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Abstract

The use of zebrafish models for liver cancer has been supported by a strong con-
servation of gene expression signatures between zebrafish and human liver tumors.
The expression levels of genes involved in many cellular processes are modulated by
the activity of microRNAs. Aberrant expression of these small non-coding RNAs has
been associated with many diseases, including cancer. In this study we compared the
miRNA transcriptomes of zebrafish liver tumors and human hepatocellular carcino-
ma (HCC). Microarray analysis of five individual zebrafish with carcinogen-induced
liver tumors indicated a consistent tumor-specific expression signature for a large set
of known and predicted miRNAs. The most notable similarities between zebrafish
and human liver cancer were the common up-regulation of miR-21, miR-23a, miR-
146a/b, miR-221 and miR-222, and the common down-regulation of miR-1 and miR-
122. In addition, several miRNAs not previously linked to HCC but linked to several
other types of human cancer showed differential expression in zebrafish liver tumors.
A subset of the liver tumor-related miRNAs, including members of the miR-21 and
miR-146 families, was also responsive to Mycobacterium marinum infection in ze-
brafish, suggesting a common role in cancer and the immune response. Finally, we
investigated the possible conservation of miRNA target genes and found that sev-
eral putative target genes of the miR-1, miR-146 and miR-221/miR-222 families are
conserved between human and zebrafish. The conserved expression signatures of
these tumor-related miRNAs and the involvement of their predicted target genes in
cancer-related processes and signal transduction pathways corroborate the similarity
between zebrafish and human liver cancer.

Introduction

Zebrafish is increasingly used as a model organism for cancer research (Amatruda
etal,, 2002; Berghmans et al., 2005; Feitsma and Cuppen, 2008; Lam and Gong, 2006).
Several types of cancers have been studied in zebrafish as they can spontaneously de-
velop almost any type of tumors with notable similarities to human and mammalian
tumors. The ease of performing tumor transplantations and visualization of tumor
invasiveness stimulated the development of zebrafish cancer models using forward
and reverse genetic screens and transgenesis methods.

Recently, zebrafish has been used as a model species to study liver cancer. It has
been shown that zebrafish and human liver tumors share molecular, biochemical
and cellular similarities (Chu and Sadler, 2009; Lam and Gong, 2006; Lam et al.,
2006; Ung et al., 2009). They have largely overlapping expression profiles of genes
involved in cell cycle/proliferation, apoptosis, DNA replication and repair, metasta-
sis and cell adhesion, cytoskeletal organization and cell motility, and RNA processing
and protein synthesis. Differential expression of genes in these processes is consist-
ent with the characteristics of human liver cancer such as defective apoptosis, uncon-
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trolled proliferation, limitless replication and loss of tissue-specific functions (Chu
and Sadler, 2009; Lam and Gong, 2006; Lam et al., 2006).

MicroRNAs (miRNA) are highly conserved small non-coding RNAs that con-
trol gene expression by regulating mRNA stability and translation. They play crucial
roles in essential physiological functions including cell cycle, differentiation, devel-
opment, and metabolism (Schmidt et al., 2009; Sonkoly and Pivarcsi, 2009). A large
number of recent studies support that miRNAs are important regulators of the im-
mune system and that specific alterations of their expression contribute to pathogen-
esis of cancer and other diseases (Calin et al., 2002; Garofalo et al., 2008; Garzon et
al.,, 2009; Lu et al., 2005; Lu and Liston, 2009; Medina and Slack, 2008). More than
50% of miRNA genes were found to reside in cancer-associated genomic regions
(Calin et al., 2004).

Differentially expressed miRNAs in cancer can act either as direct causatives
of tumorigenesis (oncogenic and tumor suppressor oncomirs) or can be indirectly
involved in genomic, epigenomic or physiological changes associated with cancer
(Esquela-Kerscher and Slack, 2006). Recently, a significant group of miRNAs have
been found to be expressed in the liver and to modulate several liver functions
(Chen, 2009). Their deregulation may play a crucial role in liver diseases including
hepatocellular carcinoma (HCC). HCC is the most common malignancy in the liver
and one of the most common causes of death from cancer triggered either by viral
(hepatitis B and C) or nonviral (alcohol and aflatoxin B1) agents. Revealing altera-
tions in miRNA expression and uncovering their mRNA targets is important to our
understanding of carcinogenesis and could lead to novel therapeutic strategies based
on the modulation of miRNA activity. Using a murine liver cancer model, it was
recently shown that systemic administration of miR-26a, a miRNA showing reduced
expression in HCC cells, could suppress tumorigenesis (Kota et al., 2009). In addi-
tion to this miRNA replacement strategy, the application of synthetic inhibitors (an-
tagomirs) of miRNAs up-regulated in HCC may prove to be a promising approach to
liver cancer treatment (Krutzfeldt et al., 2005; Pineau et al.; Tsai et al., 2009).

While numerous studies have uncovered miRNA profiles of different cancer types,
their exact functions are not well understood. MiRNAs that have been linked to the
progression of HCC and metastasis among others include miR-10, miR-15a, miR-21,
miR-26a, miR-29a, miR-34a, miR-101, miR-122, miR-146, miR-199, miR-221/222, and
miR-224 (Budhu et al,, 2008; Chen, 2009; Huang et al., 2008; Ladeiro et al., 2008;
Murakami et al., 2006; Su et al., 2009; Varnholt et al., 2008). Several miRNAs that
are differentially expressed in HCC show similar alterations in other cancers, sug-
gesting that there are common miRNAs regulating basic processes of carcinogenesis.
Each miRNA is predicted to regulate several hundreds of target mRNAs. The iden-
tification of true in vivo targets is crucial for understanding of miRNA function. A
number of targets of deregulated miRNAs in HCC and other types of cancer have
now been experimentally validated, including several oncogenes and tumor sup-
pressor genes, inhibitors of apoptosis, cell cycle regulators and genes involved in cell
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proliferation, migration and invasion (Bueno et al., 2008; Mann et al., 2007; Medina
and Slack, 2008; Mott, 2009; Qin and Tang, 2002).

Here, we analyzed the miRNA transcriptome of zebrafish liver tumors and
compared our data set with miRNAs previously detected in human liver cancer.
Furthermore, we determined the overlap between the liver cancer-related miRNAs
and miRNAs identified in previous infection studies of zebrafish (chapter 4). Finally,
we compiled experimentally validated targets of differentially expressed tumor-relat-
ed miRNAs to shed more light on their role in cancer mechanisms. With these stud-
ies we have defined tumor and immune-related miRNA marker sets and predicted
targets conserved between human and zebrafish.

Results

Differentially expressed miRNASs in liver tumor samples from zebrafish
Previously, it has been shown that gene expression profiles between zebrafish and
human liver tumors are strongly overlapping (Lam and Gong, 2006). In order to
determine if miRNA expression is also conserved between zebrafish and human liver
tumors, we obtained samples from these previous studies and analyzed them using
a custom-designed Agilent 8x15k microarray for relative quantification of miRNA
expression. We compared liver tissues from 5 fish with liver tumors induced by car-
cinogen (DMBA) treatment with normal liver tissues from 5 healthy control fish. In
the five biological replicates the numbers of differentially expressed probes showing
more than 1.5-fold induction or repression (P < 1.00E—5) ranged between 385 and
888 (Fig. 1). The percentage of up-regulated probes (45%-60%) was similar to that
of down-regulated probes in all replicates (Fig.1). The custom-designed zebrafish
microarray platform contained probes for both known and predicted miRNAs, the
latter classified into three categories: C1 - novel confident miRNAs for which there is
compelling experimental evidence, C2 - candidate miRNAs with clear hairpin struc-
ture but less experimental evidence, and C3 - additional hairpins identified in the ze-
brafish genome sequence that are less likely to be miRNAs. Approximately one third
of the differentially expressed probes corresponded to known miRNAs, even though
these represent less than one tenth of the total number of probes on the microarray
(546 out of 7604 probes). The largest group of probes on the microarray belongs to
the C3 category (6942 probes) and between 4-9% of these probes showed differen-
tial expression in the microarray analysis. In the smaller C1 (62 probes) and Cz2 (54
probes) categories only a few probes showed altered expression in the replicate liver
tumor samples (C1: 4 to 8; C2: 1 to 5). Next, we determined the overlap of differen-
tially expressed probes between the biological replicates (Fig. 2). Taking together the
known miRNA probes and the C1/C2 probes for experimentally supported miRNA
candidates, we found that 72 probes were consistently changed in at least 4 out of 5
biological replicates, of which 26 probes showed differential expression in all 5 repli-
cates. A good overlap was also observed for the probes in the C3 category of putative
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Figure 1. Differentially expressed miRNA probes in zebrafish liver tumor samples. (A) Total
number of up-regulated and down-regulated probes in five biological replicates of healthy liver
versus liver tumor. (B) Number of up-regulated and down-regulated probes in four annotation cat-
egories: known miRNAs, and predicted miRNAs, C1, C2, and C3, 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.

miRNAs without experimental support, where 140 probes were changed in at least 4
out of 5 biological replicates. In conclusion, our microarray analysis of five individual
fish with carcinogen-induced liver tumors indicated a consistent tumor-specific ex-
pression signature for a large set of known and predicted miRNAs.

Comparison of miRNA regulation between zebrafish and human

To study the miRNA transcriptome similarities between zebrafish and human liv-
er tumors we compiled in Table 1 those miRNAs that were differentially expressed in
at least 4 replicates of the zebrafish liver tumor study and investigated which of these
miRNAs have previously been related to human hepatocellular carcinoma (HCC) or
to other types of human cancer. Furthermore, we also included in Table 1 all other
human miRNAs that were previously linked to HCC in the literature and indicated
the number of zebrafish liver tumor replicates in which these miRNAs were differen-
tially expressed. The results of the comparative analysis in Table 1 are summarized in
Figure 3, showing that several miRNAs were commonly regulated in zebrafish and
human liver cancer. MiRNAs previously reported to show increased expression in
HCC and that we also found up-regulated in zebrafish liver tumors included miR-
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Figure 2. Overlap of differentially expressed miRNA probes between biological replicates of
healthy liver versus liver tumor. (A) Overlap of probes in the combined categories of known miR-
NAs and C1 and C2 miRNAs that include candidate miRNAs supported by experimental evidence.
(B) Overlap of probes in the C3 category of putative miRNAs not supported by experimental evi-
dence. Probes were sorted according to the number of replicates in which they were differentially

expressed.

21, miR-23a, miR-146a, miR-146b, miR-221 and miR-222, which were consistently
changed in at least 4 replicates of our microarray study. Furthermore, miR-1 and
miR-122, for which decreased expression was reported in HCC, were consistently
down-regulated in zebrafish tumors. Other miRNAs increased (miR-10a/b, miR-18c,
miR-93, miR-125b and miR-181a/b, miR-338) or decreased (let-7a, miR-101b, miR-148
and miR-199) in HCC, were also changed in the same direction in zebrafish liver
tumors, but only in 2 or 3 out of the 5 replicates. We also found miRNAs (including
miR-9, miR-15a, miR-29a/b and miR-34 changed in 4-5 replicates, and miR-125a and
miR-223 changed in 2-3 replicates) for which the observed direction of change in
zebrafish liver tumors was opposite to changes reported for HCC (Figure 3). In addi-
tion, several miRNAs not previously linked to HCC showed differential expression
in at least 4 replicates of the zebrafish liver tumor study, including miR-15b, miR-16-
a/b, miR-27a/b, miR-132, miR-153a/b/c, miR-193a/b, miR-210, miR-212, miR-217, miR-
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Figure 3. Common regulation of miRNA expression in zebrafish liver tumors and human can-
cer. Differential expression of miRNAs in zebrafish liver tumors is compared with literature data
on the expression of the homologous human miRNAs in human liver cancer (hepatocellular carci-
noma) and in other types of cancer as further detailed in Table 1. Yellow indicates miRNAs up-reg-
ulated in zebrafish liver tumor tissue compared to normal liver and blue indicates down-regulated
miRNAs in zebrafish liver tumors. MiRNAs showing differential expression in 4 out of 5 or 5 out of 5
biological replicates are in bold and miRNAs differentially expressed in 2 or 3 biological replicates
are in normal script. MiRNAs for which both up- and down-regulation has been reported in human
cancer are indicated with asterisks. MiRNAs for which both up- and down-regulation was observed

in zebrafish liver tumors are indicated with diamonds.

365 and miR-455. These miRNAs have been linked to other types of cancer in human
and like those linked to HCC, these miRNAs have also been suggested to play roles
in tumorigenicity, tumor suppression, apoptosis, cell proliferation, invasion, and me-
tastasis (Table 1, Figure 3).

Expression of miRNA star sequences

Besides regulation of the described mature miRNAs, in several cases we also de-
tected differential expression of probes matching miRNA star sequences (Table 1).
Star sequences (miRNA*) are derived from the other arm of the pre-miRNA hair-
pin structure during miRNA biogenesis, but are not loaded into the RISC complex
and are degraded. However, sometimes miRNA* can have similar 5’ end stability as
the mature miRNA strands and similar incorporation efficiency into the RISC com-
plex, and therefore can also be functional (Soares AR et al 2009). For several miR-
NAs (miR-21, miR-125b, miR-126, miR-146a, miR-148, miR-199, miR-222, miR-223,
miR-455) we found both the primary miRNA and the miRNA* to be differentially
expressed in liver tumors, while in other cases (miR-7a*, miR-24*, miR-128*, miR-
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Table 2. Common tumor- and immune-related miRNAs.

miRNA Liver cancer Mycobacterium infection
chronic strain (E11) acute strain (Mma20)
1dpi 6 dpi 1 dpi 6 dpi
dre-miR-15¢
(miR-15¢_1) up) e
dre-miR-16a ®
(miR-16a_l) up (5) up
dre-miR-21
(miR-21-1_1, up (5) up
miR-21-2_1)
dre-miR-21*
(miR-21-1_r) up (5) dows up
dre-miR-34
(miR-34_I) up (4) up down
?;1?;:'{“_.'-;22.31_28|} up (4) down down down down
dre-miR-132
{miR-132-1_r, up (5) down
miR-132-2_r)
dre-miR-146a up (5) 7
(miR-146a_l) P p
dre-miR-146a*
(miR-1462_r) bptd) up
dre-miR-146b up (5) i
(miR-146b-1_1) P B
dre-miR-212
(miR-212_r) up (5) down
?;?ng./z:?n down (4) down down down
dre-miR-455
(rﬁﬂnllxss ) up S} down
dre-miR-455*
(miR-455._r) up (5) down

Differentially regulated miRNAs in the zebrafish liver tumor study were compared
with data from our previous infection study where we used Mycobacterium
marinum strains Mma20 and E11 as pathogens causing acute disease or chronic
granulomatous tuberculosis in zebrafish adults, respectively (chapter 4). Microarray
analysis was carried out using RNA samples collected from two time points, 1 and 6
days post infection (dpi). Probe names on the custom microarray are indicated in
brackets behind the zebrafish (dre) miRNA names. If there are more probes for one
miRNA, those that were expressed in the infection study are indicated in bold. The
direction of change of miRNA expressions is indicated both for the zebrafish liver
tumor samples and the samples from the infection study. Only the probes that
showed consistent up- or down-regulation in at least four biological replicates of the
liver tumor study were considered for comparison with the infection data.
Significance cut-offs were set at P<10-5 and more 1.5-fold change for analysis of
both the liver tumor and infection data sets.
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489*) altered expression of only the miRNA* was detected. Most of the zebrafish
miRNA* that we found to be differentially expressed in liver tumors have not been
previously reported in miRBase. However, miRBase provides evidence for expres-
sion of several of these miRNA* in human, such as miR-7-1/2*, miR-21*, miR-24%,
miR-125b*, miR-126%, miR-143*, miR-146a*, miR-148a*/b*, miR-222%, and miR-223*.
Our microarray data support that these miRNAs* are also expressed in zebrafish and
suggest that they play a role in liver cancer similar as the primary miRNAs.

Comparison of miRNA expression in liver cancer and tuberculosis infection

Besides being involved in the pathogenesis of cancer, miRNAs are also known
to play important regulatory roles in the development and function of the immune
system (Lu and Liston, 2009). Previously we used the same microarray platform
to investigate miRNA expression during the immune response of adult zebrafish
to infection with Mycobacterium marinum, the causative agent of fish tuberculosis
(chapter 4). Here we compared the data from this infection study with the liver can-
cer study in order to define common tumor and immune-related miRNAs (Table 2).

In our infection study we used Mycobacterium marinum strains Mmazo and
E11, which respectively cause acute disease or chronic granulomatous tuberculosis
in adult zebrafish (van der Sar et al., 2004; van der Sar et al., 2009), and determined
miRNA profiles at 1 and 6 days post infection (dpi). Comparing the datasets of liver
tumor-related miRNAs to M. marinum infection-related miRNAs we found that 8
miRNAs, miR-15¢, miR-16a, miR-21, miR-21*, miR-34, miR-146a, miR-146a* and
miR-146b, were commonly up-regulated in liver tumors and at either the 1 or 6 dpi
time point of infection with the Mma20 or Eu1 strains (Table 2). Two of these miR-
NAs (miR-21* and miR-34) were up-regulated by only one of the M. marinum strains,
but down-regulated by the other. Expression of miR-217 was down-regulated in liver
tumors and at different time points of M. marinum infection with both strains. Five
miRNAs (miR-128%, miR-132, miR-212, miR-455, miR-455%) were up-regulated in
liver tumors, but down-regulated at one or more time points of infection with the
M. marinum strains. Other miRNAs that were up-regulated in liver tumors (miR-
15a, miR-15b, miR-16b, miR-23a, miR-24*, miR-27a/b/c/d, miR-29a/b, miR-153a/b/c,
miR-193a/b, miR-210, miR-221, miR-222, miR-222*, miR-365, miR-457a/b and miR-
735) or down-regulated in liver tumors (miR-1, miR-7a*, miR-9, miR-122) were not
differentially expressed in the samples of the M. marinum infection study. Among
the miRNAs commonly regulated in the liver cancer and tuberculosis studies, in
particular the members of the miR-21 and miR-146 family can be strongly linked to
the immune response, as they were also found to be induced by different bacterial
infections in zebrafish embryos (chapter 4).

Experimentally validated targets of liver tumor-related miRNAs
To shed further light on the role of differentially expressed liver tumor-related

miRNAs in the mechanism of cancer we searched the TarBase database for putative
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Liver tumor-related miRNA expression in zebrafish

Figure 4. Common predicted tar-

get genes of liver tumor-related

miRNAs in zebrafish and human.
Up-regulation (yellow) of members

mij-'1 of the miR-146 and miR-221/miR-222
IRAK1 CDKN1B GJAT families and down-regulation (blue)
TRAF6 CDKN1C PDCD4 D :
ik fhies st of miR-1 was observed in at least 4
immune system proliferation LASP1 out of 5 biological replicates of ze-
apoptosis cell cycle TMSB4X R .
IKK/NExB cascade motility RABL2A brafish liver tumor tissue compared
MAPK cascade cytoskeleton RABL2B to normal liver and changes in the
immune system proliferation
apoptosis cell cycle same direction have been reported
e el
EIE sy cy[o:kuellteyton in the literature on human liver can-
apoplosis cer (hepatocellular carcinoma) as

small GTPase signaling
IKK/NF«B cascade detailed in Table 1. Members of the
padsignating miR-146, miR-221/miR-222 and miR-1
families are predicted to target sev-
eral genes whose human homologs have been reported as experimentally validated target genes
in the TarBase database. The figure shows the common predicted target genes and the biologi-
cal pathways and signaling pathways that can be associated with these genes by gene ontology

analysis.

target genes that have been experimentally validated targets in human cell-based as-
says (Table 3). Gene Ontology analysis using DAVID tools linked these target genes
to biological processes such as apoptosis signaling, cell proliferation, cell cycle, cell
motility, cell adhesion, cytoskeleton organization and biogenesis, and immune sys-
tem process, as well as to signaling pathways, including the I-kappaB kinase/NF-
kappaB cascade, small GTPase mediated signal transduction, ErbB signaling, MAPK
signaling, VEGF signaling, ps53 signaling, and several KEGG cancer pathways (Table
3). These processes and pathways are often deregulated in HCC suggesting that these
miRNAs can be part of signaling pathways that significantly contribute to cancer
(Chen et al., 2002; Kim et al., 2004; Neo et al., 2004; Okabe et al., 2001; Xu et al,,
2001). Next we used different miRNA target prediction programs to investigate if the
homologous zebrafish genes might contain miRNA target sites for the same miR-
NAs as those involved in HCC. This analysis showed that several target genes of
the miR-146 and the miR-221/miR-222 families, which we found to be commonly
up-regulated in zebrafish liver tumors and in HCC, might be conserved between
zebrafish and human (Table 3, Figure 4). For the miR-146 family these included two
pivotal signaling intermediates, IRAK1 and TRAF6, of the NF-kappaB pathway and
the IRF5 transcription factor gene that is a target of this pathway. Predicted common
targets of the human and zebrafish miR-221/miR-222 family included cyclin-depend-
ent kinase inhibitor genes (CDKN1B and CDKN1C), linked with epidermal growth
factor receptor (ErbB) signaling, and the proto-oncogene tyrosine-protein kinase
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KIT. Furthermore, we could predict 7 conserved target genes for miR-1, which we
identified as a commonly down-regulated miRNA in zebrafish liver tumors and in
reports on HCC. One of these was a member of the connexin family (GJA1, gap
junction protein, alpha 1, 43kDa) related to cell-cell signaling and positive regulation
of the NF-kappaB pathway. Another predicted conserved miR-1 target was the pro-
grammed cell death 4 (PDC4) gene, also known as neoplastic transformation inhibi-
tor, which has a still unknown function in apoptosis regulation. Three other genes
encoded cytoskeleton-related proteins, including the stress-responsive, actin-bind-
ing tropomyosin 4 (TPM4) protein, the actin-binding protein LASP1 (LIM and SH3
protein 1), which has been shown to play an essential role in tumor cell growth and
migration and was reported as ps53 transcriptional target involved in HCC (Wang et
al., 2009a), and the actin-sequestering protein TMSB4X (thymosin beta 4, X-linked),
which has been reported to positively regulate the expression of hepatocyte growth
factor (Barnaeva et al., 2007) and has been implicated in cell proliferation, migra-
tion, and differentiation as well as tumor metastasis and angiogenesis (Wang et al.,
2004; Zhang et al., 2008a). Finally, two members of the RAS oncogene family-like 2
(RABL2A and RABL2B) were also predicted to be conserved targets of miR-1 in hu-
man and zebrafish. Taken together, our results show that several miRNAs are com-
monly regulated in human and zebrafish liver cancer and predict conservation of a
number of target genes strongly linked to cancer-related biological processes and
signaling pathways.

Discussion

Recently, it has been shown that there are remarkable molecular similarities be-
tween zebrafish and human liver cancer not only with respect to general molecular
hallmarks (Lam et al., 2006) but also at the level of biological modules related to tu-
morigenesis and transcription factor target modules (Ung et al., 2009). In this study
we show that there is conservation at the level of miRNA expression as well. Using a
custom microarray platform we observed highly reproducible induction and repres-
sion of miRNAs in zebrafish liver tumors, many of which were previously linked to
human hepatocellular carcinoma (HCC) or to other types of human cancer. We also
show that a subset of these liver tumor-related miRNAs overlap with miRNAs re-
sponsive to Mycobacterium marinum infection, suggesting a common role in cancer
and the immune response. Finally, based on target predictions for zebrafish miRNAs
and experimental target validation data reported for human miRNAs, we suggest
that several target genes of the miR-1, miR-146 and miR-221/miR-222 families, which
are commonly deregulated in liver tumors, are conserved between human and ze-
brafish.

To compare miRNA expression signatures between human and zebrafish liver
tumors we took two approaches. First, using a custom Agilent microarray platform
we analyzed differential expression in carcinogen-induced zebrafish liver tumors as
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compared to healthy liver tissue. Second, by PubMed abstract searching we compiled
human miRNAs previously reported to show altered expression in HCC or associ-
ated to HCC by polymorphisms. Together this resulted in the identification of 83
liver tumor-related miRNAs, including 70 primary miRNAs reported in miRBase
and 13 miRNA star sequences. The majority of the miRNAs previously linked to
HCC showed altered expression in zebrafish liver tumors. The most notable similari-
ties were the common up-regulation of miR-21, miR-23a, miR-146a/b, miR-221 and
miR-222, and the common down-regulation of miR-1 and miR-122. These miRNAs
showed consistent up- or down-regulation in four or five out of five biological rep-
licates of zebrafish liver tumors and have been reported to show the same direction
of expression changes in HCC. A similar number of HCC-linked miRNAs was also
changed in the same direction in zebrafish liver tumors, but in less than four rep-
licates. Some other miRNAs, most notably miR-9, miR-15a, miR-29a/b and miR-34,
showed opposite changes in zebrafish liver tumors compared to literature reports
on HCC. Approximately half of the zebrafish miRNAs with consistent differential
expression in liver tumors were not previously linked to HCC. Some of these miR-
NAs lacked human counterparts, but in most cases the human counterparts of these
miRNAs were already associated with various other types of cancer and therefore it
is conceivable that associations with human liver cancer may also be found in future
studies. Most of the miRNAs associated with HCC or other human tumors, includ-
ing those commonly regulated in zebrafish liver tumors, have been found to play
roles in different mechanisms of cancer such as tumorigenicity, tumor suppression,
apoptosis, cell proliferation, differentiation, invasion, and metastasis. These data fur-
ther support that zebrafish liver tumors are appropriate for modeling human liver tu-
mors and that the molecular similarities between the species extend from conserved
tumor-associated gene expression signatures to shared expression alterations of a set
of tumor-associated miRNAs.

The custom microarray platform used in this study not only contained probes
for almost all known miRNAs reported in miRBase but also for the putative star se-
quences of all primary miRNAs and for predicted hairpin structures with or without
experimental support for miRNA identity. Our microarray data support the expres-
sion of several miRNA star sequences that were not yet reported in miRBase and
show that in most cases altered expression of these miRNA star sequences in liver tu-
mors occurs concomitantly with expression of the corresponding primary miRNAs.
We also noted that 86 probes for predicted hairpin structures without experimental
support for miRNA identity were differentially expressed in all five biological repli-
cates of the liver tumor study. Similarly, we previously observed differential expres-
sion of many probes in this category during bacterial infection of zebrafish (chapter
4). The possibility that these probes represent an additional group of non-coding
small RNAs with putative regulatory functions during cancer and infection is of
great interest for further investigation.

Differential expression of miRNAs has been implicated not only in different
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mechanisms of many types of cancer but also in the immune response. In agreement,
our previous work suggests that many miRNAs implicated in cancer processes are
also connected to regulation of the immune response in zebrafish (chapter 4). In the
previous study we used the same microarray platform to analyze miRNAs induced
by Mycobacterium marinum infection in zebrafish (chapter 4). M. marinum is closely
related to Mycobacterium tuberculosis and the pathology of M. marinum infection in
zebrafish strongly resembles that of human tuberculosis. In particular, the formation
of granulomas, a hallmark of tuberculosis, is well conserved between zebrafish and
human. Granuloma formation involves the aggregation of infected and non-infected
macrophages and other immune cells into tight structures. In this respect granu-
loma formation shares interesting similarities with tumor formation, which gener-
ally is also associated with the attraction of macrophages and other immune cells.
Therefore, it was of interest to determine the miRNAs commonly regulated in liver
tumors and in response to M. marinum infection. We identified several miRNAs
that were commonly up-regulated in liver tumors and at one or more stages of infec-
tion with two M. marinum strains, including miRNAs of the miR-15, miR-16, miR-21,
miR-34, and miR-146 families. Three of the most interesting commonly regulated
miRNAs (miR-146a, miR-146a* and miR-146b) are members of the miR-146 family,
which has previously been implicated in regulation of innate immunity signaling
pathways and recently suggested also to modulate adaptive immunity (Hou et al.,
2009; Perry et al,, 2009; Schmidt et al., 2009; Taganov et al., 2006; Williams et al.,
2008). Altered expression of human miR-146 miRNAs was observed in viral and
bacterial infections, under inflammatory conditions as well as in different types of
cancer, including HCC, leukemia and breast cancer (Bellon et al., 2009; Nakasa et
al., 2008; Perry et al., 2009; Shen et al., 2008; Williams et al., 2008; Xia et al., 2009;
Xu et al., 2008). Similarly, elevated expressed members of the human miR-21 family,
which were also commonly up-regulated in zebrafish liver tumors and mycobacte-
rium infection, was previously reported in studies of infection, allergic inflammation
and cancer, including HCC, gastric cancer, glioma, colon cancer and breast cancer
(Cameron et al., 2008; Connolly et al., 2008; Gramantieri et al., 2007; Lu et al., 2009;
Wang et al., 2009b; Zhang et al., 2008b; Zhou et al., 2009). ). It has been suggested
that the connection between processes of cancer and the immune response might
be due to changes in expression of miRNAs regulating shared signaling pathways
(Williams et al., 2008). The common and conserved regulation of several miRNAs
in tumors and during infection that we observed in this study further supports this
connection.

Finally, we investigated the possible conservation of miRNA target genes.
Although there are numerous predicted miRNA targets detected by bioinformatics
approaches only a few have been validated. In this study we compiled experimentally
validated targets of human liver tumor-related miRNAs. Functional classification
of these targets by gene ontology analysis revealed their involvement in signaling
pathways and biological processes that formerly have been identified as common
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molecular hallmarks of zebrafish and human liver cancers (Lam and Gong, 2006;
Lam et al,, 2006; Ung et al., 2009). Next we checked the 3’UTR regions of the ho-
mologous zebrafish genes for the presence of target sites for the same miRNAs. For
several miRNAs no conserved targets were predicted by MiRanda, TargetScan and
RNA-hybrid algorithms; however, we cannot exclude the possible presence of target
sites in introns or the presence of target sites not recognized due to limitations of
the target prediction algorithms or incomplete annotation of the 3’'UTR regions in
the Ensembl database. Interestingly, target predictions indicated several conserved
target genes for miRNAs of three families, including the miR-146 and miR-221/miR-
222 families that were commonly up-regulated in human and zebrafish liver tumors,
and miR-1, a commonly down-regulated miRNA family in human and zebrafish
liver tumors. Shared target genes of the miR-146 family encoded signaling interme-
diates (IRAK1, TRAF6) and a transcription factor (IRFs) involved in the immune
response. As discussed above, the miR-146 family is also induced by infection in
human and zebrafish; therefore, the predicted conservation of these target genes fur-
ther supports that this miRNA family functions at the crossroads of cancer and the
immune response. Proteins encoded by the predicted conserved target genes of the
miR-221/222 family (CDKN1B, CDKN1C, KIT) and the miR-1 family (GJA1, PDCDg,
TPM4, LASP1, TMSB4X, RABL2A, RABL2B) are involved in several cancer-related
biological processes such as proliferation, cell cycle regulation, apoptosis, and cy-
toskeletal organization and motility. Furthermore, these genes have been implicated
in cancer-related signaling pathways, including ErbB, NF-«B and ps53 signaling, and
small GTPase-mediated signal transduction. The ErbB signaling pathway has been
implicated in the development and malignancy of numerous types of human cancers,
including liver cancer (Altimari et al., 2003; Ito et al., 2001; Olayioye et al., 2000).
NF-«B signaling is involved in the immune response, cell adhesion, differentiation,
proliferation, angiogenesis and apoptosis and imbalanced regulation of this path-
way has been associated with development of multiple types of tumors (Steele and
Lane, 2005; Sun and Zhang, 2007), similar as for deregulation of the ps3 tumor-
suppression pathway (Steele and Lane, 2005). Finally, predicted target genes involved
in small GTPase-mediated signal transduction are potential markers for tissue inva-
siveness of liver tumor cells (Lam and Gong, 2006). The predicted conservation of
target genes in these pathways and processes further supports the similarity between
zebrafish and human liver cancer and that miRNAs might play a pivotal role in regu-
lating these cancer-related mechanisms in both species.

Taken together, our data suggest that there is high conservation between zebrafish
and human liver tumors not only at the level of gene expression signatures and tran-
scriptional targets, but also at the level of the regulation by miRNAs. These results
further support the usefulness of zebrafish as a useful model for studying liver cancer
and functions of miRNAs in the mechanisms of liver cancer.
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Materials and methods

Generation of zebrafish liver tumors

Liver tumor samples were obtained from the group of Zhiyuan Gong (National
University of Singapore) and generated by carcinogen treatment as described in Lam
et al., 2006. In brief, three-week-old juvenile zebrafish were treated with 0.75 ppm
712-dimethylbenz[a]anthracene (DMBA) or dimethyl sulfoxide (DMSO, vehicle) for
24 h and the treatment was repeated once at five weeks of age for another 24 hours
with 1.25 ppm DMBA or DMSO. Treated fish were rinsed three times in fresh wa-
ter and transferred into new tanks for maintenance. Fish were sampled during 6-10
months after the onset of DMBA exposure. Tumor samples used for the microarray
study were all bigger than 3 mm in diameter. Partial liver tumors were used for RNA
extraction and the rest of the tissues were used for histopathological diagnosis. The
normal livers were also sampled at 6 months to 10 months after the control treatment
(DMSO, vehicle). Zebrafish husbandry was as described (Lam et al., 2006).

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

Total RNA from five liver tumors and five normal livers was isolated using the
miRNeasy Mini kit to preserve small RNA species. Three of the liver tumor samples
were from male zebrafish and two from female zebrafish and each was compared
with normal liver samples from fish with the same sex. RNA labeling was carried
out with miRCURY™ LNA microRNA, Hy3™/Hys™ Power Labeling kit (Exiqon) us-
ing 1 ug of total RNA according to the manufacturer’s instructions. RNA samples
from liver tumors were labeled with Hy3 and hybridized against Hys-labeled RNA
samples from normal livers. The dual colour hybridization of the microarray chips
was performed according to Agilent protocol GE2-v5_g5_Feboy and GE2_105_Janog
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(www.Agilent.com) for two-color microarray-based gene expression analysis except
that hybridization and washing was performed at 37 °C.

Data analysis

Microarray data were processed from raw data image files with Feature Extraction
Software 10.5.1 (Agilent Technologies). Processed data were subsequently imported
into Rosetta Resolver 7.2 (Rosetta Biosoftware) and subjected to default ratio er-
ror modeling. Significance cut-offs for the ratios of infected versus control were
set at 1.5-fold change at P<i0—s5. Experimentally validated target genes of human
miRNAs were obtained from TarBase V.5 (http://diana.cslab.ece.ntua.gr/tarbase/)
(Papadopoulos et al., 2009). Gene ontology and pathway analysis was carried out us-
ing Database for Annotation, Visualization and Integrated Discovery (DAVID) soft-
ware tools (http://david.abcc.ncifcrf.gov/) (Huang da et al., 2009). MiRNA target site
predictions for the homologous zebrafish genes were derived from the MicroCosm
database and were performed by locally running miRanda, TargetScan and RNA-
hybrid prediction algorithms using the 3’UTR regions derived from the Ensembl
Zv8 zebrafish database. For the zebrafish homolog of IRAK: the 3’UTR region expe-
rimentally determined in chapter 4 was included in the predictions.

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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