

















Results

Figure 9. Expression of the anti-apoptotic molecule FAIM is regulated by miRNA-133b.

A) miRNA-133b target sites within the 3'UTR of FAIM as predicted by TargetScan and MicroCosm Targets. B)
3’-UTR targeting assay. HeLa cells were co-transfected with different combinations of miRNA mimics and a
luciferase reporter plasmid harboring the complete 3-UTR of FAIM (psiCHECK2-FAIM). The template
plasmid (psiCHECK?2) was used as a negative and normalization control. Activity of the 3"-UTR -dependent
luciferase (Renilla reniformis) was measured 48 hrs. post-transfection and normalized for transfection efficiency
to the one produced by the miRNA- and 3'-UTR-independent luciferase (Photinus pyralis). Error bars =
standard deviation C) Western blot and densitometric analysis of FAIM expression. Cells were transfected with
miRNA-133b alone or together with a control antimiRNA (ctrl. amiRNA) or a specific miRNA-133b inhibitor
(omiRNA-133b). After 48 hrs. cellular protein lysates were prepared and FAIM expression was assessed by
Western blot. GAPDH was used as an internal loading standard. ctrl. miRNA transfected cells were used as a
reference for densitometric quantification of protein band intensity. D) qPCR analysis of FAIM mRNA
expression. Cells were transfected for 48 hrs. before total RNA was isolated, reverse transcribed and analyzed
by qPCR for the expression of FAIM. Human acidic ribosomal protein (HuPO) was used as the house-keeping
gene for internal normalization. qPCR values are shown relative to mock transfected cells incubated under the
same conditions and were calculated by performing the AACt-method (Bookout et al, 2006). All graphs are
representative of at least three independent experiments.
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3.5.2.2 OPG expression is regulated by miRNA-133b

OPG is a soluble extracellular protein that acts as a decoy receptor (DcR) for TRAIL
and protects cells from TRAIL-induced apoptosis (Emery et al, 1998). As revealed by
microarray analysis, treatment of HeLa cells with miRNA-133b led to a -2.9 fold down-
regulation of OPG transcripts (Table 10). This could be verified by qPCR analysis, where
miRNA-133b treatment resulted in a specific reduction of up to three-fold of OPG mRNA
levels 48 and 72 hrs. post-transfection (Figure 10A). In order to determine if the amount of
protein was also impaired in a miRNA-133b dependent manner, enzyme linked
immunosorbent assay (ELISA) was performed with cell culture supernatant of transfected
cells. As a measure to avoid false positive results as a consequence of cytotoxicity caused by
miRNAs or differential proliferation rates of transfected cells, MTT proliferation assay was
used for normalizing the ELISA values to the amount of metabolically active cells per well.
A reduction of 65 and 67% in the amount of secreted OPG at 48 and 72 hrs. after miRNA-
133b transfection was observed, respectively. Co-treatment of the cells with the interfering
oamiRNA-133b, but not the ctrl. amiRNA, reconstituted the levels of released OPG almost
completely back to those of ctrl. miRNA transfected cells (Figure 10B).
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Figure 10. miRNA-133b is a post-transcriptional regulator of OPG.

Cells were transfected with miRNA-133b alone or together with a control antimiRNA (ctrl. omiRNA) or a
specific miRNA-133b inhibitor (amiRNA-133b). Cells transfected with a scrambled control miRNA (ctrl.
miRNA) served as point of comparison. A) At the indicated time points total RNA was isolated, reverse
transcribed and analyzed by qPCR for the expression of OPG. Human acidic ribosomal protein (HuPO) was
used as the house-keeping gene for internal normalization. qPCR values are relative to mock transfected cells
incubated under the same conditions and were calculated by performing the AACt-method (Bookout et al,
2006). B) Cell culture supernatants of transfected cells were examined by ELISA for the presence of secreted
OPG. At each time point, after collection of the supernatants a MTT assay was performed with the remaining
cell layers. This was used for the normalization of the results obtained by ELISA. All graphs are representative
of at least three independent experiments. Error bars = standard deviation
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Unlike FAIM, analysis of the OPG 3'-UTR with several different target prediction
databases did not reveal any potential miRNA-133 binding site. RNAhybrid is a tool for
finding the minimum free energy hybridisation (mfe) of a long and a short RNA. The
hybridisation is performed in a domain mode in which the short sequence is annealed to the
best fitting part of the long one. The tool is primarily designed as a miRNA target prediction
plattform (Rehmsmeier et al, 2004). Analysis of the 3’UTR of OPG with RNAhybrid
pinpointed a single potential miR133b binding site (mfe = -18.8 kcal/mol) (Figure 11A;
site [). Based on this, a luciferase reporter construct was generated and tested in co-
transfection experiments with miRNA-133b. As measured by dual-luciferase assay, cloning
of the complete OPG 3’UTR into the reporter construct did not impair the luciferase (Renilla
reniformis) activity in miRNA-133b transfectants (Figure 11B). As an additional attempt to
identify other binding sites, the search for a binding site was expanded to the remaining
regions of the mRNA, specially the 5’UTR, as it has been recently proposed that it might also
be involved in miRNA-mediated gene silencing (Lee et al, 2009a). An additional potential
interaction motive displaying better structural features (mfe = -27.1 kcal/mol) was mapped.
Besides having a lower mfe than the site localized in the 3'-UTR, this potential target
sequence is localized exactly two nucleotides up-stream of the OPG start codon (Figure 11A;
site IT) which suggests that binding of miRNA-133Db to this site might interfere with mRNA
translation. In order to test this hypothesis special luciferase constructs were generated (see
2.2.6.2). Despite several attempts, manipulation of this region of the reporter plasmid always
led to inactive luciferase transcription. Therefore, it was not possible to assess the importance

of this sequence for miRNA-133b-mediated impairment of OPG expression

58



Results

Il psiCHECK2
Site | (RNAHybrid) mfe =-18.8 kcal/mol 1.57 [ psiCHECK2-OPG 3°UTR
= SE
Position 142-1630f OPG3'UTR 5' ..A AUG AAA x L aE
UG UGGAG  GGACCAAU.. =
I IT11] LTI = 1.0-
hsa-miR-133b 3 AUCGC ca ACUUC ¢ CCUGGULU £ 1
[}
Site Il (RNAHybrid) mfe=-27.1 kcal/mol 2 05
g 0
©
Position 297-322 of OPG5'UTR 5' ..A  CCCUGA UCC
osition © AGC GGUU (.nn:uA((ﬂCCAUGm g
I11 Y NN RN =
hsamiR133b 31 AUCC p  CCMAGy CCCCUGRY,, 0.0 " 0’ ‘OI -
o oS P o
N R 5

Figure 11. In-silico and in-vitro analysis of miRNA-133b binding sites in the OPG mRNA.

MiRNA-133Db target sites within the 3" and the 5"UTR of OPG as predicted by RNAhybrid B) 3" and 5'UTR
targeting assay. HeLa cells were co-transfected with different combinations of miRNA mimics and a luciferase
reporter plasmid harboring the complete 3°-UTR of OPG (psiCHECK2-OPG). The template plasmid
(psiCHECK?2) was used as a negative and normalization control. Activity of the 3’-UTR -dependent luciferase
(Renilla reniformis) was measured 48 hrs. post-transfection and normalized to the one produced by the miRNA-
and 3’-UTR -independent luciferase (Photinus pyralis). Results are representative of at least three independent
experiments. Error bars = standard deviation. Arrow representes the translation inititation at the start codon.

Since OPG is an inhibitor of TRAIL-triggered apoptosis, it was possible that the
hyperresponsiveness displayed by miRNA-133b transfected HeLa cells (Figure 5,6,7 and &)
was partly attributed to the diminished quantity of this decoy receptor in the supernatant. To
verify this hypothesis, reconstitution experiments with recombinant human OPG (rhOPG)
were performed with HeLa cells transfected with a ctrl. miRNA or miRNA-133b. 48 hrs.
after transfection the cells were stimulated with thTRAIL and either 100 or 1000 ng/ml
rthOPG. As evidenced by Pl-incorporation assays (Figure 12A) and measurement of the
activation status of CASP8 and 3 (Figure 12B), addition of thOPG to the culture medium was
able to revert the exacerbated TRAIL-induced apoptotic response characteristic of miRNA-
133b transfected cells. In case of the results provided by both readout systems the magnitude
of the remaining apoptotic response corresponded exactly to that from control miRNA
transfected TRAIL-stimulated vehicle-treated cells. This suggests that down-regulation of
OPG by miRNA-133b is not the only mechanism contributing to the enhanced apoptotic
response triggered by this DR ligand.
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Figure 12. Recombinant OPG constrains the exacerbated TRAIL-responsiveness of miRNA-133b transfected
cells.

Cells were transfected with a ctrl. miRNA or miRNA-133b mimic and incubated for 48 hrs. Transfected cells
were stimulated with 20 ng/ml recombinant human TRAIL (thTRAIL) both in the absence (vehicle: H,O) or
presence of 100 or 1000 ng/ml recombinant human OPG (thOPG). A) Stimulated cells were collected, stained
with propidium iodide (PI) and analyzed by flow cytometry. Samples were compared to unstimulated ctrl.
miRNA transfected cells (black histogram). B) Treated cells were harvested, stained and scanned by flow
cytometry for the presence of cleaved active CASP8 (upper graph) and 3 (lower graph). Cells transfected with
ctrl. miRNA alone were used as a reference. Results are representative for at least three independent
experiments. Errors bars = standard deviation.

3.5.2.3 FASN and GSTP1: two oncogenes regulated by miRNA-133b

FASN represents a very versatile enzyme fulfillling key tumorigenic functions
(Menendez & Lupu, 2007). Microarray analysis of overall gene expression and mass
spectrometric quantification of protein levels revealed reduced levels of FASN mRNA and
protein in miRNA-133b transfected cells (Table 10 and 11). To validate these observations
gene-specific qQPCR and Western blot analysis of FASN were performed. Supporting the
results obtained from the high-throughput approaches, treatment of HeLa cells with miRNA-
133b reduced the levels of FASN mRNA in a sequence specific manner. This translated to
60% reduction at the protein level for single miRNA-133b transfected cells and, 20% when
co-transfected with an unspecific amiRNA. Introduction of the specific inhibitor of miRNA-

133b instead, rescued and enhanced the production of FASN protein (Figure 13A and B).
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Figure 13. FASN expression is impaired by miRNA-133b.

Cells were transfected with miRNA-133b alone or together with a control antimiRNA (ctrl. amiRNA) or a
specific miRNA-133b inhibitor (amiRNA-133b). Cells transfected with a scrambled control miRNA (ctrl.
miRNA) served as point of comparison. A) Total RNA was isolated, reverse transcribed and analyzed by gPCR
for the expression of FASN 48 hrs. after introduction of the miRNA mimics in HeLa cells. Human acidic
ribosomal protein (HuPO) was used as the house-keeping gene for internal normalization. gPCR values are
relative to mock transfected cells incubated under the same conditions and were calculated by performing the
AACt-method (Bookout et al, 2006). B) Western blot and densitometric analysis of FASN expression. Cell
protein lysates were prepared 48 hrs. post-transfection and FASN expression was assessed by Western blot.
GAPDH was used as an internal loading control. Cells transfected with ctrl. miRNA were used as a reference
for densitometric quantification of protein band intensity. All graphs are representative of at least three
independent experiments.

In an effort to better dissect the molecular interaction between miRNA-133b and
FASN mRNA, a miRNA-133b binding-site sequence analysis using RNAhybrid was
performed. According to it, two potential binding regions with favorable biophysical
characteristics (low mfe) were localized within the FASN mRNA. The first of them
represented a canonical target site localized in the 3’-UTR of the transcript with an mfe of -28
kcal/mol (Figure 14A, site I). As assessed by luciferase assay in HeLa cells, cloning of the
complete 3-UTR of FASN into a reporter plasmid did not impair luciferase expression after
co-transfection of miRNA-133b (Figure 14B). The second predicted binding site displayed an
almost perfect complementarity to miRNA-133b (mfe = -33.6 kcal/mol) and was located
within exon 33 of FASN cds (Figure 14, site II). Due to lack of an appropriate experimental
system for validating miRNA targeting of sequences located within the cds of genes, a first
attempt to prove the potential binding capacity of miRNA-133b to this site was assessed by
introducing it as artificial 3’-UTR into psiCHECK2. According to luciferase reporter assay,
co-transfection of HeLa cells with this construct and miRNA-133b did not affect the
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production of Renilla luciferase, when compared the unmodified plasmid (Figure 14B).
Hence the exact molecular mechanism by which miRNA-133b down-regulates the expression

level of FASN could not be fully elucidated.
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Figure 14. Sequence analysis of miRNA-133b binding sites within the FASN mRNA.

A) Predicted miRNA-133b target sites within the 3'UTR and the coding sequence (cds) of FASN as calculated
by RNAhybrid B) miRNA-133b targeting assay. HeLa cells were co-transfected with different combinations of
miRNA mimics and luciferase reporter plasmids harboring either the complete 3'-UTR of FASN (psiCHECK2-
FASN) or the predicted target region in the cds (psiCHECK2-FASN from cds). The template plasmid
(psiCHECK?2) was used as a negative and normalization control. Activity of the 3’-UTR -dependent luciferase
(Renilla reniformis) was measured 48 hrs. post-transfection and normalized to the one produced by the miRNA-
and 3’-UTR -independent luciferase (Photinus pyralis). Results are representative of at least three independent
experiments. Error bars = standard deviation.

GSTP1 is an ubiquitously expressed protein that plays an important role in
detoxification and xenobiotics metabolism (Wu et al, 2006). As predicted by TargetScan and
MicroCosm Targets, GSTP1 has one poorly conserved miRNA-133b binding site in its 3'-
UTR (Figure 15A). To confirm this, a 3’-UTR targeting luciferase reporter plasmid was
constructed. Co-transfection of HeLa cells with the plasmid and miRNA-133b showed ~40%
reduction of luciferase (Renilla reniformis) activity. Supporting a direct interaction between
miRNA-133b and the cloned target sequence, co-treatment with a specific amiRNA, but not a
negative control, restored full enzymatic activity (Figure 15B). To further test the regulatory
role of the molecular interaction between miRNA-133b and the 3-UTR of GSTP1, mRNA
and protein levels were determined after miRNA transfection. qPCR analysis confirmed a

miRNA-133b dependent 2.3 fold reduction of the mRNA coding for GSTP1 (Figure 15D).
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Accordingly, transfected cells showed 50% less GSTP1 protein (Figure 15C). Both
observations matched the results obtained by microarray and pSILAC analysis (Table 10
and 11) providing a further line of evidence for the regulatory role of miRNA-133b over
GSTP1 expression. Hence, miRNA-133b is a pro-apoptotic molecule with the ability to

impair the expression of important oncogenes.
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Figure 15. GSTP-1 expression is miRNA-133b dependent.
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A) miRNA-133Db target site within the 3"-UTR of GSTP1 as predicted by TargetScan and MicroCosm Targets.
B) 3’-UTR targeting assay. HeLa cells were co-transfected with different combinations of miRNA mimics and a
luciferase reporter plasmid harboring the complete 3-UTR of GSTP1 (psiCHECK2-GSTP1). The template
plasmid (psiCHECK?2) was used as a negative and normalization control. Activity of the 3"-UTR -dependent
luciferase (Renilla reniformis) was measured 48 hrs. post-transfection and normalized to the one produced by
the control and 3"-UTR -independent luciferase (Photinus pyralis). Error bars = standard deviation. C) Western
blot and densitometric analysis of GSTP1 expression. Cells were transfected with miRNA-133b alone or
together with a control antimiRNA (ctrl. amiRNA) or a specific miRNA-133b inhibitor (amiRNA-133b). 48
hrs. later cellular protein lysates were prepared and GSTP1 expression was assessed by Western blot. GAPDH
was used as an internal loading control. Cells transfected with ctrl. miRNA were used as a reference for
densitometric quantification of protein band intensity. D) qPCR analysis of GSTP1 mRNA expression. Cells
were transfected for 48 hrs. before total RNA was isolated, reverse transcribed and analyzed by qPCR for the
expression of GSTP1. Human acidic ribosomal protein (HuPO) was used as the house-keeping gene for internal
normalization. qPCR values are relative to mock transfected cells incubated under the same conditions and were
calculated by performing the AACt-method (Bookout et al, 2006). All graphs are representative of at least three
independent experiments.
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3.6 Activation of the innate immune response induces miRNA-133b expression

After having characterized the pro-apoptotic response mediated by miRNA-133b and
having pinpointed several of the molecular mechanisms and interactions that account for it,
the next aim was to gain a deeper insight into the regulation of miRNA-133b expression. The
levels of several miRNAs have been previously demonstrated to depend strongly on
activation of the innate immune system e.g. through stimulation of Toll-like receptors (TLRs)
(O'Connell et al, 2007; Sheedy & O'Neill, 2008; Tili et al, 2007). To investigate whether
miRNA-133b expression can be influenced by triggering the innate immune response, human
THP1 macrophages were stimulated with various different TLR ligands. After stimulation
total RNA was extracted from the cells and the expression level of miRNA-133b was
analyzed by gene-specific qPCR. As a point of comparison the amount of miRNA-146a, a
molecule well known to be strongly up-regulated during the pro-inflammatory response, was

determined.
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Figure 16. Expression levels of miRNA-133b and -146a after TLR stimulation.

THP1 macrophages were stimulated with 100 ng/ml Pam3CSK4, 10° cells/ml heat-killed Listeria
monocytogenes (HKLM), 10 pg/ml poly(I:C), 100 ng/ml lipopolysaccharide (LPS), 1 pg/ml S. typhimurium
flagellin, 100 ng/ml FSLI, 1 pg/ml imiquimod, 1 pg/ml ssRNA40 or 10 pg/ml CpG ODN2006. After 6 hrs. of
stimulation cells were collected and total RNA was extracted. miRNA-specific qPCR was performed with
RNU6B as an internal normalization control. Values represent the miRNA expression levels compared to
unstimulated cells and were calculated by performing the AACt-method (Bookout et al, 2006).
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In accordance to the results obtained by several other groups, activation of almost all
TLRs led to increased levels of miRNA-146a. Treatment of cells with some specific stimuli
also resulted in enhanced miRNA-133b expression. Activation with HKLM led to 8 fold
increase, whereas eliciting of TLR1/2, 7, 6 and 9 with Pam3CSK4, imiquimod, ssRNA or
CpG, respectively, showed less pronounced effects that ranged between twofold to fourfold
induction (Figure 16). Notably, priming of the macrophages with poly(I:C), the cognate
ligand of TLR3, provoked a 15 fold enhancement of miRNA-133b production. To test
whether this was also the case in the cell system used so far, HeLa cells were treated with
poly(I:C) and subsequently analyzed for the abundance levels of both miRNA-133b and -
146a. Triggering of TLR3 in these cells, known to express all TLRs (Nishimura & Naito,
2005), led to 15 and 7 times more miRNA-133b and -146a respectively (Figure 17). In

summary, miRNA-133b expression depended on activation of the innate immune system.
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Figure 17. TLR3 activation of HeLa cells enhances miRNA-133b and -146a expression.

HeLa cells were stimulated. with 10 pg/ml poly(I:C) for 6 hrs. Primed cells were collected and total RNA was
extracted. miRNA-specific qQPCR was performed with RNU6B as an internal normalization control. Values
represent the miRNA expression levels compared to unstimulated cells and were calculated by performing the
AACt-method (Bookout et al, 2006).

3.7 miRNA-133b leads to enhanced NF-kB activity

Currently, the best characterized function of miRNAs whose expression is enhanced
by TLR ligation is the down-regulation of key molecules of the signaling cascades that mount
the innate immune response. By doing this, miRNAs provide a negative feedback mechanism
that protects both the cell and organism from harmful exacerbated pro-inflammatory
responses (Hou et al, 2009; Liu et al, 2009a; Taganov et al, 2006). NF-xB activation

constitutes the most prominent step after TLR activation leading to establishment of an
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inflammatory response. To test whether miRNA-133b can influence the activation level of
NF-«B, luciferase activity assays were performed. To this end, HelLa cells were co-
transfected with a reporter plasmid expressing the Photinus pyralis luciferase in an NF-xB
dependent manner and different combinations of miRNA mimics (Yang et al, 1998). Two
days after treatment the samples were either left untreated or stimulated with TNFa or
poly(I:C) in order to assess the activation status of NF-«B. Introduction of miRNA-133b into
HeLa cells led to enhanced NF-«xB activity after TNFa or poly(I:C) treatment. MiRNA-133b
transfectants were characterized by an average increase in NF-kB activity of about three and
a half times after TNFo-stimulation and seven times after poly(I:C) treatment. This
enhancement was particular for miRNA-133b and could be inhibited by addition of a
sequence specific inhibitory amiRNA, but not a scrambled one (Figure 18A). As an attempt
to indirectly determine the activation stage of NF-kB, expression of two major pro-
inflammatory targets was determined by qPCR. Supporting the results obtained with the
luciferase assay, cells transfected with the miRNA-133b expressed four and seven times more

interleukin 6 (IL6) and 8 (IL8) after TNFa-stimulation, respectively (Figure 18B).
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Figure 18. miRNA-133b enhances NF-«kB activation and pro-inflammatory cytokine synthesis.

A) HeLa cells were co-transfected with different combinations of miRNA mimics and a NF-xB dependent
luciferase (Photinus pyralis) reporter plasmid. A plasmid expressing the Renilla reniformis luciferase was also
introduced as transfection efficiency normalizing control. Transfected cells were incubated for further 48 hrs.
before they were either left untreated or primed for 4 hrs. with 20 ng/ml TNFa or 10 pg/ml poly(I:C). Cells
transfected with ctrl. miRNA were used as a reference point for each different type of treatment. For assessing
the activation status of NF-«xB, all samples were lysed and dual-luciferase assay was performed. Error bars =
standard deviation. B) Cells were transfected with a control miRNA (ctrl. miRNA) or miRNA-133b and kept for
48 hrs. Following incubation, samples were treated with 20 ng/ml TNFa for 4 hrs. Primed cells were collected
and total RNA was extracted. qPCR analysis of interleukin 6 and 8 (IL6/8) was performed using human acidic
ribosomal protein (HuPO) as an internal normalization control. Values represent the gene expression levels
compared to ctrl. miRNA transfected TNFo-treated cells and were calculated by performing the AACt-method
(Bookout et al, 2006). All graphs are representative of at least three independent experiments.
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Within the miRNA research field miRNA-146a constitutes the best characterized
example of an immunoregulatory molecule that acts by down-modulating the expression of
key signaling molecules. miRNA-146a serves as a negative regulator of NF-xB mediated
inflammation by impairing the signal transduction by targeting of indispensable genes such as
IRAK1/2 and TRAF6 (Hou et al, 2009; Perry et al, 2008; Taganov et al, 2006; Williams et al,
2008). To test, whether miRNA-146a was able to block the enhanced NF-kB activity
mediated by miRNA-133b, NF-kB luciferase reporter assays of cells transfected with the
miRNA-133b in combination with miRNA-146a were performed after TNFa- or poly(I:C)-
stimulation. In both cases, co-transfection of miRNA-146a mimicked the effect of amiRNA-
133b by completely abolishing the enhanced NF-kB activity characteristic of miRNA-133b
transfectants (Figure 19).
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Figure 19. miRNA-146a blocks miRNA-133b mediated enhanced NF-«kB activity.

A) HeLa cells were co-transfected with different combinations of miRNA mimics and a NF-xB dependent
luciferase (Photinus pyralis) reporter plasmid. A plasmid expressing the Renilla reniformis luciferase was also
introduced as transfection efficiency normalizing control. Transfected cells were incubated for further 48 hrs.
before they were either left untreated or primed for 4 hrs. with 20 ng/ml TNFa or 10 pg/ml poly(I:C). Cells
transfected with ctrl. miRNA were used as a reference point for each different type of treatment. For assessing
the activation status of NF-«B, all samples were lysed and dual-luciferase assay was performed. Error bars =
standard deviation. This result is representative for at least three independent experiments.

Summing up, miRNA-133b was able to improve the activation of NF-kB, leading to
increased expression of pro-inflammatory cytokines. This implied that the expression of
negative regulators of NF-kB might be impaired by miRNA-133b. Despite several attempts
the identity of this molecule has remained elusive and further elaborated approaches are

required.
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4. Discussion

Ever since lin-4, the first identified miRNA, was discovered in 1993 (Lee et al, 1993;
Wightman et al, 1993), this family of previously unknown molecules has earned a
superordinate position among the central mechanisms of gene activity regulation. Since
computational analyses predict that the expression of up to 30% of all genes is regulated by
miRNA:g, it is likely that they are involved in the control of all biological processes (Bartel &
Chen, 2004). This work summarizes the results obtained by a series of experimental attempts
aimed at identifying and characterizing miRNAs with immunomodulatory and apoptosis
regulatory properties. This venture led to conclusive mechanistic evidence for miRNA-133b
as a very versatile regulator of pro-apoptotic signaling events triggered by members of the
TNFR superfamily and their ligands. The data presented herein constitute the first example of
a single miRNA with the ability to influence all three major pathways of DR mediated
apoptosis. In the following the relevance of these findings will be discussed within the

context of current miRNA and immunological research.

4.1 miRNA-133b is a novel regulator of death receptor mediated apoptosis

Despite tremendous efforts to unravel the role of miRNAs as fine tuners of cellular
fate and differentiation, to date only scant mechanistic evidence of their involvement in DR-
triggered apoptosis exists. In the context of TNFa-induced apoptosis the only known example
of miRNA involvement refers to the sensitization to TNFa cytotoxicity displayed by human
embryonic kidney cells over-expressing the miRNA cluster miR-23a~27a~24-2 (Chhabra et
al, 2009). Unfortunately, exact molecular mechanisms responsible for the increased
apoptosis, i.e. target genes being down-regulated, still remain to be identified. With respect to
the apoptotic response mediated by Fas it has been described that treatment of T-cells with an
activating Fas-antibody induced expression of miRNA-143 in a time-dependent manner.
Furthermore, over-expression of this miRNA in Jurkat cells translated to impaired
proliferation and enhanced FasL-mediated apoptosis. In this case targeting of extracellular
signal-regulated protein kinase 5 (ERKS) was proposed as the mechanism allowing a positive
death-promoting feedback loop (Akao et al, 2009). The influence of miRNAs on DR-
signaling has been mechanistically best characterized for the apoptosis inducing system
composed of TRAIL and its receptors. At least ten different miRNAs have been identified as
potential regulators (Corsten et al, 2007; Lu et al, 2009; Mott et al, 2007; Ovcharenko et al,
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2007). Among these miRNA-221 und -222 were recently reported as over-expressed in more
aggressive compared to less invasive tumors. It could be shown that these two miRNAs
induce TRAIL resistance through targeting of phosphatase and tensin homolog (PTEN) and
tissue inhibitor of metalloproteinases 3 (TIMP3) (Garofalo et al, 2009).

Herein, an ex-vivo model system of DR-triggered apoptosis was used to expand the
knowledge on miRNA-based regulation of this key signaling pathway. By doing this
miRNA-133b was characterized as a many-sided molecule with the ability to enhance
cytotoxic responses triggered by TNFa, FasL or TRAIL. Encoded on the sixth human
chromosome miRNA-133b and -206 compose a bicistronic miRNA cluster originally
considered to be exclusively expressed in skeletal muscle (McCarthy, 2008). Recent reports
support a broader expression pattern of both cluster members, and attribute miRNA-206
important regulatory functions in regions as different as brain, skeletal muscle or adipose
tissue (Anderson et al, 2006; Hansen et al, 2007; Walden et al, 2009; Williams et al, 2009).
Recently, miRNA-206 was brought into the context of apoptosis and cell cycle regulation by
two independent publications demonstrating its capacity to promote apoptosis and to
negatively regulate cell cycle progression (Adams et al, 2009; Song et al, 2009). In contrast to
this profound mechanistic characterization of miRNA-206, miRNA-133b, the other cluster

member, has remained by and large uninvestigated.

As demonstrated by our findings, the strong apoptotic response generated by
transfection of miRNA-133b into HeLa cells is a direct consequence of multiple synergistic
alterations of their protein repertoire i.e. miRNA-133b impairs the expression and function of
various important anti-apoptotic genes. Here clear-cut evidence for FAIM as a target gene of
miRNA-133b was provided since miRNA-133b transfection led to 70% reduction of FAIM
protein levels in a sequence specific manner (Fig 9C). Originally discovered during a screen
aiming to identify factors responsible for Fas-resistance in primary splenic B cells, FAIM has
emerged as a highly conserved atypical regulator of DR-mediated apoptosis (Schneider et al,
1999). Presently almost no information is available about the mechanisms by which FAIM
exerts its protective function. Its unique structure, with no significant primary sequence
homology to any other known protein domains, does not allow any detailed mechanistic
insight (Hemond et al, 2009). FAIM knockout mice are viable and have normal B- and T-cell

populations. However, faim'/’B cells and thymocytes show increased sensitivity to Fas-
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triggered apoptosis in-vitro, and faim” mice suffer from greater mortality and exhibit
exacerbated liver damage in response to Fas engagement in-vivo. Moreover, deletion of
FAIM in mice results in greater activation of CASP8 and 3 and augmented PARP cleavage in
FasL-stimulated, but not in dexamethasone, TNFa or y-irradiated thymocytes (Huo et al,
2009). This resembles the phenotype observed in miRNA-133b transfected HeLa cells, where
stimulation of the cells with an activating aCD95 antibody caused massive caspase activation
and subsequent PARP degradation. At the same time, the observation made in the knockout
mice implies that sensitization to TNFa detected in miRNA-133b transfected cells, as well as
their enhanced responsiveness to TRAIL-stimulation, is probably not a direct consequence of

FAIM down-regulation.

So far, two FAIM isoforms have been discovered. FAIM-L, the long variant, is
present almost exclusively in neurons, whereas the short one (FAIM-S) displays a broader
expression pattern (Segura et al, 2007; Zhong et al, 2001). Over-expression studies in neurons
revealed a protective role of FAIM-L against TNFa and FasL mediated apoptosis upstream of
both CASPS8 and 3 and, the ability of FAIM-S to promote neurite outgrowth by a mechanism
involving the activation NF-xB (Segura et al, 2007; Sole et al, 2004). Notably, both FAIM
isoforms share the same 3’UTR containing one miRNA-133b binding site, implying that both
protein variants could be subjected to post-transcritpional regulation by this miRNA. In fact,
enriched presence of miRNA-133b was recently identified in the midbrain, where it regulates
the maturation and function of dopaminergic neurons (Kim et al, 2007). Based on this and the
miRNA-targeting evidence provided here, future work should investigate the importance of
the down-modulation of FAIM by miRNA-133b during DR-triggered apoptosis and neuron

development in the midbrain.

Two more functional attributes of FAIM have been characterized. First, in-vivo FAIM
influences positively the expression of the key anti-apoptotic molecule cFLIP in lymphocytes
and hepatocytes (Huo et al, 2009). cFLIP is known to antagonize Fas-signaling by interfering
with recruitment of procaspase 8 (proCASPS) to the DISC (Scaffidi et al, 1999a). Reduced
levels of cFLIP would allow a better physical interaction of proCASP8 with Fas thus leading
to better caspase activation and probably enhanced apoptosis (Huo et al, 2009). To test,
whether this was also the case in miRNA-133b transfected cells, cFLIP expression was

analyzed (data not shown). No significant difference of cFLIP between ctrl. miRNA and
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miRNA-133b transfected cells could be observed at the mRNA or protein level. A possible
explanation for this could be that generation of a knockout mouse leads to complete absence
of the deleted gene, whereas transient miRNA treatment merely results in a partial reduction
(~70%) of protein expression (Figure 9). Therefore, miRNA-133b transfected cells might still
contain sufficient FAIM to assure the expression of cFLIP. This would mean that induction
of cFLIP expression is not the only mechanism by which FAIM protects cells from cytotoxic
signals triggered by DR ligands. On the other hand, as observed in the FAIM knockout
mouse, it is also feasible that up-regulation of cFLIP by FAIM is a specific anti-apoptotic
mechanism of hepatocytes, thymocytes and B-lymphocytes. The second recently described
FAIM function refers to its ability to enhance, both ex- and in-vivo, CD40 signaling for NF-
kB activation, interferon regulatory factor 4 (IRF4) expression and B-cell lymphoma 6
(BCL6) down-regulation during B-cell differentiation processes (Kaku & Rothstein, 2009).
Since miRNA-133b represents the first identified post-transcriptional regulator of this anti-
apoptotic molecule and, considering the high degree of conservation across different species
of both miRNA-133b and FAIM, it would be interesting to assess the relevance of miRNA-

133Db for processes associated to B-cell development.

Further evidence for the relevance of miRNA-133b as a controller of DR-mediated
apoptosis was provided by the experiments presented here showing that it duplicates the
apoptotic response induced by TRAIL in transiently transfected HeLa cells (Figures 5, 6, 7
und 8). OPG was originally described as a soluble decoy receptor with proficiency to inhibit
osteoclast differentiation by interfering with the signaling system involving receptor activator
of NF-kB (RANK) and its ligand (RANKL) (Leibbrandt & Penninger, 2008). Later on, with
the discovery that OPG can also bind to TRAIL, it emerged as an important anti-apoptotic
and tumor survival factor (Emery et al, 1998; Holen & Shipman, 2006). In this work it could
be established that miRNA-133b impairs OPG transcription and expression. Hence, ~70%
less decoy molecules are secreted to the medium by transfected cells (Figure 10). By adding
the recombinant human OPG to the culture medium, it was possible to reconstitute the
TRAIL resistance of miRNA-133b transfected cells. Importantly, despite addition of OPG
significantly higher apoptosis levels were still observed in miRNA-133b transfectants,
compared to equally stimulated ctrl. miRNA transfected cells (Figure 12). This suggests that
impaired OPG expression is not the only mechanism contributing to exacerbated TRAIL

responsiveness. This was further supported by the fact that specific down-regulation of OPG
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using small-interfering RNAs (siRNAs) was not sufficient for mimicking the enhanced
reactivity to TRAIL mediated by miRNA-133b (data not shown). Hence, the strong pro-
apoptotic influence of miRNA-133b on TRAIL-mediated signaling is rather the consequence
of pleiotropic down-modulation of gene activity, rather than being mediated by reduced

activity of one single genetic entity.

Since OPG has a very strong affinity for RANKL, it is feasible that miRNA-133b
mediated regulation of this decoy receptor might also be relevant in some of the numerous
biological processes controlled by this cytokine. In line with this idea, it was recently shown
that miRNA-206, the molecule belonging to the same cluster as miRNA-133b, performs
important functions during osteoblast differentiation (Inose et al, 2009). Since OPG is a key
player during the process of bone generation and resorption, and given that miRNA-133b
should be co-expressed with miRNA-206, it is interesting to speculate on a possible function

of the molecular regulatory system described in this work during skeletal remodeling.

Recently, further mechanistic evidence of a pro-apoptotic function of miRNA-133b
was discovered. According to it, miRNA-133b is a potent death-promoting molecule that
impairs the expression of the anti-apoptotic genes MCL1 and BCL-w. By doing this,
miRNA-133b jeopardizes the preservation of mitochondrial membrane integrity during drug-
induced apoptosis (Crawford et al, 2009). Importantly, this identification of miRNA-133b as
a sentinel of the endogenic apoptotic pathway upholds the findings presented in this thesis. It
strengthens the notion of miRNA-133b as death-promoting factor that fulfills its task by
impairing the correct function of pro-survival responses on different levels from both

endogenic and exogenic apoptotic pathways.

4.2 Tumor suppressor activity of miRNA-133b

Cancer is a complex genetic disease caused by the accumulation of mutations, which
lead to deregulation of gene expression and uncontrolled cell proliferation (Lee & Dutta,
2009). During the last years huge amounts of experimental evidence have accumulated that
support the tight link between tumorigenesis and miRNA expression and function (Esquela-
Kerscher & Slack, 2006; Lee & Dutta, 2009). The importance of miRNAs for cancer
development is highlighted by the fact that approximately 50% of the genes encoding
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miRNAs are located in cancer associated genomic regions or fragile sites, which are
frequently amplified or deleted in tumors (Calin et al, 2004; Sevignani et al, 2007).
According to their molecular function miRNAs can be classified as oncogenic or tumor-
suppressing. One important example of a miRNA with tumorigenic activity is miRNA-21. It
is up-regulated in almost all kinds of cancer where it inhibits apoptosis, promotes growth and
induces a metastatic phenotype (Selcuklu et al, 2009). On the other hand, tumor-suppressing
miRNAs like miRNA-15, -29 or -34b/c can show a reduced expression or even complete
absence in neoplastic tissues. As common characteristic, most of them induce cell-growth
arrest and enhance the apoptosis sensitivity of the tumors (Cimmino et al, 2005; Mott et al,

2007; Raver-Shapira et al, 2007).

Herein, it was demonstrated that miRNA-133b causes apoptosis and is therefore likely
to have potent tumoricidal properties. According to this, one would expect that the expression
levels of this miRNA should be reduced in cancerous tissue compared to healthy one. Indeed,
all miRNA profiles of different cancer types published so far, in which miRNA-133b has
been detected as differentially regulated, concur in a lower expression of this molecule in
diseased tissue (see appendix 7.1). Some tumor types displaying this characteristic include
ovary, breast, head and neck/oral, bladder, colorectal, testes and lung cancer (Bandres et al,
2006; Crawford et al, 2009; Kozaki et al, 2008; Navon et al, 2009; Tran et al, 2007; Wong et
al, 2008a; Wong et al, 2008b). Thus, based on our data and considering the consistent down-
regulation of miRNA-133b in different cancers affecting different types of organs, it is
feasible to postulate the impairment of miRNA-133b expression as one of the multiple steps
leading to tumor formation. In other words, reduced levels of miRNA-133b would favor
tissue transformation by protecting cancerous cells from apoptosis. In the future it would be
interesting to study this in more detail using mice models in which miRNA-133b locus has

been genetically ablated.

In addition to FAIM and OPG other key genes whose expression is affected by
miRNA-133b could be pinpointed in this work. The fact that transfection of miRNA-133b
into HeLa cells resulted in 60 and 50% less FASN and GSTP1, respectively, stresses its
importance as tumor suppressor (Figures 13 and 15). FASN is a central metabolic enzyme
responsible for the final catalytic step during fatty acid synthesis. Compared with normal

tissues, where FASN expression is very low, cancerous cells display much higher levels of it
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(Kuhajda et al, 1994; Milgraum et al, 1997). In tumors, FASN plays important tumorigenic
functions some of which include the generation of phospholipids needed for the cell
membrane synthesis of fast growing cancer cells, formation of raft-aggregates implicated in
key cellular and pro-survival signaling processes and prevention against accumulation of the
tumoricidal sphingolipid ceramide (Bandyopadhyay et al, 2006; Pizer et al, 1996; Swinnen et
al, 2003) (Scheme 13). From this perspective, miRNA-133b mediated suppression of FASN
expression is very important, since it impairs the proliferation capacity of cancer cells.
Moreover, it renders tumors more prone to cell death both without and after DR stimulation.
The former is relevant for the studies presented in this work, since it would explain why
unstimulated miRNA-133b transfected cells displayed low but still significantly higher levels
of apoptosis, compared to ctrl. miRNA transfected cells. This idea is supported by results
obtained from chemical inhibition and gene knock-down experiments, which to some extent
resemble miRNA-mediated gene silencing, where FASN inhibition resulted in CASPS8
mediated tumor cell apoptosis (Knowles et al, 2008).

End-product starvation Disturbance of membrane function
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Scheme 13. FASN inhibition activates several mechanisms leading to tumor cell death (Menendez & Lupu,
2007)
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GSTP1 belongs to a family of enzymes responsible for detoxification and protection
of cells from harmful reactive species (Townsend & Tew, 2003). Of importance, GSTP1
expression is highly elevated in neoplastic tissue and has been implicated in resistance to
apoptosis (Cumming et al, 2001). Recently, GSTP1 was reported to regulate TNFa triggered
signaling through interaction with TNF receptor-associated factor 2 (TRAF2) both ex- and in-
vivo. As a consequence of this, activation of apoptosis signal-regulating kinase 1 (ASK1) is
impaired and, an essential axis for TNFo mediated apoptosis is blocked (Wu et al, 2006).
Hence, by modulating the expression of two important oncogenes like FASN and GSTP1,
miRNA-133b jeopardizes the ability of highly proliferating tumors to manage chemical stress
and to self-supply with essential biomolecules. This feature together with the ability to
control actively the sensitivity of cells to DR-stimulation may explain why down-regulation

of miRNA-133b is a common feature in several different tumor types.

4.3 miRNA-133b involvement during the innate immune response

In the context of innate immunity accumulating evidence has revealed pivotal roles of
miRNAs during the establishment, maintenance, regulation and termination of primary
defense responses against invading pathogens (O'Connell et al, 2010; Sonkoly & Pivarcsi,
2009). Some prominent examples of miRNAs involved in the modulation of innate immunity
include let-7e, miRNA-9, -34, -146 and -155 among others. These molecules have been
shown to be involved in processes such as regulation of TLR-expression, NF-kB activation,
DC differentiation, inflammation and binding ability to pathogens (Androulidaki et al, 2009;
Bazzoni et al, 2009; Hashimi et al, 2009; Martinez-Nunez et al, 2009; Taganov et al, 2006).
Hence, miRNAs have become a very powerful tool for studying and understanding how the
fine tuning of the innate immune system takes place and constitute interesting targets for the

development of novel therapies against immunological disorders.

Hitherto, no connection of miRNA-133b with the innate immune system has been
drawn. By stimulating monocytic-like cells with TLR agonists it was shown that the amount
of miRNA-133b in the cell can be strongly influenced by activation of the cells with
pathogen associated molecular patterns (PAMPs) (Figure 16). Moreover, in-vitro infection of
macrophages with non-pathogenic M. bovis BCG, but not pathogenic M. tuberculosis, also

induced strong miRNA-133b expression during the first 24 hrs. of infection (This finding will
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be discussed in the next section) (Table 9 and Figure 1). This correlation between activation
of the innate immune system and miRNA-133b up-regulation strongly implies the latter
might play an immunoregulatory role during the inflammatory response triggered after TLR
stimulation. Currently, most of the miRNAs described in the context of inflammation and
innate immunity have been characterized as negative regulators of molecular signaling
cascades leading to production of pro-inflammatory cytokines like IL1f3, IL6 or TNFa. By
doing so, miRNA-146a or -147 protect cells from excessive counterproductive innate
immune responses because their own expression is up-regulated after activation of the
inflammatory response (Liu et al, 2009a; Taganov et al, 2006). Contrary to this, the data
presented here showed miRNA-133b as a small molecule with the ability to positively
regulate and enhance the NF-«kB signaling triggered by TNFa or poly(I:C). As a consequence
of this, four and seven times more IL6 or 8 were synthesized, respectively (Figure 18B).
Thus, miRNA-133b represents a novel class of immunorelevant miRNA whose role is not to

block the activation process triggered after pathogen recognition, but rather to boost it.

As demonstrated by the NF-kB luciferase assays, miRNA-146a is able to block the
hyper activation observed as a consequence of increasing the intracellular levels of miRNA-
133b (Figure 19). This raises the question about the interaction between co-expressed
miRNAs and the biological consequences of this. One possibility, as shown here, is that co-
existing molecules antagonize each other as a mechanism to avoid a dangerous polarization
of the cellular response. In this case, the final outcome of the response would strongly depend
on the kinetics of induction of the miRNAs and their target molecules. Furthermore,
biochemical and biophysical properties such as stability and half-life of the molecules would
also benefit the one or other direction of the cellular response. Thus, the biological effect of
miRNA-133b and its pro-inflammatory activity might not only depend on whether it is

expressed or not, but also on the co-existence of other miRNAs.

Herein it was shown that the NF-kB hyperactivity was specific for miRNA-133b
transfectants (Figure 18A). Based on this, it is tempting to postulate a negative regulator of
NF-kB as one of the genes targeted by miRNA-133b. Indeed, many interesting NF-xB
regulators such as tumor necrosis factor inducible protein A20 (A20) or protein phosphatase
2 catalytic subunit alpha isoform (PP2A) show a good complementarity to miRNA-133b and

are predicted as potential targets in-silico (Barisic et al, 2008; Song et al, 1996). In order to
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test this possibility, 3-UTR luciferase reporter constructs were generated and the mRNA
expression and protein levels of several of these candidate genes was analyzed after
transfection of HeLa cells with miRNA-133b (data not shown). Unfortunately, despite
several attempts none of the predicted targets showed a miRNA-133b-dependent expression
pattern. Hence, the identity of the negative regulator of NF-kB being down-regulated after
miRNA-133b treatment has remained elusive. Its identification will be of crucial importance

for the understanding of phenotype caused by miRNA-133b.

Further hints of a potential involvement and importance of miRNA-133b as a
regulator of innate immune mechanisms are provided by the molecules whose expression is
impaired by it. As mentioned previously, OPG has a high affinity for RANKL and this
interaction is of crucial importance for bone homeostasis. Besides its pivotal role as central
regulator of osteoclast development and function, RANKL is also of extreme importance in
various processes associated to innate immunity. It augments the ability of DCs to stimulate
naive T-cell proliferation, regulates the production of pro-inflammatory cytokines and
potentiates the antigen presentation capacity of macrophages (Anderson et al, 1997;
Maruyama et al, 2006; Park et al, 2005). Similarly, TRAIL, the other OPG ligand, also
executes central functions associated with the innate immune system. For instance, TRAIL is
up-regulated on monocytes and macrophages after stimulation with LPS or IFNJ (Ehrlich et
al, 2003; Halaas et al, 2000). Furthermore, IFNy stimulation induces TRAIL on the surface of
monocytes, DCs and natural killer (NK) cells (Fanger et al, 1999; Griffith et al, 1999).
Importantly, membrane bound TRAIL displayed by NK cells constitutes one of the main
killing mechanism used by these cells to combat tumors (Smyth et al, 2001). Future work
should explore the importance of miRNA-133b in the aforementioned processes. An
important task here will be to determine the expression levels of miRNA-133b among the

different cell types and under distinct activation stages of the immune system.

4.4 miRNA-profile of mycobacterial infection

Despite tremendous accumulating evidence of the importance of miRNAs for the
appropriate function of the immune system, currently no data are available on the role they
could play during mycobacterial infections. By performing miRNA-expression analysis of

macrophages infected either with pathogenic M. tuberculosis H37Rv or apathogenic M. bovis
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BCG, several miRNAs displaying an altered expression profile after 24 and 48 hrs. infection
were identified (Table 9 and Figure 1). The list of miRNAs differentially expressed included
molecules that have been previously well characterized in the context of innate immunity e.g.
miRNA-146a, -155 and let-7¢ (Androulidaki et al, 2009; Martinez-Nunez et al, 2009;
O'Connell et al, 2007; Taganov et al, 2006). Notably, also species with no previous record of
immunoregulatory activity could be detected. Most differentially regulated miRNAs showed
subtle expression changes compared to uninfected cells. Rather than being an intrinsic
characteristic of the experimental system used here, this has become a general observation of
different groups performing miRNA profiling experiments. The current consensual model in
the miRNA field is that even marginal expression level changes may lead to severe effects
and phenotypes (Baek et al, 2008; Linsen et al, 2008; Selbach et al, 2008). The reason for this
has been attributed to the pleiotropic nature of miRNA regulatory function which allows
these short RNAs to interfere, or promote, simultaneously different molecular mechanisms
and signaling pathways. Hence, even small changes like those observed for most miRNAs

detected with our setup of mycobacterial infection might be relevant.

Currently, the study of miRNA function and relevance during M. tuberculosis
infection is particularly hindered by the difficulty to perform transfection and over-expression
studies in biologically relevant host cells i.e. macrophages and DCs (Lee et al, 2009b; Zhang
et al, 2009). As an alternative to circumvent this technical issue it was decided to first screen
candidate miRNAs for regulatory properties in the context of TNFo mediated apoptosis and
signaling using the easily transfectable and well characterized HeLa cell system. TNFa was
chosen since it plays pivotal roles in the initial and long-term control of TB. For instance,
gene knockout mice deficient in TNFRI suffer from exacerbated TB (Balcewicz-Sablinska et
al, 1998; Flynn et al, 1995a; Kaufmann, 2002; Lin et al, 2007). Using this experimental setup
miRNA-133b was identified as a strong sensitizing agent against TNFa induced cell death
(Figures 2, 3 and 4). Based on this observation the development of a lentiviral transduction
platform for over-expressing miRNA-133b in human macrophages was started.
Unfortunately, generation of these constructs proved to be very challenging, mainly because
of cloning difficulties related to the complex irregular hairpin structure of miRNA precursors
that is essential for correct processing and generation of biologically active molecules. Hence
generation of stable miRNA-133b over-expressing macrophages is still underway. These
cells will allow the characterization of the involvement of this potent pro-apoptotic molecule

during the innate immune response to M. tuberculosis.
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As shown by our results, miRNA-133b was strongly induced by macrophages after 24
hrs. infection with the vaccine strain M. bovis BCG, but not virulent M. tuberculosis H37Rv.
The importance of macrophage apoptosis for the outcome of mycobacterial infection is still
unclear because ambivalent experimental evidence has been collected in the past. M.
tuberculosis could act as pro-apoptotic pathogen that induces cell death in order to escape
from macrophages and promote extracellular spread of the infection. Indeed, primary human
alveolar macrophages obtained from bronchoalveolar lavage of TB patients show elevated
apoptosis levels when compared to healthy control individuals (Klingler et al, 1997; Placido

etal, 1997).

Moreover, cellular death induction in infected macrophages seems to rely on a novel
caspase-independent pathway that shares features of both apoptosis and necrosis (Lee et al,
2006; O'Sullivan et al, 2007). Thus, there is evidence available that supports the concept of
M. tuberculosis as an apoptosis inducing pathogen. Remarkably, the magnitude of the cell
death inducing response seems to be strongly dependent on the genetic background of the
host cell, the bacterial strain and the multiplicity of infection used (Briken & Miller, 2008). In
contrast to this, prevention of host apoptosis could represent a strategic tool of virulent
mycobacteria to evade a key-step of innate immunity and perpetuate their replication niche.
Several lines of robust evidence support the blockade of host cell apoptosis as an important
virulence mechanism of M. tuberculosis. For instance, it is known that pathogenic
mycobacteria can induce anti-apoptotic genes much stronger than non-virulent high apoptosis
inducing strains (Dhiman et al, 2007; Sly et al, 2003; Spira et al, 2003). Furthermore, M.
tuberculosis inhibits the extrinsic apoptotic pathway by modifying the expression of death
receptors such as Fas and soluble TNF receptor 2 (sTNFR2) (Balcewicz-Sablinska et al,
1998; Oddo et al, 1998).

Finally, the strongest evidence for the anti-apoptotic nature of M. tuberculosis was
provided by the identification of three genes (nuoG, soda and PknE) in its genome that
encode proteins responsible for reduced levels of infection-triggered apoptosis (Hinchey et al,
2007; Jayakumar et al, 2008; Velmurugan et al, 2007). In summary, several lines of
conclusive evidence support the ability of mycobacteria to actively manipulate the apoptotic
response of its host. This seems to occur according to the necessity of intracellular
mycobacteria to either replicate safely within the macrophage or, abandon it and disseminate.

Given their pivotal role for the regulation of the apoptotic program, miRNAs, including
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miRNA-133b, could be used for a better dissection of the molecular mechanisms that allow
mycobacteria to control the fate of the host cell. Moreover, active manipulation of the
miRNA repertoire of the target cell by the invading pathogen could represent a previously
unforeseen mechanism of host manipulation. In fact, this has already been described for the
bacterial plant pathogen Pseudomonas syringae. This pathogen has developed the ability to
inject effector proteins into the host cell that allow it to manipulate the host miRNA
machinery (Navarro et al, 2008). In order to approach this question, the development of
suitable miRNA over-expression and repression tools for use in human macrophages and

DCs is imperative.

Besides the potential of miRNAs as tools for deciphering and approaching host-
pathogen interactions, they could also provide valuable information about the immune status
of the host cell and even the whole organism. From this perspective it is feasible to envision
miRNA signatures of TB patients as a possible way of characterizing the disease state.
Moreover, such expression profiles could have both diagnostic and prognostic value. Indeed,
first studies have already determined that miRNAs can be even more accurate than traditional
expression profiles when classifying tumors according to their developmental lineage (Lu et
al, 2005). Even more, the level of certain miRNAs can help predict the effectiveness of
pharmacological treatment. This has been demonstrated in human biopsies of hepatitis C
patients, where the expression levels of miRNA-122 negatively correlate with the success of
IFN therapy (Sarasin-Filipowicz et al, 2009). Hence, performing miRNA profiling in the
context of infectious diseases, especially TB, could open a new window for a deeper
understanding of pathogenic mechanisms. Furthermore, such signatures represent a

promising platform for the development of new diagnostic and prognostic tools.

4.5 miRNA-133b: one miRNA, many targets

Currently, an important question in the miRNA field is whether these small regulatory
molecules achieve their physiological impact through repression of a single or a few cardinal
targets, or via the cumulative impact of impairing the expression of large sets (sometimes
hundreds) of targets (Wallach & Kovalenko, 2009). Whereas most experimental evidence
supports the latter option, there are some reported cases where siRNA-mediated down-

regulation of one single gene resembled miRNA-mediated phenotypes. For instance, in mice,
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specific knockdown of SHIP1 in the hematopoietic system following retroviral delivery of a
miRNA-155-formatted siRNA against SHIP1 resulted in a myeloproliferative disorder, with
striking similarities to that observed in miRNA-155-over-expressing mice (O'Connell et al,
2009). According to the data presented here, four critical anti-apoptotic genes could be
identified, whose expression is impaired simultaneously (directly or indirectly) by miRNA-
133b. Importantly, as determined by gene-specific knockdown experiments using siRNAs,
none of these genes was capable by itself of phenocopying the pro-apoptotic effect of
miRNA-133b in its whole magnitude (data not shown). This supports the idea that the effect
mediated by miRNA-133b is the consequence of multiple synergistic small changes in the
expression levels of various genes, rather than being attributable to the impaired expression
of one single master gene. Nevertheless, it is impossible to exclude that the latter might be the
case and, that the identity of the most important miRNA-133b target is still missing. Further

studies are necessary in order to increase the list of genes being regulated by miRNA-133b.

4.6 Technical aspects: The challenge of miRNA-target identification

Regardless of the enormous advancement achieved in the field of miRNA research
during the last decade, identification of targets genes is still considered a gigantic technical
challenge. This represents a major threat for the expansion of our understanding of miRNA
function since the latter is ultimately defined by the genes a given miRNA targets and the
effects it has on their expression (Mendes et al, 2009). Currently, most miRNA target fishing
experiments use in-silico sequence analysis and prediction as a starting point. Though
helpful, this kind of bioinformatic approach is still prone to high rates of false positive
predicted targets. Furthermore, the fact that miRNAs might exert their function either by
provoking mRNA cleavage or translation arrest constitutes a further hurdle for efficient target
gene identification. Herein results are presented that were obtained after using a mixed
miRNA target identification strategy. This consisted of using state-of-the-art methods to
assess the impact of miRNA-133b both on the transcriptome and proteome of transfected
cells. As a big advantage, the characterization of miRNA-133b as a pro-apoptotic molecule
allowed us to narrow the target search to anti-apoptotic and tumor-suppressing molecules.
This system proved to be successful as demonstrated by the discovery of FAIM, OPG,
GSTP1 and FASN as genes whose expression is impaired by miRNA-133b. Unfortunately,
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the complexity of this approach as well as the high costs associated to it excludes its

application as a routine strategy.

Two more aspects complicate the identification of miRNA targets. First, as discussed
previously, miRNA over-expression often leads to rather minute changes of mRNA and
protein levels of targeted genes (Baek et al, 2008; Selbach et al, 2008). This raises the
question as to what extent small changes in protein levels can be considered biologically
relevant. By following the traditional approach of focusing on genes showing the most drastic
effects researchers might overlook those that are really important since they take over central
roles. MiRNAs exemplify that regulation of biological systems is not a question of strength at
the single gene level, but rather of cumulative and synergistic subtle variations of the protein
repertoire. Second, as demonstrated by OPG and FASN, finding the exact region being
targeted by the miRNA of interest is still not an easy task. It has been recently shown that
regions other than the 3’-UTR of a gene can also function as miRNA docking sites (Zhou et
al, 2009). Since most of the currently online available in-vitro prediction tools do not analyze
the entire mRNA sequence, they offer only limited prediction power. Hence, they might not
detect and predict numerous non-canonical miRNA binding sites (Lee et al, 2009a; Tay et al,
2008). Moreover, current targeting validation systems are designed to identify binding to the
3’-UTR but not other regions of a gene. Thus, as our knowledge of the mechanisms
underlying miRNA function expands, the challenge of designing and establishing more

accurate target validation systems is growing.

Last but not least, even if a gene shows an expression pattern that can be specifically
influenced by a miRNA (like FASN or OPG in this study), this does not necessarily mean
that a direct interaction between the small RNA and mRNA is taking place. Current miRNA
target identification techniques do not discern between direct targeting and downstream
effects. Hence, in some cases gene regulation might be a consequence of impaired activity of
a central gene expression regulator e.g. transcription factors. This might be less important for
the phenotypic description of miRNA effects, but must be considered when elucidating the

exact molecular mechanisms responsible for a given cellular phenotype.
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5. Conclusions & Outlook

The work presented here dealt with the characterization of miRNA-133b, a molecule
first detected during a screen aimed at the identification of miRNAs differentially regulated
during mycobacterial infection of human macrophages. Using an ex-vivo model of DR-
mediated apoptosis it was shown that miRNA-133b has very strong pro-apoptotic properties.
Treatment of HeLa cells with this molecule resulted in strong sensitization towards TNFa or
FasL-triggered apoptosis and exacerbated TRAIL sensitivity. Hitherto, this work represents
the first description of a miRNA harboring the ability to manipulate the signal pathway
composed of DRs and their ligands. As shown by our results, four different mechanisms
could be identified by which miRNA-133b renders cells more prone to undergo apoptosis
(Scheme 14).

- Further contributions to pro-
apoptotic effect of miRNA-133b???

direct down-regulation

----- unclear regulation mechanism

OTHER ANTI-
APOPTOTICGENES ???
Enhanced itivity to FasL |= 1 Inhibiti f multiple anti
nhanced sensitivity to FasL— - Inhibition of multiple anti-
FAIM ———— FASN : |
Increased responsiveness to — ?? I’- = S apoptotic mechanisms.
other DR ligands. . /
1
1 ,l
'I 1
|
7
| ] ’ I
Enhanced sensitivity to TRAIL— QPQG L ?? GSTP1 - Blockade of detoxification
1 i and protection of cells from
harmful reactive species
NEGATIVE REGULATORS

OF NF-kB ???

- Enhanced pro-inflammatory
phenotype ???

Scheme 14. miRNA-133b as regulator of apoptosis and the inflammatory response mediated by NF-kB

First, it down-regulates the abundance of FAIM and OPG, two anti-apoptotic proteins
involved in the regulation of DR-induced cell death in many different biological settings.
Secondly, miRNA-133b down-regulates the expression of the oncogenes GSTP1 and FASN.
By doing so it impairs the ability of tumor cells to cope with chemical stress and self-supply
with important molecules, respectively. Both GSTP1 and FASN have been well characterized

in the context of tumorigenesis and immune evasion and represent important therapeutic
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targets. Importantly, miRNA-133b represents the first described post-transcriptional
expression regulator for all four genes. Hence, our results contribute to a better understanding
of the mechanisms governing the expression of central oncogenes. Future work should focus
on the characterization of miRNA-133b in different cancer models and its potential as novel
target for therapeutic treatment. Given the consistent down-regulation of miRNA-133b in
human tumors of different etiology, it would also be interesting to explore its potential

application as diagnostic and prognostic marker.

The molecules identified in this work as miRNA-133b targets accomplish important
tasks in a variety of biological systems. Furthermore, most of them have been well
characterized in the context of disease and represent important therapeutic targets. Given the
current knowledge that supports a wider expression pattern of miRNA-133b future work
should explore its role during the regulation of processes such as neuronal development,
osteogenesis, cardiac and skeletal muscle development, B-cell development or lipogenesis.
Further attempts should also aim at expanding and enriching the list of genes targeted by

miRNA-133b. This will allow unveiling its biological relevance and regulatory potential.

Herein first evidence was provided for a role of miRNA-133b in the context of innate
immunity. Our results link miRNA-133b expression to TLR-mediated pathogen recognition.
Notably, contrary to most miRNAs associated so far with innate immunity, miRNA-133b
seems to facilitate pro-inflammatory processes rather than to impair them. As demonstrated
by our results, miRNA-133b transfection of cells leads to enhanced NF-«kB activity and
increased synthesis of pro-inflammatory cytokines such as IL6 and 8. Given the central role
of NF-kB among transcription factors and its extreme importance for proper biological
function, follow-up experiments should definitely aim at elucidating the mechanisms
responsible for miRNA-133b mediated enhanced NF-«xB activity. In the same line, generation
of miRNA-133b and amiRNA-133b over-expressing macrophages will allow further
characterization of the relevance of miRNA-133b in the context of primary immune response

to mycobacterial infection.

The miRNA profile presented here is a simplified first attempt to characterize the role
of these small regulators during mycobacterial infection. It proves that bacterial challenge

modulates miRNA expression levels. Based on this first line of evidence, the possibility of
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generating miRNA expression profiles of TB patients should be considered. Currently, the
access to more modern sequencing and profiling techniques would allow a deeper and,
probably, more sensitive quantification of changes in miRNA levels. This information is very
valuable since it could provide new mechanistic insights and, it could have diagnostic and

prognostic significance.

Finally, this work constitutes the first characterization of miRNA-133b in the context
of DR-mediated apoptosis and innate immunity regulation. Our results show miRNA-133b as
a very versatile and potent controller of cellular fate. The evidence provided here, together
with the current knowledge about miRNA-133b expression in different cancer types and its
role as regulator of the intrinsic apoptotic pathway, indicate that miRNA-133b plays
important roles during processes such as cellular transformation and tumor development.
Hence, miRNA-133b could represent an interesting molecular target for therapeutic
treatment. Follow-up studies should focus on the characterization in other relevant biological

models of the molecular mechanisms described here.
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7. Appendix

7.1 Published cancer miRNA expression profiles showing miRNA-133 down-regulation

Table 11. List of published reports showing an impaired expression of miRNA-133b in tumor cells and/or

clinical samples

Cancer type

Description

Reference

Multiple cancer types

Human non-small cell
lung cancer (NSCLC)

Head and neck/oral
cancer (HNOC)

Bladder cancer

Colorectal cancer

Human germ cell
tumor

miRNA-133b specific down-regulation
in human biopsies from 8 different
tumor types compared to matched
healthy tissue

miRNA-133b expression is strongly
impaired in lung tumor compared to
uninvolved tissue

Several studies demonstrating a lower
expression of miRNA-133b in HNOC

Impaired expression of miRNA-133b in
bladder cancer biopsies compared to
healthy control tissue

Real-Time PCR examination of
colorectal cancer samples and non-
neoplastic tissue from patients revealed
a diminished miRNA-133b expression

Decreased expression of miRNA-133b
in testicular germ cell tumors compared
to control tissue

(Navon et al, 2009)

(Crawford et al, 2009)

(Kozaki et al, 2008; Liu et al,
2009b; Tran et al, 2007; Wong
et al, 2008a; Wong et al,
2008b)

(Ichimi et al, 2009)

(Bandres et al, 2006)

(Gillis et al, 2007)
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