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Chapter 4

Abstract

MicroRNAs (miRNAs) are a class of small non-coding RNAs that play important
roles in controlling mRNA stability and translation. Several miRNAs have been im-
plicated in development and function of the immune system and their aberrant ex-
pression has been linked to pathogenesis of human diseases. Recently, zebrafish infec-
tion models have been developed to study the vertebrate immune system. Signaling
pathways of the immune response were found to be conserved between human and
zebrafish, but the interaction between miRNAs and the zebrafish immune system
has not yet been addressed. Here, we used a custom-designed microarray platform
to evaluate miRNA expression in zebrafish infection models. By infection studies
with two pathogens, Mycobacterium marinum and Salmonella typhimurium, mod-
eling human tuberculosis and salmonellosis, respectively, we identified a set of com-
mon infection-responsive miRNAs, including members of the miR-21, miR-146 and
miR-181 families, previously linked to immunity and cancer in human and mamma-
lian models. The context of innate immunity was sufficient for the infection response
of these miRNAs, as their differential expression occurred not only in adult fish but
also in embryos prior to development of adaptive immunity. We also determined
that predicted target genes of the strongly infection-inducible miR-146 family are
conserved between human and zebrafish. These include key signaling intermediates
of the TLR pathway that is pivotal for pathogen recognition and activation of the
innate immune response, suggesting a miR-146-mediated feed back mechanism to
properly control the inflammatory response. Together, our results uncovered overlap
in human and zebrafish immune-related miRNAs as well as miRNA target genes,
indicating the usefulness of zebrafish infection models to increase our knowledge of
miRNA functions in the vertebrate immune system.

Introduction

The discovery of microRNAs (miRNA) has added a new level of complexity to
how biological processes are controlled. MicroRNAs are small non-coding single
stranded RNAs with a length of 19-25/21-25 nucleotides (nt) that control gene expres-
sion by regulating mRNA stability and translation in a unique tissue-specific, de-
velopmental stage-specific and disease-specific manner (Schmidt et al., 2009). They
are involved in the regulation of variety of biological processes, including cell cycle,
differentiation, development, metabolism and disease pathogenesis (Sonkoly and
Pivarcsi, 2009). MiRNA genes are evolutionarily conserved and located in introns
and exons of protein-coding genes and non-coding regions of the genome. They
are transcribed mostly by RNA polymerase II into several kilobases long, double-
stranded primary transcripts (pri-miRNA). Pri-miRNA is subsequently cleaved in
the nucleus by the Drosha /DGCR8 complex into one or more ~ 70 nt-long pre-
cursor miRNA strands (pre-miRNA). Pre-miRNA is exported to the cytoplasm by
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exportin-5, where it is bound to RNase Dicer and to the RNA-induced silencing
complex (RISC) and processed into a mature miRNA molecule. Only the active or
mature strand is retained in the RISC complex, the passenger strand is removed and
degraded. However, in some cases both strands of the miRNA duplex (the primary
miRNA and its star sequence) are incorporated in the RISC complex with similar ef-
ficiency. In animals, the mature miRNAs usually bind to complementary sequences
in the 3’ untranslated region of target mRNAs, particularly with their seed sequences
(nucleotide 2-8 from the 5’ end). This results in repression of gene expression by
translational inhibition and mRNA degradation. Under certain conditions miRNAs
can also induce the translation of target mRNAs (Vasudevan et al., 2007) or tran-
scriptionally silence gene expression (Kim et al., 2008). The physiological impact of
this is still unknown. MiRNA biogenesis is controlled by extensive transcriptional
and post-transcriptional regulation.

Proteins in miRNA biogenesis as well as several miRNAs have been implicated
in the immune system, both in the process of haematopoiesis and in the function of
haematopoietic cell lineages. The miR-17~92 cluster has been shown to be a ubiqui-
tous regulator of B-cell, T-cell and monocyte development. MiR-142 was shown to
be a regulator of T cell development, miR-150 has been implicated in B cell differ-
entiation, miR-155 was shown to be involved in T- and B-cell maturation, miR-181a
in B-cell differentiation and CD4+ T-cell selection, activation and sensitivity, and
miR-223 is specifically expressed cells of the granulocytic lineage (Baltimore et al.,
2008; Carissimi et al., 2009; Lindsay, 2008; Lu and Liston, 2009; Sonkoly et al., 2008;
Taganov et al., 2006; Xiao et al., 2007).

MiRNAs have not only been linked to development of immune cells but also to
the process of infection or inflammation. There is increasing evidence that they have
important roles in regulating innate immune responses, the first line of defence to
bacteria, viruses, and other pathogens. As part of the first immune response, mono-
cytes and macrophages recognize microbial ligands with their pattern recognition
receptors, of which the Toll-like receptors (TLRs) form one of the major families.
Due to activation of the downstream signaling pathways hundreds of genes are in-
duced to defeat the pathogen. Several miRNAs are induced or repressed during bac-
terial and viral infections. After exposure of (human or mouse) monocytes to bacte-
rial lipopolysaccharide (LPS) miR-132, miR-146, and miR-155 showed significant up-
regulation (O’Connell et al., 2007; Taganov et al., 2006; Tili et al., 2007). In addition,
miR-146 is also induced by proinflammatory stimuli, including interleukin-1 (IL-1)
and tumor necrosis factor (TNF), in a NF-kB-dependent manner, and miR-155 was
found to be stimulated by interferon (IFN) or TNF (O’Connell et al., 2007; Taganov
etal.,, 2006). MiR-146 and miR-155 might be components of negative feedback loops
attenuating TLR signaling pathways, where miR-146 limits IL-1 receptor-associated
kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6) expression, and
miR-155 suppresses FADD, RIP and IKK (Pedersen and David, 2008). In contrast,
miR-125b, which targets TNF mRNA, is down-regulated following LPS-induced TLR
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signaling, thereby stimulating the production of TNF (Pedersen and David, 2008;
Tili et al., 2007). There is also evidence that miRNAs play role in viral infections
either by contributing to the antiviral defence or facilitating the replication of the
pathogen.

As miRNAs regulate the normal development and function of the immune sys-
tem, their aberrant expression have been suggested to be involved in pathogenesis
of diseases. A large number of recent studies demonstrated deregulated miRNAs
in immune-related disorders like inflammatory or autoimmune diseases. In inflam-
matory diseases such as psoriasis and atopic eczema, miR-146 and miR-125b were
found to be deregulated (Carissimi et al., 2009). In rheumatoid arthritis miR-146
and miR-155 are commonly up-regulated. (Nakasa et al., 2008; Stanczyk et al., 2008).
Many other miRNAs (miR-17~92, miR-21, miR-129, miR-203, miR-451 etc) have
been detected in other types of immune-related disorders supporting the fact that
these miRNAs play critical role in inflammation (Carissimi et al., 2009; Sonkoly and
Pivarcsi, 2009). Since the immune system is tightly connected with cancer, not sur-
prisingly the expression of many of the immunity-related miRNAs is also changed in
a variety of tumors (Bhaumik et al., 2008; Costinean et al., 2006; Esquela-Kerscher
and Slack, 2006; Garzon et al.,, 2009; Hurst et al., 2009; Lu et al., 2005; Medina and
Slack, 2008).

Although many recent studies have contributed to the discovery of novel miR-
NAs and have aimed to shed light on their role in gene expression, only a limited
number of the mRNA targets of miRNAs have been experimentally validated and
the contribution of miRNA regulation to the pathogenesis of human diseases is far
from understood. As miRNAs are highly evolutionary conserved across vertebrates,
studies using different model organisms can provide valuable information about
their functions in development of human diseases. In the last decade, zebrafish,
which has an innate and adaptive immune system similar to that of mammals, has
been commonly applied as model system for immunological research (Traver et al.,
2003; van der Sar et al., 2004). Zebrafish models have been developed for different
infections, including Mycobacterium marinum infection as a model for tuberculo-
sis and Salmonella typhimurium infection as a model for food poisoning (Davis et
al., 2002; Meijer et al., 2004; Meijer et al., 2005; Stockhammer et al., 2009; van der
Sar et al., 2003; van der Sar et al., 2009). Zebrafish is also a convenient model to
study miRNA function and its miRNA family has been well described (Davis et al.,
2002; Kloosterman et al., 2007; Kloosterman et al., 2006; Schier and Giraldez, 2006;
Wienholds et al., 2005). However, the functions of miRNAs in the immune system of
zebrafish have not yet been addressed.

Here, we have used a custom-designed microarray platform to evaluate miRNA
expression in adult zebrafish and zebrafish larvae infected with different bacterial
pathogens. Common microRNA induction profiles from different bacterial infec-
tions are assessed and compared to human miRNA expression profiles in the lit-
erature. We have focused on miR-146 family and their predicted target genes in the
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TLR pathway, and have compared microRNA expression with previously published
expression data of predicted target genes (Stockhammer et al., 2009; van der Sar
et al., 2009). Our results show that there are infection-responsive miRNAs highly
conserved between human and zebrafish and also that there is considerable overlap
in miRNA target genes, indicating that the zebrafish can be a useful model to dissect
functions of miRNAs in the vertebrate immune system.

Results

Microarray analysis of microRNA profiles in response to infection

In order to study the effects of bacterial infection on microRNA (miRNA) expres-
sion profiles we used RNA samples from different infection experiments in adult
and embryonal zebrafish that we had previously analyzed for gene expression differ-
ences (Stockhammer et al., 2009; van der Sar et al., 2009). Bacteria tested included
Salmonella typhimurium, which causes a lethal infection in 1-day-old zebrafish em-
bryos (van der Sar et al., 2003) and Mycobacterium marinum strains Mma2o and
E11, which respectively cause acute disease or chronic granulomatous tuberculosis
in zebrafish adults (van der Sar et al., 2004) and also induce granuloma formation
in zebrafish larvae (Davis et al., 2002). We analyzed samples from embryos injected
into the blood at 27 hpf with S. typhimurium bacteria (Stockhammer et al., 2009).
In addition, embryos at 48 hpf were infected with M. marinum E11 using a novel
infection system, in which bacterial suspensions with polyvinylpyrrolidone (PVP)
as a carrier are injected into the yolk sac (Spaink et al., unpublished results). For
comparison a non-pathogenic bacterium Lactobacillus casei Shirota was used in the
yolk infection system and the effect of PVP carrier was determined as a control. In
adult infection experiments, M. marinum strains Mma20 and E11 were injected into
the intraperitoneal cavity. Details of the experimental set-up of the embryonic and
adult infection studies are shown in Fig. 1.

To quantify microRNA gene expression profiles we used a custom-designed 8x15k
Agilent zebrafish array. In the infection experiments with embryos, the total number
of probes that showed more than 1.5-fold induction or repression of the expression
level (P < 1.00E—4) was highest for the M. marinum E11 yolk-infected embryos (Fig.
2A). The number of differentially expressed probes was 8 times lower when similar
doses of non-pathogenic L. casei Shirota were injected into the yolk and 18 times
lower in control injections with PVP carrier. Similarly, the number of differentially
expressed probes was 10 times lower in S. typhimurium caudal vein infections than
in M. marinum Eu yolk-infected embryos. The numbers of differentially expressed
probes in adult infection experiments with M. marinum were in a similar range as in
the M. marinum En yolk-infected embryos (Fig.2A). Comparing the two M. mari-
num strains, a higher number of probes were differently expressed in infections with
the Mma2o strain that causes acute disease than in the case of the E11 strain that
causes chronic disease. For both strains, at 1 dpi 1.5 to 2-fold more probes were up-
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A) Embryonal infections
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Figure 1. Overview of the infection experiments. (A) For infection of embryos with S. typhimu-
rium, bacteria were microinjected into the caudal vein close to the urogenital opening after the
onset of blood circulation (27 hpf). An equal volume of PBS was likewise injected for the control
group (Stockhammer et al., 2009). RNA samples for transcriptome analysis were collected at 8 hours
post infection (hpi). For yolk infection experiments, embryos were staged at 48 hpf and M. mari-
num E11 bacteria were injected in PVP suspension. For comparison a non-pathogenic bacterium
Lactobacillus casei Shirota was injected in PVP suspension at similar concentrations as used for M.
marinum. As controls PVP-injected and uninjected embryos were employed. For gene expression
analysis we extracted RNA samples at 3 days post infection (dpi). (B) In adult infection experiments,
M. marinum strains Mma2o and E11 were injected into the intraperitoneal cavity of male zebrafish
and PBS-injected males were used as a control. For microarray analysis we collected RNA samples
from two time points, 1and 6 days post infection (dpi).

regulated than down-regulated, while at 6dpi experiments 3 to 4 times more probes
were down-regulated than up-regulated.

Annotation of differentially expressed microRNAs

The custom-designed microarray platform contained probes for both known
and predicted miRNAs, the latter classified into three categories: C1 - novel confi-
dent miRNAs for which there is compelling experimental evidence, C2 - candidate
miRNAs with clear hairpin structure but less experimental evidence, and C3 - ad-
ditional hairpins identified in the zebrafish genome sequence that are less likely to
be miRNAs. The distribution of differentially expressed probes over the known and
predicted miRNA categories in the different embryonal and adult infection experi-
ments is shown in Fig. 2B. The total number of known miRNAs regulated during
infection was highest for the M. marinum yolk infections in embryos (181 out of a
total of 496 probes), much lower for the other embryonal infections (13-20 probes),

82



MicroRNA expression during bacterial infections in zebrafish

A Embryonal infections Adult infections
800
600 [
w
2
S 400
a
o
@
w
@ 200
j= 9
>
)
=
= 0 g B down-regulated
k= E - 0 up-regulated
o
&
T 200
B
D
Ne]
E 400
=
=z
-600
-800
St Et1 LcS PVP E11 El1 Mma20 | Mma20
1dpi edpi 1dpi 6dpi
B [ known up (496) 1 23 5 1 6 24 16 38
known down (496)| 9 158 8 1 38 15 66 20
C1 up (24) 0 1 1 1 4 3 3
C1 down (24) 0 0 1 3 1 8 3
C2up (18) 0 0 0 1 0 2 1
C2 down (18) 0 0 0 2 2 1 2
C3 up (5912) 27 371 39 14 266 132 615 231
C3 down (5912) 37 296 51 21 122 644 208 682

Figure 2. Differentially expressed miRNA probes in adult and embryonal infections. (A) Total

number of up-regulated and down-regulated probes. (B) Number of up-regulated and down-re-
gulated probes in four annotation categories: known miRNAs, and predicted miRNAs, C1, C2, and

(3, with decreasing level of confidence as further detailed in the text. The total number of probes

on the array per category is: 546 probes in known, 62 probes in C1, 54 probes in C2 and 6942 probes

in C3 category. Embryonal infections were performed by injection of S. typhimurium (St) into the

caudal vein at 27 hpf or by yolk injection of M. marinum (E11) or L. casei Shirota (LcS) at 48 hpf. PVP is

the carrier control for yolk injections. Adult infections were performed with M. marinum strains E1

(E111dpi, E11 6dpi) and Mma2o (Mmaz2o 1dpi, Mma2o 6dpi). For further details of the experimental

set-up of the infection studies see Figure1.

and intermediate for the adult M. marinum infections (39-82 probes). Furthermore,
in the M. marinum yolk-infected embryos a particularly high number of known
miRNAs fell into the down-regulated category (158) compared with the other infec-
tions. In comparison with the known miRNAs, the number of predicted miRNAs
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Figure 3. Hierarchical cluster analysis of differentially expressed miRNA probes in adult and
embryonic infection experiments. A) The set of significantly up- and down-regulated known
miRNAs, C1, and C2 category probes were analyzed together by one-dimensional hierarchical
cluster analysis using MultiExperiment Viewer with settings for average linkage method with
Euclidean distance. Induced genes are indicated by increasingly brighter shades of yellow, and
down-regulated genes are indicated by increasingly brighter shades of blue. Eight clusters were
defined in this set of probes named 1-8. Clusters containing less than 3 miRNAs were excluded. B)

Cluster analysis of significantly up- and down-regulated C3 category probes.

(total of the C1-C3 categories) that showed differential expression in the infection
experiments was between 3 and 20-fold higher. In particular, in all M. marinum
embryo or adult infections the number of differentially expressed probes in the C3
category was very high (ranging between 388 and 913 out of a total of 5912 probes). In
the much smaller C1 and C2 categories (consisting of 24 and 18 probes, respectively),
the highest number of changes was observed in the M. marinum embryo infection
(C112 probes, C2 6 probes). In the adult infection experiments with the M. marinum
E11 and Mmazo strains, C3 probes were mostly up-regulated at 1dpi, and down-regu-
lated at 6dpi. In contrast, the known miRNAs were more frequently down-regulated
at 1dpi and up-regulated at 6dpi.

Common microRNA induction profiles between different bacterial infections

To further analyze the common response to different bacterial infections, we per-
formed a two-dimensional hierarchical cluster analysis. To limit the complexity of
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Figure 4. Venn diagrams showing the overlap between differentially expressed miRNA
probes in adult and embryonic infection experiments. Orange - total number of overlapping
probes; yellow - overlapping probes showing up-regulation in both groups; blue - overlapping
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probes showing down-regulation in both groups; green - overlapping probes showing regulation
in opposite directions. Only the probes in the category of known miRNAs are denominated in the
colored boxes below the Venn diagrams. Probes correspond to the left (I) or right (r) arms of the
pre-miRNA hairpin structure. A) Comparison of differentially expressed known miRNAs, C1, and C2
category probes in adult infections with the Mma2o and E11 strains. The Venn diagrams show the
overlap in responsive miRNAs between the strains and at the two time points of analysis (1 and 6
dpi). B) Comparison of known miRNA, C1, and C2 category probe expression patterns in adult (1dpi
and 6 dpi combined) and embryonal M. marinum E11 infection experiments. Numbers in yellow/
blue/green boxes do not add up to 46 due to the fact that miRNAs can be changed in different
directions at the 1dpi and 6 dpi time points. C) Comparison of known miRNAs, C1, and C2 category
probes in embryonal infections with M. marinum Ex1, S. typhimurium and L. casei Shirota.

the cluster analysis we included only those probes that were differentially expressed
in two or more infection experiments. We divided the probes into two main groups
for which we performed separate cluster analysis (Fig. 3A,B). In the first set we com-
bined the probes for known miRNAs and probes for miRNAs in the small C1 and C2
categories that include candidate miRNAs supported by experimental evidence. In
the second set only C3 category probes that are less likely to represent miRNAs were
evaluated. The cluster analysis of the C3 probes showed that in adult infection with
the M. marinum E11 and Mmazo strains at 1 dpi a largely overlapping set of probes
was up-regulated (Fig. 3B). In addition, the large numbers of down-regulated C3
probes observed with both strains at 6 dpi was also largely overlapping. For further
analysis we concentrated on the set with known miRNAs and C1 and Cz2 predicted
miRNAs. The clustering pattern of this probe set was notably different from that
of the C3 probe set, with much less overlap between the M. marinum adult infec-
tion samples. We could distinguish eight major clusters of probes showing different
trends in expression over the embryonal and adult infection experiments (Fig. 3A).
MiRNAs in cluster 1 exhibited significant changes in several adult infection samples
but not in embryonal infections. In contrast, miRNAs in clusters 2 and 3 were com-
monly induced in several samples of both adult and embryonal infections. Cluster
4 includes a non-specifically regulated group of miRNAs that was down-regulated
in embryonic yolk injections with M. marinum but also by the PVP carrier used for
these infections. In cluster 5, miRNAs are commonly down-regulated in M. mari-
num Mma2o infection of adults (1 dpi) and in M. marinum E11 embryonal yolk in-
fection. Cluster 6 miRNAs were up-regulated at 6 dpi in adult M. marinum infection
(Mma2o or E11 strains or both), but not in the embryonal M. marinum En infection.
In cluster 7 miRNAs were commonly decreased in adult (1 dpi) and embryonal M.
marinum infections, while cluster 8 miRNAs were commonly down-regulated in
adult M. marinum infections at 6 dpi but not in embryonal infection.

In addition to the cluster analysis, we used Venn diagrams to show the common
responsive miRNAs in different infection experiments. As shown in Fig.4A, in the
M. marinum adult infections several tens of regulated miRNAs were overlapping
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MicroRNA expression during bacterial infections in zebrafish

between the E11 and Mma2o strains and between the 1dpi and 6dpi time points.
However, regulation of other miRNAs appeared to be strain or time point dependent.
For example, miR-15a and miR-363 were up-regulated by E11 at 1 dpi and down-regu-
lated by E11 at 6dpi, but were not regulated by Mmazo at both time-points. Similarly,
miR-203b and miR-29a were not regulated by Mma2o, but down-regulated by E11 at
1dpi and up-regulated at 6 dpi. On the other hand, miR-146b* (146b-1-r), miR-20b,
miR-21 (miR-21-2-r), miR-217, miR-29b, miR-365, miR-489, miR-727, miR-728, and
miR-730 were regulated by Mmazo at both time points but not by E11 at both time
points. We also found miRNAs that changed in the opposite direction at 1 and 6 dpi
time points in infections with both the E11 and Mmazo strains, such as miR-181¢c
(down at 1 dpi, up at 6 dpi) and miR-461 (up at 1 dpi, down at 6 dpi). In addition, we
identified that 46 known or C1/C2 category miRNAs were commonly regulated in
adult and embryonal M. marinum E11 infections, of which 2 were up-regulated in the
same direction, and 27 down-regulated in the same direction (Fig.4B). Comparison
of all embryonal infection experiments showed that miR-21, miR-146a, and miR-
146b were commonly up-regulated by the pathogenic M. marinum and S. typhimu-
rium bacteria as well as by the non-pathogenic L. casei Shirota bacteria (Fig.4C). In
conclusion, we observed common aspects in the response of miRNAs to different
bacterial infections as well as differences related to the bacterial species or strains,
the time points of analysis, and the adult or embryonal stage of the zebrafish host.

Functions and disease associations of commonly infection responsive
miRNAs

To further narrow down the list of miRNAs that are commonly responsive to
bacterial infections in zebrafish we took those miRNAs that occurred in more than
four infection experiments. These miRNAs include miR-20b, miR-21, miR-128, miR-
146a, miR-146b, miR-152, miR-181a, miR-181c, miR-461, miR-728, miR-730 and two
predicted miRNAs in the C1 category (Table 1). We searched the literature for data on
the function of the known miRNAs and their association to diseases in human and
in mammalian animal models (Table 1). Reviewing the literature revealed that these
miRNAs are involved in several processes related to the immune response, such as
immune cell development, regulation of innate immunity, cytokine regulation, and
inflammation. The miR-146 family, whose members miR-146a and miR-146b we find
commonly up-regulated in infections of zebrafish, has previously been shown to af-
fect the TLR signaling pathway that is involved in the innate immune response to
bacterial infection (Taganov et al., 2006; Williams et al., 2008). Down-regulation
of miR-181 family members, which we observed in four infection experiments, has
been shown to contribute to an aggressive leukemia phenotype through mechanisms
associated with the activation of innate immunity pathways mediated by TLRs and
interleukin-ibeta. The involvement of miR-181 in T-cell development has also been
demonstrated (Chen et al., 2004; Larson, 2009). The interleukin-12 p35 subunit gene
is a demonstrated target of the miR-21 family (Lu et al., 2009), whose members were
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A B
+RT -RT
————— UGAGAACUGAAUUCCAAGGGUG — dre-mir-146b
————— UGAGAACUGAAUUCCAUAGAUGG dre-mir-146a
————— UGAGAACUGAAUUCCAUAGGCU - hsa-miR-146b-5p
————— UGAGAACUGAAUUCCAUGGGUU — hsa-miR-146a
600 —
— - CCCACGGAGUUCAGUUCUUAAG — — — — dre-mir-146b* 400 —
== AUCUAUGGGCUCAGUUCUUCUG = === dre-mir-146a*
UGCCCUGUGGACUCAGUUCUGG —— — —— — hsa-miR-146b-3p 2
— - CCUCUGAAAUUCAGUUCUUCAG — - - — hsa-miR-146a*
C
dre-miR-146a target site traffi (FME:-14,17) dre-miR-146b target site traf6 (FME:-17.04)
GGUAGAUACCUUTTGTT?TTATV GUGGG?ACCUUTTGT?T?TTTT
TTTTGTTTTCATTCTTAAGTTCTCA TTTTGTTITTCATTCTTAAGTTCTCA

dre-miR-146a target site mydS8 RefSeq (FME:-12,78) dre-miR-146b target site mydS8 RefSeq (FME:-14,82)

GTUTGTUTCCU?TF\GUIT?TTTGU GUGGGﬁCCUfﬁGUTTTlGTGU
TCTTGTTTTACATLTGGTTCTTG TCTTGTTTTACATTTGGTTICTTG
dre-miR-146a target site myd88 SNP dre-miR-146b target site mydS8 SNP
GTUTG?UTCCUTTRGT??TTTGU GUGGGTTCCUTTRGT?TTTTGU
I |

TCTTGTTTTACATTTAGTITCTTG TCTTGTTTTACATTTAGTTCTTG
dre-miR-146a target site#1 irak! (FME:-16,54) dre-miR-146b target site#2 irak] (FME:-17.48)

GGUAGAUACCUUHA?TTTT?T?T GFGGGATCCUURRGUCATTTTF
GITAGTTGTTTTTGCCAGTTCTCA GTTRGTTGTT?TTGC&££LTCTCA
dre-miR-146a target site#2 irak/ dre-miR- 146b target site#2 irak/

GGURGAUACCUUARGUCATTTTT GFGGGAACCUUAAGUCA?T?T?

GGAARCCGAATCRGRA&%TCTCR GAHACCGAATCRGAiéiTCTCA

Figure 5. Members of the miR-146 family in human and zebrafish and their target sites in
zebrafish TLR and IL-1R pathway genes. A) Sequence alignment of the members of the human
(hsa) and zebrafish (dre) miR-146 family. Nucleotide differences with the dre-miR-146b/b* sequenc-
es are indicated in red. B) Confirmation of the presence of miR-146a/b target sites in the 3'UTR of
the zebrafish irak1 gene. A target site for miR-146a and miR-146b is located in the Zv8 genomic
sequence between nucleotides 255-276 downstream of the stop codon of the irak1 transcript. To
check if this target site is included the 3'UTR of the irak1 transcript RT-PCR was performed on RNA
from S. typhimurium-infected embryos. RT-PCR reactions were performed with (+RT) and without
(-RT) the reverse transcription step to verify that genomic DNA contamination was removed. With
inclusion of the RT step a 316 bp fragment was amplified that includes the miR-146a/b target site.
C) Alignments of predicted target sites of zebrafish miR-146a and b in TLR and IL-1R pathway genes,
traf6 (NM_199821), myd88 (NM_212814) and irak1 (Zv8 genome). We compared target sites of mydss
transcript NM_212814 from the RefSeq database and the myd88 transcript from the Ensembl da-
tabase (ENSDART00000011143) where we detected a SNP (G > A polymorphism, indicated in red)

92



MicroRNA expression during bacterial infections in zebrafish

that increases the complementarity with the miR-146a/b sequences. In all alignments the miR
sequences are shown on top in the 3"to 5" direction. Free minimum energy values (FME) for the
interactions are indicated next to the alignments.

up-regulated in four zebrafish infections and down-regulated in one. MiR-152 has
also been implicated in the immune system (Hiroki et al., 2009; Kannan et al., 2009;
Lehmann et al., 2008). Furthermore, in previous studies most of the commonly in-
fection responsive miRNAs (miR-20b, miR-21, miR-128, miR-146b, miR-152, miR-
181a, miR-181¢) have been implicated in various processes related to the development
of cancer, such as apoptosis, proliferation, invasion, metastasis, and cell motility.
Aberrant expression of these miRNAs has been detected in different types of cancer,
including breast, liver, lung, and colon cancer, and leukemia (Table 1). Considering
the common expression characteristics in adult and embryonal zebrafish infection
experiments and the clear link with the immune response in human and other ani-
mal models, we focused our further analyses on family members of miR-146.

Targeting of the TLR and IL-1R pathways by the miR-146 family in human and
zebrafish

MiR-146 was one of the most consistently induced miRNAs in our infection stud-
ies in zebrafish and has previously been linked to innate immune response in mam-
malian systems (Hou et al., 2009; Perry et al., 2009; Taganov et al., 2006). In human,
the miR-146 family members are derived from two genes, MIR146A and MIR146B,
located on chromosomes 5 and 10, respectively. The miRNAs processed from the left
arm of the stem loop precursor miRNAs, miR-146a and miR-146b-5p, differ in their
mature sequence only by two nucleotides at the 3’ end (Taganov et al., 2007). In addi-
tion, mature miRNAs, miR-146a* and miR-146b-3p, are also processed from the right
arm of the precursor miRNAs. Recently, it has been reported that there is a rapid
increase in miR-146a and miR-146b expression in immune cells following activation
of members of the TLR and IL-1 receptor families, activated by microbial ligands and
pro-inflammatory cytokines, respectively. The induction of most TLR pathways and
IL-1 signaling is initiated by the recruitment of adaptor protein MyD88 to the recep-
tor. MyD88 transmits the signal to IL-1 receptor associated kinase 1 (IRAK1) that then
recruits TNF receptor-associated factor 6 (TRAF6) into the complex. This activates
IKB kinase and JNK and, in turn, the downstream NF-«kB and AP-1 transcription
factors and results in up-regulation of several hundreds of immune-responsive genes.
IRAK1 and TRAF6 have been shown to represent potential targets of the miR-146
family, and overexpression of miR-146a and b resulted in down-regulation of IRAK1
and/or TRAF6 (Taganov et al., 2006). It has also been shown that miR-146a expres-
sion is regulated via NF-KB and JNK-1/2, whilst miR-146b expression was mediated
via MEK-1/2 and JNK-1/2 (Perry et al., 2009). Together, these data suggest a role for
the miR-146 family in negative feed back regulation of the innate immune response.

According to the data in miRBase (www.miRbase.org/) the zebrafish miR-146 fam-
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A miR-146a B

dre mmu hsa gga rno

dre 701 34 38 23 43

mmu . 836 102 61 234

hsa ) X 857 38 P miR-146a miR-146b

gga - - 589 49

mo a - 797

miR-146b
dre mmu hsa gga rno

dre 681 40 27 28 =

mmu * 828 88 53 J

hsa - - 812 41

gga - - - 602

mo : = = - s

Figure 6. Conservation of predicted targets of the miR-146 family. Target genes of miR-146
family members in zebrafish (dre), human (hsa), mouse (mmu), rat (rno) and chicken (gga) were
predicted using MicroCosm Targets. The predicted targets from zebrafish, mouse, rat, and chick-
en, were converted to human Ensembl Gene ID homologues and were compared across differ-
ent species. If the predicted targets had the same human homologues, then these targets were
considered to be potentially conserved across these species. The numbers of overlapping targets
between species are indicated in the table. B) Comparison of miR-146a and miR-146b predicted
targets. The Venn diagram shows the overlap between the targets of miR-146a and miR-146b that
were commonly predicted for human and zebrafish.

ily consists of two members, dre-miR-146a and dre-miR-146b, derived from genes
located on chromosomes 13 and 21, respectively. Experimental evidence is indicat-
ed in miRBase only for mature miRNAs derived from the left stem loop precursor
arms. However, in our microarray analysis we also detected differential expression
of probes for miRNAs derived from the right stem loop precursor arms, which we
named dre-miR-146a* and dre-miR-146b*. The alignment of mature sequences of
human and zebrafish miR-146 family members is shown in Fig. 5A.

To determine if the specificity of miR-146 members for the iraki and traf6 genes
in the TLR/IL-1R pathways might be conserved in zebrafish we used different target
prediction programs. MiRanda prediction identified traf6 as a putative target of both
miR-146a and b from zebrafish, however iraki was not identified. We checked iraki
mRNAs/ESTs in the database, but only few sequences were present, of which only
two ESTs contained a very short 3'UTR. Upon inspection of the irak: genomic se-
quence we identified two perfect miR-146 target sites present at nucleotide locations
293-316 and 903-924 downstream of the irak: stop codon. By reverse transcriptase
PCR on RNA from S. typhimurium-infected zebrafish embryos we confirmed that
the irak1 transcript contains a longer 3'UTR containing at least the first target site
(Fig. 5B). MiRanda analysis predicted myd88 as a third gene in the TLR pathway that
could be a potential target of zebrafish miR-146 a and b. However, it was not pre-
dicted for human miR-146. Interestingly, zebrafish myd88 is polymorphic for the pre-
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dicted target site, which contains a SNP (single nucleotide polymorphism) in the 5’
seed region that is most important for the miRNA interaction (Fig. 5C). Alignments
of miR-146 a and b with their predicted target sites in all three TLR pathway genes,
trafe, iraki, and myd88 are shown in Fig. 5C.

To further investigate the conservation of miR-146 target sites in the myd88, iraki
and traf6 genes we employed two target site prediction methods, RNAhybrid and
TargetScan, in addition to miRanda, and also used an integration algorithm to rank
these predictions (Table 2). This showed that miR-146 target sites in traf6 are in the
top 2 raking for miR-146a and b from both human and zebrafish. MiR-146a and b
target sites in zebrafish iraki1 (containing the longer 3’UTR from genomic prediction)
ranked in the top 2 and for human IRAK: ranked on 8" and 23" position using the
integration algorithm. MiR-146 target sites in zebrafish myd88 were in the top 20,
but for human MYD88 were predicted only by the RNAhybrid method and with low
ranking. Target sites in the TLR pathway genes are also predicted for the miR-146
star/3p sequences but with lower ranking.

Other predicted targets of the human and zebrafish miR-146 family

To predict further conserved targets we downloaded miRanda-predicted target
gene lists of zebrafish (dre-miR-146a, -146b), human (hsa-miR-146a, -146a*,-146b-5p,
-146b-3p), mouse (mmu-miR-146a, -146b, -146b*), rat (rno-miR-146a) and chicken
(gga-miR-146a, -146b, -146b*) miR-146 family members from MicroCosm Targets
(formerly known as miRBase Targets). To compare targets across different species,
we converted the predicted targets from zebrafish, mouse, rat and chicken to the ho-
mologous human Ensembl Gene IDs and HGNC gene symbol (Fig. 6A). Among 701
predicted target genes for miR-146a in zebrafish, we found 38 overlapping between
zebrafish and human, of which 7 were also conserved in at least one other species
(Fig. 6 and Table 3). For miR-146b, 27 out of 681 predicted target genes in zebrafish
were overlapping with human, with 6 conserved in at least one other species (Fig.
6 and Table 3). Next, we compared the results for miR-146a and b showing that 19
genes were predicted to be commonly targeted by miR-146a and b in both human
and zebrafish, 19 genes only targeted by miR-146a, and 10 genes only targeted by
miR-146b (Fig. 6B). To this list of 48 genes we added those predicted targets that
overlapped between zebrafish and at least two other species but not human (Table 3).
This list of in total 64 genes was used for functional annotation and analysis of bio-
logical pathways (Table 3). These analyses revealed that most of the predicted targets
in the list have immune related functions and were previously shown to be associated
with immunological diseases or cancer. Genes were mostly classified into signaling
in the immune system (ARHGAP1; COMMDjy, HSPA1A, IRAK1, IRFs, LCK, PIAS2,
TRAF6, TRPC1), haemostasis (FGB, MMP11), apoptosis (ARD1, ARSG, CTSB, DAXX,
FAS), cell cycle signaling (CHEK1, PPP2R4, ASPM), gene expression (ARID3B, BCOR,
FBXO08, IARS, POLR2A, PUM2, SMYD1, SNRPC, TGIF, YEATS4, ZNF143, ZNF326),
and metabolic processes (AMARC, B3ALT2, GNE, NUDT4, PHKA1, POLQ, PTGES2,
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TUBB2A), all pathways previously linked to immune functions.

Comparison between miRNA expression and the expression of the predicted
target genes

Next we compared miR-146 expression with expression of predicted target genes
from Table 3 under infection conditions. For comparison we took previously pub-
lished data from van der Sar et al. 2009, where the zebrafish host transcriptome
response to M. marinum Mma2o and E11 was determined using the same samp-
les as for miRNA analysis in the present study. In addition, we used data from
Stockhammer et al. 2009, where a time-course transcriptome profiling of the ze-
brafish embryonic innate immune response to salmonella infection was performed.
We found that approximately half (35) of the predicted target genes in Table 3 showed
significant (P<10) expression changes (up- or down-regulation) in either of these
infection studies (Table 4). It is possible that the number of infection-responsive
genes might still be higher since not all predicted target genes (13) were present on
the microarray platform used in the expression studies. Responsiveness to both M.
marinum and S. typhimurium infection was observed for 10 predicted target genes,
17 were responsive only to M. marinum infection, 8 only to S. typhimurium infection,
and 13 predicted target genes represented on the microarray were not responsive
to both infections. Iraki, one of the genes of the TLR and IL-1R pathways that are
experimentally validated targets in human, was not present on the microarray. Trafé
the other experimentally validated target in TLR and IL-1R signaling pathways was
up-regulated at the end stage of S. typhimurium infection in embryos (24hpi). The
interferon-responsive factor 5 (IRF5) gene is another key immune response gene that
has been experimentally validated in mammalians and for which a miR-146 a and
b target sites are also predicted in zebrafish. Expression of irfs was up-regulated in
all samples of the M. marinum infection study. In conclusion, many of the predicted
miR-146 target genes that are conserved between human and zebrafish can be linked
to bacterial infection processes by expression changes.

Discussion

To increase knowledge of miRNAs involved in the vertebrate host response to
bacterial infections we have analyzed miRNA expression profiles of zebrafish in-
fected with two model pathogens, S. typhimurium and M. marinum (Stockhammer
et al., 2009; van der Sar et al., 2009). While adult zebrafish have complex innate and
adaptive immunity similar to the human immune system, zebrafish embryos rely
solely on the function of their innate immune response. Therefore, by using both
embryos and adult zebrafish as hosts for bacterial infection, we could link miRNA
expression profiles to the innate and adaptive components of the immune response.
We identified a set of commonly responsive miRNAs in embryonic and adult infec-
tion experiments that includes highly conserved miRNAs with strong associations to
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Table 4. Responsiveness of predicted target genes of miR-146 to different infections.

Human Unigene Zebrafish
genesymbol  Code  genesymbol  E111dpi  Mma201dpi  E116dpi  Mma206 dpi St-5h St8h St 24h

AMACR Dr. 77673 ciginfd
ASPM Droga72  aspm 1.47073 1.34309 178409 2.45658
B3GALT2 Dr78277  bdgalt2 | ame0s
CI90AFS6  Dr117007  2ge:73111 -
CHEKT Dr8s31e  chek! 1.38266
CLONE  Drres2  mesdtss [ 2omm  rasew  esses  ussssr |
CTAGEY Dr.i05440  ctages 1.28439
CTAGES Dr.i05440  clages 1.28439
cTS8 Dr3374 ctsba 282477 331843
CXORF26 D783zl zge92611 | aasres
DAXX Dr73516 daxx 1.5038
EFHAT Dr77336  2gc113196 13113
FAS Dr82180 fas 1.5653 38617 12.54386
FBXO08 Dr83230  fowof 219152
FGB Dr.8505 fgb 3.47284 1.3003
GNE Dr.132714  gne Caasan
HSPA1A Dr.i15934  hsp70l 15.85008
1ARS Dr.5185 iars 364018
IRFS Dr.7758 irt5 1.4546 1.34987 1.45303 267239
Lek Dreisl ek T
. Dr.i05440  ctages 1.28439
NUOT4P1 Dr.i34107 29101062 _
PANK4S Dr 132622  zge:66285
PlASZ Dr25643  pias? e
PPP2R4 Dr.9399 poperd 1.34357
PTGESZ DLiB120 piges! |z | sesst |
SLC3BAG Drd5587  sic3Baé 1.43176 209576
SMYD1 Dr21307  smydia _
e e — =
SNRPEL1 Dri17027  snipe
TGIF1 Dr.139 tgif1 1.42374
THAPIT DTS2 zgeESeri r [
TMEMBG6 Dri1537  2gc:153286 1.33354 7.13477
TRAFE Dr74618  trafé 227878
TUBB2A Dr.46855 2112335
Predictad miR-146 target genes from Table 3 are shown that showed infection-dep iously reported data

sels (Stockhammer et al.,, 2009; van der Sar et al., 2008). Zebrafish UniGene IDs are frorn build #105 Sngnlﬂcanl fold change values
(P<10-4) are indicated for infections of adult zebrafish with M. marinum E11 and Mma20 strains at 1 and 6 dpi {van der Sar et al., 2009)
and for infection of zebrafish embryos with S. typhimurium at 5, 8 and 24 hpi (Stockhammer et al., 2009), Yellow - up-regulation, blue -
down-regulation.

the immune system and development of cancer in human and mammalian models.
We also determined that predicted target genes of the strongly infection-inducible
miR-146 family are conserved between human and zebrafish, including key signaling
intermediates of the TLR pathway that is pivotal for the innate immune response to
bacterial infections (Hou et al., 2009; Perry et al., 2009; Taganov et al., 2006).

The set of commonly infection-responsive miRNAs included the highly con-
served miRNAs, miR-20b, miR-21, miR-128, miR-146a/b, miR-152, and miR-181a/c.
The mammalian counterparts of these miRNAs are differentially expressed in many
types of cancer and have been implicated in tumor growth, invasion and metastasis
(Debernardi et al., 2007; Evangelisti et al., 2009; Hiroki et al., 2009; Lei et al., 2009;
Perry et al,, 2009; Shi et al., 2008; Zhu et al., 2008). The mammalian counterparts
of miR-21, miR-146 and miR-181 have also been linked to the immune system. Our
study is the first that connects these miRNAs with mycobacterium and salmonella
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infections. It is well known that the signaling pathways involved in the immune re-
sponse and inflammation are strongly overlapping with those involved in the devel-
opment of cancer, and it has previously been suggested that changes in expression of
miRNAs might link these processes (Williams et al., 2008). In agreement, deregu-
lated expression of miRNAs, for example miR-146a, has been observed in several
inflammatory diseases, such as psoriasis, rheumatoid arthritis and osteoarthritis, as
well as in different types of cancer such as papillary thyroid carcinoma, cervical can-
cer, ovarian cancer, breast cancer, pancreatic cancer and prostate cancer (Nakasa et
al., 2008; Perry et al., 2009; Xia et al., 2009). The infection data reported here further
support the notion that many miRNAs implicated in cancer processes are also con-
nected to regulation of the immune response.

In connection to the immune response, the miR-146 family is one of the most
interesting. We found that expression of miR-146a and b was commonly induced
by infection in adult zebrafish as well as in embryos, indicating that the context of
innate immunity is sufficient for the induction of the miR-146 miRNAs. This is con-
sistent with results in human an animal models that have implicated the miR-146
family in regulation of innate immunity signaling pathways (Hou et al., 2009; Perry
et al., 2009; Taganov et al., 2006). Induction of miR-146a and b was observed in
human immune cells stimulated with microbial components (LPS) and proinflam-
matory mediators IL-1f3, TNFa (Taganov et al., 2006). Furthermore, viral infections
and Helicobacter pylori infections also increased expression of miR-146 (Belair et al.,
2009; Hou et al., 2009; Motsch et al., 2007). NF-kB, the central transcription factor
of the immune response, was shown to control miR-146 transcription (Taganov et al.,
2006). Furthermore, two key intermediates of the common TLR and IL-1R signaling
pathway, TRAF6 and IRAK1, were shown to be potential molecular targets of the
miR-146 family members (Taganov et al., 2006). Based on these results, the miR-
146 miRNAs were proposed to fine-tune the innate immune response by negative
feedback regulation of the TLR and IL-1R signaling pathways (Taganov et al., 2006).
Consistent with this hypothesis, miR-146a expression directly or indirectly down-
regulated the IL-1f-induced release of chemokines, IL-8 and RANTES (Williams
et al., 2008) and the LPS-induced production of IFN-y and nitric oxide (Dai et al.,
2008). In addition to a role in fine-tuning TLR and IL-1R signaling, miR-146a was
also proposed as a negative regulator of the RIG-I-dependent antiviral pathway by
targeting TRAF6, IRAK1, and IRAK2 (Hou et al., 2009). In contrast to these data,
miR-146b was found to be down-regulated in an in vivo model of acute inflamma-
tion triggered by LPS infusion of healthy human volunteers, indicating that this
miRNA might respond differently in leukocytes in vivo than in in vitro studies or
that miR-146b levels might be oscillating during inflammation owing to a possible
sensing mechanism (Schmidt et al., 2009). In our in vivo infection studies, miR-146a
and b were consistently induced, but during early stages of mycobacterium infection
in adult zebrafish we observed down-regulation of the miR-146 star sequences that
currently have unknown function. Thus, it will be of interest to study the dynamic
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pattern of miR-146 family members in greater detail using in vivo models. Besides its
role in innate immunity, miR-146a was recently suggested to also modulate adaptive
immunity (Schmidt et al., 2009). The zebrafish model, in which innate and adaptive
immunity can be studied in separation, can therefore contribute to dissecting the
diverse functions of the miR-146 family.

Similar as for the miR-146 family, we also observed increased expression of miR-
21 primary miRNAs and star sequences during several conditions of infection in
zebrafish embryos and adults. MiR-21 was also found to be up-regulated in cultured
human gastric epithelial cells upon H. pylori infection, which is a major risk factor
for gastric cancer (Zhang et al., 2008). Significantly increased levels of miR-21 were
observed in several human gastric cancer tissues and cell lines as well, and the over-
expression of miR-21 was shown to promote cell proliferation and migration and in-
hibit apoptosis in a gastric cancer cell line (Zhang et al., 2008). The up-regulation of
miR-21 expression during H. pylori infection was found to be mediated by AP-1 and
STATS3, which in turn are activated by NF-«xB activation and IL-6 secretion in the
gastric mucosa (Belair et al., 2009; Loffler et al., 2007). In addition, the miR-21 gene
was found to be transactivated by the NF-kB p65 subunit following infection with
Cryptosporidium parvum, a protozoan parasite that elicits strong innate immune re-
sponses of the gastrointestinal epithelium (Zhou et al., 2009). MiR-21 also showed
elevated expression during Epstein-Barr virus infection (Cameron et al., 2008) and
was shown to regulate interleukin-12 p35 expression during allergic airway inflam-
mation. Thus, like for miR-146, the infection-responsiveness of miR-21 in zebrafish
indicates an evolutionary conserved role for this miRNA family in the vertebrate
immune response.

Another interesting miRNA family that we found to be regulated in zebrafish
infection experiments is the miR-181 family that has an important role in normal
haematopoiesis, B-cell differentiation and T-cell development in mammals and has
been associated with aggressive leukemia (Chen and Lodish, 2005; Li et al., 2007;
Pekarsky et al., 2006). Little is known of the role of miR-181 in bacterial infections,
but LPS stimulation of macrophages positively regulated miRNA-181c expression in
a protein kinase Akti-dependent manner (Androulidaki et al., 2009). Like miR-146-
a/b, the miR-181 family may function in negative regulation of the innate immune re-
sponse, as expression levels of its members were inversely correlated with expression
levels of predicted targets in TLR and IL-1R signaling (Marcucci et al., 2008). In our
experiments miR-181a and ¢ family members were down-regulated during bacterial
infections of zebrafish, but showed opposite patterns of regulation in adult zebrafish.
While miR-181a miRNAs were down-regulated at early stages and up-regulated at lat-
er stages of mycobacterium infection with two different strains, miR-181c expression
showed the exact inverse pattern. In further studies the zebrafish-mycobacterium
model may prove useful to dissect the functions of these members of the miR-181
family in the immune response.

Besides several hundreds of known miRNAs or predicted miRNAs with experi-
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ment support (C1/Cz2 categories), our custom microarray used in the zebrafish infec-
tion studies contained probes for several thousands of additional hairpin sequences
identified in the zebrafish genome sequence (C3 category). Many of these probes
were infection responsive. Interestingly, there was a striking common regulation of
C3 probes during mycobacterium infections of adult fish with the M. marinum En
and Mmaz2o strains. We examined the response to these stains at 1 and 6 days after
infection and observed a strongly overlapping pattern at both stages, despite the
fact that there is a major difference in disease phenotypes elicited by the two strains.
While Eii-infected fish develop a chronic infection and show no symptoms of dis-
ease, Mmaz2o-infected fish develop acute infection and are close to the end point of
the disease at 6 dpi. The common regulation of C3 probes is in sharp contrast with
what we have seen for gene expression where in a 2D cluster analysis of the data set
the strains rather than the time points clustered together (van der Sar et al., 2009).
In addition, the clustering pattern for the C3 category (Fig.3B) was very different
from the clustering pattern of the known and C1/C2 category miRNAs (Fig. 3A) that
showed much less overlap between the strains and time points. These observations
warrant further study, as it is currently unknown if the C3 probes represent miRNAs
or might correspond to other types of non-coding or coding RNAs.

The knowledge of target genes is crucial for the understanding of miRNA func-
tion. We focused on the infection-inducible miR-146 family to investigate possible
conservation of target genes between zebrafish and mammals. As discussed above,
mammalian miR-146a and b are thought to fine-tune TLR and IL-1R signaling by
targeting IRAK1 and TRAF6. Here we show the presence of conserved miR-146 tar-
get sites in the 3"UTRs of zebrafish iraki and traf6. Additionally, we found a miR-146-
a/b target site in the 3’UTR of MyD88, which functions upstream of irak: and trafé
as the common adaptor of several TLRs and IL-1R. However, targeting of MyD88
by miR-146 in zebrafish awaits experimental confirmation and appears not to be
conserved in human or rodents. We have previously shown that several TLR path-
way genes and downstream effector genes are induced during infections in zebrafish
(Stockhammer et al., 2009; van der Sar et al., 2009). In addition, we observed that
many negative regulatory genes of the TLR pathway, for example irak3, are induced
during salmonella infection (Stockhammer et al., 2009). The induction of miR-146,
as a putative negative regulator of several genes in TLR pathway, is in line with these
findings. Together these gene expression and miRNA expression data suggest the
importance of feed back mechanisms to properly control the inflammatory response
that might in some cases be more damaging than the infection itself.

We attempted to predict other targets than the TLR pathway genes for miR-146.
The available target prediction programs generate lists of hundreds to thousands of
candidate target genes probably containing many false positive hits. We reasoned that
predicted targets common between multiple species or distant species like human
and zebrafish could be the most likely candidates for being true in vivo targets. We
found 64 targets that appeared conserved between zebrafish and human, of which 27
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were conserved also in mouse, rat and/or chicken. The majority of these genes were

previously linked to immune response processes with gene ontology or pathway an-
notations related to apoptosis, regulation of NF-kB transcription factor activity, hae-
mostasis, infections, T-cell development and function, and TLR signaling (Table 3).
In addition, many of these genes are linked to tumor progression, consistent with

the previously proposed link between miR-146 function in cancer and the immune

response (Williams et al., 2008). One of the predicted targets conserved between hu-
man and zebrafish is interferon response factor 5 (IRF5), which is a critical transcrip-
tion factor in the immune response downstream of TLR signaling and also has been

linked to tumor suppression (Balkhi et al.; Hu and Barnes, 2009; Pandey et al., 2009;

Yang et al., 2009). Targeting of human IRF5 by miR-146 is supported by experimental

data (Tang et al.,, 2009), consistent with the possibility that other predicted targets

conserved between zebrafish and human may also be bona fide target genes. We also

examined how the expression of the predicted miR-146 target genes responded to

infection in zebrafish. In general, it cannot be predicted if and how the induction of
miR-146 might affect transcript levels of its target genes. MiR-146 induction might

affect only translation of its targets, or it might down-regulate their transcription or
dampen their induction. However, it was notable that many of the predicted targets

could be linked by expression changes to the infection process. This, together with

the fact that most of the predicted targets have functional annotations linked to im-
munity, suggests that our list of conserved predicted targets may be a good starting

point for experimental validation studies.

In conclusion, we have shown here that infection-responsive miRNAs are highly
conserved between human and zebrafish. It is likely, as we have shown for the miR-
146 family, that there is also considerable overlap in miRNA target genes, indicat-
ing that the zebrafish can be a useful model to dissect functions of miRNAs in the
vertebrate immune system. Several miRNAs are not only responsive to infection in
zebrafish adults, but also in embryos prior to the onset of adaptive immunity. In the
embryo model, miRNAs can be easily over-expressed by micro-injection of synthetic
miRNA duplexes, or knocked down using morpholinos (Schier and Giraldez, 2006).
In addition, target protecting morpholinos can be used to experimentally validate
predicted target genes in vivo (Choi et al,, 2007). In future studies these strategies
will be applied to analyze the function of infection-responsive miRNAs in the ze-
brafish embryo model.

Materials and methods

Bacterial strains and growth conditions

M. marinum strains E11 and Mma2o have been described before (van der Sar
et al., 2004). Bacteria were grown at 30 °C in Middlebrook 7Hg9 medium supple-
mented with Middlebrook oleic acid-albumin-dextrose-catalase (BD Biosciences)
and 0.05% Tween-8o. S. typhimurium wild type strain SL1027 bacteria containing
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DsRed expression vector pPGMDs3 were used for the infection of zebrafish embryos
(Stockhammer et al., 2009; van der Sar et al., 2003). Bacteria were freshly grown at 37
°C overnight on Luria-Bertani agar plates supplemented with 100 pg/ml carbenicillin.
M. marinum and S. typhimurium bacterial numbers were determined by measuring
the optical density at 600 nm and by plating and CFU determination. L. casei Shirota
bacteria were taken from Yakult fermented milk drink (Yakult Europe B.V., Almere)
specified to contain 10® bacteria/ml. Bacteria were collected by centrifugation and
washed extensively with PBS.

Zebrafish husbandry and infection experiments

Zebrafish (Danio rerio) were handled in compliance with the local animal wel-
fare regulations and maintained according to standard protocols (http://ZFIN.org).
The infection experiment of adult male zebrafish with M. marinum E11 and Mmaz0
strains has been previously described (van der Sar et al., 2009). The analysis of miR-
NA expression profiles was done using powdered tissue from the same fish as used
for mRNA expression analysis in the previous study (van der Sar et al., 2009). As
before, three fish per strain and time point (1 and 6 days post infection) were used
and PBS-injected fish were used as a control. Infection experiments at the embryonic
stage were performed using mixed egg clutches from different pairs of wild type ze-
brafish. Embryos were grown at 28.5-30°C in egg water (6opg/ml Instant Ocean sea
salts) and staged by morphological criteria (Kimmel et al., 1995). For the duration
of bacterial injections embryos were kept under anaesthesia in egg water contain-
ing 0.02% buffered 3-aminobenzoic acid ethyl ester (tricaine; Sigma-Aldrich). For
infection with M. marinum E11 embryos were staged at 48 h post fertilization (hpf).
Bacteria were resuspended at desired concentrations in a 2% suspension of polyvi-
nylpyrrolidone (PVP, average mol wt 40000, Calbiochem, San Diego) in PBS and
approximately 1 nl of this mixture was injected into the yolk sac of 48 hpf embryos.
PVP was chosen as the vehicle for yolk injections as it is commonly used in clini-
cal medicine and experimental animals. The amount of injected M. marinum per
embryo totalled 2,000 or 20,000 CFU. As we observed only a minor concentration
effect on miRNA expression, these samples were treated as biological duplicates in
the microarray analysis. L. casei Shirota was used as a non-pathogenic bacterium for
comparison and injected in PVP suspension at similar concentrations as used for M.
marinum. PVP-injected and uninjected embryos were employed as controls. Pools
of 10-30 embryos from each group were taken at 72 h post infection (hpi). For the S.
typhimurium infection study embryos were staged at 27 hpf and approximately 250
CFU of S. typhimurium bacteria in PBS were injected into the caudal vein close to
the urogenital opening. As a control an equal volume of PBS was likewise injected.
Triplicate pools of 20—40 embryos were collected at 8hpi. In all infection experiments,
bacterial injections were controlled using a Leica MZ Fluo 3 stereomicroscope with
epifluorescence attachment, a Femtojet microinjector (Eppendorf) and a microma-
nipulator with pulled microcapillary pipettes.
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RT-PCR analysis of irak1

RNA from S. typhimurium-infected 1-day-old embryos at 24 hpi (Stockhammer
et al. 2009) was used to amplify the 3> UTR of iraki. Traces of genomic DNA were
removed by incubation with DNA-free solution (Ambion). RT-PCR analysis was
performed using the SuperScript III One-Step RT-PCR System with Platinum Taq
DNA Polymerase (Invitrogen) using forward (AGAAAGAAACGCACAACAGATA
TGTTG3’) and reverse (5’GTGCTGTTTAACAAGGCCGTAATC3’) primers, locat-
ed respectively at nucleotides 1-27 and 293-316 downstream of the irak: stop codon.
To confirm the identity of the amplified sequence, the PCR product was cloned in
pCRII-TOPO vector (Invitrogen) and sequenced using the sequencing service of
ServiceXS (Leiden, The Netherlands).

Microarray design

Custom-designed 8x15k microarray slides were ordered from Agilent Technologies.
The 15k custom design was obtained from Edwin Cuppen and Eugene Berezikov,
Hubrecht Institute, Utrecht, The Netherlands and will be submitted into the Gene
Expression Omnibus database. The 15k design contained a duplicate of 7604 probes
of 60-oligonucleotide length. The probes consisted of 2x22 nucleotide sequences an-
tisense to mature miRNAs separated by a spacer of 8 nucleotides (CGATCTTT) and
with a second spacer with the same sequence at the end. From 7604 probes 546 were
designed for left (5’) and right (3°) arms of the hairpins of zebrafish miRNAs that
are currently known in miRBase. The remainder 7058 probes were classified into 3
categories: 62 probes into C1 category (novel confident miRNAs for which there is
compelling experimental evidence), 54 probes into C2 category (candidate miRNAs
with clear hairpin structure but less experimental evidence), and 6942 into C3 cat-
egory (additional hairpins identified in the zebrafish genome sequence that are less
likely to be miRNAs).

RNA isolation, labeling and hybridization

Adult fish and embryos for RNA isolation were snap frozen in liquid nitrogen
and subsequently stored at —80 °C. Adult fish were homogenized in liquid nitrogen
as described (van der Sar et al., 2009) and portions of 50-100 pg of powdered tis-
sue were used for RNA extraction. Total RNA from adult or embryo sample was
isolated using the miRNeasy Mini kit to preserve small RNA species. RNA labe-
ling was carried out with miRCURY™ LNA microRNA, Hy3™/Hys™ Power Labeling
kit (Exiqon) using 1 pg of total RNA according to the manufacturer’s instructions.
RNA samples from mycobacterium-infected adult fish were labeled with Hy3 and
hybridized against Hys-labeled RNA samples from PBS-injected controls. For the
yolk infection study of 2-day-old embryos, the RNA samples from mycobacterium-
injected, L. casei Shirota injected, and PVP-injected embryos were labeled with Hy3
and hybridized against Hys-labeled samples from uninjected controls. RNA samples
from salmonella-infected 1-day-old embryos were labeled with Hy3 and hybridized
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against Hys-labeled RNA samples from PBS-injected controls. The dual colour hy-
bridization of the microarray chips was performed according to Agilent protocol
GE2-v5_g5_Feboy and GE2_105_Janog (www.Agilent.com) for two-color microar-
ray-based gene expression analysis except that hybridization and washing was per-
formed at 37 °C.

Data analysis

Microarray data were processed from raw data image files with Feature Extraction
Software 10.1.1 and 10.5.1 (Agilent Technologies). Processed data were subsequently
imported into Rosetta Resolver 7.2 (Rosetta Biosoftware) and subjected to default
ratio error modeling. Ratio results from control vs. infected replicates were com-
bined using the default ratio experiment builder. Significance cut-ofts for the ratios
of infected versus control were set at 1.5-fold change at P<i0—4. Two-dimensional
hierarchical cluster analyses were performed with MultiExperiment Viewer version
4.4.1 (TM4 Software Development Team) settings for average linkage method with
Euclidean distance.

Target prediction

To predict miR-146 family member target sites in TLR pathway genes traf6,
irak1 and myd88 and rank these predictions we employed three different miRNA
target site prediction methods: miRanda (www.microrna.org/) (John et al., 2004),
RNAhybrid (bibiserv.techfak.uni-bielefeld.de/rnahybrid/) (Rehmsmeier et al., 2004),
and TargetScan (www.targetscan.org/) (Lewis et al., 2003), and an integration algo-
rithm for these three methods developed by Yanju Zhang and Fons Verbeek, Leiden
Insititute for Advanced Computer Science. To predict further conserved targets
of miR-146 family members in zebrafish, human, mouse, rat and chicken we used
MicroCosm Targets (formerly known as miRBase Targets) (http://www.ebi.ac.uk/
enright-srv/microcosm/htdocs/targets/vs/). The predicted targets from zebrafish,
mouse, rat and chicken were converted to human Ensembl Gene ID homologues
using the Biomart program of the Ensembl database. Targets which appeared across
zebrafish and human or multiple other species were selected to study their involve-
ment in biological pathways using the Reactome pathway database (www.reactome.
org/), GeneALaCart (www.genecards.org) and AmiGO pathways (amigo.geneontol-
ogy.org/cgi-bin/amigo/go.cgi).

Supplementary data

Supplementary data associated with this chapter can be found at http://apo.
szbk.u-szeged.hu/transfer/A_ ORDAS/.
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