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pS53 regulates mesenchymal stem cell-mediated tumor suppression
in a tumor microenvironment through immune modulation

Y Huang', P Yu', W Li', G Ren?, Al Roberts?, W Cao', X Zhang', J Su’, X Chen', Q Chen', P Shou', C Xu', L Du’, L Lin', N Xie',

L Zhang? Y Wang'? and Y Shi'??

p53 is one of the most studied genes in cancer biology, and mutations in this gene may be predictive for the development of many
types of cancer in humans and in animals. However, whether p53 mutations in non-tumor stromal cells can affect tumor
development has received very little attention. In this study, we show that B16FO melanoma cells form much larger tumors in
p53-deficient mice than in wild-type mice, indicating a potential role of p53 deficiency in non-tumor cells of the microenvironment.
As mesenchymal stem cells (MSCs) are attracted to tumors and form a major component of the tumor microenvironment, we
examined the potential role of p53 status in MSCs in tumor development. We found that larger tumors resulted when B16F0
melanoma cells were co-injected with bone marrow MSCs derived from p53-deficient mice rather than MSCs from wild-type mice.
Interestingly, this tumor-promoting effect by p53-deficient MSCs was not observed in non-obese diabetic/severe combined
immunodeficiency mice, indicating the immune response has a critical role. Indeed, in the presence of inflammatory cytokines,
p53-deficient MSCs expressed more inducible nitric oxide synthase (iNOS) and exhibited greater immunosuppressive capacity.
Importantly, tumor promotion by p53-deficient MSCs was abolished by administration of S-methylisothiourea, an iNOS inhibitor.
Therefore, our data demonstrate that p53 status in tumor stromal cells has a key role in tumor development by modulating

immune responses.
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INTRODUCTION

p53 is one of the most highly studied tumor-suppressor genes.
It is also one of the most frequently mutated genes associated
with cancer. Indeed, p53 mutations can be detected in about 50%
of all human tumors,” including melanoma, ovarian carcinoma,
liver cancer, colon cancer, lymphoma and leukemia.t™® It
has been shown that p53 can activate a variety of genes related
to tumor suppression,'® autoimmunity'"'? and even maternal
reproduction.’> Many key upstream regulators and downstream
effectors of p53 that function in cell growth arrest have been
described." Also, disruption of p53 was shown to revert
chemotherapeutic agent-induced senescence and ultimately
lead to tumor progression.’>'® Recent studies have shown that
p53 deficiency imparts survival advantages on tumor cells
by inducing autophagy, a cell survival mechanism involving
autonomous degradation of unnecessary or dysfunctional cellular
components.'”” p53 also has cytosolic activity that can induce
apoptosis in a transcription-independent manner.'®

In solid tumors, the tumor mass is composed of many different
types of cells. Apart from the tumor cells themselves, the tumor
stroma provides fertile soil for tumor growth.'® Mesenchymal stem
cells (MSCs) are one of the major components of tumor stroma.?°
These bone marrow-derived cells migrate to the tumor site where
they form part of the microenvironment, and can affect tumor
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survival and angiogenesis even at the earliest stage of tumor
development.?'*2 MSCs are multipotent cells and can be isolated
from many different tissues.®> Our previous studies have shown
that tumor-infiltrating MSCs dramatically enhance tumor growth
by secreting CCR2 ligands and recruiting monocytes and
macrophages.®* Interestingly, some studies have observed p53
mutations in the stromal cells associated with human tumors, such
as colorectal cancer, bladder carcinoma and breast cancer.> %
However, whether mutated tumor-suppressor genes in stromal
cells affect tumor progression has not been determined.

In addition to their differentiation potential, MSCs can also
become strongly immunomodulatory. We have shown that mouse
MSCs can potently suppress immune responses through the
concerted action of chemokines and nitric oxide (N0O).2*3° NO,
derived from L-arginine through the enzymatic activity of
inducible NO synthase (iNOS), has been reported to affect
various inter- and intracellular signaling pathways, including
induction of T-cell apoptosis®’ and inhibition of T-cell
proliferation and cytokine production.3? Furthermore, MSCs have
the potential to affect the function and migration of other
immune cells, including macrophages, dendritic cells and B cells.?®
Taken together, these findings indicate that MSCs are critical for
modulating the immune response at tumor sites. Less clear,
however, is whether tumor-suppressor gene status in stromal cells
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like MSCs influences the growth and development of the tumor;
this interaction is poorly defined and remains largely
controversial3*73¢ A better understanding of this relationship
would likely provide important insights into tumor development.
Therefore, we investigated the role of tumor-suppressor gene
status in tumor stromal cells.

To examine the contribution of p53 status in non-cancer cells to
tumor development, we administered melanoma cells into
syngeneic p53-deficient mice and wild-type controls, and found
significantly larger tumors in p53-deficient mice. This was
reproduced by co-administration of p53-deficient MSCs and
melanoma cells into wild-type mice, and was therefore wholly
dependent on MSCs. This tumor-promoting capacity of p53-
deficient MSCs is related to their immunoregulatory effects
because it was not observed in similarly treated immunodeficient
mice. Importantly, we found that genetic deficiency or knockdown
of p53 in MSCs resulted in dramatic increases in iNOS expression,
NO production and immunosuppressive potential. Moreover, an
iNOS inhibitor completely eliminated the tumor-promoting effect
of p537/~ MSCs. We conclude that p53 deficiency in MSCs
contributes significantly to tumor development by regulating
microenvironment immune responses in an iNOS-dependent
manner. Our study reveals a critical role for p53 status in MSCs
during tumor progression, a finding with potential implications for
antitumor therapy.

RESULTS
Melanoma cells form larger tumors in p53-deficient mice

Studies of tumor-suppressor genes in cancer have focused mainly
on their role in the tumor cells themselves, while largely ignoring
their status in non-tumor cells. The role of tumor-suppressor genes
in non-tumor cells deserves greater attention because large
numbers of cells in most tumor masses are not tumor cells per se.
Mutations in p53 are associated with the development of many
types of tumor.3”° We investigated the influence of p53 status
in non-tumor cells on tumor growth. C57BL/6 mice with the
following genotypes: p53 /™, p53™/~ or p53 7/ ~, were injected
with B16FO0 cells, a melanoma cell line that originated in C57BL/6
mice. We found that much larger melanoma formed in p53 /"~
mice, as compared with p53 /" and p53 ™/~ littermate controls
(Figure 1a), suggesting that p53 ablation in cells other than tumor
cells contributes significantly to tumor development. Therefore,
p53 not only affects the tumor cells themselves, but also affects
tumors by modulating cells of the tumor microenvironment.

MSCs are essential for tumor promotion in a p53-deficient
background
MSCs are known to be recruited to sites of damaged tissue. As
tumor is considered to be a wound that never heals,'® MSCs
would be expected to migrate to tumors as well. To examine
whether MSCs are indeed recruited into tumors, we performed
intra-bone marrow transplantation of bone marrow from green
fluorescent protein-transgenic C57BL/6 mice into lethally
irradiated syngeneic mice. Three months later, tumor cells were
injected into these mice. The resultant tumors were excised and
MSCs isolated to examine for the presence of engrafted MSCs by
their green fluorescence. We found that a large percentage of
tumor-infiltrated MSCs expressed green fluorescent protein
(Figure 1b), indicating the successful engraftment and migration
of the transplanted MSCs. As MSCs are highly resistant to
radiation, many of the host’'s MSCs would be expected to survive
radiation ablation. Therefore, the detection of even a few
engrafted MSCs is significant.

MSCs are a major component of the tumor microenvironment
and are believed to have a significant role in tumor growth.?%*°
We hypothesized that p53 deficiency in MSCs in the tumor
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Figure 1. B16 melanoma growth is dependent on MSCs in the tumor
microenvironment. (a) B16F0 melanoma cells (4 x 10°) were
administered into p53*’/*, p53/~ or p53~/~ mice (n=6 each)
intramuscularly. After 3 weeks, tumors were excised and weighed.
(b) A large proportion of tumor-associated MSCs originated from
bone marrow cells. Lethally irradiated C57BL/6 mice were trans-
planted with bone marrow cells from green fluorescent protein
(GFP)-transgenic C57BL/6 mice via intra-bone injection. Three
months later, these mice were injected with EL4 lymphoma cells
(5 x 10° cells). MSCs were isolated from the tumors and cultured for
12 days. Microscopic image of the same field were taken under
bright field and ultraviolet-light illumination to reveal GFP-expres-
sing cells. Scale bar=100 um.

microenvironment contributes to tumor development. To test
this hypothesis, MSCs were isolated from p53-deficient mice and
wild-type controls according to well-established protocols.28442
These cells expressed the typical MSC phenotype: CD34~
CD11b~CD11c ™~ CD45 MHC class 11~ CD44*Sca-1 "MHC class
¥, and were able to differentiate into adipocytes and
osteoblasts under the appropriate culture conditions. To test
their effect on tumor development, p53 /" or p53~/~ MSCs
were co-administered along with B16F0 cells into syngeneic wild-
type mice. We found that exogenous p53~/~ MSCs dramatically
increased tumor growth, to almost the same levels that occurred
in p53~/~ mice, whereas p537/" MSCs had little effect
(Figure 2a). To test whether this effect also exists in other tumor
types, we co-injected EL4 lymphoma cells along with p53 /" or
p53 /= MSCs into syngeneic mice. We found that p53-deficient
MSCs also significantly promoted tumor growth in this EL4
lymphoma model (Figure 2b), demonstrating that the tumor-
promoting effect of p53-deficient MSCs is not tumor type specific.
Therefore, these experiments showed that the tumor-promoting
effect of p53 deficiency in non-tumor cells could be largely
contributed by MSCs.

The tumor-promoting effect of p53-deficient MSCs is exerted
through the immune system

Our experiments clearly demonstrate that p53 deficiency in MSCs
allows them to significantly promote tumor development. There
are two possible mechanisms to account for this effect in vivo: a
direct effect on tumor cell growth, or an indirect effect through
modulation of the host immune response to tumor. To test the
former, we co-cultured B16FQ cells in the presence or absence of
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B16 melanoma growth promotion by p53-deficient MSCs is exerted by modulating the immune response. (a) B16F0 melanoma cells

(4 x 10°) were co-injected with p53 /" or p53 /= MSCs (2 x 10°) intramuscularly into C57BL/6 mice; control group received B16F0 cells
alone (n =6 each). Tumors were excised after 10 days and weighed. (b) Same tumor progression assay as described in (a) using EL4 lymphoma
cells (n =6 each). Tumors were excised after 2 weeks and weighed. (c) B16FO melanoma cells were co-cultured with conditioned medium of
p53+/* or p53 /= MSCs. Cells were trypsinized and counted using a hemacytometer on the indicated days. (d) Same tumor progression
assay as described in (a) was performed in NOD/SCID mice (n = 8 each). Tumors were excised after 12 days and weighed. Tumor weights are

shown as means + s.e.m.

conditioned medium from p53*/* or p53~/~ MSCs, but found
no effect on tumor growth (Figure 2c). Therefore, p53-deficient
MSCs do not affect tumor cell growth directly. We next tested for
an indirect effect.

Previous studies have shown that the immune response has a
critical role in modulating tumor development.**** Therefore, to
investigate whether the immune system is also involved in the
effects of p53 status in MSCs on tumor development, we utilized
immunodeficient non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) mice. NOD/SCID mice and wild-
type mice were injected with B16F0, alone or with p53*/* or
p53 ~/~ MSCs. As in the experiments above, p53 ~/~ MSCs again
significantly promoted tumor growth in wild-type mice. However,
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the effects of co-administration of p53-deficient MSCs were not
significant in NOD/SCID mice (Figure 2d). Therefore, the tumor-
promoting effect of p53-deficient MSCs must be exerted indirectly
through the immune system.

p53 modulates the immunosuppressive activity of MSCs

To test whether the tumor-promoting effect of p53 status in MSCs
is indeed exerted through modulation of the immune system, we
co-cultured p53 =/~ or wild-type MSCs with activated splenocytes
in vitro, as we have previously performed with wild-type MSCs.?
Splenocytes isolated from wild-type mice were stimulated with
anti-CD3 and anti-CD28, a well-established protocol to stimulate
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T cells. To systematically compare the effects of wild-type
MSCs and p53 ~/~ MSCs, graded numbers of MSCs were added
to a fixed number of splenocytes, and resultant splenocyte
proliferation was assayed by [>H] thymidine incorporation. At high
MSC-to-splenocyte ratios, MSCs derived from either p53*/* or
P53/~ mice completely suppressed T-cell proliferation, as we
previously reported.?’ However, at low ratios, such as 1:80 or 1:160
(MSC-to-splenocyte), p53~/~ MSCs were much more potent
inhibitors of T-cell proliferation (Figure 3a). Therefore, MSCs with
p53 deficiency have significantly enhanced immunosuppressive
capacity.

Our previous studies have shown that murine MSCs primed
by proinflammatory cytokines exert their immunosuppressive
function by producing large amounts of NO.?° Therefore, we
next examined whether the enhanced immunosuppressive
capacity of p53~/~ MSCs results from yet more abundant
NO production. The MSC-to-splenocyte co-culture assay was
performed at 1:20 and 1:160 ratios (MSC-to-splenocyte) using
p53F/* or p53~/~ MSCs in the presence or absence of the
iNOS inhibitor, NG monomethyl-L-arginine acetate salt. We
found that iNOS inhibition completely reversed p53*/" or
p53 /= MSC-mediated suppression of splenocyte proliferation,
as evidenced by proliferation assay and cluster formation
observed by microscopy (Figure 3b). Therefore, the exaggerated
immunosuppression by p53-deficient MSCs is also dependent
solely on NO.
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Figure 3. p53 deficiency promotes the immunosuppressive effect
of MSCs in vitro. Fresh C57BL/6 splenocytes were co-cultured with
p537/* or p537/~ MSCs and stimulated with anti-CD3 and
anti-CD28 (1.74 ng/ml each). Various MSC-to-splenocyte ratios were
used in co-culture, as indicated. (a) Proliferation after 48h was
assayed by *H-Tdr incorporation. (b) N®-monomethyl-i-arginine
acetate salt (L-NMMA; 1 mwm), an iNOS inhibitor, was added to the
co-culture system, at MSC-to-splenocyte ratios of 1:20 (bottom left
panel) or 1:160 (bottom right panel), respectively. The extent of cell
aggregation was observed microscopically after 48h. Scale
bar =100 pm. Data are shown as means + s.e.m. from a representa-
tive of three experiments.
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p53~/~ MSCs express higher iNOS and produce greater amounts
of NO upon stimulation by proinflammatory cytokines

The immunosuppressive capability of mouse MSCs is dependent
on the induction of iNOS expression by proinflammatory
cytokines. MSCs from iNOS-deficient mice are ineffective in
generating immunosuppression.’®3° To determine whether p53
affects iNOS induction in MSCs, we stimulated wild-type or
p53 ~/~ MSCs with interferon y (IFNy) and tumor necrosis factor o
(TNFo; 10 ng/ml each). p53’/’ MSCs showed a striking increase
in iINOS, in terms of mRNA and protein (Figures 4a and b), much
higher than that occurred with p53™/" or p53"/~ MSCs. As
expected, when NO in the supernatant was quantified by Griess
reagent, we found that p53 '~ MSCs produced more than twice
as much NO than did their wild-type counterparts (Figure 4c).
Therefore, p53 must inhibit inflammatory cytokine-induced
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Figure 4. p53-deficient MSCs produce more NO than wild-type MSCs
on stlmulatlon with |nﬂammatory cytokine. MSCs derived from p53*/

*, p53"'~ or p537/~ mice were stimulated with IFNy plus TNFo
(10ng/ml each). (a) After cultured for 4, 8, 12 or 24h, MSCs were
assayed for iNOS mRNA expression by real-time PCR, and compared
with S-actin expression. (b) Protein levels of iNOS in MSCs cultured for
7.5 or 24 h were determined by western blotting analysis. The density
of protein bands was measured using Quantity One (Bio-Rad,
Hercules, CA, USA) and shown as iNOS/B-actin. (c) After 24h or 48h
culture, NO in supernatant was assayed as total nitrate using a
modified Griess reagent. Nitrate values are shown as means * s.e.m. of
three wells from a representative of three experiments.
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Figure 5. p53 knockdown in MSCs increases production of NO. MSCs
were transfected with p53 short hairpin RNA or control sequence
during a 24-h incubation and followed by a puromycin (3 pg/ml)
selection. Knockdown efficiency was determined by real-time PCR
(@) and western blotting analysis (b). Cells were treated with or
without IFNy and TNFa (10 ng/ml each) for 8 h (a) and 24 h (b). iINOS
mMRNA level and total nitrate were assayed after a 24-h stimulation
by real-time PCR (c) and Griess assay (d) respectively. Nitrate
concentrations are shown as means * s.e.m.

iNOS expression in MSCs, such that p53 deficiency results in still
greater induction of iNOS expression and thereby enhanced
NO production.

One caveat with using MSCs derived from p53-deficient mice is
that the changes in MSCs could be secondary to a developmental
effect of p53 deficiency. To further verify the direct role of p53 in
MSCs, we used short hairpin RNA to knockdown p53 expression in
isolated wild-type MSCs. This approach effectively knockdown p53
in MSCs as demonstrated by the mRNA level using quantitative
PCR (Figure 5a) and protein level using western blotting analysis
(Figure 5b). Interestingly, we found that iNOS mRNA expression in
these p53 knockdown cells dramatically increased on treatment
with IFNy and TNFa (Figure 5c¢), as compared with cells transfected
with control sequence. NO production was similarly enhanced in
p53 knockdown cells (Figure 5d). This result rules out any
secondary development effect of p53 deficiency, and further
verifies the effect of p53 on iINOS expression and NO production
by MSCs.
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Figure 6. Tumor promotion by p53-deficient MSCs in vivo is iNOS-
dependent. B16F0 melanoma cells (4 x 10°) were co-injected with
p53 /" or p53~/~ MSCs (2 x 10°) intramuscularly into C57BL/6
mice (n=6 each); controls were not injected with MSCs. SMT, an
iNOS inhibitor, or vehicle (Ctrl) was administrated daily (500 pug per
mouse) starting on day 2 post-tumor inoculation. In all groups,
tumors were excised after 2 weeks and weighed. Tumor weights are
shown as means + s.e.m.

Critical role of NO in tumor growth promotion by p53 '~ MSCs
in vivo

Using our in vitro system, we have clearly demonstrated that p53
deficiency boosts iNOS expression and leads to greater NO
production. It is unclear, however, whether tumor growth
enhancement by p53 ~/~ MSCs is actually related to the observed
increase in iNOS. To investigate the role of iINOS in vivo, an iNOS
inhibitor, S-methylisothiourea hemisulfate salt (SMT), was utilized to
block NO production. B16FO melanoma cells were co-injected with
pS?ﬁ/Jr or p53’/’ MSCs intramuscularly into syngeneic mice.
SMT (500 pug per mouse) or vehicle control was injected intraper-
itoneally everyday starting from the second day after tumor
inoculation. Without SMT, B16F0 melanoma grew much more
robustly with co-injection of p53 ~/~ MSCs, as described above. In
contrast, SMT administration completely reversed this effect
(Figure 6), indicating that p53 deficiency in MSCs must promote
tumor growth by radically enhancing the expression of iNOS, and
subsequently suppressing the antitumor immune response.

DISCUSSION

Most current challenges in cancer therapy are not the debulking
of solid tumor through surgical resection, radiation therapy or
chemotherapy, but the almost inevitable and lethal recurrence of
many types of tumors.*> Stromal stem cells around the tumor, which
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are more resistant to standard treatments, may explain this
recurrence.'®*® Most studies of tumor stromal cells have focused
on their ability to produce tumor-supportive molecules. Very few
studies have examined genetic aberration in these non-tumor cells,
which does occur under certain selective pressures during multiple
cell interactions.*** To examine whether genetic alterations in
stromal cells are capable of affecting tumor growth, we administered
tumor cells into wild-type and p53 =/~ mice and found that indeed
larger tumors resulted in p53~/~ mice. The abundance of MSCs
within tumor led us to explore their role in the tumor micro-
environment. Notably, p53-deficient MSCs dramatically promoted
tumor growth compared with wild-type MSCs. Furthermore, this
tumor-promoting effect was diminished in immunodeficient mice,
suggesting the involvement of the immune response. We showed
that p53-deficient MSCs produce greater levels of NO, and result in
more vigorous immunosuppression. Moreover, inhibition of iINOS
was found to reverse the enhanced tumor promotion by p53-
deficient MSCs. Therefore, p53 mutations in MSCs of the tumor
stroma can promote tumor development through downregulation
of antitumor immune responses.

Tumors have a complicated architecture, composed of many
other cells besides the tumor cells themselves. In our studies, even
the same B16F0 melanoma cells grown in mice with different p53
status could lead to remarkably different outcomes. p53 deficiency
in cells other than tumor cells resulted in enhanced tumor growth,
compared with a normal microenvironment, strongly suggesting a
critical role of the tumor microenvironment in tumor develop-
ment. Increasingly, reports have focused on several aspects of the
tumor stroma. Kuperwasser et al.*® used a xenograft model to
prove that gene modifications in stromal cells before co-
implantation of normal epithelial cells could result in the
outgrowth of malignant lesions. Recent studies also showed that
two oncogenic miRNAs, miR-17-92a and miR-106b-25, were
upregulated in colorectal cancer stroma, suggesting that miRNAs
in cancer stroma are probably involved in tumor progression.>
Furthermore, several studies have demonstrated MSC tropism on
tumors, and our recent work also proved that MSCs can recruit
macrophages and promote tumor growth.?**'*? Emerging
evidence supports the idea that induction of mutations in
stromal cells can promote tumor formation. Genetic mutations
in stromal cells have been reported in breast cancer.?®¢ Maffini
et al>® demonstrated that when the stroma, but not epithelial
cells, was exposed to chemical carcinogen they resulted in
neoplastic transformation of the mammary epithelial cells. Thus,
we hypothesized that MSCs have a critical role in tumor
promotion, and then demonstrated a tumor-promoting effect by
P53/~ MSCs co-injected with tumor cells. Hence, stromal cells
are an indispensable component in tumor development.

Our studies prove that T-cell function can be strongly inhibited
by p53-deficient MSCs and thus tumor growth is unchecked. This
result provides further evidence that abundant immune cells and
inflammatory cytokines at tumor sites are requisite for tumor
growth. In contrast, there are many reports of antitumor effects on
tumor-infiltrating immune cells. Many studies have demonstrated
that infiltrating T cells can be found in various cancers, including
ovarian cancer, renal cell carcinoma and bladder cancer.>*>° The
presence of CD3 " and CD8* T cells has been shown to be closely
related to a better prognosis.’” V31 + T cells display antitumor
activity in vitro and have been used to treat patients with
metastatic melanoma.*® Furthermore, treatment with adoptive
T-cell transfer can result in synergistic anti-neoplastic effects
owing to the increased immunogenicity of cancer cells.>® Yet, for
all these antitumor effects, there appears to be a balance between
anti- and pro-tumor effects by both CD4™ and CD8 " T cells,®*~52
and regulatory T cells can migrate into the microenvironment and
suppress antitumor responses in human ovarian carcinoma.®®
Considering the variable effects of this multitude of stromal cell
and immune response interactions, the mechanism by which p53
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deficiency in MSCs affects T-cell function in tumors warrants
further exploration.

In addition to T-cell effects, tumor-infiltrating macrophages have
been found to facilitate angiogenesis, matrix breakdown and tumor
cell motility by expression of pro-angiogenic factors, such as vascular
endothelial growth factor and proteases like urokinase-type
plasminogen activator and matrix metalloproteinases that remodel
the extracellular matrix®* Our previous studies also showed that
tumor-resident MSCs are involved in orchestrating tumor
microenvironment effects through recruitment of monocytes/
macrophages, thereby facilitate tumor growth.?*° Therefore, the
effect of p53-deficient MSCs on tumor-resident macrophages also
must be further investigated before we can complete the whole
picture of the role of the tumor microenvironment in tumor growth.

We have demonstrated that p53 deficiency allows enhanced
upregulation of iNOS expression and NO production in MSCs. NO
has long been acknowledged as an important factor in tumor
growth for its effects on antitumor immunity and possibly cell
survival. However, whether NO directly promotes or blocks tumor
growth remains controversial. It is claimed that p53 ~/~NOS2 "/ +
C57BL/6 mice, which display greater NO production, experience
accelerated spontaneous tumor development, compared with
p53’/’NOSZ’/’ mice.5® In contrast, increased iINOS expression
was also reported to be cytotoxic for tumor cells, since accumulated
NO would trigger p53-mediated growth arrest and apoptosis.%® With
the guardian p53 absence, accumulated NO would impair T-cell
function and, in turn, facilitate tumor progression. NO has been
shown to exert suppressive effects on T cells at several levels. It has
been reported that NO affects immune cells by damaging genomic
DNA, mitochondrial respiratory chain and ribonucleotide reductase
activity.”~° In addition, it has been reported that peroxynitrite, the
products of NO, can inhibit T lymphocyte activation and
proliferation by impairing tyrosine phosphorylation.”’  Both
tyrosine nitration and protein carbonylation can exert strong
effects on immune cells.”>”® Studies also showed that NO can
disrupt the JAK3/STATS5 signaling pathway in T cells, resulting in
decreased T-cell proliferation, however, tyrosine nitrosylation of
Jak3/STAT5 was not changed.”* Nevertheless, high level of NO is
well known to have significant effects on T cells.

In our studies, we found that high levels of NO production by
p53-deficient MSCs had strong inhibitory effects on T cells, but no
direct effects on tumor cell growth. However, other reports
showed that murine melanoma cells transfected with iNOS
showed reduced tumorigenicity and metastatic potential, proving
the important role of NO in the antitumor effect.”® It is possible
that the quantity of NO determines what effect it may exert on
tumor; the potential equilibrium between pro- or antitumor
effects needs further investigation. p53 can decrease iNOS
expression by downregulating iINOS promoter activity in certain
human tumor cell lines and murine fibroblasts.”® Yet, details of the
mechanism by which p53 regulates iINOS expression in MSCs
should be explored further.

In conclusion, the results presented here suggest the following
scenario: changes in p53 status in tumor stromal cells lead to the
facilitation of tumor growth through enhanced NO production
and immunomodulation. Therefore, in addition to p53 deficiency
in tumor cells themselves, the same defect in cells of the tumor
microenvironment, especially MSCs, also supports tumor devel-
opment. With further study and a more complete understanding
of these multifaceted interactions, it may become possible to
devise strategies that target tumor stromal cells as a novel mode
of cancer therapy.

MATERIALS AND METHODS

Mice

C57BL/6 and NOD-SCID mice were purchased from the Shanghai
Laboratory Animal Center of Chinese Academy of Sciences, Shanghai,
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China, and maintained under specific pathogen-free conditions. p53 ~/~
mice were from Model Animal Research Center of Nanjing University,
Nanjing, China. Mice were maintained in the vivarium of Shanghai Jiao
Tong University School of Medicine, Shanghai, China. Animals were
matched for age and gender in each experiment. All procedures were
approved by the Institutional Animal Care and Use Committee of the
Institute of Health Sciences, Shanghai Institutes for Biological Sciences of
Chinese Academy of Sciences.

Cells

MSCs were generated from tibia and femur bone marrow or by isolation
from compacted bone digested with type Il collagenase (Sigma-Aldrich,
St Louis, MO, USA) using 6- to 10-week-old mice. Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 2mm glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
(all from Invitrogen, Carlsbad, CA, USA). Eight hours later, non-adherent
cells were removed and adherent cells were maintained with medium
replenishment every 3 days. Splenocytes (1 x 10° cells/ml) were activated
by soluble anti-CD3 and anti-CD28 (1.74 ng/ml each) for 48 h. All T-cell
cultures were maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 2mm glutamine, 100 U/ml penicillin and 100 pug/ml
streptomycin.

Reagents

Recombinant mouse IFNy and TNFa were from eBiosciences (La Jolla, CA,
USA). N®-monomethyl-.-arginine acetate salt, SMT and puromycin were
from Sigma-Aldrich. Mouse CD3 and CD28 polyclonal antibodies were from
Abcam (Cambridge, MA, USA).

Proliferation assay

To assay cell proliferation, 0.5 uCi of 3H-thymidine (Tdr, Shanghai Institute
of Applied physics, Chinese Academy of Sciences, China) was added to
each well 4 to 6h before termination of the cultures by freezing.
Incorporated *H-Tdr was assessed using a Wallac Microbeta scintillation
counter (Perkin-Elmer, Waltham, MA, USA).

Real-time PCR

Total RNA was isolated using RNAprep pure Cell/Bacteria Kit (Tiangen
Biotech, Beijing, China), and first-strand complementary DNA synthesis was
performed using 1st cDNA Synthesization Kit with oligo(dT);s (Tiangen
Biotech, Beijing, China). The levels of mRNA of genes of interest were
measured by real-time PCR (7900 HT by Applied Biosystems, Foster City, CA,
USA) using SYBR Green Master Mix (Roche Diagnostics, Indianapolis, IN,
USA). Total amount of mRNA was normalized to endogenous f-actin mRNA.
Sequences of PCR primer pairs were as follows: mouse p53, forward 5'-GTCA
CAGCACATGACGGAGG-3' and reverse 5'-TCTTCCAGATACTCGGGATAC-3';
mouse iNOS, forward 5'-CAGCTGGGCTGTACAAACCTT-3' and reverse 5 -CAT
TGGAAGTGAAGCGTTTCG-3'; mouse fS-actin, forward 5'-TTCCAGCCTTCCTTCT
TGGG-3' and reverse 5'-TGTTGGCATAGAGGTCTTTACGG-3'.

Detection of NO

NO was detected using a modified Griess reagent (Sigma-Aldrich). Briefly,
all NO3™ was converted into NO, by nitrate reductase, and total NO, was
detected by the Griess reaction.””

Western blot

Protein samples in sodium dodecyl sulfate sample buffer were heated at
95 °C for 10 min and separated on sodium dodecyl sulfate-polyacrylamide
gels. Then proteins were electroblotted to polyvinylidene difluoride
membranes and revealed by mouse and rabbit antibodies against p53,
iNOS or B-actin by overnight incubation at 4 °C. The antibodies were as
follows: anti-mouse iNOS and anti-mouse p53 (Cell Signaling Technology,
Inc., Shanghai, China); anti-mouse B-actin (Sigma, St Louis, MO, USA). After
three washes with tris-buffered saline and tween20, membranes were
incubated with anti-mouse or anti-rabbit secondary antibodies (Cell
Signaling Technology, Inc.). Finally, the blot was subjected to chemilumi-
nescent detection according to the manufacturer’s instructions.
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Lentiviral infections

Mouse p53 short hairpin RNA lentiviral particles were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Particles were added to
MSCs cultures 1 day before puromycin screening. After infection, cells were
selected using 3 pg/ml puromycin for 3 days and used for the following
experiments.

Mouse tumor model

B16F0 mouse melanoma cells or EL4 lymphoma cells were expanded in
complete Dulbecco’s modified Eagle’s medium in vitro. Each mouse was
injected with B16FO0 cells or EL4 cells (4 x 10° in 100 ul phosphate-buffered
saline) intramuscularly on the left thigh, with or without co-injection of
different types of MSCs (2 x 10° cells). SMT was administered intraper-
itoneally at 500 g per day per mouse starting on day 2 after tumor
inoculation. Mice were observed daily and killed when tumor burden
began to significantly affect mobility. The tumors were then excised and
weighed.

Statistical analysis

Data are presented as mean £ s.e.m. Statistical significance was assessed
by unpaired two-tailed Student’s t-test.

ABBREVIATIONS

MSCs, mesenchymal stem cells; NO, nitric oxide; iNOS, inducible
nitric oxide synthase; IFNy, interferon-y; TNFa, tumor necrosis
factor-o; SMT, S-methylisothiourea hemisulfate salt
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