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Abstract

microRNA (miRNA) are small non-coding RNA targeting mRNAs leading to their instability and
diminished translation. Altered expression of miRNA is associated with cancer. Inflammation and
nitric oxide modulates the development of lymphomas in p53 knockout mice and there exists a
negative feedback loop between p53 and NOS2. Using a genetic strategy, we tested the hypothesis
that inflammation-induced oxidative and nitrosative stress modulates miRNA expression in mouse
model deficient in either p53 or NOS2. Mice treated with C. parvum, to induce inflammation,
clearly separated from controls by their miRNA profiles in wild-type, p53- and NOS2-knockout
genetic backgrounds. C. parvum-induced inflammation significantly (p<0.005) increased miR-21,
miR-29b and miR-34a/b/c and decreased (p<0.005) mir-29c and mir-181a/c expression in the
spleen of C57BL mice. However, p53-knockout C57BL mice did not show a significant increase
in the mir-34b/c or a decrease in mir-29c expression following C.parvum-induced inflammation.
Expression of mir-21, mir-29b and mir-181a was independent of p53-status. NOS2-knockout
C57BL mice showed a significant increase in miR-21 and miR-34a/b/c and decrease in miR-181a
similar to the wild-type (WT) mice following C.parvum-induced inflammation. However, in
contrast to the WT mice, miR-29b/c expression was not affected following C. parvum-induced
inflammation in NOS2 knockout mice. N-acetyl cysteine, an anti-oxidant, reduced the expression
of miR-21 and miR-29b in C.parvum-treated WT mice (p<0.005) as compared with control
C.parvum-treated mice. These data are consistent with the hypothesis that inflammation modulates
miRNA expression /n vivo and the alteration in specific miRNA under an inflammatory
microenvironment, can be influenced by p53 (miR-34b/c) and NO* (29b/c).
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Introduction

miRNAs are small (18-24 bp ) non-coding RNAs, functioning as regulator of mMRNA
expression at post transcription level and subsequent translation of a wide variety of target
genes that are involved in numerous biological processes 1. The fact that a single miRNA
can target a large number of different gene transcripts, any change in miRNA expression
may cause alteration in a range of crucial biological processes including but not limited to
apoptosis, DNA repair, cellular proliferation and immune response leading to the disruption
of cellular homeostasis. miRNAs expression is modulated by a number of mechanisms,
which involves transcriptional activation or repression, genomic alterations, and epigenetic
modifications of genome. Furthermore, single nucleotide polymorphisms in miRNA genes,
their processing complex and target binding site can alter their function and affect cancer
risk, treatment efficacy and patient outcome 2. Most interestingly, recent studies have
provided evidence indicating the regulation of miRNASs by inflammatory stimuli and
existence of feedback loops between a number of different microRNAs and inflammatory
components in particular pro-inflammatory cytokines [reviewed in 3 4] ®. Furthermore,
altered miRNAs expression has been reported in a number of different chronic inflammatory
diseases including psoriasis, rheumatoid arthritis, primary billiary cirrhosis, ulcerative colitis
and pancreatitis % 7. An altered expression of miRNAs is implicated in the development of
human cancer 1. The aberrant expression of specific miRNAs can both, induce or suppress
tumor development. Whereas an overexpression of miR-155 ormiR-21 could induce
tumors, the overexpression of /et-7areduced lung cancer in mouse models 8-10,

Approximately 1/4t of all cancer is associated with infection and chronic inflammation and
the recent studies have further strengthened the link between inflammation and cancer by
deciphering the underlying molecular mechanism [reviewed in 11 12]. The emergence of the
concept that miRNA alteration is an important molecular link between inflammation and
cancer is most interesting and requires further investigation. We have earlier reported that
7P53is a molecular node in coordinating the inflammatory stress response pathways and
regulates specific set of genes following stimulation with NO*, hydrogen peroxide,
hydroxyurea (DNA replication stress) or hypoxia, inducing 4 different stress conditions
commonly found during chronic inflammation 13. An increased level of nitric oxide, largely
due to the induction of NOS2 during inflammation, is associated with tumorigenesis!2 and
there is a negative feedback regulation between p53 and NOS214. Our previous studies have
shown that inflammation and NO* modulates the development of lymphomas in p53
knockout micel®. In the present study, we investigated the influence of inflammation on
miRNA expression in the wild type, p53- or NOS2-knockout C57BL mice and tested the
hypothesis that inflammation induced oxidative and nitrosative stress modulates miRNA
expression.

Materials and Methods

Wild-type, p53-and NOS2-knockout mice, and treatment of heat-inactivated
Corynebacterium- parvum (C.parvum) and N-acetyl cysteine (NAC)

p53-knockout and NOS2-knockout mice were back-crossed more than 8 times with C57BL6
wild-type mice to obtain >99% C57BL6 strainl®. Animals were bred and used under
approved ACUC, NCI-Frederick, protocol. 7-8 week old mice were treated either with a
single i.p. dose of 100 mg/kg body weight of heat-inactivated C. parvum (Van Kampen Gr.,
Inc, USA) or saline control as described earlier 12. A group of wild-type mice were also
treated with an antioxidant, NAC (Sigma, USA) at a dose of 1gm/Kg body weight, in
drinking water, starting a day prior to C.parvum treatment and continued through the end of
experiment. Mice were maintained in a climate control facility with food and water ad
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Jibiturm at NCI-Frederick animal facilty. On the 10t day following C. parvum treatment,
mice were sacrificed and the spleen snap-frozen in liquid nitrogen for analyses.

RNA isolation and miRNA Analysis

Total RNA was extracted from spleen using TRIZOL (Invitrogen, cat. no. 15596-026),
according to the manufacturer’s procedures. miRNA expression levels were measured using
Ohio State University miRNA microarray chips version 4, that include 474 human and 373
mouse miRNA, (based on the December 2006 Sanger miRNA database). Total RNA (5 ug)
was converted to biotin-labeled first strand cDNA, hybridized onto the chips, and processed
by direct detection of the biotin-containing transcripts by streptavidin-Alexa 647 conjugate.
Slides were subsequently scanned with the Axon 4000B Scanner (Molecular Device, Inc)
and spot intensities were quantified with Genepix (version Pro 6.0.1.00). In compliance with
the MIAME guidelines, microarray data is submitted to the Gene Expression Omnibus
(GEO number= GSE30218).

Expression of miRNAs with statistically significant altered levels was validated using qRT-
PCR with Tagman miRNA reverse transcription assays (Applied Biosystems, cat. no.
4366596) and appropriate primers, following the manufacturer’s instructions. For each
mIiRNA, reactions were performed in triplicate using the Applied Biosystems 7500 RT-PCR
system. The endogenous control sno202 (Applied Biosystems) was used as a normalization
control. miRNA expression values are presented as mean + SD. Differential expression was
assessed using two-sided unpaired Student’s t-tests. Statistical significance was achieved
when P < 0.005 (taking into account a Bonferroni correction for multiple comparisons) and
borderline statistical significance was achieved when P fell between 0.05 and 0.005.

Results and Discussion

To investigate the influence of inflammation on the modulation of miRNA expression in
vivo, we induced systemic inflammation in wild type, p53- or NOS2-knockout C57BL mice
by treating them with a single dose of heat-inactivated bacteria, C. parvum. We tested the
hypothesis that inflammation induced oxidative and nitrosative stress modulates miRNA
expression by performing global miRNA microarray expression profiling of the spleen from
these mice. Principal component analysis revealed that mice treated with C. parvum and
controls can be clearly separated by their miRNA profiles in all three genetic backgrounds
(Figure 1). The miRNA microarray results were then validated using quantitative PCR.
Administration of a single dose of heat-inactivated C. parvum (100 mg/kg body weight)
causes the stimulation of reticuloendothelial system and an increase in the level of
cytokines, NOS2 expression and NO* production, which peaked on day 10 following
treatment, in mice 1415, Spleen was found to be one of the principal organs for an increased
NOS2 expression in p53 knockout mice following C. parvum-induced inflammation and
splenectomy in these mice caused a major decrease in overall NO* production 14,

A significant increase in miR-21, miR-29b and miR-34a/b/c and decrease in miR-29¢ and
miR-181a/c expression was observed in the spleen following C. parvuninduced
inflammation in C57BL mice as compared to the controls (p<0.005) (Figure 2 and Table 1;
supplemental Tables 1-3). Altered expression of these miRNAs is reported to be associated
with cancer and some of them are associated with inflammation and immune response.
miR-21 is one of the most commonly altered miRNA in almost all cancer types examined so
far and its increase is considered to be protumorigenic 16. miR-21 expression is associated
with expression of several cytokines including IL-6, IL-8, IL-10 and IL-12a in colon
cancer 7. In addition, miR-21 is induced by IL-6, a pro-inflammatory cytokine, in a
STAT3-dependent manner and is present at a higher level in chronic inflammatory
diseases 18. Furthermore, epidermal growth factor receptor (EGFR) signaling pathways
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positively regulate miR-21 expression in lung cancer 19, miR-34a/b/c are partially regulated
by TP53 tumor suppressor and they play a role in mediating p53-induced apoptosis, cell
cycle arrest and senescence [reviewed in 20]. Anti-sense inhibition of miR-34a increases
population doubling of normal human fibroblasts and thus delays replicative senescence 21,
However, p53-independent upregulation of miR-34a is also reported during oncogene-
induced senescence 22,

C. parvum-induced inflammation activates the p53 pathway in mice and there exist a
negative feed back loop between p53 and NOS214. NO* is an important signaling molecule
and plays a crucial role during inflammatory response. However, a sustained and high level
of NO?°, as seen during chronic inflammation, can be deleterious causing DNA alterations
including point mutations in cancer related genes and post-translational modifications in
important cellular proteins 12. C. parvum-induced inflammation in p53 knockout mice
accelerates the development of lymphomas as compared with saline-treated control mice,
however, p53 and NOS2 double knockout mice did not show any difference in tumor
latency following C. parvum treatment as compared with saline-treated controls, indicating
the role of NO"® in rapid lymphomagenesis in p53 knockout mice following inflammation 15,

Based on the evidence of a cross-talk between p53 and NO* in inflammation and cancer, we
further investigated the role of p53 and nitrosative stress in the regulation of miRNA. We
analyzed miRNA expression in p53-knockout as well as NOS2-knockout mice following C.
parvum-induced inflammation. 7P53knockout mice did not show a significant increase in
miR-34b/c expression or a decrease in miR-29¢ expression associated with C. parvum-
induced inflammation (Figure 2 and Table 1; Supplemental Tables 1-3). However, we did
observe a minimal increase in miR-34a expression with borderline statistical significance.
These data are consistent with earlier in vitro report of p53-mediated regulation of
miR-3423, Increase in miR-21 and miR-29b and decrease in miR-181a expression was
independent of p53 status and could have been associated with oxidative and/or nitrosative
stress induced during inflammation. Therefore, we treated the wild-type mice with N-acetyl
cysteine (NAC), an anti-oxidant, and determined the miRNA expression following C.
parvum-induced inflammation. Interestingly, expression of both miR-21 and miR-29b was
significantly inhibited as compared with control mice (p<0.005) (Figure 3). However, no
change in the expression of mirR-181a was noted in NAC treated mice. These observations
indicated that oxidative stress due to the generation of reactive oxygen species might have
contributed to the increase in the expression of miR-21 and miR-29h. Hydrogen peroxide
(H,05) has been earlier shown to upregulate miR-21 in vascular smooth muscle cells?4.
However, the exact mechanism is not clearly known. Whereas, IL-6 can induce the
expression of miR-21, we did not find any significant increase in IL-6 expression or any
change in phospho-Stat3 in the spleen of wild-type mice following C. parvum treatment
(data not shown). An increased level of IL-6 is earlier reported by us in the spleen, thymus
and serum of p53-knockout and p53/NOS2 double knockout mice following C.parvum-
induced imflammation®®. However, in the present study, we don’t know the contribution of
IL-6 in miR-21 expression under inflammatory condition in p53 knockout mice.

Because C. parvum-induced inflammation increases nitrosative stress in inflammatory
microenvironment, we extended our investigation in NOS2-knockout mice to investigate the
role of NO*® in regulation of miRNA expression. NOS2- knockout mice showed a significant
increase in the expression of miR-21 and miR-34a/b/c and a decrease in miR-181a following
C. parvum-induced inflammation as compared with the control mice (Figure 2 and Table 1;
Supplemental Table 1-3). These results are similar to the wild-type mice indicating that NO®
may not contribute to the regulation of miR-21, miR-34a/b/c, miR-181a under this
inflammatory condition in mice. In NOS2 knockout mice the alteration in miR-21 could be
due to the oxidative stress similar to the wild-type mice, however, these mice were not
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treated with NAC. The increase in miR-34a/b/c in NOS2-knockout mice is consistent with
p53 mediated regulation of these microRNA as in the wild-type mice. However, in contrast
to the wild-type mice, there was no significant change in the expression of miR-29b/c in
NOS2-knockout mice following C. parvum-induced inflammation as compared to controls.
Further studies are needed to investigate the association between NO* and regulation of
miR-29a/b/c. Both tumor suppressive and tumorigenic role of miR-29 have been reported
which seems to be tissue and cellular context dependent. miR-29s target DNA
methyltransferase-3A and -3B and have been found to be down-regulated in lung cancer
suggesting its role as tumor suppressor 2. In contrast, however, overexpression of miR-29
in mouse myeloid cells caused acute myeloid leukemia26.

In the present study, an increased level of miR-21, the most commonly altered microRNA in
many cancer types 16, in the WT, p53- and NOS2-knockout mice following inflammation is
interesting in relation to its oncogenic function. Whereas, p53 knockout mice are cancer-
prone, NOS2 knockout or wild-type C57BL mice do not exhibit cancer-prone phenotype.
One of the possible explanations is the presence of an increased expression level of
miR-34a/b/c in wild type and NOS2 knockout mice as compared to p53 knockout mice,
where we observed only a minimal increase in miR-34a. However, it is not currently
understood how and if an imbalance in the miRNA expression with oncogenic and tumor
suppressive function will influence tumor development. Future studies using anti-miRNA
and miRNA-knockout mice are warranted to answer this question.

This is the first /n vivo study to our knowledge that investigates the role of inflammation,
p53 and nitric oxide in the regulation of MiRNA expression. The data are consistent with the
hypothesis that inflammation regulates miRNA expression in vivo and can be modulated by
p53 and NO*. C. parvum-induced inflammation accelerates the development of lymphomas
in p53 knockout mice, however, there is no effect of inflammation on tumor latency in p53
and NOS2 double knockout mice 1°. Further mechanistic studies are needed to determine the
possible connection between inflammation-associated alteration in miRNA expression and
development of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Principal components analysis using miRNA microarray expression, revealing distinct
groupings of C. parvum treated and control C57BL WT mice (a), NOS2 KO mice (b), and
p53 KO mice (c). Mice treated with C. parvum and controls can be clearly separated by their
miRNA profiles in all three genetic backgrounds.
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Figure 2.

() Mice with wild-type p53 and NOS2 show increased miR-21, miR-29b, and miR-34a/b/c
expression and decreased miR-29¢, miR-181a/c expression in response to inflammation (p-
val < 0.005). (b) NOS2 KO mice show increased expression of miR-21, miR-34a/b/c and
decreased expression of miR-181a in mice treated with C. parvum compared to control mice
(pval < 0.005). Reduced expression of miR-181c in response to inflammation is borderline
statistically significant (0.05 < pval < 0.005), (c) Increased expression of mir-21, mir-29b
and reduced expression of miR-181a is observed in response to inflammation in p53 KO
mice (pval < 0.005). Reduced expression of miR-181c and increased expression of mir-34a
in response to inflammation is borderline statistically significant (0.05 < pval < 0.005) in
this group of mice. Western blot analysis (bottom panel) showed enhanced expression of
NOS2 following C. parvum-induced inflammation in wild type and p53-knockout mice. As
expected, NOS2 knockout mice did not show any NOS2 expression.
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Figure 3.

Effect of NAC on miRNA expression in C. parvum treated p53 and NOS2 wild-type mice.
MiR-21 and miR-29b expression is reduced (pval < 0.005) in mice treated with both NAC
and C. parvum, compared to mice treated with only C. parvum. miRNA expression values
are presented as mean + SD.
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gRT-PCR validation results of miRNAs altered in C. parvum-treated as compared with control wild-type,
NOS2 KO and p53 KO mice

NOS2 and p53 WT (C. Parv: N=5 No

treatment: N = 4)

NOS2 KO (C. Parv: N=5 No

treatment: N = 5)

p53 KO (C. Parv: N=5 No

treatment: N = 5)

mir-21
mir-29a
mir-29b
mir-29c
mir-181a
mir-181b
mir-181c
mir-34a
mir-34b

mir-34c

UP (3.69 +/- 0.24)

no change

UP (1.44 +/- 0.23)
DOWN (0.78 +/- 0.19)
DOWN (0.51 +/- 0.24)
no change

DOWN (0.55 +/— 0.26)
UP (2.43 +/- 0.41)

UP (5.02 +/- 0.79)
UP (6.25 +/- 0.48)

UP (3.49 +/- 0.46)

no change

no change

no change

DOWN (0.55 +/-0.35)
no change

DOWN ™ (0.67 +/- 0.38)
UP (158 +/- 0.26)

UP (3.5 +/- 0.67)
UP (5.6 +/- 0.39)

UP (4.55 +/- 0.2)

no change

UP (1.48 +/- 0.15)

no change

DOWN (0.6 +/~ 0.24)
no change

DOWN (0.7 +/- 0.3)
UP (1.37 +/- 0.24)
no change

no change

Two-sided unpaired t-test applied to determine differential expression.

In parenthesis, the fold changes +/- pooled standard deviation are reported.

*
Borderline statistical significance (0.005 < pval < 0.05)
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