom right,

quantification of the vessels was estimated by counting five randomly chosen high power fields. *, p < 0.05.

ties of MSC are dependent upon the expression of VEGF, which
can be induced by inflammatory cytokines via a HIF-1a-depen-
dent pathway. Therefore, we demonstrated that the stimulating
effect of MSCs induced by inflammatory cytokines on C26 can-
cer cell growth could be inhibited by VEGF siRNA and HIF-1«
siRNA (Fig. 6A). Similar results were found for tumor volume
(Fig. 6, Band C). We also assessed the density of newly formed
microvessels in tumor tissue sections via immunohistochemis-
try for CD34. Our data demonstrate that suppression of VEGF
and HIF-1a expression in MSCs can reduce microvessel forma-
tion in tumor tissues (Fig. 6, D and E). These data support the
idea that angiogenesis mediated by MSCs via the HIF1a-VEGF
pathway play an important role in the growth of C26 colon
cancer cells in vivo.

DISCUSSION

It has recently been recognized that MSCs contribute to the
regeneration of a wide variety of organs and to the healing of
some diseases (27-29). To clarify the utility of MSCs and avoid
inappropriate use of MSCs in clinical therapy, we must fully
understand the role of MSCs in the tumor microenviroment. In
this study, we observed that MSCs produced and secreted pro-
angiogenic cytokines such as VEGF, promoting angiogenesis
and thereby contributing to colon cancer growth. In the mean-
time, our studies showed that the pro-angiogenic effects of
MSCs were not innate but rather induced by inflammatory
cytokines INF-y and TNF-a. MSCs may be the mediators that
form a link between inflammatory cytokines and cancer.
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INF-vy has been reported to be an important agonist to MSCs
(30). However, we found that INF-vy alone was insufficient to
increase the cancer-promoting effects of MSC. TNF-« or per-
haps other cytokines are required to cause MSCs to produce
and secrete cytokines. It has been reported previously that
IEN-yand TNF-a synergize in the induction of gene expression
invarious cells (31-33), including MSCs (34), but little is known
about the expression of VEGF and other pro-angiogenic fac-
tors. The mechanism of this synergy between these two cyto-
kines is not fully understood. Only Xu (35) reported that
C/EBPS is likely to be a major transcription factor for regulat-
ing this synergy. As shown under supplemental Fig. S2, the
synergy of IFN-y and TNF-« can lead to up-regulation of
C/EBPf in MSCs. But inhibition of C/EBPS in MSCs by siRNA
does not effectively down-regulate the expression of HIF-1a
relative to control groups. Certainly MSCs are also activated by
other pro-inflammatory cytokines. Wang et al. (36) showed
TGE-a to cause human MSCs to secrete VEGF by MEK- and
PI3K- but not JNK- or ERK-dependent mechanisms. Tang ez al.
(37) discovered that MSCs overexpressing SDF-1a could pro-
mote angiogenesis.

Tumor angiogenesis is a key step in tumor growth and cancer
development. VEGF is one of the important angiogenic cyto-
kines, which have not only angiogenic properties but also an
autocrine ability to regulate the synthesis of multiple angio-
genic proteins, including angiogenin, IL-6, IL-8, TGF-B1, and
MCP-1 in multiple cells (38 —41). Tumors always exist in ische-

VOLUME 286+NUMBER 28-JULY 15,2011


http://www.jbc.org/cgi/content/full/M110.213108/DC1

Cytokine-stimulated MSCs Promote Tumor Angiogenesis

mic and hypoxic conditions. In the tumor microenvironment,
hypoxia can cause some effector cells to produce HIF-1«, which
is the upstream regulatory gene of VEGF (42). VEGF also has
been demonstrated to interact with the HIF-1« via an autocrine
loop (43, 44). The level of VEGF and HIF-1« could directly and
indirectly indicate the ability of a tumor to cause angiogenesis.

In conclusion, in contrast with recent studies demonstrating
that certain stem cell populations can promote or give rise to
neoplastic growth (45, 46), our findings highlight the pro-an-
giogenic effects of MSCs in tumor tissues. Furthermore, our
studies suggest that MSCs represent a unique stromal cell pop-
ulation that can directly contribute to tumorigenesis, in con-
trast to the reported indirect effects of normal or carcinoma-
associated fibroblasts. Some reports have shown that MSCs can
also suppress the immune reaction and tumor cells the chance
to evade immune monitoring, resulting in proliferation of
tumor cells and leading to tumor metastasis and recurrence.
Therefore, the pro-angiogenic effects of MSCs may not be the
only but are undoubtedly one of the important ways in which
cancer growth is regulated in the inflammatory environment.
Overall, MSCs may exert adverse effects in certain microenvi-
ronments that involve inflammation, such as the tumor
microenvironment. Thus, MSCs should be incorporated into
clinical applications only with great caution.
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