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Argonaute-crosslinking and immunoprecipitation deciphers the

liver miR-122 targetome
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The profiling of microRNA (miRNA) expression in the
liver by different groups has revealed that miR-122 is one
of the most abundant miRINAs in this organ, accounting for
70% of miRNA expression in the liver (1-4). A systematic
study of the miRNA patterns of different tissues in mice also
demonstrated that miR-122 was a tissue-specific miRNA,
highly enriched in liver tissue but absent from other
tissues (5). The miR-122 sequence is completely conserved
in vertebrates and no orthologues have been detected
either in D. melanogaster or in C. elegans, indicating that
miR-122 is probably linked to the appearance of the liver
in vertebrates (6). In this line, the described functions of
miR-122 are closely related to the regulation of specific
hepatic processes, including cholesterol and lipid
metabolism (7,8). Interestingly, miR-122 has been
demonstrated to play a role in the regulation of hepatic
polyploidy (9), a defining feature of the liver, and is crucial
for hepatitis C virus replication in the liver (10). During
carcinogenesis, miR-122 becomes downregulated and
its expression levels are indicative of patient outcome in
hepatocellular carcinoma (HCC) (11). Moreover, two
miR-122 Knockout (KO) mice models, germline KO and
liver KO, showed that inhibition of miR-122 activated an
inflammatory process in the liver that led to hepatitis in the
short term and to HCC in the long term (12). In contrast,
the delivery of miR-122 to a MYC-driven mouse model
of HCC strongly inhibited tumorigenesis, reinforcing
the role of miR-122 as a tumor suppressor gene (12).
Although several targets associated with previously
described functions of miR-122 have been identified, the
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miR-122 targetome in normal liver and in HCC remained
incomplete until now.

The most frequent strategy for miRNA target
identification is usually based on bioinformatics through
different computational algorithms followed by an
experimental validation through luciferase reporter assays
and/or western blot analysis after intervention of miRNA
levels (13). Most of the computational algorithms, including
the three most commonly used, TargetScan, miRanda
and PicTar, are based on the identification of sequence
complementarities between miRNAs and the 3'UTR regions
of putative target genes according to different rules. Usually
these rules include the use of the 2 to 8 NT from the 5'UTR
region of the miRNA, known as seed sequence. The seed
sequence is known to be highly conserved and in most cases
the matching of the seed sequence with the 3'UTR region is
sufficient to confer mRINA recognition (14). A few prediction
tools, such as miRcode, also take into account coding regions
(CDS) or 5'UTR regions, but this is less common. Moreover,
prediction tools usually ignore the transcriptome information
of cell types under study and the non-canonical binding sites.
Due to these factors, many predicted targets are finally not
experimentally validated and many real targets can be missed
since the false positive rate for these prediction tools ranges
from 24% to 70% (15,16).

In contrast, new methods have emerged in recent years
that allow large-scale miRINA target identification to identify
the complex networks regulated by one miRNA (17).
Most of these methods are based on the overexpression or
inhibition of the miRNA of interest by different methods
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Figure 1 Summary of the key steps performed in the AGO-CLIP technique to identify miR-122 targets. AGO-CLIP, argonaute-

crosslinking and immunoprecipitation; RISC, RNA-induced silencing complex; HCC, hepatocellular carcinoma; SDS-PAGE, sodium

dodecyl sulfate polyacrylamide gel electrophoresis; miRNA, microRNA; WT, wild type.

followed by a downstream gene-expression or proteomic
analysis. Among these methods, argonaute-crosslinking and
immunoprecipitation (AGO-CLIP, also known as high-
throughput sequencing of RNA isolated by CLIP, HITS-
CLIP, or CLIP-seq) followed by deep sequencing allows the
mapping of miRNA binding to AGO sites and can provide
a single base-pair resolution of miRNA and AGO binding
sites (18,19) (Figure 1). However, this technique has two
limitations: the low efficiency of UV254 nm RNA-protein
crosslinking (19) and the fact that it can only identify about
100 NT around the specific target site (18). Therefore, the
sites identified by AGO-CLIP will need a validation by a
different technique to verify the identified target sites.
Recently, Luna ez a/. (20), using the AGO-Clip technique,
defined the miR-122 targetome in mouse and human
liver with the identification of more than 11,000 genomic
loci displaying clear miR-122 binding dependence. The
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significance of the first part of the study lies in the use of the
miR-122 KO mice previously generated by the group (12).
Performing AGO-CLIP in miR-122 KO and in miR-122
floxed [wild type (WT)] mice is an ideal platform for
clarifying the liver miR-122 targetome 7z vivo. In this model,
the authors evaluated the absence of Ago binding peaks in
the KO samples (Figure I), which provided evidence that
miR-122 engages a larger fraction of the transcriptome than
previously assumed. The study confirmed previous reports
that miR-122 was one of the most frequent miRNAs in liver
and—together with let-7, miR-15/16, miR-17, miR-21a,
miR-26, miR-27, miR-30, miR-192, and miR-194—
conformed the top ten miRNA families in mouse liver.
Remarkably, miR-122 represented 18.7% of binding events
of the top ten miRNAs (44% of all binding events). The
AGO-CLIP analysis identified 9,280 miR-122 canonical
binding sites, which were located not only in the 3'UTR
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region of the target genes (~30%) but also in CDS (~27%),
intronic (~23%) and 5'UTR (~4%) regions. Moreover, the
motif analysis also showed 1,923 non-canonical, G-bulged,
binding sites, which more frequently were found associated
to CDS regions.

The authors then evaluated how these results correlated
with the gene expression patterns (RNAseq data) observed in
the KO or the WT mice. Despite the dramatic reduction of
ago binding in KO livers, only 29% of the targets with 3'UTR
or CDS binding sites and 15% of targets with 5'"UTR or
intronic binding sites were significantly upregulated in KO
livers. Since miRNAs mostly affect the translation rates of
its targets and only affect mRINA levels in a small proportion
of targets, the authors would probably have obtained higher
percentages using proteomic analysis rather than expression
analysis. Moreover, several consequences of miRNA-
target interactions beyond repression of gene expression
or translation have been identified that could also explain
the low percentage of targets with increased expression in
the KO mice (21). However, the greatest changes in gene
expression were associated with downstream genes of the
miR-122 targets, with 1,600 transcripts upregulated and 1,300
downregulated in KO livers. Pathway analysis showed that the
most relevant signaling pathways involved included the “cell-
cell junctions” and “cytoskeletal rearrangements” pathways.
Both pathways have previously been demonstrated to play a
significant role in the proliferation regulation of liver cells (22).

In the second part of the work, the authors completed
the study of the miR-122 targetome by studying tumor and
paired normal tissue from nine patients with HCC. The
AGO-CLIP data confirmed that miR-122 was significantly
downregulated in tumor tissue and that both canonical
and G-bulged miR-122 3'UTR sites were significantly less
bound in tumor samples, while oncogenic miRINAs such as
miR-21 were more bound. This was also observed in CDS,
introns and 5'UTR. In contrast with the KO mouse model,
where the presence or absence of miR-122 allowed the clear
identification of directed targets, in HCC samples the AGO/
CLIP can be affected by the grade of downregulation of
miR-122 (Figure 1). In fact, the authors observed that the
mean CLIP signal for miR-122 binding was highly correlated
with tumor miR-122 levels, indicating the existence of a
deregulated miR-122 targetome in human HCC.

The comparison of the list of targets obtained in the two
models (KO mouse and HCC) revealed that the miR-122
targetome has an unusually low conservation. When the
authors compared the 3'UTR and CDS targets in the
human HCC samples with those in the KO mouse model,

© Non-coding RNA Investigation. All rights reserved.

neri. amegroups.com

Page 3 of 6

they observed only a 20% overlap between the species.
Specifically, of the 4,771 identified targets in the two
models, only 965 were shared. This was in contrast with
the higher conservation of the targetome of the other
miRNAs included in the top ten and also with the general
thinking that links miRNA conservation and target site
conservation with an effective target repression (14). The
authors suggest that this may be due to the fact that miR-
122 is not crucial for liver development and thus the gain
or loss of miR-122 binding sites is relatively neutral. These
results highlight the fact that some bioinformatics tools for
target prediction emphasizing conservation can fail with
some miRINNAs, such as miR-122, where 76% of mouse and
45% of human targets were species-specific. Curiously,
several of the shared targets have functions in maintaining
normal liver homeostasis and the authors selected these
targets (GNPDA2, ZBTB4, CDA, GPR107, ARHGAPI,
ZMIZ1, SNAI2, Ceptl and Sp2) for further validation by
luciferase assay and quantitative polymerase chain reaction
(qPCR) and verified that they had functional binding sites.
Additionally, the shared targets also belong to cell cycle and
tight junction pathways, as well to cancer pathways (e.g.,
AMPK, PI3K/AKT, and WN'T/B-catenin).

Further analysis of the 965 shared targets showed that
they could have clinical implications in HCC, since some
correlated with patient survival according to data from
the Cancer Genome Atlas (TCGA Research Network),
which included 373 usable cases of HCC. The authors
hypothesized that the list of 965 shared targets of miR-
122 would be upregulated in tumor tissue, where miR-122
is downregulated, compared to normal tissue, where miR-
122 is upregulated. However, although they observed a
general upregulation in the LIHC cohort of the majority
of these targets, their heatmap shows different clusters of
patients, including a small one with general downregulation
of the targetome. The authors did not perform additional
clinical correlations that could explain these inter-patient
variabilities. However, the authors identified a group of
three upregulated targets, BCL2, SLC52A2, and STXG6,
whose expression levels correlated with survival in the
LIHC cohort. To verify that the upregulation of these
three genes was not limited to the TCGA data, the
authors confirmed their upregulation in two additional
RNAseq datasets from GEO: GSE77509 (n=20) and
GSE77314 (n=50). The expression of these upregulated
genes negatively correlated with miR-122 expression and
their high levels were significantly associated with poor
survival, both alone and in combination. Only BCL9
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Figure 2 miR-122 regulation of the WIN'T/B-catenin pathway in HCC through BCL9. CDS, coding regions.

had previously been associated with survival in HCC; a
Korean study of BCL9 protein expression, evaluated by
immunohistochemistry in 288 HCC patients, found that
the 74 patients with nuclear BCL9 protein expression had
shorter disease-free survival (23).

After validation by luciferase and qPCR of the miR-122
regulation of these three targets, the authors focused on the
functional implications of miR-122 regulation of BCL9,
a WNT pathway member that coactivates B-catenin (24).
The authors chose to focus on BCL9 because the WN'T
pathway is critical to HCC and because BCL9 harbors
several binding sites in its CDS region—six in humans
and seven in mice—indicating that it is highly regulated
by miR-122. To verify the relevance of these binding
sites, the authors performed luciferase reporter assays
that showed that 5/7 mouse and 3/6 human binding sites
mediated target repression. Moreover, using an FLAG-
tagged human BCL9 and miR-122 mimic in H293T cells,
the authors showed that protein and mRNA levels of BCL9
were suppressed by miR-122 but not when the binding sites
were mutated. The study of the functional repercussions
of the miR-122-BCL9 regulation showed that miR-122
regulated B-catenin activation and impacted the B-catenin
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transcriptional program by inhibiting BCL9 (Figure 2).
Cells overexpressing BCL9-W'T or BCL9 with mutated
miR-122 binding sites (BCL9-MUT) increased B-catenin
activity. However, only BCL9-W'T cells treated with
miR-122 mimic suppressed p-catenin activity. The BCL9
knockdown in MHCC-LM3 cells showed that B-catenin
response elements CD44 and c-JUN saw reduced their
expression levels. Moreover, BCL9 overexpression in two
cell lines (MHCC-LLM3 and Huh?7.5) was associated with
increased proliferation. BCL9 is a conserved miR-122 CDS
target that may impact WN'T-mediated progression of HCC
specifically through proliferation regulation (Figure 2).

In summary, Luna e 4/. have identified greater than 10*
distinct target loci across genic and non-genic regions,
including canonical and non-canonical bindings for
miR-122. Interestingly, they observed that the changes
in gene expression were linked mostly to 3'UTR and
CDS targeting and that most of the miR-122 targets were
species-specific. Furthermore, among the 965 targets shared
between humans and mice, which were mostly upregulated
in HCC tumor samples, BCL9, SLC52A2, and STX6
correlated with patient survival. Finally, miR-122 was able
to regulate the crucial WN'T/B-catenin pathway in HCC
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through BCL9.
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