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ABSTRACT

The founding heterochronic microRNAs, lin-4 and let-7, together with their validated targets and well-characterized phenotypes
in C. elegans, offer an opportunity to test functionality of microRNAs in a developmental context. In this study, we defined
sequence requirements at the microRNA level for these two microRNAs, evaluating lin-4 and let-7 mutant microRNAs for their
ability to support temporal development under conditions where the wild-type lin-4 and let-7 gene products are absent. For
lin-4, we found a strong requirement for seed sequences, with function drastically affected by several central mutations in the
seed sequence, while rescue was retained by a set of mutations peripheral to the seed. let-7 rescuing activity was retained to a
surprising degree by a variety of central seed mutations, while several non-seed mutant effects support potential noncanonical
contributions to let-7 function. Taken together, this work illustrates both the functional partnership between seed and non-
seed sequences in mediating C. elegans temporal development and a diversity among microRNA effectors in the contributions
of seed and non-seed regions to activity.
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INTRODUCTION Comparison of known microRNAs and their targets across
orthologous genes in related genomes revealed the high con-
servation of target 3’ end, suggesting the significance of the
corresponding microRNA seed sequence (Lewis et al. 2003;
Stark et al. 2003). Development of target prediction tools
based on conservation of microRNA seed::target pairing
and experimental validation of predicted targets further sup-
port the importance of the conserved 5 region of the
microRNA in target identification (Lewis et al. 2003; Stark
et al. 2003). Different types of preferentially conserved target
sites and their efficacies were also defined through various
studies using both computational and experimental meth-
ods, refining our knowledge on microRNA specificity (Bren-
necke et al. 2005; Lewis et al. 2005; Grimson et al. 2007;
Friedman et al. 2009; Shin et al. 2010; Jan et al. 2011).
Close analyses of conserved sequences flanking microRNA
seed::target complementary sites revealed features of site con-
text, such as a strong preference for an adenosine across from
the first microRNA nucleotide (Lewis et al. 2005; Grimson
et al. 2007).

Since their first discovery in C. elegans almost two decades
ago, microRNAs have emerged as an important class of small
regulatory RNA molecules involved in many processes in
diverse organisms (Bartel 2004; Bushati and Cohen 2007).
Despite the hundreds of new microRNAs identified and ex-
tensive characterization (Lagos-Quintana et al. 2001; Lau
etal. 2001; Lee and Ambros 2001), there are few well-validat-
ed downstream microRNA targets and most microRNAs’
functions remain unclear. Comprehensive studies on
microRNA mutants have revealed that the absence of a single
microRNA rarely results in a severe developmental pheno-
type, hampering efforts to uncover microRNA functions
(Miska et al. 2007; Alvarez-Saavedra and Horvitz 2010).
MicroRNAs downregulate gene expression by binding to sites
with partial complementarity in target messenger RNAs
(mRNA) (Bartel 2004; Bushati and Cohen 2007), with the
lack of perfect complementarity in the interactions between
microRNA and target mRNA further compounding the tar-
get mRNA identification problem.

Comparative sequence analyses provided the first insights
into the fundamentals of microRNA target recognition.
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Relevance of miRNA seed and non-seed sequences

These initial observations and further work have led to the
usage of the sequence at the 5" end of microRNAs as one of
several key criteria in searches of the transcriptome for poten-
tial mRNA targets, often placing high weight on target
matches to the “seed” sequence between second and eighth
nucleotide of the microRNA (Lewis et al. 2003; Stark et al.
2003; Sethupathy et al. 2006). Due to the short (7 nt) length
of the seed sequence, simple alignment with the transcrip-
tome would yield thousands of candidates; hence, other fac-
tors such as conservation and thermodynamics are also taken
into consideration (Sethupathy et al. 2006). Even so, such
methods predict up to a few hundred target genes for each
microRNA family (Lewis et al. 2005; Rajewsky 2006). Exper-
imental validation of these predictions including mutational
studies, mRNA/protein analyses following pull down of si-
lencing complexes and assessing functional consequences
of microRNA perturbation lend support to the importance
of the seed sequence in assessing candidate microRNA targets
(Lewis et al. 2003; Doench and Sharp 2004; Kiriakidou
et al. 2004; Kloosterman et al. 2004; Krutzfeldt et al. 2005;
Beitzinger et al. 2007; Baek et al. 2008; Selbach et al. 2008).

Despite various lines of experimental evidence highlight-
ing the importance of the seed sequence, it has been shown
that imperfect seed matches can also confer functionality
(e.g., Ha et al. 1996; Vella et al. 2004a; Stern-Ginossar et al.
2007). Besides the canonical seed match target sites, target
sites with extensive base-pairing to the 3’ end of microRNA
or centered base-pairing can compensate for weak 5" base-
pairing to mediate gene regulation (Yekta et al. 2004; Bren-
necke et al. 2005; Grimson et al. 2007). However, such sites
make up a small fraction of microRNA target sites
(Friedman et al. 2009). Mutational studies on non-seed pair-
ing regions show that other regions are also important in tar-
get downregulation (e.g., Vella et al. 2004b; Didiano and
Hobert 2006, 2008). In fact, only one out of 14 predicted
seed match targets is downregulated by endogenous Isy-6
when used in Isy-6 sensors, demonstrating that seed matches
are poor predictors of function in this case (Didiano and
Hobert 2006). This may be explained by weak seed-pairing
ability of Isy-6 (Garcia et al. 2011). Recent work has shown
that weak seed-pairing stability and high target-site abun-
dance can account for Isy-6’s low proficiency (Garcia et al.
2011). Although immunoprecipitation studies of proteins
associated with silencing complexes show an enrichment
of seed matches in associated mRNAs, other pairing confor-
mations are also significantly enriched (Zhang et al. 2009;
Zisoulis et al. 2010). Furthermore, a recent study utilizing
RIPchipSRM demonstrates that a substantial portion of
mir-58 target mRNAs have imperfect seed matches (Jova-
novic et al. 2012).

The seemingly disparate outcomes from the various stud-
ies on the microRNA seed are in part due to the differences in
experimental models and resultant interpretations. Much of
the mammalian work relies heavily on tissue culture systems
or reporter assays that provide very clear assays but may lack

certain features and conditions under which physiological
microRNA-mediated regulation takes place. Even for in
vivo work, microRNA functions must frequently be assayed
using sensor reporters or by measuring changes in levels of
mRNAs and proteins, which are challenging to connect bio-
logically to microRNA function. The heterochronic C. ele-
gans microRNAs, lin-4 and let-7, have well-characterized
mutant phenotypes and genetically validated microRNA tar-
get genes (Lee et al. 1993; Reinhart et al. 2000). Hence, these
two microRNAs have provided a uniquely amenable system
in which to assay functional consequences of imperfect
seed matches under physiological conditions. In this work,
we have introduced seed sequence variants of lin-4 and let-
7 into microRNA mutant animals and evaluated their abili-
ties to provide functional rescue.

RESULTS

lin-4 rescue is drastically affected by central
seed mutations while peripheral seed mutations
retain lin-4 activity

In order to test the functionality of the microRNA seed, lin-4
variants (lin4_m]1 to lin4_m14) were made with mutations in
the 5" end of lin-4 and accompanying compensatory muta-
tions on the microRNA star strand to preserve microRNA
precursor structure (Fig. 1A,C). These expression constructs
derived from a 695-nt genomic fragment that has been used
in a variety of studies to rescue lin-4 null mutant animals (Lee
et al. 1993; Zhang et al. 2011). Using microinjection, trans-
genic lines carrying each lin4_m construct in the lin-4
(e912) null background were created. Adults from each line
were then assayed for lin-4 activity by examination of vulval
structures formed during development and by functional
analysis of egg-laying behavior that requires these structures
(see below).

lin-4 is important in the L1-to-L2 transition; animals lack-
ing lin-4 are heterochronically retarded, reiterating L1-specif-
ic events at subsequent larval stages (Chalfie et al. 1981).
Terminal differentiation is absent in certain cell types
(Chalfie et al. 1981). As a result of lineage and differentiation
defects, these mutants are vulvaless (leading to an inability to
extrude eggs) and lack adult alae, a set of longitudinal ridges
in the cuticle formed by hypodermal seam cells (Chalfie et al.
1981; Ambros and Horvitz 1984). The highly consistent na-
ture of these phenotypes allows a sensitive and definitive as-
say for lin-4 function based on capacity for phenotypic rescue
(Lee et al. 1993; Zhang and Fire 2010; Zhang et al. 2011). Due
to differences in transgene expression levels between trans-
genic lines, a range of vulval phenotypes associated with
lin-4 rescue was observed. In assaying transgenic animals
for lin-4 activity, they were categorized into one of the follow-
ing four vulval phenotypes: (i) vulvaless, (ii) protruding vulva
(pvl), (iii) bursting vulva (bursting), or (iv) egg-laying
(Supplemental Fig. 1). We considered vulval phenotypes
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FIGURE 1. lin-4 rescue is drastically affected by central seed mutations while peripheral seed mutations retain activity. (A) Partial lin-4 precursor
structure with the mature /in-4 microRNA highlighted (yellow box). Red and blue lines represent Watson—Crick base pairs (C:G and A:U, respective-
ly), with green lines representing wobble base pairs (G:U). (B) Percentages of transgenic animals exhibiting vulval morphology and egg-laying rescue
for each lin4_m construct are shown. Results from CRISPR/Cas9-derived lin-4 mutant animals are in blue (lin4_cm). “n” refers to total number of
animals assayed for each lin4_m/lin4_cm mutation, with the subsequent value in parentheses referring to the total number of independent lines as-
sayed. For completeness, we have included a construct (lin4_m6) tested in a single line; although subject to doubt accompanying any individual trans-
genic line, we note (i) a strong consistency between multiple independently derived lines from other constructs tested in this study, (ii) effects on
rescue were consistent with those of other proximal alterations, and (iii) supporting data from endogenous /in-4 mutants (lin4_cm6). (C) lin-4 mu-
tations and their rescue activities. The seed sequence is highlighted by the light blue box. The different colored boxes below lin-4 sequence represent
different levels of lin-4 vulval rescue activities (gray = 0.0%, yellow = 50.0%, and green = 100%) corresponding to the lin4_m mutation depicted in the
box at the same position. The numbers within the colored boxes are the average percentages of transgenic mutant animals showing vulval rescue. The
two mutations marked with an asterisk (*) are mutations that result in loss of pairing with known target binding sites, in contrast to the mutations
depicted above that result in wobble pairing at those positions. (D) Binding sites in lin-14 3’ UTR (bottom) are aligned against /in-4 mature microRNA
(top) (Lee et al. 1993; Lewis et al. 2005; Bartel 2009; Jan et al. 2011). Dots indicate absent bases at those positions; dashes indicate one or more non-
complementary bases. Lowercase letters represent complementary bases as a result of mutations made in lin4_m constructs. First miRNA nucleotides
and alignments of 5" ends of binding sites have been included for completeness although their functionalities have not been demonstrated. Colored
bars represent levels of lin-4 vulval rescue ([gray] 0.0%, [yellow] 50.0%, [green] 100%) for mutations at specific positions. A position that is high-
lighted by two colored bars has two different mutations at the same position and each color represents the rescue activity of each specific mutation.

1982 RNA, Vol. 21, No. 11



Relevance of miRNA seed and non-seed sequences

that show any signs of vulval formation (pvl, bursting and
egg-laying; all absent in lin-4 null mutant populations) as in-
dicative of functional lin-4 rescue.

As shown in Figure 1B and C, the mutants that were tested
in the non-seed region (lin4_m1, m9, m12-m14) provided
robust rescue of the vulvaless phenotype in a lin-4 null mu-
tant genetic background, with an average of 69.9% to
89.1% of transgenic lin-4(e912) animals exhibiting vulval for-
mation (pvl, bursting and egg-laying). These observed rescue
values are comparable to (and in some cases marginally bet-
ter than) those of transgenic lines carrying a wild-type (WT)
lin-4 DNA construct (wild-type average 47.8%, standard
deviation 25.6, standard error 8.5, Supplemental Fig. 2ai).
The rescue results demonstrate flexibility in the non-seed re-
gions of lin-4 in promoting developmental progression.

For mutations in the lin-4 seed region, with the exception
of lin4_mé6 (0.0%), some lin-4 activity was observed (3.5%—
50.6%, Fig. 1B,C). lind_m?2 (50.6%) provided comparable
lin-4 rescue to WT lin-4 construct (47.8%), while lin-4 activ-
ity was drastically reduced in lin4_m3-m5, m7-m8 and m10-
ml1 (3.5% to 23.6%). In particular, we note that the central
seed mutations (lin4_m3-m6) were more severely affected
than the peripheral seed mutations (lin4_m2, m7-m8) (Fig.
1C). The lin-4 activity observed in lin4_m2 may be explained
by an examination of the interactions between /in-4 and its
predicted binding sites in lin-14 (Lee et al. 1993) in Figure
1D. Although the C-to-U change would have resulted in
loss of pairing to lin-14 sites 3, 5, and 7, this mutation also
results in a gain of additional pairing for sites 1, 2, 4, and 6
(Fig. 1D). Therefore, the compensatory gain of better lin-14
target sites could explain the functionality of lin4_m2
microRNA, despite having a seed mutation. Comparing
lin4_ m2 and lin4_m10 (Fig. 1C), we note that a C-to-G
change at the same position reduced lin-4 rescue, in agree-
ment with our above observation, as this nucleotide change
would result in loss of pairing for all seven lin-14 sites (Fig.
1D). By comparing lin4_m?7 to lin4_ml1 (Fig. 1C,D), we
find that a mutation that allows wobble pairing with de-
scribed target sites (so pairing may be weakened but not bro-
ken) retains a greater degree of activity than a mutation that
would be expected to fully abrogate base-pairing. This sug-
gests that wobble pairing in the seed region can suffice for
a considerable contribution to /in-4 function.

To ensure that an observed limitation of lin-4 rescue with
some mutant constructs was not due to low lin4_m expres-
sion, the small RNA populations in transgenic lin-4(e912)
L4 animals were sequenced and ratios of lin-4 to other
microRNAs compared. Transgenic lines with low lin-4 activ-
ities (lin4d_m3-m5, m7) showed levels of lin-4 transcripts that
were comparable (0.48%—6.91%, Supplemental Fig. 2b) to
WT animals (0.97%) or transgenic lines with robust lin-4 res-
cue (lin4d_m1-m2, 0.55%-2.40%).

The partial character of rescue conferred by transgenes
with the lin-4 wild-type construct (average 47.8%, Fig. 1B)
raised the concern that our observations may be affected by

variations sometimes seen with extrachromosomal array ex-
periments, caused by differences in copy number, expression
level, and regulatory elements. In order to determine if our
observations from extrachromosomal arrays reflect sequence
requirements at the level of the endogenous gene, we used a
CRISPR/Cas9 oligonucleotide-mediated conversion strategy
(Zhao et al. 2014), combined with a homologous repair
(HR) marker coconversion strategy (Arribere et al. 2014),
to create lin-4 seed mutants at the endogenous locus.
Four endogenous lin-4 mutants (lin4_cm2, cm6, cm7 and
cml11) were made and assayed for lin-4 activities (Fig. 1B).
We found that the CRISPR/Cas9 mutants behaved similarly
to their corresponding transgene-based /in-4 mutants; both
lin4_cm6 and cml11 mutants have little lin-4 activity (Fig.
1B). As further support for the lack of lin-4 activity in these
mutants, additional lin4 cm6 and lin4 cmll animals
(807 and 304, respectively) were screened and none were
found to have egg-laying abilities. lin4_cm2 and lin4_cm7
mutants showed a higher degree of rescue than their trans-
gene-based counterparts (lin4_m2 and m7, Fig. 1B). As
with the above-mentioned partial rescue by wild type lin-4
transgenes, the improved rescue by lin4_cm?2 and lin4_cm7
endogenous gene mutants may reflect less-than-precise ex-
pression levels and patterns for extrachromosomal arrays
(Kelly et al. 1997).

Sequence changes within the microRNA would result in
changes in hybridization between the microRNA and target
mRNA. An initial metric to categorize such changes is calcu-
lated free energy of interaction; it has previously been shown
that translational repression by microRNAs can be asso-
ciated with free energy of binding in the microRNA
5’ region (Doench and Sharp 2004). To evaluate potential re-
lationships between energies of interaction and observed res-
cue activities, we used the RNAhybrid tool (Rehmsmeier
et al. 2004) to estimate minimum free energies of hybridiza-
tion between each of the lin-4 mutant microRNAs and 3’
UTRs of several known lin-4 target mRNAs (Fig. 1D, Supple-
mental Fig. 2¢,d; Lee et al. 1993; Moss et al. 1997; Abrahante
etal. 2003). Two sets of simulations were performed, first us-
ing the full-length microRNA variant and subsequently using
just the microRNA seed region. Although by necessity, such
calculations are estimates, they can provide some sense of
simple energy-of-interaction models for given effector::target
interactions as a predictor for microRNA function. As shown
in Supplemental Figure 2d, we see an evident relationship (al-
beit imperfect) between the best target interaction energies
and lin-4 function, with mutant activities most closely asso-
ciated with predicted pairing in the seed. These comparisons
are consistent with supporting the expected “seed” con-
tribution to lin-4 function (Lewis et al. 2003; Doench and
Sharp 2004; Kiriakidou et al. 2004; Kloosterman et al.
2004; Krutzfeldt et al. 2005; Beitzinger et al. 2007; Baek
et al. 2008; Selbach et al. 2008), while other regions (includ-
ing bases immediately flanking the seed) apparently have
flexibility in their sequence (Fig. 1C).
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let-7 rescue is retained by central seed mutations while
non-seed mutant effects support potential noncanonical
contributions to /et-7 function

The C. elegans let-7 system provides a second case in which
we can assay biological function of a microRNA by its ability
to promote normal developmental progression, with let-7
playing an important role in C. elegans heterochronic devel-
opment but at later larval transitions than lin-4 (Reinhart
et al. 2000; Vadla et al. 2012). Animals lacking let-7 function
burst at the vulva during L4-to-adult transition, causing le-
thality (Reinhart et al. 2000). Adult alae formation is also
delayed in le-7 mutant animals (Ambros 1989; Reinhart
et al. 2000). As with lin-4, the highly penetrant phenotypes
(100% of let-7 null animals lack adult alae at L4 moult
(Reinhart et al. 2000) and 100% (n = 89) burst during L4-
to-adult transition) provide a sensitive biological assay for
let-7 microRNA function. We constructed a series of let-7
seed and non-seed variants (let7_ml to let7_m13, Fig. 2A,
D), each derived from a 2.5-kb genomic fragment that res-
cued lethality in ler-7 mutant animals (Reinhart et al.
2000). As with the lin-4 variants tested above, each let-7 var-
iant was also constructed with accompanying (compensato-
ry) mutations on the star strand to ensure a structured let-7
precursor was formed. We obtained transgenic lines express-
ing let7_m constructs and assayed in a let-7 null mutant
background [let-7 (mnl12), (Meneely and Herman 1979;
Reinhart et al. 2000)] for suppression of the bursting pheno-
type. Transgenic animals were categorized into one of three
vulval phenotypes: (i) egg-laying, (ii) pvl, or (iii) burst
(Supplemental Fig. 1). Both egg-laying and pvl transgenic an-
imals were considered as exhibiting let-7 activities.

Surprisingly, all of the initial ler-7 mutant constructs that
we tested appeared to provide some functional rescue of
let-7 mutant defects, with particularly prevalent rescue of
the vulval bursting phenotype (Fig. 2B,Di; Supplemental
Fig. 3a). A range of bursting phenotype rescue activities
was observed, from 70.5% to 100.0% of transgenic animals
surviving to adulthood (Fig. 2B,Di; Supplemental Fig. 3a).
As a negative control, we made a construct (let7_seedmut)
that had a 5-nt mutation in the let-7 seed sequence (with ac-
companying compensatory mutations on the star strand, Fig.
2Ci). Transgenic animals expressing let7_seedmut failed to
rescue the bursting phenotype (Fig. 2B; Supplemental Fig.
3a). These results suggest that while the let-7 seed sequence
was important in mediating function (as demonstrated by
the negative control, Fig. 2B; Supplemental Fig. 3a), single
and double seed mutations in Jet-7 were well tolerated (Fig.
2B,Di).

To differentiate functionality between the let7_m con-
structs, we looked at two additional rescue phenotypes in-
volving specific cellular structures forming during late
larval development. Requiring that adult animals become
competent for egg laying (and not just avoid explosion at
the L4-to-adult transition) provides a somewhat more strin-
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gent assay for proper function of the lineages and cells giving
rise to the vulval machinery. In addition, we assayed for adult
alae formation in the transgenic young adults, testing for an
ability of lateral hypodermal cells to produce a stage-specific
cuticular structure in animals that have recently undergone
the L4-to-adult molt (Cox et al. 1981). As shown in Figure
2B,Dii and Supplemental Figure 3a, mutations in the let-7
seed region affected rescue of egg-laying to varying degrees.
In particular, rescue was greatly reduced in let7_m3 and
m4 (14.8% and 21.7%, respectively), while other seed muta-
tions retained substantial rescue of egg-laying (33.7% to
82.5%). For adult alae formation in young adults (Fig. 2B,
Dii; Supplemental Fig. 3b), we found that with the exception
of let7_m3, the let-7 seed mutants robustly rescued adult alae
formation (35.7% to 100.0%). Compared to flanking let-7
seed mutations, let7_m5 has higher let-7 activities (Fig.
2Dii). Examining predicted interactions between let-7 and
potential lin-41 binding sites (Reinhart et al. 2000), we find
that the G-to-U change in let7_mb5 results in loss of pairing
in the middle of the seed region in site 2 but retains pairing
in site 1 (Fig. 2E); in this sense, it may not be surprising
that let7_m5 is less disruptive. In aggregate, the egg laying
and alae results both corroborated the observations from
bursting rescue that seed mutations provide let-7 function
and illustrated the diversity in functionality retained by the
different seed mutations (Fig. 2D).

To investigate the functional contributions of the non-seed
region, single and multiple mutations (let7_m1, m10, m12-
m13, Fig. 2D) were made in the non-seed region and assayed
for let-7 function as before. Although two single-site non-
seed mutations (let7_m1, m10) provided robust let-7 rescue
of both egg-laying and adult alae formation phenotypes (Fig.
2B,Dii), a pair of multisite non-seed mutations (let7_m12,
m13) greatly reduced rescue in both egg-laying and adult
alae formation (Fig. 2B,Dii). These results are consistent
with a substantial contribution of the let7 non-seed region
to let-7 function (Vella et al. 2004a).

Energy calculations similar to those described above for /in-
4 are shown in Supplemental Figure 3e. Predicted interactions
between let-7 and several known target genes (lin-41, lin-14,
hbl-1, daf-12, and lin-28) are found in Figure 2E and
Supplemental Figure 3d (Reinhart et al. 2000; Abrahante
etal. 2003; Lewis et al. 2003; Grosshans et al. 2005). As expect-
ed from the activities of the individual mutants, rescue activ-
ities of let-7 variants were not well correlated with either
minimum free energy (mfe) calculated from let-7 seed region
or full-length let-7 microRNA (Supplemental Fig. 3e).

The availability of a physiological assay for let-7 function
provides an opportunity to address additional questions re-
garding the relationship between synthetic structure and
eventual function. Using this assay, we address the question
of whether the order of let-7 and of the corresponding let-
7* microRNA in the precursor was critical for function. A
let7_strandswap construct was designed to produce let-7
microRNA from the 3’ arm of the microRNA precursor
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FIGURE 2. let-7 rescue is retained by central seed mutations while non-seed mutant effects support potential noncanonical contributions to let-7
function. (A) Partial Jet-7 precursor structure with the mature lef-7 microRNA highlighted (yellow box). Red and blue lines represent Watson—
Crick base pairs (C:G and A:U, respectively), with green lines representing wobble base pairs (G:U). (B) Percentages of transgenic animals exhibiting
rescue of bursting phenotype, egg-laying phenotype, and adult alae formation for each let7_m construct. “n” refers to total number of transgenic
animals assayed for each let7_m construct, with the subsequent value in parentheses referring to the total number of independent transgenic lines
assayed. (*) High-frequency bursting of transgenic let7_seedmut animals precludes the assay for adult alae formation in young adults. (C)
Structures of two complex let-7 variants. (i) The let7_seedmut construct consists of a multiple seed mutation with five substitutions (shown in
red letters) within the seven base seed; black letters are unchanged from WT let-7 sequence. The seed sequence is highlighted by the light blue
box. (ii) The let7_strandswap mutation swaps the let-7 microRNA sequence from the 5’ to the 3" position in the precursor. Yellow boxes highlight
the expected small RNA produced from either arm ([top] wild-type let-7*, [bottom] wild-type let-7). The lowercase letters are the unchanged WT let-7
sequence (D) Rescue activities of let7_m constructs. The seed sequence is highlighted by the light blue box. The different colored boxes below let-7
sequence represent different levels of let-7 rescue ([gray] 0.0%, [yellow] 50.0%, [green] 100%) corresponding to the let7_m mutation depicted in the
box at the same position. (i) Rescue of vulval bursting phenotype. (ii) Rescue of egg-laying and adult alae formation phenotypes. The top row of col-
ored boxes refers to rescue of egg-laying while the bottom row refers to rescue of adult alae formation in young adults. The numbers within the colored
boxes are the average percentages of transgenic mutant animals showing specific rescue activity for let7_m constructs. (E) Binding sites in lin-41
3’ UTR (bottom) are aligned against let-7 mature microRNA (top) (Reinhart et al. 2000; Lewis et al. 2005; Bartel 2009; Jan et al. 2011; Ecsedi et al.
2015). Dots indicate absent bases at those positions; dashes indicate one or more noncomplementary bases. Lowercase letters represent complemen-
tary bases as a result of mutations made in let7_m constructs. First miRNA nucleotides and alignments of 5’ ends of binding sites have been included
for completeness although their functionalities have not been demonstrated. Colored bars represent levels of let-7 activities ([gray] 0.0%, [yellow]
50.0%, [green] 100%; [top set] rescue of egg-laying, [bottom set] rescue of adult alae formation) for mutations at specific positions. The multiple
mutations are not depicted here.
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(Fig. 2Cii). As shown in Figure 2B, 96.2% of transgenic
worms producing let-7 from the 3’ arm were rescued for
let-7 bursting phenotype. Alae formation and egg-laying
were also observed at near-wild-type levels in transgenic an-
imals carrying the arm-swapped let-7. To ensure that wild-
type mature let-7 microRNA was produced from the let7_
strandswap construct, the small RNA populations in trans-
genic let-7 (mnl112) L4 animals were sequenced and ratios
of let-7 to other microRNAs compared (Supplemental Fig.
3¢). We found that substantial amounts of wild-type mature
let-7 microRNA was made (Supplemental Fig. 3¢) and as in
wild-type animals, the major small RNA species sequenced
(from the let7_strandswap construct) was let-7 and not let-
7* (175 counts versus 3 counts, respectively). These results
demonstrate that mature le-7 microRNA can be produced
from either arm of the let-7 precursor with both providing
let-7 function.

DISCUSSION

In this work, we have sought to examine the functional rele-
vance of imperfect microRNA seed matches. Prior studies on
the microRNA seed sequence have arrived at somewhat
disparate conclusions, depending on the experimental system
and assays used to determine microRNA activity (Doench
and Sharp 2004; Brennecke et al. 2005; Didiano and
Hobert 2006; Beitzinger et al. 2007; Baek et al. 2008; Zhang
et al. 2009; Zisoulis et al. 2010; Jovanovic et al. 2012). The
lack of consensus is likely, in part, to reflect multiple mech-
anisms of microRNA-based repression. While tissue culture
assays have proven invaluable in dissecting mechanisms for
individual modes of regulation (and have been the method
of choice for many past studies), their generalization to or-
ganism-scale regulatory mechanisms has been hampered by
a lack of obvious knockout phenotypes and definitive target
genes. Likewise, reporter constructs have provided extremely
valuable data, but suffer a limitation that different reporter
assays may each mimic only a portion of complex phys-
iological regulation. To accompany and augment such stud-
ies, whole-organism assays can provide a valuable data set
in the small number of systems where genetic tools and de-
fined knockout phenotypes allow a physiological assay for
microRNA function. Such studies are by nature lower
throughput than in vitro or reporter assays, requiring both
the construction of substantial numbers of transgenic animal
lines and their careful phenotypic characterization. Given the
contributions and limitations of each type of assay, we expect
that long-term understanding of microRNA function will
come from a combination of all of the above approaches.
The goal of this work has been to provide analysis of
microRNA::target specificity through modifications of the
microRNA with a constant (and physiological) pool of
mRNA targets. In order to take advantage of an experimental
model that would provide a well-characterized physiological
assay for microRNA function, we have chosen to study the ef-
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fects of microRNA sequence on the phenotypic rescue of lin-
4 and let-7 mutants in C. elegans. Both lin-4 and let-7 have
small numbers of genetically validated target mRNAs (in-
cluding the heterochronic regulators lin-14 and lin-41 [Lee
et al. 1993; Reinhart et al. 2000]), with mutations in these tar-
gets shown to suppress the corresponding microRNA mutant
phenotypes (Lee et al. 1993; Moss et al. 1997; Reinhart et al.
2000; Abrahante et al. 2003; Grosshans et al. 2005).

The lin-4 and let-7 systems have already served to inform
discussions of microRNA::target interactions. It was of inter-
est in the early studies of lin-4 (Lee et al. 1993) that partial
complementarity could be observed between microRNA
and target regions, with perfect base-pairing often present to-
ward the 5’ side of the microRNA [later called the seed region
(Lewis et al. 2003)]. Consistent with a substantial seed contri-
bution to microRNA function, the first microRNA point mu-
tant, lin-4 (mal61), has a single base change within the seed
region, resulting in a drastic decrease in mature mutant lin-4
(Supplemental Fig. 2b) and delayed developmental progres-
sion (Lee et al. 1993). As the lack of lin-4 function could
have been due to insufficient levels of mutant mal61l
microRNA rather than inherent lack of microRNA function,
our transgenic assays have confirmed that overexpression of
a lin-4 variant, lin-4_m4, with the same base change (togeth-
er with a compensatory mutation in the precursor) failed
to rescue lin-4 developmental defects (Fig. 1, Supplemental
Fig. 2b).

Genetic analysis of let-7 provided an initial exemplification
of flexibility in the seed region. let-7 (12853), an allele with a
point mutation in the seed sequence, is temperature-sensitive
(growth at higher temperatures causes lethality): at a lower
growth temperature, the #2853 seed mutant is functional
and capable of normally promoting developmental pro-
gression (Reinhart et al. 2000). Although the failure to
grow at high temperature could have reflected a failure of
the mature seed-mutant microRNA to rescue, observations
of microRNA levels indicated that the mutant microRNA
was not accumulated to normal levels at the high temperature
(Reinhart et al. 2000). Supporting the analysis in the specific
case of let-7 (n2853) function, we note that the transgenic as-
says from this work allowed us to confirm that multicopy ex-
pression of a precursor-compensated seed mutant at the let-7
(n2853) site (Fig. 2D, let7_m5) and in fact of the precise let-7
(n2853) precursor (Supplemental Fig. 3f, let7_m15) allow
full rescue of the mutant phenotype. We have also created en-
dogenous let-7 mutations at the same locus and demon-
strated that these single-copy mutants behaved like the
temperature-sensitive let-7(n2853) mutants, regardless of
compensatory precursor pairing (let7_cm14 and let7_cm15,
Supplemental Fig. 3f). It should be noted that it is still unclear
why let-7 (n2853) is temperature-sensitive. We do not know
if the lack of function is directly due to the imperfect seed
match between let-7 (12853) and targets or other unknown
factors, such as microRNA processing, that affects the stabil-
ity of let-7 (n2853) microRNA.
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The transgene rescue experiments in this paper provide a
considerably extended view of seed and non-seed sequence
requirements in specifying lin-4 and let-7 function, yielding
very different pictures for the two microRNAs. lin-4 assays
demonstrated a definitive requirement for the full seed region
(second to eighth nucleotide) in biological function. Despite
this requirement, we see clear evidence for functionality of
microRNAs with some variation in this region. In particular,
we note that central seed mutant versions of lin-4 were capa-
ble of supporting events in vulval development and rare egg
laying, events that were universally absent in the lin-4 null
mutant background. While central seed mutations greatly re-
duced lin-4 function, a peripheral seed mutation (second
nucleotide) retained substantial lin-4 function in our pheno-
typic assays. Close examination of lin-4:lin-14 interactions
revealed that this mutation could strengthen pairing in sever-
al weaker binding sites, compensating for the loss of pairing
in previously strong target sites. These observations suggest
that flexibility in the seed region is partly dependent on the
presence of weak binding sites (that have potential to become
good binding sites) in target genes. None of the non-seed
mutant in-4 constructs that we tested showed a dramatic ef-
fect on microRNA function. This result certainly does not
rule out non-seed contributions by lin-4, and such contribu-
tion might indeed be expected to involve more flexible base-
pairing interactions that may resist individual mutant effects.
Despite such expectations, the picture of lin-4 function that
emerges from this analysis is one in which physiologically rel-
evant lin-4::target interaction relies on a substantial contribu-
tion to specificity and energy from seed base-pairing.

In contrast to our lin-4 results, functional data from the let-
7 mutants provides evidence for substantial flexibility in the
physiological microRNA::target interaction. All constructs
with single-site mutations in let-7 seed region rescued the
let-7 bursting phenotype (Fig. 2B,Di). A multisite seed mu-
tant failed to rescue this let-7 function, indicating the flexibil-
ity in seed requirement was not due to a complete lack of seed
contribution. Although previous data supported some flexi-
bility in seed region requirements, we were still quite sur-
prised at the generality of rescue of bursting by the point
mutants. The conserved extensive pairing of le-7 3’ end
with its target binding sites provides an explanation for our
observations. 3’ compensatory sites with strong 3’ pairing
have been shown to be effective in mediating microRNA
function and the top three scoring predicted 3’ compensatory
sites in C. elegans are let-7 sites (Brennecke et al. 2005; Jan
et al. 2011). Two of these sites mediate lin-41 repression
and Ecsedi et al. (2015) have recently demonstrated that
sole repression of lin-41 was sufficient to rescue let-7 bursting
phenotype.

Beyond the non-seed pairing potential by let-7, a possible
additional contribution to the unexpectedly broad rescue by
let-7 derivatives with impaired seed pairing could be the pres-
ence of endogenous let-7 family microRNAs (mir-48, mir-84,
and mir-241) that have identical seed sequences to let-7. The

let-7 family microRNAs have overlapping spatial and tempo-
ral expression patterns and have been shown to mediate cer-
tain functions together (Esquela-Kerscher et al. 2005; Li et al.
2005; Hayes et al. 2006). Although the let-7 family microRNAs
and let-7 have been shown to be functionally nonredundant
(Abbott et al. 2005), overexpression of mir-84 or mir-48 in
let-7 mutants suppresses lethality, indicating that let-7 family
microRNAs are able to substitute for ler-7 function if ex-
pressed at the appropriate time in the right tissues (Li et al.
2005; Hayes et al. 2006). Despite any possible augmentation of
mutant let-7 function through the action of its microRNA sis-
ters, the lack of let-7 is lethal and the seed mutants are able to
rescue this lethality; thus at least one critical target interaction
must be retained by the single-site seed-modified let-7
microRNAs. let-7 drives several late larval-to-adult develop-
mental shifts in C. elegans, and we note that two additional
phenotypes (egg laying and adult alae formation) show a
greater requirement for specific sequences in the let-7 seed
(Fig. 2B,Dii). Still, these phenotypes can be partially rescued
by mutations that change central bases in the seed, confirming
a degree of intrinsic flexibility in let-7 target interactions be-
yond those for the bursting phenotype.

Our non-seed rescue results, although with a limited set of
constructs, provide a picture of additional contributions to
let-7 function, with both proximal and distal non-seed se-
quences contributing to egg-laying and alae phenotypes. As
our data does not distinguish between deficiencies in target
recognition and RISC complex formation and function, we
do not know if the exact role of the non-seed region lies in
base-pairing with target mRNA or in RISC complex forma-
tion and function. This is also true for mutations in the
seed region. Contributions of seed and non-seed sequences
to phenotype are consistent with observations with reporter
constructs in C. elegans (Vella et al. 2004a,b), although
somewhat at odds with studies utilizing microinjection of
concentrated miRNA duplexes into zebrafish embryos
(Kloosterman et al. 2004). The variety of observations specif-
ic to C. elegans let-7 in this work and those of Vella et al.
(2004a,b) indicate that this may be a particularly complex
microRNA in the diversity of its interactions and functions.
Consistent with this possibility are studies in which special-
ized RNA (Cevec et al. 2010) and RNP complexes (Chan
et al. 2008) have been observed in association with this
microRNA. let-7 is a highly conserved microRNA, with sub-
stantial (and somewhat consistent) diversity in both seed and
non-seed regions. In the future, it will be of great interest to
compare the functional rescue observations in this paper
with functional phenotypic data in other invertebrate systems
and in vertebrates.

Taken together, our analysis of lin-4 and let-7 functions is
strongly illustrative of cooperation between seed and non-
seed sequences in microRNA function. Although there is
no doubt that the seed sequence is an important determinant
for function (evident from the lin-4 results), the demonstra-
tion of functionality of numerous seed variants raises some
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interesting and more general questions in microRNA biol-
ogy. Are there rules that determine seed dependence and
non-seed contributions for different microRNA::target sys-
tems? Might there be classes of microRNA targets regulated
by separate seed and non-seed matches to different
microRNAs? Might there be noncanonical microRNA::target
interactions where no match to the seed is evident? Are there
means to build seed and non-seed contributions into more
precise and accurate predictions of microRNA::target
relationships?

MATERIALS AND METHODS

Transgene-based expression of seed mutant microRNA
constructs

Details of plasmids and strains used in the transgene-based experi-
ments can be found in Tables 1 and 2, respectively.

lin-4 seed mutation (lin4_m) constructs

The wild-type (WT) lin-4 (+) construct (pHZ018) consists of a 695-
nucleotide (nt) genomic fragment, which rescues lin-4 (e912) phe-
notype , in a pCR2.1-TOPO vector backbone (Invitrogen). This ge-
nomic fragment contains the 94-nt lin-4 precursor sequence and
flanking genomic 5 (498 nt) and 3’ (103 nt) sequences. Different
lin4_m constructs were made using mutation-containing primers
to amplify pHZ018 and replacing WT lin-4 in pHZ018 with the am-
plified PCR product. The specific mutations made for each con-
struct are illustrated in Figure 1C. The lin4_m constructs (30 ng/
puL or 17 ng/uL) were individually injected into PD7143 [lin-4
(e912)/mInl 11; pha-1(e2123ts) 111; rde-1(ne300) V] with a selection
marker, pCl [pha-1(+), 120 ng/uL or 133 ng/pL, respectively]
(Granato et al. 1994). Transgenic lines derived from these injections
were assayed for lin-4 activity [sublines without the pharyngeal
mls14(gfp) are homozygous for the chromosomal lin-4(e912) dele-
tion mutation]. We note that transgenic strains with wild-type lin-4
are subject to differing degrees of partial rescue and mosaicism, with
perfect rescue (full phenotypic rescue and egg-laying) observed in
only a fraction of transgenic animals (Supplemental Fig. 2ai). Data
for WT lin-4 rescue were taken from our previous work (Zhang
et al. 2011).

let-7 seed mutation (let7_m) constructs

The wild-type let-7 construct (CZ234, gift from Robin Trujillo and
Chang-Zheng Chen) consists of a 2460-nt genomic fragment in a
pCR2.1-TOPO vector backbone (Invitrogen). This genomic frag-
ment contains the Jet-7 precursor sequence and flanking genomic
5" (1747 nt) and 3’ (614 nt) sequences. Different let7_m constructs
were made using mutation-containing primers to amplify CZ234
and replacing WT let-7 in CZ234 with the amplified PCR product.
The specific mutations made for each construct are illustrated in
Figure 2D. The let7_m constructs (m1-m13, 3-6 ng/pL) were indi-
vidually injected into PD5584 [mnDpl(X;V)/+ V; let-7 (mnll2)
unc-3(el51) X] with pPD117.01 (pmec-7::gfp, 12-50 ng/pL) and
CZ233 (10-44 ng/pL). Transgenic lines derived from these injec-
tions (uncoordinated animals with green fluorescent touch receptor
neurons) were assayed for let-7 activity (rescue of vulval “bursting”
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TABLE 1. Plasmids used in transgene-based experiments

Plasmid Description

pC1 pha-1 (+) (Granato et al. 1994)

pHZ018 lin-4 (+) (Lee et al. 1993)

pHZ195, pHZ197 lind_m1

pHZ200, pHZ201 lind_m2

pHZ204, pHZ202 lin4_m3

pHZ161 lind_m4

pHZ206, pHZ205 lind_m5

pHZ216 lin4_m6

pHZ209, pHZ210 lin4_m7

pHZ225 lin4_m38

pHZ227 lin4_m9

pHZ212 lind_m10

pHZ220 lind_m11

pHZ269-270 lin4_m12

pHZ267-268 lind_m13

pHZ264-266 lind_m14

pHZ181 let7_m1

pHZ184 let7_m2

pHZ186 let7_m3

pHZ190 let7_m4

pHZ236-238 let7_m5

pHZ239 let7_m6

pHZ192 let7_m7

pHZ241-244 let7_m8

pHZ233 let7_m9

pHZ253, pHZ254 let7_m10

pHZ255, pHZ256 let7_m11

pHZ257-260 let7_m12

pHZ261 let7_m13

pHZ123 let7_m14

pHZ129, pHZ131 let7_m15

pHZ228 let7_seedmut

pHZ230-232 let7_strandswap

CZ234 let-7 (+) (Reinhart et al. 2000)

pPD117.01 pmec-7::gfp (Chalfie et al. 1994;
Fire et al. 1998)

CZ233 pCR2.1-TOPO vector with no

insert (Invitrogen)

phenotype). The let7_m constructs (m14-m15, 3—6 ng/pL) were in-
dividually injected into PD5585 [let-7 (n2853) X] with pPD117.01
(pmec-7:¢fp, 12-50 ng/uL) and CZ233 (10-44 ng/uL). Transgenic
lines derived from these injections (green fluorescent touch receptor
neurons) were assayed for let-7 activity (rescue of vulval “bursting”
phenotype) at 25°C.

Endogenous CRISPR lin-4 and let-7 seed mutants
(lin4_cm and let7_cm)

Seed mutations were engineered at the genomic /in-4 and let-7 loci
as previously described with several modifications (Arribere et al.
2014; Zhao et al. 2014). The sensitivity of microRNAs to seed region
changes required us to use a strategy to cleanly introduce the desired
mutations without any additional base pair changes. This was ac-
complished by choosing CRISPR/Cas9 target sequences that over-
lapped the location of the desired mutation. Repairs templated
from the provided oligonucleotide would then be sufficiently
unique to resist further cleavage by CRISPR/Cas9. Oligonucleotide
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TABLE 2. Strains used in transgene-based experiments

Strain Description

PD1448 lin-4 (€912)/minT Il; pha-1(e2123ts) Ill; rde-1(ne300) V; ccEx1448[pC1; pHZ018]
PD1469 lin-4 (€912) II; pha-1 (e2123ts) lll; rde-1 (ne300) V; ccEx1469[pC1; pHZ018]
PD1491 (Line 208.3.2.2) lin-4 (€912)/min1 II; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1491[pC1; pHZ195]

(

PD1492 (Line 209a.1.1.2)
PD1493 (Line 210.1.2.0)
PD1494 (Line 211.2.1.1)
PD1495 (Line 212a.1.1.0)
PD1496 (Line 213.1.2.1)
PD1497 (Line 214.3.1.0)
PD1498 (Line 215.1.1.1)
PD1499 (Line 216.1.1.0)
PD2904 (Line 217.1.1.1)
PD2907 (Line 203z.2.1.1)
PD2908 (Line 205z.1.1.0)
PD2909 (Line 225.1.1.0)
PD2910 (Line 220.3.2.1)
PD2911 (Line 221.2.1.1)
PD2912 (Line 227.1.1.0)
PD2940 (Line 232.1.1.0)
PD2942 (Line 233.1.2.0)
PD5584

PD5585

PD7143

PD7183, PD7187
PD7184

PD7185

lin-4 (€912); pha-1 (e2123ts) lll; rde-1 (ne300) V; ccEx1492[pC1; pHZ197]

lin-4 (€912)/minT Il; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1493[pC1; pHZ201]
lin-4 (€912)/min1 II; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1494[pC1; pHZ200]
lin-4 (€912)/minT Il; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1495[pC1; pHZ204]
lin-4 (€912) II; pha-1 (e2123ts) lll; rde-1 (ne300) V; ccEx1496[pC1; pHZ202]

lin-4 (€912)/min1 II; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1497[pC1; pHZ206]
lin-4 (€912)/minT Il; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1498[pC1; pHZ205]
lin-4 (€912)/minT II; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx1499[pC1; pHZ209]
lin-4 (€912)/min1 II; pha-1 (e2123ts) Ill; rde-1 (ne300) V; ccEx2904[pC1; pHZ210]
let-7 (mn112) unc-3(e151) X; ccEx2907[pmec-7:gfp; pHZ181]

let-7 (mn112) unc-3(e151) X; ccEx2908[pmec-7:gfp; pHZ184]

let-7 (mn112) unc-3(e151) X; ccEx2909[pmec-7:gfp; pHZ186]

let-7 (mn112) unc-3(e151) X; ccEx2910[pmec-7:gfp; pHZ190]

let-7 (mn112) unc-3(e151) X; ccEx2911[pmec-7:gfp; pHZ190]

let-7 (mn112) unc-3(e151) X; ccEx2912[pmec-7:gfp; pHZ192]

mnDp1(X;V)/+ V; let-7 (mn112) unc-3(e151) X; ccEx2940[pmec-7:gfp; pHZ230]
mnDp1(X;V)/+ V; let-7 (mn112) unc-3(e151) X; ccEx2942[pmec-7:gfp; pHZ232]
mnDp1(X;V)/+ V; let-7 (mn112) unc-3(e151) X

let-7 (n2853) X

lin-4 (€912)/minT Il; pha-1 (e2123ts) Ill; rde-1 (ne300) V

let-7 (n2853) X; ccEx7183/7[pmec-7:glp; pHZ123]

let-7 (n2853) X; ccEx7184[pmec-7:gfp; pHZ129]

let-7 (n2853) X; ccEx7185/7[pmec-7:gfp; pHZ131]

To balance lin-4 (e912)-bearing chromosomes, we used a derivative of the min1 inversion chromosome that carries an integrated gfp marker
[mls14(gfp)] in addition to a mutant (recessive) copy of dpy-10(e128) (Edgley and Riddle 2001).

repair templates and hybridization pairs (Table 3) for cloning into
the pRB1017 backbone, as well as the resulting gRNA vectors
(Table 4) are listed above. Repair template oligonucleotides were or-
dered as Ultramers from IDT. Details of strains used in the CRISPR/
Cas9 experiments can be found in Table 5.

lin-4 mutants (lin4_cm)

pPD207.594 (gRNA vector) was designed to specifically target lin-4
(mal61), without cutting the corresponding wild-type lin-4 se-
quence, and pPD207.627 (gRNA vector) was designed to target
the lin-4* strand (for compensatory mutation). An injection mix
comprised of the following was injected into PD7173 lin-4
(mal61)Il/mInl heterozygotes: 50 ng/pL pDD162 (Cas9 expression
vector, Dickinson et al. 2013), 25 ng/uL pJA50 (unc-58 gRNA vector,
Arribere et al. 2014), 0.5 uM AF-JA-76 (unc-58 repair oligonucleo-
tide, Arribere et al. 2014), 25 ng/uL pPD207.594 (mal61 gRNA vec-
tor), 15 ng/uL pPD207.627 (lin-4* gRNA vector) and 0.5 uM of one
of the following lin-4 mutation-containing repair template oligonu-
cleotides (AF-KLA-193, AF-KLA-194, AF-KLA-195, AF-KLA-196).
F1 progeny carrying mInl(gfp) balancer and exhibiting the appro-
priate homologous recombination marker “shaker” phenotype
were singled 3—4 d after injection. Nonshaker GFP-expressing F2
progeny were screened for desired mutations by single worm
PCR. Following establishment of lines carrying the lin-4 mutation
balanced by the mInl1(gfp) balancer but lacking mutations at cose-
lected unc-58 locus, individual homozygous lin-4 mutant worms

were picked at L3/L4 stage and monitored over several days for
egg-laying, protruding vulva, and bursting (Supplemental Fig.
2aii). We noted that occasionally some of the monitored worms
failed to thrive; they usually shriveled and died before becoming
adults. These instances were omitted from our assays for rescue ac-
tivities and were also observed in lin4_m transgenic worms.

Outcrosses with wild type (VC2010) were performed to eliminate
unc-58 mutation in PD1095 (lin4_cm?7). Resultant males were suc-
cessively crossed to mlInl II homozygous hermaphrodites (from
PD7173) twice and lin-4 (cc10952)/miInl 11 lines (PD1263-5) were
identified from following single progeny.

let-7 mutants (let7_cm)

To create let-7 mutants, an injection mix comprised of the following
was injected into VC2010: 50 ng/uL pDD162 (Cas9 expression vec-
tor, Dickinson et al. 2013), 25 ng/uL pJA58 (dpy-10 gRNA vector,
Arribere et al. 2014), 0.5 uM AF-ZF-827 (dpy-10 repair oligonucle-
otide, Arribere et al. 2014), 50 ng/uL pPD207.646 (let-7 gRNA vec-
tor), 50 ng/uL pPD207.658 (let-7* gRNA vector), and 0.5 pM of one
of the following let-7 mutation-containing repair template oligonu-
cleotides (AF-KLA-291, AF-KLA-266). F1 progeny exhibiting the
appropriate homologous recombination marker “roller” were sin-
gled 3—4 d after injection and genotyped for desired let-7 mutations.
Single F2s (from identified ler-7 mutant F1s) were used to establish
homozygous lines. The let-7 genotypes of these selected F2s were
also confirmed by PCR. let7_cml4/15 strains were further
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TABLE 3. Oligonucleotide repair templates used to make CRISPR/Cas9 endogenous mutants

Oligo name Sequence Description

AF-JA-76 Arribere et al. (2014) unc-58 (e665)

AF-KLA-193 caatttctagagttttggttggtttatgagtttatgcttccggcectgttTcctgagacctcaagtgtgagtgtactattgatgcettcacacctgggetctcegg lin4_cm2
Ataccaggacggtttgagcagatctttttttctgttttcacggggttttt

AF-KLA-194 tttctagagttttggttggtttatgagtttatgcttccggectgttccctCagacctcaagtgtgagtgtactattgatgettcacacctgggetctGegggta lin4_cm6
ccaggacggtttgagcagatctttttttctgttttcacggggtt

AF-KLA-195 ttctagagttttggttggtttatgagtttatgcttccggectgttccctgGgacctcaagtgtgagtgtactattgatgcttcacacctgggetcCecgggta lind_cm7
ccaggacggtttgagcagatcttttttctgttttcacggggtt

AF-KLA-196 ttctagagttttggttggtttatgagtttatgcttccggectgttccctgTgacctcaagtgtgagtgtactattgatgettcacacctgggetcAccgggta lin4_cm11
ccaggacggtttgagcagatctttttttctgttttcacggggtt

AF-KLA-266 gaaagttgtgagagcaagacgacgcagcttcgaagagttctgtctccggtaagAtagaaaattgcatagttcaccggtggtaatattcca let7_cm16

AF-KLA-291 tcaggcaagcaggcgattggtggacggtctacactgtggatccggtgagAtagtaggtigtatagtttggaatattaccaccggtgaactatgcaattt let7_cm14/15
tctaTcttaccggagacagaactcttcgaagetgegtegtcttgetctcacaactt

AF-ZF-827 Arribere et al. 2014 dpy-10 (cn64)

Mutated residues shown in uppercase.

outcrossed to eliminate dpy-10 mutation. Specifically, these strains
were crossed with wild-type males (with GFP-marked X chromo-
some, generated from a cross between PD4810 [plmn-1:lmn-1::
gfp, Liu et al. 2000] and wild-type VC2010). Singled progeny were
selfed and let7_cm14/15 strain homozygous lines (non-GFP) were
obtained after confirming let-7 and dpy-10 genotypes by PCR. The
endogenous le-7 mutants were monitored for development at
16C, 20C, 23C, and 25C.

Preparation of small RNA libraries for lllumina sequencing

Small RNA data from the N2 and lin-4 (e912) strains were taken
from our previous work (Zhang et al. 2011). The lin-4 transgenic
strains were derived by segregating lines of transgene-carrying ani-
mals homozygous for the chromosomal lin-4 (e912) mutation
from the lin-4 (e912)/mInl transgenic lines created from the injec-

TABLE 4. Plasmids used in CRISPR/Cas9-based experiments

tion of lin4_m constructs. The let-7 transgenic strains were derived
by isolating let-7 (mn112) unc-3(el51) animals (uncoordinated an-
imals expressing pmec-7::gfp) from the mnDpl/+; let-7 (mnll2)
unc-3(el51) transgenic lines created from the injection of let7_m
constructs. All strains used in the making of small RNA libraries
were harvested as synchronized L4 populations grown at 25°C and
frozen as pellets in liquid N,. Synchronization was obtained follow-
ing treatment with sodium hypochlorite to isolate embryos as pre-
viously described (Brenner 1974; Stiernagle 2006).

Small RNAs were isolated from these frozen pellets using the
mirVana Isolation Kit (Ambion) and used for library preparation
following the 5-monophosphate method that enriches for
microRNAs, as previously described (Lau et al. 2001). The exception
was that modified 5’-adaptor oligonucleotides, which included 4-nt
barcodes, were utilized to enable pooling of several libraries for
MMumina sequencing (Parameswaran et al. 2007).

Sequence analysis of small RNA libraries

Thirty-six nucleotide reads were generated

Plasmid Description Annealed oligo sequences Reference from the small RNA libraries using the
pPD207.594 lin-4 (mal161) gRNA TCTTGacttgaggtctcaAggaac, This paper lllumina Genome Analyzer system. The cap-
tured small RNA sequences, after removal of
vector AAACgttccTtgagacctcaagtC . .
pPD207.627  lin-4* gRNA vector TCTTGcctgggctctccgggtace, This paper linker and adaptor sequences, were aligned
AAACggtacccggagageecaggC using BLAT against a reference list of known
pPD207.646 let-7 gRNA vector TCTTGctacactgtggatccggtg, This paper C. elegans mature microRNA sequences
AAACcaccggatccacagtgtagC downloaded from miRBase (http:/www.
pPD207.658 let-7* gRNA vector TCTTGatgcaattttctaccttac, This paper mirbase.org). The number of captured small
AAACgtaaggtagaaaattgcatC ; RNA sequences that perfectly matched C. ele-
pRB1017 gRNA backbone vector - Arribere et al. gans annotated microRNAs and lind_m/
. ,Q(_H 4) let7_m microRNAs was obtained for each
pDD162 Cas9 expression vector = Dickinson libra
etal. (2013) 2k
pJA50 unc-58 gRNA vector - Arribere et al.
(2014) . .
pJA58 dpy-10 gRNA vector - Arribere et al. Calculation of minimum free energy
2014) hybridization (mfe)

For gRNA vectors, annealed oligo sequences in lowercase are identical to targeted
genomic sequences. TCTT and AAAC create overhangs for cloning into the Bsal site in
pRB1017. The additional G (C on reverse complement strand) is needed for expression
from the U6 promoter (Arribere et al. 2014). Bases within the targeted genomic region that

vary from wild type are shown in italics.
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Using RNAhydrid (Rehmsmeier et al. 2004),
mfe were calculated between entire 3 UTR se-
quences of target genes and microRNA se-
quences (both full-length microRNA and
microRNA seed sequence). We listed the


http://www.mirbase.org
http://www.mirbase.org
http://www.mirbase.org
http://www.mirbase.org
http://www.mirbase.org
http://www.mirbase.org

Relevance of miRNA seed and non-seed sequences

TABLE 5. Strains used in CRISPR/Cas9-based experiments

Strain Genotype Description
PD1086 lin-4 (cc1086)/minT 1l lin4_cm11
PD1088 lin-4 (cc1088)/min1 Il lin4_cm2
PD1093 lin-4 (cc1093)/min1 Il lin4_cm6
PD1095 lin-4 (cc10952)/min1 II; lin4d_cm?7 (parental
unc-58(cc10951) X line)
PD1254/5 let-7 (cc12511) X let7_cm14
PD1256 let-7 (cc12521) X let7_cm14
PD1259/ let-7(cc12531) X let7_cm15
60/62
PD1263/4/  lin-4 (cc10952)/mini 1l lind_cm7
5 (outcrossed lines)
PD1266 let-7(cc1266) X let7_cm16
PD1267 let-7(cc1267) X let7_cm16
PD4810 ccls4810[plmn-1::Imn-1:: Liu et al. 2000
gfpl X
PD7173 lin-4 (mal61)/mini Il =
VC2010 Wild type Thompson et al.

2013

three most favorable mfe for each microRNA sequence, as well as the
average mfe calculated from the top three mfe across all tested target
3’ UTRs.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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