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Figure 2. Results of the 3’LIFE pilot study. (A) Two hundred and seventy five 3'UTRs were probed for targeting by let-7¢ (left) or miR-10b (right). RI values
(see the Materials and Methods section) represent the average of four replicates. 3 UTRs were considered putative hits if the RI falls below the standard
error for each miRNA (dashed line). Bioinformatically predicted genes are extracted and ranked (right of each panel), demonstrating an enrichment for
predicted targets among putative hits. Previously validated targets are marked with black arrows. (B) Top hits obtained are defined as those with RI <
0.80 and P < 0.05. let-7¢ had 37 and miR-10b had 26 top hits, the majority of which contain canonical target sites. (C) List of top hits in 3'LIFE assay.
Putative seed target site is listed as defined in (5). Each gene was identified as having a positive role (green), negative role, conflicting roles (red/green) or
no identifiable or established role in tumorigenesis based on a manual literature review (see the Materials and Methods section and Supplementary Table
S3).
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overexpression. We rescreened one plate of 3UTRs (n =
87) using the pLIFE-PGK miRNA expression vector, re-
peating the assay in quadruplicate (a total of 1152 transfec-
tion reactions and luciferase assays) (Supplementary Figure
S7A). The RI of each gene tested against varying extents of
miRNA overexpression yielded largely comparable results,
with the majority of genes having some degree of repression
in both, or neither (Supplementary Figure S7A). Among
the top hits obtained with pLIFE-miRNA vectors, 77% of
targets were also repressed with the pLIFE-PGK vectors,
albeit generally to a lesser degree (Supplementary Figure
S7B and C). We obtained three genes not repressed with the
pLIFE-miRNA screen that show significant repression (RI
< 0.80, P < 0.05) by miR-10b in the pLIFE-PGK experi-
ment (AATK, HOXA1, KRT1). HOXA1 and KRT1 con-
tain perfect seed matches for miR-10b, while AATK con-
tains a highly complementary non-canonical target (Sup-
plementary Figure S7D). In conclusion, these data suggest
that while there may be a dosage effect for a small portion
of miRNA targets, the majority of targets show consistent
repression regardless of the degree of miRNA overexpres-
sion.

Putative miRNA target genes have functions consistent with
known role of each miRNA in cancer

We next sought to identify potential correlations between
the functional role of each miRNA in tumorigenesis and
the novel targets identified by our pilot 3 LIFE assay. We
performed a literature review for the top gene targets to de-
termine if our ‘bona fide’ targets were previously recognized
to have positive or negative contributions to tumorigene-
sis (Figure 2C and Supplementary Table S3). let-7¢ targets
identified by the 3’'LIFE assay are generally overexpressed
in tumors and have positive roles in tumorigenesis, which
is consistent with the tumor suppressor function of let-7c.
Conversely, miR-10b target genes are typically downregu-
lated in late-stage tumors and inhibit cancer progression
and metastasis, which is also consistent with miR-10b as an
indicator of late-stage, aggressive tumors (Figure 2C).

Each miRNA exhibits a unique binding footprint

Analysis for enriched nucleotides in these putative miRNA
target sites revealed that the seed was the least variant re-
gion within the target element of both miRNAs (Figure
3A). The 3’end of the miRNA also showed consistent inter-
action with the mRNA compared to the central nucleotides.
let-7¢ also possesses a more even distribution of interact-
ing nucleotides compared to miR-10b, which has two dis-
tinct regions at the terminal ends. The mean bit score gives
a measure of the extent to which each nucleotide interacts
with the target mRNA, and in let-7¢ it is slightly higher
than in miR-10b (1.03 compared to 0.86), suggesting that
let-7 ¢ interacts with more nucleotides in each target mRNA
than miR-10b. As G:U base pairing expands the flexibility
of these nucleotides to interact with more than one base,
we compared the bit score of G/U and A/C nucleotides.
G/U’s outside the seed region were twice as likely to inter-
act with corresponding mRNA nucleotides than A/C (0.85
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compared to 0.43), which is expected given that the num-
ber of nucleotides that G/U can pair with is double that
of A/C. The five 3’-most nucleotides of both miRNAs are
G/U’s, which may account for the targeting peaks in this re-
gion. Of note is the high percentage of G/U nucleotides in
let-7¢ (82%) compared to miR-10b (52%), which may con-
tribute to the overall higher bit score, the increased number
of bioinformatically predicted targets (Supplementary Fig-
ure S1A) and the larger number miR NA targets detected by
the 3’LIFE screen (Figure 2B) for let-7¢ compared to miR-
10b.

Seed elements are conserved compared to surrounding 3'UTR
sequence

Thirty percent of 3’UTRs in the target library contain
canonical seed elements. Within this group, more than half
were among 3'LIFE top hits, suggesting that 3'LIFE hits
are enriched with genes containing canonical seeds. Among
the 3’'LIFE top hits, 73% contain a canonical seed (46 out
of 63), yet only 32% were predicted bioinformatically (20
out of 63). We reasoned that most of these canonical tar-
gets escaped prediction because the seed element is poorly
conserved. To address this discrepancy we measured the se-
quence conservation among vertebrates for both predicted
and unpredicted canonical seed elements within the 3’LIFE
top hits. We then compared the results to the conservation
levels in the open reading frames and in the 3'UTRSs of the
same genes (Figure 3B). Not surprisingly, the seed region
in predicted targets was four times more conserved than in
non-predicted targets. However, in both the terminal exon
and the 3’UTR of non-predicted targets we observed far
less conservation compared to the same regions in predicted
targets. This suggests that when comparing conservation of
genes as a whole, the degree of conservation of unpredicted
genes may automatically exclude any canonical targets from
prediction by algorithms using conservation criteria. Fur-
thermore, the seed region in unpredicted targets is twice
as conserved as the surrounding 3'UTR, a jump similar in
magnitude to that of predicted seed targets. This suggests
that despite the relatively poor conservation of unpredicted
targets, these elements are possibly functional as there is in-
deed some selective pressure to maintain them. Taken to-
gether, these results suggest that the lack of conservation in
the seed region is not solely responsible for the failure of
TargetScan to predict the miRNA targets that are detected
by the 3'LIFE assay, but that the lack of conservation in the
3’UTR itself plays a role in increasing false-negative rates of
prediction softwares.

To further validate non-canonical targets sites among
the top hits of 3’'LIFE, we selected two genes, RhoB and
HOXD11, and deleted the putative target sites for lez-7¢ and
miR-10b, respectively (Figure 3C). Deleting these elements
completely rescued each 3’'UTR from repression by their re-
spective miRNAs, demonstrating that the 3’ LIFE assay is
capable of identifying non-canonical miRNA/mRNA in-
teractions (Figure 3C).
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Figure 3. Characterization of target sites within top 3'LIFE hits. (A) Target signature motif of putative miRNA target sites within top hits identified using
ClustalW alignments. The black box represents the miR NA seed region. Black horizontal lines indicate nucleotides within the mRNA with a bit-score >0.8.
(B) Mean conservation scores of the nucleotides in terminal exon, miRNA target site, and flanking 3’UTR of genes possessing perfect seed matches. Scores
are plotted log(,) scale along a hypothetical gene model. 3’'UTRs are separated based on the TargetScan prediction status of each gene. Conservation score
is obtained using the PhyloP vertebrate conservation track on UCSC genome browser. (C) Deletion analysis of two top non-canonical miRNA target sites
identified in 3'LIFE assay. Map showing the relation of the miRNA target site within the 3'UTR relative to polyadenylation sequences (AAUAAA). Red
boxes indicate canonical seed nucleotides. Each 3'UTR containing either the wild-type or deleted miRNA target site is cotransfected with Blank miRNA
control, let-7¢ or miR-10b.
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DISCUSSION

3’'LIFE is a highly sensitive method to detect miRNA targets
in high-throughput

In this study we present a novel, scalable and sensitive
method to identify miRNA targets in high-throughput,
which addresses a critical need in miRNA biology. Cur-
rently, bioinformatic and RISC-IP approaches are the only
tools to investigate miRNA targets in a high-throughput
manner.

Bioinformatic approaches utilize a suite of parameters
to predict highly likely targets, such as target composition
(i.e. miRNA seed regions), site conservation and thermo-
dynamic stability, and benefit from the ability to identify
sites throughout the entire genome. While these algorithms
are indispensable tools to identify candidate genes for ex-
perimental validation, their high false-positive and false-
negative rates suggest that the parameters upon which these
algorithms are built do not yet account for all the mecha-
nisms miRNAs use to recognize target sites. Genome wide
bioinformatic predictions are only useful in the absence of
experimental tools that deliver results at a comparable scale.
AGO-HITS-CLIP provides a high-throughput experimen-
tal approach to identify miRNA targets in a specific con-
text, i.e. cell line or tissue. When we compare our results
with data obtained from similar approaches, we note that
IP-based assays limit the findings to the set of abundantly
expressed transcripts and that occupancy of an miRNA ata
specific target site may not necessarily result in translational
repression (Supplementary Figure S8). Dual luciferase re-
porter assays are rapid, sensitive and quantitative and mea-
sure the functional output of miRNA interactions at the
protein level. Despite the widespread use of dual luciferase
assays to validate miRNA targets, the notable lack of use
in initial high-throughput screens speaks to the substantial
technical and methodological barriers to such applications.
These barriers include the lack of a high-quality publicly
available 3'UTR reporter library, the high costs associated
with transfection and luciferase assay reagents and the ab-
sence of standardized high throughput protocols and data
analysis pipelines.

The 3’'LIFE assay overcomes the above challenges by (i)
measuring the effect of miRNA targeting at the protein
level, (ii) utilizing a reporter assay that is quantitative and
highly sensitive to subtle fluctuations in protein concentra-
tion, (iii) does not rely on prior assumptions about miRNA
targets to generate candidate gene libraries and (iv) by us-
ing a high-throughput screening approach it becomes pos-
sible to detect subtle repression in a large number of genes
due to the large number of negative interactions built into
the assay. This last point is of critical importance, in that
evidence suggests that miRNAs exert significant influence
on the transcriptome not by strongly repressing individual
genes, but by subtly repressing many targets (see below).

In this ‘proof-of-principle’ screen we tested 275 3’'UTRs
for targeting by let-7¢ and miR-10b and observed repres-
sion in a large number of novel putative targets, eight of 10
previously validated targets, and 62% of the bioinformati-
cally predicted genes included in this 3’UTR library (Fig-
ure 2A). Among the top hits in the 3'LIFE assay were genes
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targeted by non-canonical target sites (27%) (Figure 2C),
poorly conserved canonical seeds (Figure 3B) and genes fre-
quently utilizing G:U wobble pairing (Figure 3A and Sup-
plementary Table S1). These degenerate targeting principles
expand the repertoire of potential miRNA target sites, con-
tribute to the observation that only 32% of the top 3'LIFE
hits were bioinformatically predicted and support the use
of unbiased high-throughput experimental approaches to
identify miRNA targets.

Surprisingly, 20% of previously validated targets and 38%
of bioinformatically predicted targets showed no detectable
degree of repression. Previous groups have reported sim-
ilar false-positive rates for prediction algorithms (12,13),
suggesting that algorithm error rates may account for the
lack of targeting in this screen. However, false negatives
could also be explained by several biological factors. First,
sequence elements flanking putative canonical target sites
that possess high degrees of secondary structure may have
a critical impact on target recognition by restricting the
access of the miRNA silencing machinery to the target
site (53,54). Second, cooperative repression by multiple
miRNA target sites (55) or interactions with trans-acting
factors such as RNA-binding proteins (56) can contribute
to miRNA target recognition that requires multiple trans-
acting factors, resulting in targeting only in specific con-
texts. Third, recent studies indicate that a large portion of
eukaryotic mRNAs are reversibly methylated, preferentially
within non-coding regulatory regions, and potentially con-
tributing to the evasion of miRNA targeting (57). Lastly,
alternative polyadenylation may increase the false-negative
rate in the 3’ LIFE assay. Fifty percent of human genes con-
tain multiple polyadenylation signals within 3'UTRs that
signal transcription termination, cleavage and polyadeny-
lation (58,59). Rapidly proliferating and tumor cells were
shown to possess, on average, shorter 3’UTR isoforms, a
mechanism resulting in the evasion of miRNA regulation
(60-62). Alternative polyadenylation may also result in the
exclusion of miRNA target sites in a context-dependent
manner, by producing short 3’UTR isoforms only in certain
cell lines or tissues. Thus, context-specific targeting mecha-
nisms, including interactions with trans-acting factors and
alternative polyadenylation, may contribute to false nega-
tives in the 3’'LIFE assay.

Conversely, overexpression of regulatory factors, such as
miRNAs, may yield false-positive results due to non-specific
repression of the reporter gene or supraphysiological ex-
pression levels driving specific, yet biologically irrelevant re-
pression. The first scenario results from cascades of regu-
latory interactions that may alter the expression levels of
other regulatory genes, which in turn target the reporter.
Such false positives are a major caveat to overexpression
experiments and, in general, are difficult to detect. Non-
specific effects are particularly pronounced in experiments
utilizing RNA-Seq or proteomics approaches to identify
miRNA targets among endogenous genes, in that the re-
pression can occur both pre- and post-transcriptionally, and
be driven by sequence elements at any region of the mRNA.
Because 3'LIFE utilizes only the 3UTR in the reporter
genes, non-specific effects are minimized to downstream
factors that regulate elements within the 3’'UTR, such as
miRNAs and RNA-binding proteins. 3’LIFE minimizes
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these effects by performing the luciferase assay shortly (48—
72 h) following transfection, reducing the time in which
any changes may occur. Any non-specific targeting effects
would have to occur following a chain of events, includ-
ing transcription and processing of the exogenous miRNA,
miRNA targeting and any subsequent downstream events
(i.e. transcription and translation/miRNA processing). Fi-
nally, these changes would need to result in the downregu-
lation of the reporter 3'UTR to an extent comparable with
the strongly expressed exogenous miRNA. Several pieces
of evidence suggest that the top hits detected by 3'LIFE
suffer little from such false positives. First, 73% of the top
hits detected by 3’LIFE contain canonical miRNA target
sites, a significant enrichment compared to the remainder
of the library (~17%) (Figure 2B). Second, among the non-
canonical putative target genes, we have experimentally vali-
dated direct targeting of two genes by deletion analysis (Fig-
ure 3C), suggesting that 3'LIFE can identify direct repres-
sion of genes targeted via non-canonical sites. Lastly, we ob-
serve relative conservation of the canonical seed elements,
both predicted and unpredicted, within our top hits, sug-
gesting that these are evolutionarily maintained functional
target sites (Figure 3B). While false positives due to indi-
rect regulatory interactions are certainly plausible events,
the above evidence suggests that the top hits from 3’'LIFE
are ‘bona fide’ direct miRNA targets.

The second scenario yielding false positives, where
miRNA overexpression results in specific and direct reg-
ulatory interactions that only occur at supraphysiological
levels, is a primary concern in generalizing results from ex-
periments that rely on miRNA overexpression. The relative
abundance between miRNAs and their target mRNA can
influence the degree of repression, as well as the phenotypic
consequences of miRNA targeting, thus experimental ap-
proaches that mimic physiological miRNA/mRNA levels
may yield less such false positives. To address this concern
we screened a portion of the 3’UTR library with miRNAs
driven by a relatively weak promoter that drives both the lu-
ciferase reporter and miRNA genes (Supplementary Figure
S7). The weak promoter repressed 10 of the 13 top hits iden-
tified by the strong promoter, albeit to a lesser extent. Inter-
estingly, there were also three genes that were significantly
repressed by the weak promoter and not the strong pro-
moter (Supplementary Figure S7D). Of these three genes,
two contain perfect seed matches, and the third a perfect
seed shifted one nucleotide outside of the canonical posi-
tion.

These data suggest that while the majority of 3UTRs are
consistently repressed regardless of the degree of overex-
pression in the 3'LIFE assay, miRNA overexpression may
yield both false-positive and false-negative results. In con-
clusion, the context, i.e. cell lines, used to identify miRNA
targets is typically dependent on the biological questions be-
ing asked, therefore caution must be taken when generaliz-
ing results across cellular contexts.

MiRNAs target multiple genes within biological pathways

The effect of miRNA targeting on protein production is
generally understood to result in modest translational re-
pression (7,13), and can be influenced by several factors.

These factors include the number of target sites in the
mRNA, target site characteristics, with interactions guided
by canonical seeds and high degrees of complementarity in
the 3’end of the miRNA resulting in stronger repression,
and position in the 3'UTR relative to the polyadenylation
site, with more distal target sites generally showing stronger
repression (7). These observations led to the hypothesis that
a primary effect of gene regulation via miRNAs is not to
serve as a switch, turning protein production on or off, but
instead functions as a mechanism to fine-tune protein out-
put, protect against aberrant levels of gene expression and
provide robustness to cell-specific programs (63,64). Thus,
the discrepancy between the modest impact an miRNA has
on any single message and the powerful role specific miR-
NAs have in diverse biological processes suggests that miR-
NAs must target multiple genes at various nodes in these
networks in order to obtain more vigorous regulation. For
the emergence of such a multi-faceted mechanism, miR-
NAs and/or their targets would require a high degree of
evolvability. In support of this notion is the observation
that in metazoan genomes miRNAs have undergone three
major expansions in recent evolutionary history, with the
number of miRNAs correlating with organismal complex-
ity (65). These expansions are driven primarily by the du-
plication and divergence of miRNAs, resulting in miRNA
families, members of which are distinguished by only a few
nucleotides in the mature miRNA. Furthermore, the small
size and degenerate nature of miRNA target elements, com-
bined with the relatively rapid evolutionary flexibility of
3'UTRs (66), suggests that miRNAs are capable of readily
evolving novel targets (67). Consistent with these hypothe-
ses, the 3'LIFE assay identified an enrichment of specific
pathways among the top hits targeted by each miRNA, in-
cluding central members, upstream regulators, and down-
stream effectors of RAS signaling for /ez-7¢, and the retinoic
acid (RA) signaling pathway for miR-10b.

let-7c targets multiple genes within the RAS signaling path-
way

Loss of let-7 family members correlates with poor survival
rates in many cancers (26-29), in part by inhibiting the RAS
signaling pathway by targeting several elements within the
3’'UTRs of KRAS and NRAS (30,33,68). Consistent with
the hypothesis that miRNAs function by targeting multiple
members of the same pathway, the top hits for /es-7¢ iden-
tified by 3'LIFE were enriched for multiple genes within
the RAS signaling pathway. Among these genes were two
small GTPases within the RAS superfamily (RhoB, RhoV).
RhoB has conflicting reports of its role in tumorigenesis de-
pendent on tumor type (69-71). let-7¢ targets RhoB at a sin-
gle non-canonical target site (Figure 3C). Recent evidence
also suggests that RhoV overexpression may contribute to
tumorigenesis (72). In addition to these central signaling
components, 3'LIFE also identified several downstream ef-
fectors of the RAS signal (ID1, HSF1, CRK, DNMT]I,
ARID3A, EZH2). Inhibitor of differentiation 1 (ID1) reg-
ulates the activity of several transcription factors, is posi-
tively correlated with tumor progression, is transcription-
ally activated in a KRAS-dependent manner in culture (73),
is a downstream effector or RAS signaling in fibrosarco-
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mas (74) and cooperates with RAS in metastatic breast tu-
mors in vivo (75). Heat shock factor 1 (HSF1) is a tran-
scription factor and downstream effector of RAS signal-
ing, and is required for malignant transformation induced
by oncogenic RAS (76-80). V-CRK avian sarcoma virus
oncogene (CRK) is an adaptor protein that binds to several
tyrosine-phosphorylated proteins, and by interacting with
multiple signaling pathways suppresses cell adhesion and
contributes to transformation in the presence of oncogenic
RAS (81,82). AT-rich interacting domain 3A (ARID3A) is
a transcription factor that has been shown to rescue RAS-
induced senescence, promoting cell survival and immor-
talization (83,84). DNA methyltransferase 1 (DNMT1) is
overexpressed in a variety of tumors and is required for
RAS-dependent epigenetic silencing of several tumor sup-
pressors (85-87). Enhancer of zeste homolog 2 (EZH?2) is a
member of the polycomb family of transcriptional repres-
sor proteins, its expression is an initiating event of a va-
riety of tumors induced by oncogenic RAS and results in
a wide range of downstream effects including transforma-
tion and metastasis (88-90). Among these eight /ez-7¢ tar-
get genes, ARID3A and EZH?2 are the only bioinformati-
cally predicted targets (Figure 2A), while CRK, ARID3A,
EZH?2 and HSF1 contain canonical seed elements within
their 3'UTRs (Figure 2C).

miR-10b targets are enriched for multiple genes within the
RA signaling pathway

Recent studies link the miR-10 family to the RA signaling
pathway, yet report conflicting roles of these miRNAs in tu-
mor progression. In neuroblastoma miR-10a and miR-10b
positively regulate the activity of RA signaling and promote
differentiation (36), while the ability of miR-10a to promote
metastasis in pancreatic ductal adenocarcinoma is inhibited
by RA treatment (91). While context is critical in relation
to the response of a cell to RA signaling, the overexpres-
sion of miR-10 in various late-stage tumors and its induc-
tion of invasion and migration is well documented (92,93).
In line with these observations, 3'LIFE confirmed three pre-
viously validated targets (SDC1, NCOR2 and HOXD10)
and identified seven novel targets of miR-10b with vari-
ous roles in the RA signaling pathway. These include up-
stream regulatory effectors of the RA response (RARG,
NCOA6, NCOR2, ASCL2), as well as downstream tran-
scriptional targets (HOXD1, HOXD10, HOXD11, SDCI,
STAT6, MYF5).

The effectors of the RA response, the RA receptors
(RARSs), are ligand-dependent transcription factors that are
central regulators of a wide range of biological processes.
RA is a potent inhibitor of tumorigenesis by activating
networks of genes via RARs (94) and generally promotes
differentiation in various contexts (95). The RAR gamma
(RARG) was a top hit in 3’LIFE and has been linked to
conflicting aspects of tumorigenesis. RARG promotes dif-
ferentiation and cell cycle arrest in keratinocytes (96) and
neuroblastoma (97), and differentiation, apoptosis (98) and
inhibition of invasiveness in melanomas (99). Conversely,
RARG has been shown to have oncogenic properties in car-
cinomas by activating the Akt/NF-kB and Wnt/B-catenin
pathways (100,101). NCOR2/SMRT and NCOA6/ASC2
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are both nuclear receptor cofactors that physically inter-
act with the RARs. NCOR2/SMRT has conflicting reports
of its contribution to tumorigenesis dependent on tumor
type, but is responsible for integrating estrogen and RAR
signals by recruiting chromatin remodeling complexes that
repress target gene transcription in the absence of the lig-
and hormone (102). In contrast, NCOA6/ASC2 is a nu-
clear receptor coactivator that outcompetes nuclear core-
pressors in binding nuclear receptors in the presence of RA,
resulting in transcriptional activation of RAR target genes.
NCOA6/ASC2 is also frequently upregulated in various tu-
mors (103,104). ASCL2 is a transcription factor that is crit-
ical in the maintenance of adult intestinal stem cells and
interacts with RARs via direct interaction with NCOAG6
(105).

Interestingly, we also identified several downstream tran-
scriptional targets of RA signaling, including HOXDI,
HOXD10 and HOXDI11, whose genomic locus also con-
tains the miR-10b gene itself. The entire HOXD gene clus-
ter responds to RA treatment by sequentially activating
the transcription of the HOXD genes, generally promot-
ing the differentiation of a variety of tissues (106,107).
HOXD10 is the only bioinformatically predicted member
of the HOXD cluster and was the first experimentally val-
idated target of miR-10b, yet we identify three members
of this cluster as targets of miR-10b and demonstrate that
miR-10b targets HOXDI11 by a single non-canonical tar-
get site (Figure 3C). SDC1/CD138 is a cell surface pro-
teoglycan that plays a role in adhesion to the extracellu-
lar matrix (108), is frequently downregulated in multiple
myelomas (109) and other cancers and is upregulated in re-
sponse to RA treatment (110,111). STAT®6 is a transcrip-
tion factor that is a key effector of IL4-mediated signaling
and promotes growth inhibition, apoptosis and differenti-
ation in breast tumors (112,113). STAT®6 is also transcrip-
tionally activated in response to RA treatment in T-helper
cells (113) and requires interaction with a nuclear receptor
coactivator (NCOAL) to enact the 114 response in hepato-
cytes (114). Lastly, MYF5, a transcription factor central to
skeletal muscle differentiation, is also activated in response
to RA in the developing limb bud (115). Among these 10
targets of miR-10b, NCOR2, NCOA6, HOXD10 and SDC1
are the only bioinformatically predicted targets (Figure 2A),
and RARG, NCOR2, NCOA6, HOXD1, HOXD10, SDC1
and STAT6 contain canonical seed elements within their
3'UTRs (Figure 2C).

The identification of target genes associated with RAS
signaling (let-7¢) and RA signaling (miR-10b) by 3'LIFE
is consistent with the known roles of these miRNAs as ei-
ther negative or positive regulators of tumorigenesis, respec-
tively, and potentially broadens the scope by which they tar-
get these pathways. Furthermore, the novel, non-canonical
and unpredicted targets within these pathways suggest that
unbiased, high-throughput approaches to identify miRNA
targets is a productive strategy to identify regulatory net-
works targeted by miRNAs.

In conclusion, our study suggests that 3'LIFE is a pow-
erful method to identify novel and non-canonical miRNA
targets, and to identify mechanisms by which miRNAs con-
tribute to biological processes. 3'LIFE conveys several ad-
vantages over current methods. First, 3’LIFE is a compre-
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hensive screen because it utilizes all functional elements
present in each 3'UTR that are targeted by the query
miRNA. Second, 3'LIFE is unbiased, since it probes one
interaction at a time and does not rely on prior assumptions
about target genes. Third, the detection of an miRNA tar-
get requires direct translational inhibition of the 3'UTR in
the presence of the miRNA, providing a functional mea-
sure of targeting. Fourth, the sensitivity of the assay is
greatly improved by its high-throughput nature, revealing
subtle targeting of multiple genes within regulatory net-
works. Lastly, 3'LIFE is flexible in that it can be adapted
to detect other functional elements in 3’'UTRs targeted by
non-coding RNAs and RNA-binding proteins. Although
3'LIFE is a powerful experimental tool to detect miRNA
targets in high-throughput, the complementary wet-lab and
bioinformatic approaches described above are informative
to refine, validate and expand the results obtained by this as-
say. While the biological relevance of miRNA targets identi-
fied by 3'LIFE cannot be assigned, this assay provides rapid
detection and initial validation of direct miRNA/3'UTR
target interaction at a scale not possible with current meth-
ods.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online, includ-
ing [1-116].
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