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Tumor-associated macrophages can potentially kill
tumor cells via the high concentrations of nitric oxide
(NO) produced by inducible nitric oxide synthase
(iNOS); however, tumor-associated macrophages ac-
tually support tumor growth, as they are skewed to-
ward M2 activation, which is characterized by low
amounts of NO production and is proangiogenic. We
show that the mouse renal cell carcinoma cell line,
RENCA, which, on stimulation, expresses high levels
of iNOS mRNA, loses its ability to express the iNOS
protein. This effect is mediated by the microRNA miR-
146a, as inhibition of RENCA cells with anti-miR-
146a restores iNOS expression and NO production
(4.8 � 0.4 versus 0.3 � 0.1 �mol/L in uninhibited
cells, P < 0.001). In vivo , RENCA tumor cells do not
stain for iNOS, while infiltrating tumor-associated
macrophages showed intense staining, and both cell
types expressed iNOS mRNA. Restoring iNOS protein
expression in RENCA cells using anti-miR-146a in-
creases macrophage-induced death of RENCA cells by
73% (P < 0.01) in vitro and prevents tumor growth in
vivo. These results suggest that, in addition to NO
production by macrophages, tumor cells must pro-
duce NO to induce their own deaths, and some tumor
cells may use miR-146a to reduce or abolish endog-
enous NO production to escape macrophage-medi-
ated cell death. Thus, inhibiting miR-146a may ren-
der these tumor cells susceptible to therapeutic
strategies , such as adoptive transfer of M1-activated
macrophages. (Am J Pathol 2010, 177:2046–2054; DOI:

10.2353/ajpath.2010.091111)

Tumor-associated macrophages (TAMs) typically infil-
trate and accumulate in solid tumors,1 and are equipped
with efficient killing mechanisms, such as production of
high cytotoxic amounts of nitric oxide (NO) by the en-
zyme inducible nitric oxide synthase (iNOS).2,3 High NO
concentrations can either initiate tumor cell apoptosis
(cytotoxic effects) or arrest cell cycle (cytostatic effects),
as NO or its derivatives cause nitrosative stress that can
release cytochrome c, increase nuclear accumulation of
wild-type p53, and reduce Bcl-2.4–6 However, the factors
that determine whether the mechanism used would lead
to cytotoxicity or cytostasis are still unknown.

Expression of iNOS is up-regulated in many tumors,
but immunohistochemistry reveals that it is mostly ex-
pressed in TAMs and only to a lesser degree in the tumor
cells themselves.7 However, TAMs are often ineffective in
tumor killing and actually promote tumor growth. The
paradox of strong iNOS expression that is correlated8

with aggressiveness and high incidence of metastasis
(eg, in breast, gastric, and colorectal carcinomas7), is
explained by the levels of NO that are, in fact, generated.
While high levels of NO cause tumor-cell death, low
amounts of NO actually promote tumor growth, angiogen-
esis, and metastasis by regulating blood flow, increasing
vascular permeability, and up-regulating vascular endo-
thelial growth factor and matrix metalloproteinases.9–11

Control over NO production is subject to the polariza-
tion of TAMs toward an alternative or M2 activation by
anti-inflammatory mediators that are secreted by tumor
cells; eg, interleukin-10, transforming growth factor �,
and prostaglandin E2. These mediators can induce argi-
nase-1, which competes with iNOS for the common sub-
strate L-arginine, causing reduced NO generation.9 Hyp-
oxia, characterizing solid tumors, can also reduce NO
production by disrupting protein-protein interactions that
are required for iNOS activity.12 Thus, although iNOS is
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highly expressed, the tumor microenvironment repro-
grams TAMs to generate only low amounts of NO, pro-
moting tumor growth.

Expression of iNOS in tumor cells themselves is still con-
troversial, as many studies found reduced iNOS expres-
sion, or even its complete loss, in high-grade carcinomas
and in metastatic cells, while other studies observed a
positive correlation between high-grade carcinomas and
iNOS expression.4,13–18 Thus, production of NO in the tumor
is regulated either by controlling macrophage (or other
stroma cells) iNOS activity or by regulating iNOS expression
in tumor cells, emphasizing the importance of low NO con-
centrations for tumor cell survival.

Recently, a new family of non-coding small RNA mole-
cules has been identified as regulators of gene expression.
These microRNAs (miRNAs) are transcribed as long, hair-
pin structured primary transcripts, which are processed into
short, mature miRNAs that are incorporated into the RNA-
induced silencing complex, and recognize sequences of
imperfect complementarity in 3� untranslated regions of tar-
get mRNAs. In mammals, RNA-induced silencing complex
binding directs the target mRNA predominantly to transla-
tional repression or to degradation. Abnormal miRNA ex-
pression is often associated with widespread dysregulation
of gene expression and is associated with diverse cancer
diseases.19

Indeed, miRNAs have emerged as critical components
of several canonical signaling pathways, including Myc,
p53, and nuclear factor �B (NF-�B), and they often undergo
gain- and loss-of-function in cancer.20 Specifically, miR-
146a was shown to target IRAK1 and TRAF6, inhibit toll-like
receptor signaling and NF-�B activation,21,22 and was im-
plicated in tumorigenesis.23 Thus, loss of miR-146a expres-
sion was suggested to contribute to constitutive activation
of the NF-�B and progression of tumors.24,25

Although regulation of iNOS is mostly known to be tran-
scriptional and mediated by lipopolysaccharide (LPS)-in-
duced NF-�B and interferon (IFN) �-induced IRF-1,26,27 the
reduction or loss of iNOS expression in tumor cells and the
presence of AU-rich elements in the 3� untranslated regions
of iNOS mRNA26 suggest its posttranscriptional regulation
bymiRNAs. So far, only one study showed that over-expres-
sion of miR-146a inhibited the expression of IFN� and iNOS
in mouse splenic lymphocytes,28 but its involvement in reg-
ulation of iNOS in tumor cells is still unknown. Here we show
that miR-146a specifically mediates the translational inhibi-
tion of iNOS in the mouse renal carcinoma RENCA cell line,
leading to fast tumor growth rate and possibly protection
from macrophage-induced tumor death.

Materials and Methods

Mice

BALB/c mice (female, 8 weeks old) were kept with a
12-hour light/dark cycle and access to food and water ad
libitum under pathogen-free conditions. Mice were cared
for in accordance with the procedures approved by the
Supervision of Animal Experiments committee at Georg-
August University Hospital at Göttingen and outlined in

the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals.

Cells

The tumorigenic renal carcinoma RENCA (gift of Dr. Ingo
Kausch, Department of Urology, University of Schleswig-
Holstein, Campus Lübeck, Germany) and the macro-
phage-like RAW 264.7 cell lines (ATCC TIB-71), both
derived from BALB/c mice, were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum, 1%
L-glutamine, and antibiotics. Both cell lines were regularly
tested for morphological changes and presence of my-
coplasma. RAW 264.7 cells were identified as macro-
phages by their ability to phagocytose zymosan parti-
cles, and RENCA cells were tested as cells of epithelial
origin by their expression of cytokeratin 18. In some
experiments cells were subjected to normoxia (21% O2,
5% CO2, 74% N2) or to hypoxia (in a sealed chamber,
Concept 400, Ruskin Technologies, Leeds, UK, with hy-
poxic environment of O2 � 0.3%, 5% CO2, 95% N2), with
or without stimulation with IFN� (100 U/ml, R&D Systems,
Minneapolis, MN) and LPS (1 �g/ml, Escherichia coli 055:
B5, Sigma, St. Louis, MO). To avoid possible masking of
signals by exogenous stimuli or an immune response,
cells were incubated in Dulbecco’s modified Eagle’s me-
dium without fetal calf serum before their exposure to the
experimental conditions or their injection to mice. In all in
vitro experiments cell viability was determined using the
XTT kit (Biological Industries, Beit-Haemek, Israel).

Determination of Nitrites

Nitrites, the stable product of NO, were determined in
RENCA culture supernatants or tumor lysates by mixing
equal volumes of the sample and Griess reagent (Sigma)
and normalizing to total protein (in lysates). Presence of
nitrites produces a chromophoric azo-derivative mole-
cule that absorbs light at 540 nm, and its concentrations
were calculated from a nitrite standard curve.

Western Blot Analyses

Lysates from RENCA cells were loaded on a 10% SDS-
polyacrylamide gel electrophoresis (20 �g/lane), sepa-
rated, and transferred onto cellulose nitrate membranes
(Schleicher & Schuell, Dassel, Germany). Membranes
were blocked with 20% skimmed milk and 1% bovine
serum albumin in TBST (0.1% Tween 20, 10 mmol/L Tris
pH 8.0, 150 mmol/L NaCl) at room temperature overnight,
probed with the diluted (1:1000) mouse monoclonal anti-
iNOS (Sigma), washed, and incubated with the 1:5000
diluted horseradish peroxidase-conjugated donkey anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA). To show equal loading, membranes were
stripped and re-probedwith anti-�-tubulin (Sigma). To show
effects of the proteasome inhibitor MG132 membranes
were probed with mouse monoclonal anti-ubiquitin (Biomol,
Hamburg, Germany). The enhanced chemiluminescence
system (Biological industries) was used for detection and

miR-146a Mediates Loss of iNOS 2047
AJP October 2010, Vol. 177, No. 4



optical density of the bands was quantified using the Bio-
Imaging system (Dinco & Renium, Jerusalem, Israel) and
TINA software (Raytest, Straubenhardt Germany).

Quantitative Real-Time PCR Analyses

Total RNA was extracted from 106 RENCA cells using
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. RNA integrity and quan-
tity were determined with the Agilent BioAnalyzer 2100
and the Agilent RNA 6000 Nano Kit (Agilent Technolo-
gies, Böblingen, Germany). Five hundred nanograms of
total RNA were transcribed to cDNA at 37°C for 1 hour
using random hexamer primers and Omniscript kit for
reverse transcription (Qiagen). Expression of iNOS
mRNA was determined by quantitative real-time PCR
using the iCycler (BioRad Laboratories, Munich, Ger-
many) and Sybr green (Sybr-Green Supermix, BioRad).
Analysis was carried out in duplicates in a volume of 20 �l
and a total of 40 cycles, each of 15 seconds at 95°C and
30 seconds at 55°C for iNOS or 56°C for the endogenous
reference gene PBGD, which does not change in hyp-
oxia. Product extension was performed at 72° for 30
seconds. The comparative �CT method was used for
relative quantification, and non-stimulated cells served as
a calibrator in each experiment.

In Vivo Mouse Model

Tumors were generated by subcutaneously injecting 2 �
106 RENCA cells into the flanks of BALB/c mice. Tumor
size was calculated for each mouse (length � width �
0.5 mm3) at several time points. In different stages of the
tumor growth or when tumors were greater than 0.5 cm3,
the experiment was stopped and the mice were eutha-
nized for evaluation. Part of the tumor was freshly frozen
for evaluation of nitrite concentrations, while other parts
were fixed either in HOPE solution or in 4% neutrally
buffered formalin and embedded in paraffin for immuno-
histochemical staining. In some experiments, 14 days
after initial injections of RENCA cells and establishment of
palpable tumors, 2 � 106 RAW 264.7 cells were injected
to the tumor rims every 3 to 4 days, and tumor size was
monitored. Alternatively, increasing concentrations of the
NO-donor NOC-18 (Alexis Biochemicals, Lausen, Swit-
zerland) were injected into the tumor center in a minimal
volume of 25 �l.

Immunohistochemistry

Paraffin sections 3 �m thick were immunostained using
mouse monoclonal anti-iNOS antibody (Sigma) in a 1:200
dilution, monoclonal rat anti-mouse pan-macrophage an-
tibody F4/80 (AbD Serotec, Düsseldorf, Germany) in a
1:500 dilution, and rat anti-mouse CD31 endothelial
marker in a 1:50 dilution (Acris antibodies, Herford, Ger-
many). A semiquantitative immunoreactive score (IRS)
was assigned to negative (0), weak, (1) intermediate (2),
or strongly (3) stained cells. Some sections were stained
for the nuclear antigen Ki-67, and a Ki-67 proliferation

index was calculated (number of strongly stained cells/
total number of cells in field).

In Situ Hybridization

Three-micrometer-thick paraffin sections were pre-hy-
bridized in hybridization buffer (50% deionized form-
amide, 2� standard saline citrate, 10% dextran, and
DEPC-treated water) for 20 minutes at 55°C, followed by
hybridization with 50 nmol/L of fluorescein-labeled LNA
probes for iNOS or a scrambled sequence as negative
control (Exiqon, Vedbaek, Denmark). Hybridization was
carried out overnight at 52°C followed by successive
washes twice with 2� standard saline citrate and 0.1%
SDS for 10 minutes, and twice with 0.2� standard saline
citrate and 0.1% SDS for 10 minutes, also at 52°C. After
hybridization the slides were stained for F4/80 (as de-
scribed above) using as a secondary antibody Alexa
Fluor 555 goat anti-rat (Invitrogen, Darmstadt, Germany),
at a dilution of 1:200.

Reverse Transfection and Inhibition of miR-146a

The siPORT NeoFX transfection agent (Applied Biosys-
tems/Ambion, Austin, TX) was diluted 1:25 with OPTI-
MEM1 medium (Gibco, Invitrogen), combined with 30
nmol/L of the anti-miR-146a inhibitor or its Cy3-labeled
negative control (anti-miR-NC), incubated 10 minutes to
allow transfection complexes to form and then dispensed
into 24-well plates. The amount of 6 � 104 RENCA cells/
well were overlaid in suspension over the transfection
complexes and gently tilted to evenly distribute the com-
plexes. Cells were incubated at 37°C overnight, following
replacement with fresh medium and stimulation with IFN�
and lipopolysaccharide (LPS) for 24 hours. These condi-
tions were calibrated according to the manufacturer’s
instructions, reaching transfection efficiency of �95%.

Cytotoxicity Assay

The amount of 5 � 104 RENCA cells were uploaded with
5 �mol/L fluorescent CellTracker orange (Invitrogen, Mo-
lecular Probes) for 30 minutes, following extensive
washes with PBS, before co-culturing them for 24 hours
with RAW 264.7 cells at a 2:1 ratio, with or without the
combined stimulation and with the NO scavenger PTIO
(100 �mol/L, Alexis), or the iNOS inhibitor L-NIL (50
�mol/L, Alexis). Increased fluorescence in the superna-
tants reflecting increase in RENCA cell death was mea-
sured by a fluorimeter (TECAN Safire, Tecan, Crailsheim,
Germany), and calculated as fold from non-stimulated
RENCA cells.

Directed in Vivo Angiogenesis Assay

The directed in vivo angiogenesis assay kit (Trevigen,
Gaithersburg, MD) was used according to the manufac-
turer’s instructions. Silicon tubes (“angioreactors”) were
filled with Coultrex basement membrane extract mixed
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with differing concentrations of NOC-18, PBS as a nega-
tive control or a mixture of FGF-2 (30 ng/�l)/vascular
endothelial growth factor (0.1 ng/�l) as a positive control.
The angioreactors were implanted subcutaneously into a
pocket in the dorsal flank of BALB/c mice. After 17 days,
the mice were sacrificed and the angioreactors were
removed and photographed.

Statistical Analyses

All values are presented as means � SE. The data were
analyzed using repeated measures analysis of variance
(analysis of variance), and the Student Newman-Keuls
multiple comparisons test was used to evaluate signifi-
cance between experimental groups. Alternatively, two-
group comparisons were analyzed by the two-tailed un-
paired t-test. P values exceeding 0.05 were not considered
significant.

Results

RENCA Cells Transcribe iNOS mRNA But Do
Not Express the Protein in Vitro or in Vivo

The iNOS enzyme, which is strongly induced by the com-
bined stimulation of IFN� and LPS and is up-regulated by
hypoxia,10 could not be detected in vitro by Western blot
analysis of RENCA cells (Figure 1A). The minimal amount of
nitrites that accumulated on addition of IFN� and LPS in
normoxia (Figure 1B) could suggest low expression of iNOS
that was below the level of detection by Western blot. How-
ever, this is not likely in view of the large number of cells
used (8 � 106 cells/treatment), the high amount of protein
loaded (20 �g/lane), and the strong signal observed in
RAW 264.7 cells (used as positive control). In hypoxia no
nitrites were accumulated despite the stimulation, suggest-
ing that hypoxia inactivates iNOS also in tumor cells, as we
showed before for macrophages.10 In comparison, the
same number of stimulated RAW264.7 cells produces 39 �
3.5 �mol/L nitrites. In contrast to the absence of iNOS
protein, real-time PCR analysis revealed that on stimulation
with IFN� and LPS, high amounts of iNOS mRNA were
accumulated in RENCA cells (795 � 300-fold from control
cells, P � 0.0195; Figure 1C).

A similar lack of protein expression in RENCA tumor
cells was found in vivo, in 14-day-old and 28-day-old
tumors, with no necrosis or with a necrotic core, respec-
tively. Expression of iNOS protein was similar in the 14-
day-old and 28-day-old tumors (Figure 2, A and D), but
was localized primarily in macrophages, which exhibited
a strong IRS, whereas tumor cells showed only weak
nonspecific staining. In situ hybridization shows that iNOS
mRNA is transcribed in the tumor cells in vivo, and is
accumulated in the RENCA tumor cells more than in the
macrophages (Figure 2F). Despite the fact that almost
twofold more macrophages infiltrated the 28-day-old tu-
mors (Figure 2, A, B, E), and these were accumulated in
the perinecrotic areas (1.8-fold relative to normoxic ar-
eas, P � 0.026), accumulation of nitrites was reduced by
3.4-fold in 28-day-old tumors lysates with established

necrosis (Figure 2C). Hypoxia was demonstrated in the
28-day-old, but not in the 14-day-old tumors, both by a
1.6-fold increase (P � 0.0002) in the mean vessel dis-
tance that was measured by staining the sections with
anti-CD31, and by staining with anti-HIF1�, which local-
ized hypoxia to the perinecrotic areas (data not shown).
The low amounts of nitrites accumulated in tumor lysates
may reflect TAM activity in normoxic areas of the tumor
(eg, in young tumors) that are reduced by hypoxia10 in
tumors with large necrotic areas.

Translation of iNOS Is Inhibited in RENCA Cells

The contrast between the high accumulation of iNOSmRNA
and the lack of its protein suggested either fast degradation
of iNOS protein or inhibition of its translation. We therefore
incubated RENCA cells with increasing amounts of the pro-
teasome inhibitor MG132 and tested its efficiency by dose-
dependent increase in the accumulation of polyubiquiti-

Figure 1. RENCA cells do not express iNOS protein, despite high mRNA
expression levels. RENCA cells (8 � 106) were incubated in serum-free medium
with or without IFN� (100 U/ml) and LPS (1 �g/ml) for 24 hours under either
normoxic or hypoxic conditions. A: A representative gel showing that Western
blot analysis could not detect iNOS protein expression (n� 4). N, normoxia; H,
hypoxia; PC, positive control (RAW 264.7 cell lysate). B: Determination of nitrite
concentrations in the supernatants (n � 5). C: Accumulation of iNOS mRNA in
RENCA cells after a 24-hour incubation in normoxic conditions with or without
the addition of IFN� and LPS as determined by real-time PCR, normalized to the
endogenous reference gene PBGD, and calibrated to non-stimulated cells (n �
5). *P � 0.05 relative to no stimulation; †P � 0.05 relative to stimulated RENCA
cells in normoxic conditions.
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nated protein conjugates (Figure 3B). However, iNOS
protein remained undetected (Figure 3A), ruling out the
possibility of fast degradation in the proteasome.

We next turned to examine if translation of iNOS mRNA is
inhibited by the recently discovered machinery of miRNAs.
Since among the few specific miRNAs implicated in the

Figure 2. RENCA tumor cells do not express iNOS protein, although infiltrating macrophages do. Tumors were generated by subcutaneously injecting 2 � 106 RENCA
cells into the flanks of BALB/c mice (n� 6). Tumors were harvested 14 days (small without necrosis) or 28 days (with a necrotic core) after injection, paraffin-embedded,
sectioned, and stained (A) with H&E and for HIF-1, the pan-macrophage marker F4/80, and iNOS. Scale bar � 100 �m. B: The mean vessel distance was estimated by
CD31 staining. C: The distribution of macrophages per area was measured. D: The intensity of iNOS expression was evaluated by assigning an immunoreactive score.
E: The generation of nitrites was measured. F: Expression of iNOS mRNA (green) was evaluated by in situ hybridization followed by staining for F4/80 (red). NC,
scrambled probe as negative control. Scale bar � 20 �m. **P � 0.01, ***P � 0.001 relative to the small, non-necrotic tumors.
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regulation of inflammation and cancer, only miR-146a
was recently suggested to be involved in the regulation of
iNOS in lymphocytes,28 we investigated its involvement in
iNOS regulation in RENCA cells. We therefore reverse-
transfected RENCA cells with the anti-miR-146a miRNA
inhibitor or with its negative control (scrambled se-
quence). We could show that on stimulation with IFN�
and LPS a protein band corresponding to the iNOS mo-
lecular weight now appeared in RENCA cells treated with
anti-miR-146a but not with the negative control (Figure
3C), and its expression was fourfold higher (P � 0.05).
This iNOS protein was fully active, as 15-fold more nitrites
accumulated (Figure 3, D and E, P � 0.001 relative to
non-simulated cells and stimulated RENCA cells trans-
fected with negative control).

NO Production by Tumor Cells Is Required to
Allow Their Macrophage-Mediated Death

To examine the ability of macrophages to kill tumor cells
in vitro, we co-cultured RENCA and RAW 264.7 cells, with
and without the combined stimulation, and in the pres-
ence of the iNOS inhibitor L-NIL or the NO scavenger
PTIO. To monitor only RENCA cell death, these cells were
uploaded with the fluorescent dye CellTracker orange.
Stimulation of RENCA cells alone or co-culturing with

stimulated RAW 264.7 cells at a 2:1 ratio was not suffi-
cient to induce RENCA cell death (Figure 4A) despite
nitrite accumulation (12-fold increase, P � 0.001, Figure
4B), whereas addition of L-NIL or PTIO reduced the ac-
cumulated nitrites but did not change RENCA cell death.
Only when transfected with the anti-miR-146a and in the
presence of stimulated RAW 264.7, RENCA cell death
increased by 73 � 19% (P � 0.01), and presence of
L-NIL or PTIO reversed this effect (Figure 4C). In contrast,
transfection with the negative control and co-incubation
with stimulated RAW 264.7 cells did not cause cytotox-
icity of RENCA cells, despite the presence of overall
similar amounts of nitrites (Figure 4D).

We examined the interaction between tumor cells and
macrophages in vivo in two sets of experiments. In the
first set, the role of macrophage NO production was
examined. As hypoxia inhibits macrophage NO produc-
tion, even in the presence of IFN� and LPS and induction
of high amounts of iNOS protein,10 stimulated RAW 264.7
cells were injected into the normoxic rim of palpable
RENCA tumors every 3 to 4 days (Figure 5A). Tumor
growth rate, calculated by normalizing the size of the
tumor to its size at day 1 (which is actually 14 days after
the RENCA cells were injected and tumors became ap-
parent), was impeded only when stimulated RAW 264.7
cells were used (P � 0.05 relative to all other groups),

Figure 3. Translation of iNOS mRNA is inhibited
by miR-146a. RENCA cells (5 � 106) were incu-
bated under normoxic conditions with IFN� (100
U/ml) and LPS (1 �g/ml) and with increasing
amounts of the proteasomal inhibitor MG132. Two
representative Western blot gels showing no ex-
pression of iNOS using anti-iNOS (n � 4) (A) and
dose-dependent accumulation of polyubiquiti-
nated protein conjugates using anti-polyubiquitin
demonstrate the ability of MG132 to block the
proteasome (n� 3) (B). C: Representative gel and
densitometry analysis (D) of 5 � 104 RENCA cells
that were reverse-transfected with either anti-miR-
146a or anti-miR-NC (negative control) before their
incubation with or without IFN� and LPS for 24
hours. Transfection of anti-miR-146a restored iNOS
expression as well as NO production (E) after
stimulation (n � 6). PC, the positive control, was
obtained from RAW 264.7 cells stimulated with
IFN� and LPS for 24 hours. **P� 0.01, ***P� 0.001
relative to no stimulation; †P � 0.05, †††P � 0.001
relative to stimulated and anti-miR-146a-trans-
fected RENCA cells.
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whereas injection of a combination of L-NIL and stimu-
lated RAW 264.7, or of non-stimulated RAW 264.7 cells,
did not change tumor growth rate relative to the control
(injection of PBS). However, although tumors’ growth was
slowed down by injection of stimulated RAW 264.7 cells,
tumors did not regress. Ki-67 proliferation index was
reduced by twofold (P � 0.01) in tumors receiving stim-
ulated RAW 264.7 cell injections in comparison to tumors
receiving non-stimulated RAW 264.7 cell injections (data
not shown).

In the second set of experiments, the role of tumor cell
NO production was examined. RENCA cells were trans-
fected with either anti-miR-146a or the negative control
and then injected into BALB/c mice, where endogenous
macrophages could infiltrate the growing tumor (Figure
5B). The tumor growth rate in mice injected with RENCA
cells that were transfected with the negative control
steadily progressed (P � 0.001 relative to start of mea-
surements at 14 days after injection, and to the anti-miR-
146a injected group), showing accelerated growth rela-
tive to untreated RENCA cells (Figure 5A). In contrast,
five of six mice injected with RENCA cells that were
transfected with anti-miR-146a did not show any signs of
tumor growth, and only one mouse developed a palpable
tumor 24 days after injection.

Low Amounts of NO Are Proangiogenic

To demonstrate the role of NO production in the tumoral
context, we injected increasing amounts of the NO-donor
NOC-18 into palpable tumors every 3 to 4 days (day 1
marks the beginning of injections, 14 days after RENCA
cells were subcutaneously injected). Figure 6A shows
accelerated tumor growth rate in the groups receiving
low-dose injections of NOC-18 (0.5 and 5 �m/ml),
whereas growth was impeded in the group injected with
the high NOC-18 concentration (50 �g/ml). Fourteen
days after injections of NOC-18 started, the group receiv-

ing 0.5 �g/ml NOC-18 had significantly larger tumors
than the PBS control group (P � 0.01) and the groups
receiving 25 �g/ml (P � 0.01) and 50 �g/ml (P � 0.001)
groups. In addition, we used the directed in vivo angio-
genesis assay and implanted silicone cylinders filled with
increasing concentrations of NOC-18 mixed with base-
ment membrane extract. Figure 6B clearly demonstrates
the proangiogenic effects that low NOC-18 concentra-
tions had on blood vessel growth into the cylinder, that
were reduced in a dose-dependent manner as concen-
trations increased.

Discussion

The role of NO in tumor biology is complex and not fully
understood. As NO can either support tumor growth or lead
to eradication of tumor cells,29 regulating its amounts in the
tumor microenvironment becomes critical for tumor cells. In
agreement with previous studies,30 we show that low
amounts of the NO donor NOC-18, either injected into tu-
mors or present in cylinders, were proangiogenic, and high
NO concentrations, whether injected into the tumor or con-
tributed by activated macrophages, reduced tumor growth
rate or even arrested it (cytostasis). The impeded growth
rate combined with the reduced Ki-67 index suggests an
antiproliferative/cytostatic effect, but as the tumors did not
regress (cytotoxic effect), it is still unclear whether tumor
cells die or simply cease to proliferate.

Only endogenous NO production by the tumor cells
themselves, achieved by transfection of the miR-146a inhib-
itor, resulted in their increased death on addition of acti-
vated RAW 264.7 cells in vitro or in vivo. Despite the differ-
ences in the methodology used to achieve tumor cell iNOS
expression, this result is similar to previous studies.17 We
conclude that in vivo, transfected RENCA cells were killed
by macrophages at early stages, reflecting the efficiency of
the innate immune system in eliminating tumor cells before

Figure 4. Cytotoxic activity of macrophages de-
pends on tumor cell NO production. RENCA
cells (5 � 104) were labeled with CellTracker
orange and then co-cultured with unlabeled
RAW 264.7 cells at a 2:1 ratio with or without
IFN� (100 U/ml) and LPS (1 �g/ml) and with or
without the addition of the iNOS inhibitor, L-NIL,
or the NO scavenger, PTIO (n � 11). Alterna-
tively, RENCA cells were first transfected with
anti-miR-146a or anti-miR-NC and then co-cul-
tured with RAW 264.7 cells (n � 8) as described
above. After 24 hours of incubation, superna-
tants were collected, and fluorescence was mea-
sured for non-transfected (A) and transfected (C)
cells, reflecting RENCA cell death and calculated
as fold change compared to non-stimulated
cells. Nitrite accumulation was measured in non-
transfected (B) and transfected (D) cells. **P �
0.01, ***P � 0.001 relative to the control (RENCA
cells alone); †P � 0.05 and †††P � 0.001 relative
to RENCA and RAW 264.7 with IFN� and LPS.
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skewing of macrophage activation occurs,31 as almost all
mice showed no visible tumors after prolonged time. The
accelerated tumor growth rate observed in control mice
injected with anti-miR-NC could be due to targeting of a
specific transcript responsible for cell cycle control by the
random sequence, or to its association with the RNA-in-
duced silencing complex causing displacement of other
miRNAs. In general, reduced iNOS expression in tumor
cells, or even its complete loss, may protect tumor cells
from macrophage-induced death. Therefore, the role of NO
production in tumor cells as a regulator or initiator of cyto-
static versus cytotoxic events merits further investigation.

Despite the presence of the strong inducers IFN� and
LPS, RENCA cells did not express iNOS protein both in
vitro and in vivo, although high induction of iNOS mRNA
was shown in vitro. The novel finding is that loss of iNOS
protein expression is exerted by translational inhibition
specifically mediated by miR-146a. This miRNA molecule
has already been implicated in tumorigenesis, as a reg-
ulator of NF-�B activation,21 which is needed for iNOS
induction, and its involvement in iNOS regulation in lym-
phocytes was suggested.28 However, analysis by differ-
ent algorithms (miRBase, MIRANDA, TARGETSCAN, Pic-

Tar) could not predict iNOS as a target for direct binding
by miR-146a, and no homology between miR-146a and
iNOS mRNA 3� untranslated regions was found. It is
possible that direct binding cannot be predicted due to
complex secondary structure of iNOS mRNA, or that the
effect is indirect, as anti-miR-146a may target additional
transcripts, which we did not check. For example, NF-�B
may be a central target as it controls many genes, includ-
ing COX-2 that is involved in cell death,30 and tumor
necrosis factor �, which could work together with NO to
induce cell death.32 In any case, the mechanism allowing
miR-146a to regulate iNOS translation should be studied
further.

Macrophage therapy for the treatment of cancer,
which includes their ex vivo activation and adoptive trans-
fer back to the host, has always been attractive because
of their potential to home in on the tumor and kill its cells.
However, previous attempts have failed, and could show
no beneficial effect in humans, or only inhibition of tumor
growth and metastasis without regression of the primary
tumors in animal models.33 In retrospect, this approach
failed to take into account the effects of the tumoral
microenvironment, which includes transforming growth
factor �, interleukin-10, prostaglandin E2 and hypoxia, on
the skewing of macrophages from M1 to M2 activation.
This skewing helps the tumor to escape macrophage
killing by reducing NO and tumor necrosis factor � pro-

Figure 5. Tumor cell production of NO may be required to prevent tumor
growth. A: RENCA cells (2 � 106) were injected into the flanks of BALB/c
mice. After 14 days (day 1 in graph), tumors became visible and/or palpable.
PBS or 2 � 106 RAW 264.7 cells that were not stimulated, stimulated with
IFN� (100 U/ml) and LPS (1 �g/ml), or stimulated with the iNOS inhibitor
L-NIL were injected into the normoxic rim of the tumors every 3 or 4 days.
Tumor growth rate was calculated by the tumor volume (length � width �
0.5 mm3) and normalized to the size of each tumor on day 1 (n � 6 in each
group). B: RENCA cells (2 � 106) were first reverse-transfected with anti-
miR-146a or anti-miR-NC and then similarly injected. Tumor growth rate was
calculated as described previously (n � 6 in each group). *P � 0.05, **P �
0.01, ***P � 0.001 relative to the other groups at that time.

Figure 6. Low concentrations of NO are proangiogenic. A: RENCA cells (2 �
106) were injected into the flanks of BALB/c mice. After 14 days (day 1 in
graph), tumors became visible and/or palpable. Increasing concentrations of
the NO donor NOC-18 were then injected every 3–4 days into the center of
the tumor in a minimal volume. Tumor growth rate was calculated as
described previously (n � 4 in each group). **P � 0.01 relative to PBS; †P �
0.05, ††P � 0.01 relative to NOC-18 at 0.5 �g/ml. B: Silicon tubes were filled
with PBS (negative control, NC), a mixture of FGF-2 (30 ng/�l) and vascular
endothelial growth factor (0.1 ng/�l) (positive control, PC), or with increas-
ing amounts of NOC-18, all mixed with basement membrane extract. The
tubes were implanted subcutaneously into the flanks of BALB/c mice, re-
moved after 17 days, and photographed (n � 4).
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duction, suppressing Th1 responses through the recruit-
ment of myeloid-derived suppressor cells and T regula-
tory cells, and producing growth factors and cytokines
needed for angiogenesis and tumor promotion.31 Specif-
ically, reduction of NO production leading to reduced
killing is achieved by the cytokine-derived induction of
arginase-1,29 which competes with iNOS for the mutual
substrate L-arginine, and by the hypoxia-induced inacti-
vation of iNOS.10 Our strategy to inject activated macro-
phages to the normoxic rim of tumors every 3 to 4 days
may have provided enough M1-activated macrophages
and delayed their exposure to the tumoral microenviron-
ment. However, we too, could only show impeded tumor
growth rate, although we demonstrated that it was NO-
dependent, as addition of L-NIL reversed it. Our finding
that at least in some tumor cells, expression of iNOS is
needed to allow their macrophage-induced death can
explain this result, and emphasizes the importance of
tumor cell–macrophage interactions.

Finally, our results may suggest a new therapeutic
approach, where adoptive transfer of M1-activated mac-
rophages will be combined with the ability to up-regulate
tumor cell iNOS expression in well established tumors by
inhibiting miRNA function, specifically the activity of miR-
146a. The establishment of protocols to transfect tumor
cells in existing tumors with appropriate miRNA inhibitors,
and the ability of macrophages to regress such tumors
merit further investigation.
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