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Perfect seed pairing is not a
generally reliable predictor for
miRNA-target interactions
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We use Caenorhabditis elegans to test proposed general rules
for microRNA (miRNA)-target interactions. We show that G-U
base pairing is tolerated in the ‘seed’ region of the Isy-6 miRNA
interaction with its in vivo target cog-1, and that 6- to 8-base-
pair perfect seed pairing is not a generally reliable predictor
for an interaction of Isy-6 with a 3" untranslated region (UTR).
Rather, Isy-6 can functionally interact with its target site only
in specific 3" UTR contexts. Our findings illustrate the difficulty
of establishing generalizable rules of miRNA-target interactions.

Animal miRNAs constitute a large family of gene regulatory molecules
that control the expression of target genes by binding their 3’ UTRs"2.
However, few in vivo targets of miRNAs are currently known>*. Apart
from a few cases where target genes have been identified by genetic
loss-of-function approaches" >, attempts at identifying miRNA
targets have largely focused on bioinformatic searches for target
genes. These searches rely on the phylogenetically conserved comple-
mentarity of miRNAs to their presumptive target genes®. Experimental
validations of predicted miRNA-target interactions have largely been
conducted using cell culture transfection assays and in vivo over-
and/or misexpression approaches (see, for example, refs. 9-11). More-
over, features of miRNA-target interactions have been deduced using
synthetic miRNAs, synthetic 3 UTR target constructs or both (see, for
example, refs. 9,10,12). One theme that seems to be emerging from
these approaches is that conserved perfect 6- to 8-base-pair (bp)
matches at the 5 end of predicted miRNA-target heteroduplexes
(‘seed’ matches) are a reliable predictor of miRNA-target inter-
actions!®1>13-15, The notion that any gene that contains a conserved
seed match in its 3 UTR to one of the many known animal miRNAs
is likely to be regulated by that miRNA has led to the prediction
of a large number of miRNA targets in animal genomes'®!L13
and to global models concerning the evolution and function of
miRNA-target interactions!®18,

To reliably predict miRNA-target interactions, it is important to test
whether rules of miRNA-target interactions, deduced through analysis
of several test cases, are generally applicable to most or all miRNAs. A
widely used validation strategy for predicted miRNA-target inter-
actions assesses the effect of a heterologously expressed miRNA on a
3’ UTR fused to a reporter gene construct”™!2, A shortcoming of these

and other systems is that they rely on the ectopic, nonphysiological
expression of an miRNA, which creates a situation in which two
molecules with complementary surfaces may engage in a nonphysio-
logical interaction. Analagous to the dependence of many regulatory
interactions on cellular context, the expression of the 3" UTR and the
tested miRNA in a heterologous context may also lead to nonphysio-
logical interactions because of an incorrect cofactor environment.
Therefore, at least in theory, most previously described target valida-
tion strategies harbor the danger of incorrectly estimating the number
of miRNA-target interactions occurring in a physiological context.

We have established a sensor system that relies on the presence of an
endogenous miRNA, Isy-6 (ref. 6). In this system, a green fluorescent
protein (gfp)-based sensor construct is expressed under the control of
a heterologous, cell type—specific promoter (ceh-36P""::¢fp) in four
head neurons of the nematode C. elegans (Fig. 1a). These neurons
include the ASEL and ASER neurons, two closely related, bilaterally
symmetric neurons. Only the ASEL and not the ASER neuron
expresses endogenous Isy-6 miRNA, which therefore downregulates
the expression of its target gene, cog-1, in ASEL but not ASER®. This
regulation can be observed by fusing the 3" UTR of the Isy-6 target
cog-1 to the ceh-36P"™::gfp sensor construct. In contrast to control
3" UTR fusions, the cog-1-3" UTR fusion is effectively downregulated
in ASEL but not in ASER (Fig. 1b,e,f). This downregulation depends
on Isy-6 (ref. 6) and on the Isy-6-binding site, which was inferred from
two mutations, one that removes the Isy-6—complementary site® and
one that introduces a point mutation in the seed region (Fig. 1c). This
system therefore effectively monitors the ability of endogenous rather
than mis- or overexpressed Isy-6 to regulate its target in its normal
cellular context. Moreover, the system is also internally controlled, as
the expression levels of the reporter gene are compared in the ASEL
and ASER neurons within a single animal.

We used this system to ask whether two widely used rules that
predict miRNA targets apply to Isy-6 as well. The first was the ‘G*U
rule’: largely on the basis of experiments with artificially engineered
miRNA-target pairs, it has been postulated that G*U ‘wobble’ base
pairs in the seed are detrimental for miRNA-target interactions'®!12. As
the Isy-6—cog-1 heteroduplex contains multiple A-U base pairs, we
were able to introduce several G*U wobbles at various positions in the
seed region by altering solely the sequence of the sensor construct. The
introduction of five individual G*U wobbles generated 3” UTRs that
are still efficiently downregulated by endogenous Isy-6 in ASEL
(Fig. 2a). 3’ UTRs that contain two G*U wobbles, either at positions
2 and 6 or at positions 6 and 8, are also still efficiently downregulated
in ASEL (Fig. 2a). Together with the existence of a G*U wobble in the
seed region of a functional let-7-binding site in the lin-41 3’ UTR'?,
our results indicate that G*U wobbles may not be generally detri-
mental to miRNA-target interactions.
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in some specific cellular contexts, but they are
not regulated as efficiently by Isy-6 in the
ASEL neuron as cog-1 is regulated.

Next, we asked whether the seed region
of the Isy-6 target site within the cog-I
3" UTR, which we found to be required for
Isy-6-mediated downregulation (Fig. 1c),

b cog-13 UTR c Szzg'; ;H:J;'jt d Cosié;orﬁJR is sufficient to confer downregl'llatu.)n of
va DPeletion cog-1. The result of a 21-bp deletion in the
Cc CcA Cc CcA A UUUARARA ’ . ’ LI
C0g-1 5. GU CUUAUACAAAA 5- GU CUUAUA AAAA 5'-ucuu AUACAARA cog-13 UTR thaF disrupts th.e 3 .end.palrmg
156 (e [E AR I1 FITEETT of Isy-6 to its site, but maintains its seed
Sy CG GAGUAUGUUUU-5 CG GAGUAU UUUU-5 AGAG------- UAUGUUUU- 5 . .
GouoUA  ca ceuuua ca @ GCUUUACGE match, reveals that the seed region alone is
100 60 60 not sufficient to confer efficient downregula-
» tion (Fig. 1d).
é Tg 40 é 40 We furthermore tested whether the entire
60 £ = . . .
£ = c Isy-6 site is sufficient to confer Isy-6—mediated
5 40 S 2 S 5 downregulation. Fusing the site into a hetero-
Q 2 2
< a0 ° ° logous 3" UTR, the unc-54 3’ UTR, we found
o 0 that this synthetic 3° UTR is not downregu-
Line 1 Line 2 Line 3 Line 1 Line 2 Line 1 Line 2 Line 3 .
n=40 n=50 n=50 n=30 n=230 n=40 n=40 n=30 lated by Isy-6 (Fig. le,g). The presence of a
) Isy-6 site is therefore not sufficient to confer
e control 3" UTR f control 3 UTR g unc-54 3’ UTR h lin-28 3’ UTR . . ,
(unc-54) (lin-28) + Isy-6 site + Isy-6 site the efficient downregulation of a 3" UTR.
60 &0 " However, when fused into the 3° UTR of a
) o 2 260 gene, lin-28, that is normally regulated by
£ . RN
E 40 £ 40 £ 40 £ 40 miRNAs?® but shares no overt similarity
© © .
g i 5 2 5 5 with the cog-1 3" UTR, we found that the
° 20 20 . .
R e & & Isy-6 site confers downregulation of the sen-
0 0 0 sor (Fig. 1f£h). We conclude that features
Line 1 Line 2 Line 1 Line 2 Line 1 Line 2 Line 3 Line 1 Line 2 Line 3 . . .
n=50 n=50 n=30 n=30 n=50 n=50 n=43 n=50 n=50 n=50 independent of the Isy-6 site are required for

Figure 1 Responsiveness of various 3" UTRs to /sy-6. (a) Representative animals that express a sensor
with either a control 3" UTR or the cog-1 3" UTR. The other two cells that express gfp are the AWCL
and AWCR neurons, which serve as internal controls to eliminate mosaic animals. (b-h) Quantification
of sensor data, as indicated. Each group of three bars represents a single transgenic line. Left bar,
greater gfp intensity in ASEL than ASER (ASEL > ASER); center bar, ASEL = ASER; right bar,

ASER > ASEL. Scoring of the gfp signal is very sensitive, as it picks up substantial noise in animals
that express control 3" UTRs (unc-54 3" UTR, /in-28 3’ UTR, cog-1 seed-mutated 3" UTR), reflected by
a substantial number of animals with slight differences in gfp intensity between the two neurons, both
ASEL > ASER and ASER > ASEL. To eliminate this noise, regulation of a 3 UTR has to be assessed
by comparing numbers of ASEL > ASER and ASER > ASEL animals. No substantial difference
indicates the 3" UTR is not regulated by endogenous, ASEL-expressed /sy-6; a substantially lower
number of ASEL > ASER animals than ASER > ASEL (for example, cog-1 wild-type 3" UTR) indicates
the 3" UTR is regulated by /sy-6. Where regulation of the 3" UTR occurs, the difference between gfp
signals in ASEL versus ASER is also greater (substantial gfp signal in ASER, but little to none in
ASEL), whereas in unregulated 3" UTRs, differences between gfp signals in ASEL versus ASER are
minor (data not shown). Supplementary Methods and Supplementary Table 1 online have details on

scoring and DNA constructs.

miRNA-mediated control of a 3° UTR. The
3’ UTR context dependence of the Isy-6 site is
reminiscent of the observation that let-7
miRNA sites confer downregulation of the
lin-41 3* UTR only in a specific sequence
context that is independent of the miRNA-
complementary sites'®.

In conclusion, the presence of a well-
matched miRNA target site in a 3 UTR
alone is not a generally reliable predictor for
the mRNA indeed being a target of this
miRNA. Many predicted miRNA-target
interactions, particularly if they involve
phylogenetically conserved miRNA target
sites, may occur under some circumstances,

The second rule we examined was the ‘seed rule’: 3’ UTRs that
contain a perfect 6- to 8-bp match to the 5" end of an miRNA (usually
starting at position —1 of the miRNA) are generally expected to be
regulated by this miRNA. We tested the general applicability of this
rule in a variety of ways. First, making use of published prediction
algorithms, we searched the C. elegans genome for 3 UTRs that
contain seed matches to Isy-6 (Supplementary Methods online)3. We
tested 13 putative target 3’ UTRs that contain 6- to 12-bp seed
matches to Isy-6 (Fig. 2b and Supplementary Fig. 1 online). Each
of these sites is phylogenetically conserved (Supplementary Fig. 2
online). In contrast to our positive control (cog-1 3" UTR, a genetically
validated target of Isy-6), none of these 13 3’ UTRs are efficiently
downregulated by Isy-6 in our sensor system (Fig. 2b and Supple-
mentary Fig. 1). The predicted Isy-6 targets may be regulated by Isy-6

but our study suggests that the coexpression
of a miRNA and a predicted, seed-matched
target does not guarantee a functional
interaction. A similar concept applies to transcription factors: a
predicted DNA-binding site in a genomic DNA sequence is not a
reliable predictor for a functional interaction of the site with
its cognate transcription factor (see, for example, ref. 21). Rather,
cofactors and the chromatin state—dependent accessibility of
the binding site determine whether the site is occupied by its cognate
transcription factor. In keeping with this analogy, additional
factors, such as sequence-dependent 3° UTR accessibility
and/or specific RNA- or protein-based cofactors, may be major
determinants of 3" UTR responsiveness to a seed-matched miRNA.
As currently available miRNA-target prediction algorithms do
not take these issues into account, it is conceivable that
many proposed miRNA-target interactions occur only in very
specific contexts. Hence, the general applicability of proposed
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Figure 2 /sy-6
responsiveness of GeU-
wobbled 3" UTRs and
predicted /sy-6 target
3’ UTRs, represented
as in Figure 1.

(a) Compared to the
wild-type control

(Fig. 1b), cog-1 3’
UTRs with GeU
wobbles are still
efficiently
downregulated in
ASEL. (b) Predicted
genomic 3" UTRs with
matches (boxed) to the
Isy-6 miRNA (red).
Structures of
microRNA-target
heteroduplexes were
predicted with
RNAhybrid?2, None of
the sensors showed
downregulation of gfp
in ASEL comparable to
the cog-1 positive
control (Fig. 1a);
rather, all appear
similar to unregulated
control 3" UTRs

(Fig. 1e,f). Data for
an additional set

of six predicted

target 3" UTRs is
shown in Supple-
mentary Figure 1.
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concepts of miRNA function that are based on the genome-wide

prediction of seed-based miRNA-target interactions

assessed cautiously.

Note: Supplementary information is available on the Nature Structural & Molecular

Biology website.
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