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MicroRNAs are regulators of gene expression whose functions are
critical for normal development and physiology. We have previ-
ously characterized mutations in a Caenorhabditis elegans micro-
RNA-specific Argonaute ALG-1 (Argonaute-like gene) that are
antimorphic [alg-1(anti)]. alg-1(anti) mutants have dramatically
stronger microRNA-related phenotypes than animals with a com-
plete loss of ALG-1. ALG-1(anti) miRISC (microRNA induced silencing
complex) fails to undergo a functional transition from microRNA
processing to target repression. To better understand this transition,
we characterized the small RNA and protein populations associated
with ALG-1(anti) complexes in vivo. We extensively characterized
proteins associated with wild-type and mutant ALG-1 and found
that the mutant ALG-1(anti) protein fails to interact with numerous
miRISC cofactors, including proteins known to be necessary for target
repression. In addition, alg-7(anti) mutants dramatically overaccumu-
lated microRNA* (passenger) strands, and immunoprecipitated ALG-
1(anti) complexes contained nonstoichiometric yields of mature
microRNA and microRNA* strands, with some microRNA* strands
present in the ALG-1(anti) Argonaute far in excess of the correspond-
ing mature microRNAs. We show complex and microRNA-specific
defects in microRNA strand selection and microRNA* strand disposal.
For certain microRNAs (for example mir-58), microRNA guide strand
selection by ALG-1(anti) appeared normal, but microRNA* strand
release was inefficient. For other microRNAs (such as mir-2), both
the microRNA and microRNA* strands were selected as guide by
ALG-1(anti), indicating a defect in normal specificity of the strand
choice. Our results suggest that wild-type ALG-1 complexes recog-
nize structural features of particular microRNAs in the context of
conducting the strand selection and microRNA* ejection steps of
miRISC maturation.

Argonaute | ALG-1 | microRNA | microRNA* | passenger

icroRNAs are small noncoding RNAs that, as part of a

microRNA induced silencing complex (miRISC), bind to
complementary sites in the 3'UTR of target messenger RNAs
and cause translational repression or degradation of the target
mRNA. microRNAs are predicted to posttranscriptionally reg-
ulate as much as 60% of mammalian protein coding genes
(1), making them powerful regulators of physiological and
developmental processes. Faithful microRNA biogenesis and
programming of miRISC with the appropriate microRNA and ac-
cessory protein factors are essential for proper posttranscriptional
gene regulation by microRNAs.

Mature ~22-nt single-stranded microRNAs are generated and
loaded into specialized Argonaute proteins [ALG-1 (Argonaute-
like gene) and ALG-2 in Caenorhabditis elegans] through a series of
enzymatic and RNA-protein assembly steps. First, the primary
microRNA transcript is processed by the Drosha/Pasha micro-
processor complex into a hairpin precursor and exported into the
cytoplasm, where the RNAse III enzyme Dicer cleaves the pre-
cursor to generate a duplex, consisting of two short strands of
RNA, corresponding to the “5p” and “3p” strands of the precursor
hairpin. The microRNA duplex is then bound by Argonaute, such

www.pnas.org/cgi/doi/10.1073/pnas.1506576112

that one of the duplex strands (the eventual guide strand, or “miR”
strand) becomes stably associated with Argonaute and the other
strand (referred to as the passenger strand, or “miR*” strand)
becomes discarded and degraded.

It is generally thought that the microRNA duplex is trans-
ferred to Argonaute in the context of a miRISC loading complex
(miRLC), which contains Argonaute associated with Dicer (2, 3).
The loading of the Argonaute with the duplex is also assisted by
chaperone proteins Hsp70/Hsp90 (4-6).

Critical to proper miRISC assembly and subsequent micro-
RNA-mediated gene repression is the accurate and consistent
selection of which strand of the 5p/3p duplex will be loaded into
Argonaute as the guide microRNA. This process of guide strand
selection involves establishing the proper orientation of the du-
plex within the miRLC, followed by ejection and disposal of the
passenger strand (7). For most microRNAs, guide strand selec-
tion is highly asymmetric and specific, so that either the 5p or the
3p accumulate in dramatic excess over the other (8, 9). This
specificity of guide strand choice has been shown to be associ-
ated with certain features of the 5p::3p duplex: (i) The presence
and configuration of centrally located mismatches for Drosophila
microRNAs (10-12), (ii) the identity of the 5’ nucleotide of the
guide microRNA (13-15), and (iii) the relative thermodynamic
stability of the two ends of the miR::miR* duplex (16-18), which
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has a dramatic impact on strand choice in both flies and mammals.
It should be noted that the relative thermodynamic stability of the
duplex ends may be a primary determinant of strand selection for
perfectly paired duplexes of siRNAs, but may be less important for
the mismatched duplexes of most microRNAs (10, 11, 16, 17).
Additionally, in C. elegans, microRNAs that produce Sp guides
were reported to have similar thermodynamic stabilities of duplex
ends as microRNAs that produce 3p guides (9), suggesting that at
least in C. elegans other duplex features may be more important
for strand selection (9). Features, such as microRNA duplex se-
quence composition and position of mismatches, could instead be
major contributors to strand selection (19-21).

Although guide strand selection appears to be highly asym-
metric for most microRNAs, for a small subset of microRNAs
substantial quantities of both 5p and 3p strands can accumulate,
and in at least some cases there is evidence for functional roles
for both strands (22-25). It’s possible that the relative loading of
Sp and 3p strands as the guide could be regulated by upstream
signals acting via Argonaute or other components of the miRLC.
How C. elegans Dicer DCR-1 may contribute mechanistically to
the specificity of microRNA loading and guide strand selection is
unknown. Mammalian Dicer-associated proteins TRBP/PACT
contribute to strand selection (26), and R2D2, a key component
of Drosophila miRLC, is dispensable for miR strand selection
(27). Interestingly, mammalian Dicer itself may be dispensable
for asymmetric miRISC duplex loading, at least under certain
circumstances (28, 29). The Argonaute protein itself may have
the capacity to distinguish among specific microRNAs to de-
termine the guide/miR vs. passenger/miR* fates of the Sp and 3p
strands. Indeed, a very recent report has suggested a direct role
for mAGO?2 in miR strand choice (30). All these considerations
emphasize the importance of acquiring a better understanding of
the regulation of microRNA guide strand choice by Argonaute
complexes in vivo.

We reported previously novel antimorphic alleles of the
C. elegans Argonaute gene alg-1 that broadly impair the functions
of many microRNAs, apparently by sequestering microRNAs into
immature and ineffectual miRLC complexes (31). The mutant
ALG-1(anti) proteins exhibit an increased association with the
miRLC component Dicer DCR-1 in vivo, and a decreased as-
sociation with the miRISC effector AIN-1 (ALG-1 interacting
protein-1). We proposed that ALG-1(anti)-containing com-
plexes associate with microRNAs, but fail to properly mature
from the Dicer-containing miRLCs to the effector miRISCs,
thereby sequestering microRNAs in immature (and nonfunc-
tional) RISC complexes (31). To better understand both the
protein and the microRNA dynamics associated with this miRLC-
to-miRISC maturation step, we further characterized the ALG-
1(anti)-associated proteins and microRNAs using high-throughput
proteomics and small RNAseq. Our results support the idea that
alg-1(anti) mutants are defective in transitioning from biogenesis
(miRLC) to effector (miRISC) status and identify conserved
Argonaute-interacting proteins that may be specific to either
miRLC or miRISC complexes. Moreover, our small RNAseq
analysis shows that alg-1(anti) mutants accumulate miR* strands at
levels dramatically greater than the wild-type, indicating that
the ALG-1(anti) mutant proteins are defective in microRNA
strand selection and miR* strand disposal. We show that the
biogenesis of different microRNAs can be impacted very differ-
ently by ALG-1(anti). For example, in the case of mir-58, miR*
strands are retained by the ALG-1(anti) Argonaute apparently as
part of the miR::miR* duplex, suggesting defective miR* strand
release. In contrast, for mir-2, the ALG-1(anti) complexes con-
tained far more miR* strands than miR, indicating that miR-2
biogenesis suffers from defects in the strand selection step of
miRISC maturation. These findings support a model wherein
microRNA biogenesis and miRISC maturation involve critical
roles for Argonaute both in recognizing features that define spe-
cific microRNAs and in exercising microRNA-specific programs
of guide strand selection and miR* strand disposal.
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Materials and Methods

C. elegans Culture and Genetics. C. elegans culture was performed using
standard nematode growth conditions (32), except the HB101 Escherichia
coli strain was used as the food source. All strains were grown at 20 °C.
Because of their strong heterochronic phenotypes, alg-1(anti) mutant ani-
mals often burst through the vulva during the L4-adult molt (31). Therefore,
alg-1(anti) mutations were maintained in a /in-31(n1053) genetic back-
ground that impairs vulva development and thereby suppresses the bursting
phenotype of alg-7 mutants, while leaving their heterochronic phenotypes
intact. The adult-specific col-19::gfp reporter transgene is also present in all
of the strains. Therefore, the alg-1(anti) strains used here contain /in-31;
col-19::gfp, and in all experiments the wild-type controls were lin-31(n1053);
col-19::gfp.

Northern Blotting. Total RNA was isolated from mixed population of animals
using TRIzol reagent (Life Technologies), and Northern blots were performed
as previously described (33, 34). For oligo probe sequences please see S/
Materials and Methods.

Firefly microRNA Quantifications. FirePlex microRNA assays were performed as
previously described (31). For experiments involving 2'O-methyl oligonu-
cleotide-mediated pull-down, equivalent fractions of input material and
supernatant were tested using the FirePlex assays to quantitatively assess
microRNA abundance in the starting material and microRNA depletion from
the supernatant by the 2’-O-methylated oligonucleotide.

Small RNA Library Preparation and High-Throughput Sequencing. Small RNA
cDNA libraries were prepared as previously described (35) and sequenced on
the lllumina GAIlIx instrument or the NextSeq500 (for L2 staged samples)
using standard manufacturer’s protocols.

Computational Analysis of cDNA Library Sequence Data. Detailed description of
cDNA library sequence data analysis can be found in S/ Materials and Methods.

ALG-1 Immunoprecipitation and Western Blot Analysis. Detailed description
of antibodies, lysate preparation, immunoprecipitation, and Western blot
analysis can be found in S/ Materials and Methods.

2'0-Methyl Oligo Pull-Downs. The 2'O-methyl oligo pull-downs from extracts of
whole worms were performed as described previously (36). For mass spec-
trometry, each sample contained 20 mg of total protein. Sequences of the
2’-O-methylated, biotinylated oligonucleotides can be found in S/ Materials
and Methods.

Mass Spectrometry Analysis of ALG-1 Imnmunopurified Complexes and 2’-0-Methyl
Oligonucleotide Pulldown Complexes and Computational Analysis of Proteomic
Data. For a detailed description of mass spectrometry analysis and computa-
tional analysis of ALG-1 associated proteomes, as well as data analysis of miR-58
and miR-58* associated proteins, see S/ Materials and Methods.

Results

alg-1(anti) Mutant Phenotypes Correlate with a Shift in ALG-1-Associated
Protein Complexes. We reported previously that ALG-1(anti) protein
showed a reduced interaction with the miRISC effector protein
AIN-1 compared with wild-type ALG-1, and an increased associa-
tion with Dicer, DCR-1 (31), suggesting an inability of ALG-
1(anti)—containing miRISC to mature from processing complexes
to effector complexes. To determine if interactions of ALG-1 with
other proteins were affected by the alg-1(anti) mutations, we con-
ducted ALG-1 IP from wild-type and alg-1(anti) animals followed
by MudPIT (Multidimensional Protein Identification Technology)
analysis to determine the composition of the associating complexes.
The MudPIT data confirmed the results of our previous Western
blot experiments, of a reduced ALG-1(anti) association with AIN-1
and an increased association with DCR-1 (Fig. 14 and Dataset S1),
and also revealed a dramatic shift in the overall composition of the
ALG-1(anti)-associated complexes (Datasets S1-S3). For example,
33 proteins were detected only in the immunoprecipitation (IP) of
wild-type ALG-1, with 37 and 43 proteins detected only in the IP of
ALG-1(mal92) and ALG-1(ma202), respectively. (Fig. 1B, Fig.
S1, and Dataset S2). Consistent with the idea that ALG-1(anti)
pre-miRISC complexes are defective in maturation from a
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Fig. 1. Wild-type ALG-1 and ALG-1(anti) associate with distinct but over-
lapping protein populations. ALG-1 was immunoprecipitated from extracts
of wild-type or alg-7(anti) animals using anti-ALG-1 antisera, and proteins
were quantified by MudPIT proteomics, as described in S/ Materials and
Methods. (A) Association of AIN-1 with ALG-1(ma192) and ALG-1(ma202) is
reduced compared with wild-type ALG-1, whereas association of DCR-1 with
ALG-1(ma192) and ALG-1(ma202) is increased compared with wild-type ALG-1.
AIN-1 and DCR-1 abundances in IPs are normalized to the abundance of ALG-1.
(B) Venn diagram representation of the wild-type ALG-1-, ALG-1(ma192)-, and
ALG-1(ma202)-associated proteins.

miRISC biogenesis stage to the mature effector miRISC complex,
we observed that the ALG-1(anti) IP recovered an increased yield,
compared with wild-type, of certain Asp-60 and hsp-70 family
proteins and other putative chaperones (Datasets S1-S3), and a
reduced yield of several known miRISC effector components,
including the poly-A binding proteins PAB-1 and PAB-2 (Dataset
S1), which have been shown to play critical roles in target re-
pression (37 and 38; reviewed in ref. 39). This trend was seen
across the two alg-1(anti) mutants examined: alg-1(mal92) and
alg-1(ma202) (Fig. 1 and Dataset S1), which affect the PIWI and
MID domains of the protein, respectively (31). ALG-1(mal92)
and ALG-1(ma202) coimmunoprecipitated with overlapping yet
nonidentical sets of proteins (Fig. 1, Fig. S1, and Dataset S1),
consistent with the hypothesis that the two mutations may not
have identical effects on the ability of ALG-1 to interact with
various partners.

It should be noted that the proteins coimmunoprecipitated
with ALG-1 in these experiments could include factors that di-
rectly interact with ALG-1 or that indirectly associate with
miRISC by binding to target mRNAs, because our IP experi-
ments were performed in the absence of RNase treatment.

alg-1(anti) Animals Accumulate miR* Strands and Precursor Hairpin
Loops. Given that ALG-1(anti) miRLC exhibits an apparent
defect in maturing from a Dicer-containing configuration to
the effector miRISC configuration, and considering that miR*
strand release is expected to be associated with that maturation
process, we tested whether alg-1(anti) mutants accumulate ab-
normal levels of miR* strands. Indeed, Northern blot analysis
reveals a dramatic accumulation of the miR* strands for mir-80,
mir-58, and mir-77 in alg-1(anti) mutants (Fig. 24). Deep-
sequencing of small RNA cDNA libraries from wild-type and alg-
1(anti) mixed-staged animals confirmed that miR* strand accu-
mulation occurs in alg-1(anti) mutants for most microRNAs,
where in many cases the miR* strand increased many-fold in
alg-1(anti) compared with wild-type (Fig. 2B). Moreover, alg-
1(anti) mutants exhibited an increase (threefold, on average) in
accumulation of the loop biproduct of the precursor microRNA
processing (Fig. 2C and Fig. S2). MiR* strand accumulation
occurred for most microRNAs regardless of the normal wild-
type microRNA abundance (Fig. 2 D and E). For some micro-
RNAs, such as mir-2 and mir-244, alg-1(anti) mutants showed an
astounding miR*/miR ratio of 20-30, meaning that the passen-
ger strand accumulated to levels 20- to 30-times greater than its
microRNA counterpart (Table 1 and Dataset S4). This finding
was in stark contrast to the wild-type, where the miR*/miR ratio
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was always less than one, and for most microRNAs rarely exceed-
ed 0.02 (Table 1 and Dataset S4). Interestingly, the alg-1(ma202)
allele affects miR* accumulation to a greater extent than does
alg-1(mal92) (Fig. 2, Table 1, and Dataset S4), with little corre-
lation between the profiles of miR* accumulation between the two
alleles (Fig. S3). This finding is not surprising considering that alg-
1(mal92) and alg-1(ma202) affect distinct domains of ALG-1.

To assess whether the alg-1(anti) miR*/miR ratio phenotype
may be affected by developmental stage, we sequenced small
RNA cDNA libraries from second larval-stage (L2) populations
of wild-type and alg-1(anti) animals. L2 stage alg-1(anti) mutants
were found to accumulate miR* strands many-fold compared
with wild-type (Fig. S4 and Dataset S4), similarly to mixed-staged
populations. Interestingly, microRNAs that showed a miR*/miR
ratio of >1 in total RNA samples formed overlapping yet distinct
groups in mixed-stage vs. L2 animals (Fig. S4). The differences
observed could reflect differential microRNA tissue specificity
and abundance at various stages of development. Importantly,
however, a subset of microRNAs exhibited consistent miR*/miR
ratios in both L2 and mixed-animals populations (Fig. S4 and
Dataset S4).

Immunoprecipitated ALG-1(anti) Complexes Show an Increased
Association with miR* Strands and Exhibit a Reversed Strand Bias
for Some microRNAs. Because we observed the passenger micro-
RNA strand accumulation in the alg-1(anti) animals, we hy-
pothesized that these passenger strands may be bound to the
ALG-1(anti) Argonaute. To address this question, we immuno-
precipitated ALG-1 from wild-type and mutant mixed-staged
animals and cloned and sequenced the associated small RNAs.
The immunoprecipitated material was enriched for microRNA
populations compared with the input (Fig. 34) and was corre-
spondingly de-enriched for other RNA populations (Fig. 3B).
We found that immunoprecipitated ALG-1(anti) associated with
greater quantities of miR* strands compared with the wild-type
ALG-1 (Fig. 3C). In many cases, the miR*/miR ratios were
clearly enriched in ALG-1 (ma202) IP compared with input (for
example, for mir-77) (Table 1 and Dataset S4), supporting a
specific association of those passenger strands with the ALG-
1(anti) Argonaute. Interestingly, the immunoprecipitated ALG-
1(anti) also showed an increased association with loop biproducts
of precursor microRNA processing (Fig. 3D), suggesting that
ALG-1(anti) miRISCs may be failing to completely eject both
miR* and loop products after Dicer cleavage.

MiR* strand accumulation in ALG-1(anti) complexes appeared
to occur for the majority of microRNAs regardless of their normal
abundance (Fig. 3 E and F, Table 1, and Dataset S4), including
very highly abundant microRNAs, such as mir-58 (Fig. 3G and
Table 1). Depending on the microRNA, the ratio of miR* to miR
in ALG-1(anti) complexes could vary across a wide range, and for
most mictoRNAs the two strands associated with ALG-1(anti)
nonstoichiometrically (Table 1 and Dataset S4). Notably, for some
microRNAs, the miR* strand accumulated in ALG-1(anti) com-
plexes to a greater extent than the corresponding miR strand
(Table 1). For example, for mir-2, the miR-2* strand associated
with ALG-1(anti) several-fold more than the miR-2 strand (Fig.
3G and Table 1). These cases of miR* strand accumulation in
excess to miR strand seem to reflect that ALG-1(anti) proteins are
defective in not only miR* strand disposal, but also in the normal
specificity of the miR guide strand choice (Fig. 44 and Table 1).

The 2'0-Methyl Oligo-Mediated Pull-Down of mir-58 Family and mir-2
microRNAs from Wild-Type and alg-1(anti) Differentially Enriches for
miRISC Components. As noted above, the accumulation of miR*
strands in ALG-1(anti) immunoprecipitates could reflect failure
to release miR* in the context of normal strand loading choice
(Fig. 44, model I) or an additional defect in strand choice (Fig.
44, model II). According to model I, we expect to recover ALG-
1(anti) (and perhaps other miRISC components) preferentially
using an anti-miR oligo, but not with an anti-miR* oligo. In
contrast, model II predicts that ALG-1(anti) and the associated
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Fig. 2. alg-1(anti) mutants show an accumulation of miR* strands in total RNA. (A) Northern blot analysis of total RNA extracted from wild-type and alg-1
mutants using probes against miR* strands (pre, precursor microRNA; int, intermediate species of microRNA processing presumably containing the passenger
strand and the loop). (B and C) Deep-sequencing analysis of small RNA populations from wild-type, alg-1(ma192) and alg-1(ma202) mutant animals shows an
increase in miR* populations (B) and loop accumulation (C) in the alg-7 mutants compared with wild-type. (D and E) Scatterplots showing fold-change in
individual miR*/miR ratios between alg-7(anti) and wild-type total RNA. Increased miR*/miR ratio is seen in alg-1(ma192) (D) and alg-1(ma202) (E) mutants
and is independent of microRNA abundance (ppm). Red dots represent microRNAs with an increased miR*/miR ratio in the alg-7 mutant over wild-type of at
least twofold; green dots represent miRNAs with a decreased miR*/miR ratio in the alg-7 mutant compared with wild-type of at least twofold. Black dots
represent no change in miR*/miR ratio in the alg-1 mutants compared with wild-type.

miRISC components should be recovered both by anti-miR pull-
down and by anti-miR* pull-down. To distinguish between these
models for mir-58 family microRNAs, we examined complexes
recovered from wild-type and alg-1(mal92) lysates by 2'O-
methyl oligo-mediated pull-down followed by MudPIT analysis
of the associated complexes. We observed that known miRISC
components were recovered by pull-down using an anti-miR-58
oligo but were not detected after pull-down of miR-58* (Fig.
4B). Both the miR-58"* and three members of the mir-58 family
microRNAs were efficiently depleted from the extract by 2'O-
methyl pull-down (Fig. 4C), presumably because of the sequence
homology between the related microRNAs (Fig. 4D). Therefore,
we do not believe that the low signals for miRISC proteins in the
anti-miR-58* pull-down (Fig. 4B) can be explained by inefficient
base pairing of passenger with anti-miR-58* oligo. Rather, we
interpret this result to support model I, where mir-58 family
microRNA passenger strand accumulation reflects retention of
the passenger strand in duplexes with an ALG-loaded guide
strand. This explains the recovery of both miR-58* and miR-58
by IP of ALG-1(anti) (Fig. 4 E and G) and the asymmetry of
miRISC component recovery in pull-down of miR-58 vs. miR-
58* (Fig. 4 B and H). We believe that the efficient recovery of
both strands by oligo pull-down reflects efficient competition of
the 2’-O-methyl oligos for their cognate microRNA strands in
extracts under the condition of the pull-down experiment.
Incidentally, Western blot analysis of the material recovered by
the 2'O-methyl pull-down of mir-58 family guide strands (Fig. 4F)
is qualitatively consistent with the MudPIT proteomic analysis of
the same samples (Fig. 4B). Both the Western blot and MudPIT
showed reduced association of ALG-1(anti) with mir-58 family
microRNAs. However, the signal for ALG-1(anti) appeared more
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reduced as detected by the Western blot compared with the wild-
type than the MudPIT data indicate (Fig. 4 B and F and Fig. S5).
This finding could in part reflect the fact that the protein abun-
dances of the miRISC components and other factors, as deter-
mined by MudPIT analysis, were normalized to the amount of the
microRNA present in the starting material, as well as the effi-
ciency of the pull-down (Fig. 4B). Furthermore, if ALG-1 and
ALG-2 protein yields (Fig. 4B) were recalculated using only
peptides that were unique to each Argonaute (discarding the
shared peptides; see Materials and Methods), the difference be-
tween ALG-1 abundance in wild-type vs. alg-1(anti) animal pull-
downs increases from twofold to ~sixfold (Fig. 4B), thus becoming
more consistent with the Western blot data. However, it remains
possible that AL.G-1(anti) detection on a Western blot by the anti—
ALG-1 antibody is hampered for unknown technical reasons.
Another MudPIT/Western blot discrepancy, the presence of
ALG-1 in the miR-58*-associated material as detected by Western
blotting in wild-type (Fig. 4F), could be a result of the more
stringent washing of the 2’-O-methyl pull-down material in prep-
aration for the MudPIT analysis.

Curiously, although the miR-58 family miR strand pull-down
from alg-1(anti) animals yielded a decreased recovery of ALG-1
compared with the wild-type ALG-1, an increased amount of
ALG-2 was recovered, in addition to the RDE-1 Argonaute (Fig.
4B and Fig. S5). This finding suggests a possible reapportioning
of some of the mir-58 family microRNAs in alg-1(anti) mutants
that normally associate with ALG-1 into ALG-2 and perhaps
other Argonautes. Consistent with this scenario, we did not de-
tect a decrease in association of mir-58 family microRNAs with
the miRISC effector protein AIN-1 (Fig. 4 B and F and Fig. S5),
suggesting that at least a portion of the microRNAs must be in
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Table 1. microRNAs classified according to their miR*/miR ratio in input or ALG-1 IPs from alg-1(anti) mutants and wild-type

Wild-type alg-1(ma192) alg-1(ma202) Fold-change

Average Average Average in miR*/miR
microRNA Average microRNA Average microRNA Average ratios

abundance miR*/miR abundance miR*/miR abundance miR*/miR between

(ppm) ratio (ppm) ratio (ppm) ratio ALG-1(ma202)
IP and

Class mir Input IP Input IP Input P Input IP Input P Input P ALG-1(wt) IP
Class I: mir-244 335 336 0.149 0.068 1,644 467 0.762 0.937 132 52 21.024 21.700 321
Asymmetric mir-87 297 327 0.102 0.005 258 181 2.400 1.081 158 94 13.566 9.205 1,942
(IP miR*/miR > 1) mir-2 518 966 0.091 0.020 1,308 3,748 3.520 0.484 140 442 30.950 4.261 212
mir-86 3,622 4,019 0.006 0.002 3,073 6,598 0.216 0.112 1,206 1,407 5.593 2.496 1,005
mir-252 310 1,187 0.006 0.002 129 1,618 4.769 0.526 240 1,024 3.349 1.565 818
mir-241 2,460 2,454 0.016 0.007 746 470 0.460 0.491 524 262 1.206 1.559 218
mir-45 2,269 1,868 0.014 0.006 6,359 2,322 0.010 0.014 10,737 6,100 1.298 1.127 183
Class II: mir-235 998 5,019 0.022 0.003 821 6,086 2.879 0.416 453 2,528 11.603 0.487 192
Asymmetric mir-90 2,323 13,937 0.054 0.002 4,580 11,900 0.316 0.022 1,572 8,970 3.301 0.256 105
(input mir-54 20,260 26,474 0.012 0.003 11,576 30,654 0.140 0.017 4,804 14,626 1.818 0.330 112
miR*/miR > 1) mir-786 329 314 0.139 0.051 2,067 2,586 0.149 0.037 167 118 1.188 0.373 7
mir-79 3,644 2,092 0.011 0.012 15606 12,644 0.238 0.159 8,892 6,286 1.024 0.607 51
Class Il mir-793 843 710 0.001 0.000 688 439 0.104 0.040 613 447 0350 0.214 492
Accumulated mir-77 34,022 14,471 0.002 0.001 19,458 18,383 0.114 0.063 53,246 27,746 0.190 0.467 463
mir-67 4,987 4,783 0.002 0.001 3,705 4,158 0.197 0.197 3,536 5,558 0.533 0.336 457
mir-82 23,791 24,879 0.001 0.000 7,637 5,013 0.065 0.010 18,774 19,543 0.133 0.057 213
mir-64 16,189 18,788 0.000 0.000 3,522 8,989 0.077 0.008 13,263 16,721 0.087 0.027 170
mir-1 68,107 82,018 0.002 0.000 13,608 6,031 0.183 0.065 29,357 26,087 0.202 0.068 160
mir-43 1,365 580 0.012 0.006 3,638 791 0.232 0.291 5,604 1,702 0.716 0.833 136
mir-50 9,314 10,552 0.004 0.001 2,792 1,126 0.151 0.017 698 659 0.564 0.087 134
mir-52 61,157 45,748 0.001 0.000 112,055 286,661 0.131 0.017 35,070 49,065 0.312 0.057 131
mir-792 217 186 0.003 0.002 111 119 0.071 0.082 53 50 0.286 0.237 125
lin-4 28,721 34,049 0.000 0.000 12,529 3,248 0.438 0.083 9,432 5,610 0.051 0.003 114
mir-248 267 314 0.001 0.000 122 84 0.104 0.033 61 49 0.066 0.028 113
mir-58 99,377 86,512 0.003 0.002 186,421 106,646 0.066 0.162 75,670 48,452 0.119 0.205 112
mir-38 4,656 2,615 0.007 0.001 12,010 1,343 0.025 0.014 6,628 1,940 0.142 0.129 95
mir-1829c 458 385 0.007 0.001 568 718 0.011 0.017 138 113 0.024 0.067 92
mir-84 7,428 8,996 0.004 0.001 5116 3,399 0.097 0.029 11,952 14,754 0.184 0.063 92
mir-81 24,466 27,301 0.001 0.000 7,395 8,512 0.190 0.013 15,353 28,579 0.142 0.012 84
mir-74 3,845 2,478 0.001 0.000 6,947 2,253 0.005 0.002 2,180 1,301 0.043 0.009 79
mir-71 54,306 58,135 0.009 0.003 34,269 18,007 0.354 0.206 29,816 28,479 0.688 0.248 78
mir-55 39,420 39,856 0.001 0.000 37,619 77,519 0.047 0.002 19,635 35,531 0.059 0.006 75
Class IV: mir-259 1,321 1,470 0.005 0.004 1,013 2,108 0.130 0.020 544 816 0.072 0.018 4
Unaffected mir-250 6,847 1,897 0.013 0.002 10,518 2,811 0.007 0.005 24,762 9,243 0.010 0.009 4
mir-1829a 71 136 0.284 0.030 49 92 1.107 0.108 43 74 0.506 0.096 3
mir-356b 53 96 0.047 0.021 24 60 0.431 0.141 45 114 0.291 0.064 3
mir-59 105 53 0.010 0.016 564 182 0.028 0.032 529 151 0.010 0.047 3
mir-63 2,915 2,920 0.034 0.017 1,520 999 0.035 0.013 3,177 4,966 0.105 0.041 2
mir-61 1,652 848 0.003 0.002 2,693 1,119 0.008 0.005 1,637 1,117 0.013 0.005 2
mir-36 1,492 468 0.105 0.027 9,510 2,694 0.047 0.027 13,420 6,710 0.056 0.057 2
mir-230 355 285 0.202 0.093 409 328 0.195 0.089 466 762 0.612 0.190 2
mir-2214 189 84 0.021 0.112 403 148 0.056 0.202 617 151 0.050 0.220 2
mir-4816 97 57 0.073 0.021 124 54 0.210 0.038 133 112 0.202 0.037 2
mir-75 3,038 2,426 0.044 0.026 4,394 5,836 0.107 0.072 29,063 89,083 0.117 0.044 2
mir-65 30,192 20,108 0.000 0.000 5,417 4,792 0.005 0.001 24,775 43,527 0.001 0.000 2
mir-62 486 485 0.244 0.018 1,397 478 0.123 0.027 1,070 928 0.075 0.021 1
mir-791 47 364 0.797 0.117 37 422 2.076 0.076 45 221 0.694 0.053 0
mir-34 3,106 3,459 0.084 0.054 2,950 1,253 0.233 0.096 4,709 1,753 0.149 0.023 0

Class I: Asymmetric. MicroRNAs that had a miR*/miR ratio >1 in ALG-1(ma202) IP. Class Il: Asymmetric in input. MicroRNAs that had a miR*/miR ratio >1 in
input for the ALG-1(ma202) IP. Class Ill: Accumulated. 20 microRNAs representative of the microRNAs whose miR*/miR ratio was significantly increased in
ALG-1(ma202) IP compared with wild-type ALG-1 IP. See Dataset 5S4 for a complete list. Class IV: Unaffected. MicroRNAs whose miR*/miR ratio changed <4
between wild-type ALG-1 IP and ALG-1(ma202) IP. ppm, parts per million.

miRISCs that contain AIN-1. The observed AIN-1 and DCR-1  family microRNA association with AIN-2 was not observed in
signal (Fig. 4F) is likely to at least in part reflect complexes of  alg-1(mal92) mutant animals (Fig. 4B), suggesting that AIN-2
miR-58 with ALG-2. Similar observations were made for the  may differ from its homolog AIN-1 with respect to its interaction
mir-52 family microRNA pull-downs (Fig. S6). Interestingly, mir-58 ~ with Argonautes ALG-1 and ALG-2.
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To understand the basis for miR-2* strand accumulation (Figs.
3G, 44, and 54) we conducted 2'O-methyl pull-down experiments
from wild-type and alg-1(anti) animals using oligos complementary
to miR-2 and miR-2* strands. Pull-down against miR-2 recovered
ALG-1 protein from both wild-type and alg-1(anti) animals (Fig.
5B). Surprisingly, we found that pull-downs with an oligo comple-
mentary to the miR-2* also recovered ALG-1(anti) protein (Fig.
5B). This finding suggests that at least a subpopulation of miR-2*
strands are associated with the mutant ALG-1(anti) as single
strands, indicating that ALG-1(anti) is defective in proper strand
selection for mir-2 (model II in Fig. 44). This cannot be the only
defect in miR-2::ALG-1(anti) association, because the quantity of
ALG-1(anti) detected in the anti-miR-2* pull-down is less than
what is associated with the miR-2 strand, even though miR-2* is in
excess to miR-2 (Fig. 54). This finding indicates that perhaps
miR-2* strand accumulation in ALG-1(anti) complexes reflects a
combination of two defects: its inefficient ejection from the duplex
(model I in Fig. 44) as well as erroneous miR-2* incorporation
into the ALG-1(anti) Argonaute as guide (Fig. 44, model II, and
Fig. 5 C and D). However, miR-2 complementary 2’-O-methylated
oligo cross-reacts with other members of the mir-2 family, given the
sequence overlaps between family members, whereas miR-2*
complementary oligo is expected to specifically recover miR-2*.
These differential specificities of oligos may also contribute to the
differing amount of ALG-1 observed as associated with both the
mir-2 family microRNAs and miR-2* alone (Fig. 5 A and B).

The Set of microRNAs Exhibiting Grossly Abnormal miR* Loading
by ALG-1(anti) Are Not Easily Distinguished by Features of Their
microRNA Duplex Structures. None of class I asymmetric micro-
RNAs (Table 1) are particularly enriched (relative to the other
classes; see Table 1) for microRNAs that preferentially associate
with ALG-1 compared with ALG-2 (40), suggesting that a simple
bias of microRNAs to preferentially load into one Argonaute vs.
another cannot explain the asymmetric miR* loading into ALG-
1(anti). In addition, class I asymmetric microRNAs do not have a 5’
nucleotide bias for either miR or miR* (Fig. S7 A and B). Simi-
larly, no 5p vs. 3p precursor arm bias was detected for asymmetric
microRNAs (class I) compared with other classes (Table 1 and
Fig. S7C). MicroRNAs with highly ALG-1(anti)-enriched miR*
strands (class I in Table 1) also showed similar distribution of
duplex and duplex end energies compared with those microRNAs
whose miR* strands were not enriched in ALG-1 IP (classes II,
III, and IV in Table 1, and Fig. S7 D and E). Pairing (or lack
thereof) of the 5’ nucleotide of miR or miR* also does not explain
the differential incorporation of some miR* strands into ALG-
1(anti) (Fig. S7 E and F). Similarly, our analysis of differences
between duplex seed energies on the 5 end of the guide vs. 5’ end
of the miR* (AAG seed) did not distinguish the asymmetrically
loaded microRNAs from the other classes (Fig. S7G).

Discussion

Here we report detailed molecular characterizations of the
previously genetically described antimorphic alg-I mutations
(31). These mutations were shown to have broad effects on
microRNA function and are more detrimental than complete loss
of ALG-1, yet do not significantly affect Dicer processing of
microRNA precursors or mature guide microRNA accumulation
(31). The strong phenotypes caused by ALG-1(anti) could be
explained by the observation that ALG-1(anti) complexes contain
microRNAs, but poorly associate with the miRISC effector AIN-1,
and hence sequester microRNAs in ineffective complexes (31).
Previous findings also showed that ALG-1(anti) complexes are
more enriched for Dicer than are wild-type ALG-1 complexes,
further indicating that ALG-1(anti) proteins could be defective in
transition from miRISC biogenesis to miRISC function (31).

In this study, we aimed to better understand the effects of these
alg-1(anti) mutations on ALG-1 function through comprehensive
analysis of the profile of proteins and microRNAs associated with
ALG-1(anti) complexes in vivo. MudPIT mass spectometry char-
acterization of ALG-1(anti)-associated proteins revealed a shift in
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the profile of protein interactors compared with the wild-type that
is consistent with defective miRISC maturation by ALG-1(anti).
Furthermore, we show that for most microRNAs the ALG-1(anti)
complexes inappropriately retain the miR* strand, the strand of the
pre-microRNA duplex that is ordinarily, in the wild-type, chosen as
the passenger strand and hence disposed of. In some cases, the
miR* strand accumulates in dramatic excess to the microRNA
strand, revealing defects in the specificity of guide strand choice.

These results suggest that the normal function of ALG-1 in-
cludes direct or indirect roles in (i) the specificity of the micro-
RNA strand selection, and (ii) the disposal of the miR* strands.
Importantly, we observe that the effects of ALG-1(anti) on
microRNA strand selection and miR* disposal can differ widely—
qualitatively and quantitatively—depending on the particular
microRNA. This finding suggests that wild-type ALG-1 Argonaute
normally functions as an active component of complexes that
recognize specific microRNA precursors in such a way as to de-
termine the specificity of microRNA strand selection and the ef-
ficiency of miR* strand disposal.

ALG-1(anti) Complex Composition Is Consistent with Stalled miRLC
Complexes. Our MudPIT analysis of the ALG-1 coimmunopre-
cipitates from wild-type and alg-1(anti) mutant animals revealed
a shift in the profile of ALG-1-associated proteins (Fig. 1, Fig.
S1, and Dataset S1). This shift includes the detection of protein
populations associated with ALG-1(anti) that were not detected
in wild-type ALG-1 complexes, and an absence of proteins that
were detected only in wild-type complexes. This finding is con-
sistent with the model that both ALG-1(mal92) and ALG-
1(ma202)-containing complexes are defective in properly matur-
ing into functional miRISC. These MudPIT data support and
expand our previous findings from Western blot analyses of
Dicer and AIN-1 association with ALG-1(anti) (31). By MudPIT,
ALG-1(anti) are observed to associate more with DCR-1 and less
with AIN-1, than does wild-type ALG-1 (Fig. 14 and Dataset S1).
The MudPIT data further show that ALG-1(anti) exhibit a re-
duced association with a set of additional proteins known to be
required for microRNA target translational repression and target
degradation, including poly(A)-binding proteins PAB-1 and PAB-
2. At the same time, ALG-1(mal92) IPs contained an increase in
heat-shock family proteins that have been previously shown to
assist in the loading of the Argonautes (4, 6). Therefore, this
observation further supports our model that ALG-1(anti)—con-
taining complexes are stalled in a pre-miRISC form, perhaps as
the miRLC.

Our deep-sequencing of cDNA libraries prepared from ALG-
1(anti) immunoprecipitated complexes further supports the in-
terpretation of ALG-1(anti) complexes as being stalled in a
miRLC form. Notable in this regard is our finding that both
miR* and loop sequences, which are excised by Dicer from
microRNA precursors and usually ejected before miRISC mat-
uration, are enriched in ALG-1 IP from alg-1(anti) worms
compared with the wild-type (Fig. 3).

microRNAs Can Shift from ALG-1 to Other Argonautes in alg-1(anti)
Animals. MudPIT analysis of complexes recovered by oligonucleo-
tide-mediated pull-down of mir-58 family microRNAs from alg-
1(anti) worm extracts revealed an increase in the amount of ALG-2
recovered (Fig. 4B). This increase could reflect an up-regulation of
ALG-2 protein abundance in the alg-1(anti) background (for ex-
ample, via a hypothetical compensatory regulation of ALG-2). We
showed previously that alg-2 mRNA levels were not detectably in-
creased in alg-1(anti) animals, but we were not able to determine
ALG-2 protein abundance because of a lack of ALG-2-specific
antiserum (31). Alternatively, inability of ALG-1(anti) Argonautes
to appropriately load miR-58 may result in a release of the mir-58
duplex from ALG-1(anti) and subsequent take up by the available
microRNA competent Argonautes such as ALG-2 and RDE-1,
according to a previously proposed “duplex sorting” model (11).
Interestingly, oligonucleotide-mediated pull-down of the miR-
58 family guide also showed a relatively minor, but nevertheless
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Fig. 3. ALG-1(anti) Argonaute associates with miR* strands to a much greater degree than does wild-type ALG-1. (A and B) microRNAs are enriched (A), and
tRNAs are de-enriched (B) in the ALG-1 IP compared with input. (C and D) ALG-1(anti) associates with a greater amount of miR* strands (C) and precursor
microRNA loops (D) compared with the wild-type ALG-1. (E and F) Scatterplots showing fold-change in individual miR*/miR ratios in material coimmuno-
precipitates with ALG-1 from alg-7(anti) and wild-type. Increased miR*/miR ratio for microRNAs associated with ALG-1 is exhibited for alg-1(ma192) (E) and
alg-1(ma202) (F) mutants and is independent of microRNA abundance. Red dots represent miRNAs with an increased miR*/miR ratio in the alg-1 mutant over
wild-type by at least twofold; green dots represent miRNAs with a decreased miR*/miR ratio in the alg-7 mutant compared with wild-type of at least twofold.
Black dots represent no change in miR*/miR ratio in alg-1 mutants compared with wild-type. (G) Histograms showing miR-2 and miR-2*, as well as miR-58 and
miR-58* strand association with immunoprecipitated wild-type and mutant ALG-1 protein.

striking, shift of these microRNAs to RDE-1 in alg-1(anti) mu-
tants (Fig. 4B and Fig. S5). RDE-1 has been previously shown to
associate with multiple classes of small RNAs, including micro-
RNAs (41). It is possible that RDE-1 may function as a natural
reservoir for microRNAs that are, under certain circumstances,
excluded from ALG-1 and ALG-2. It is worth noting that if there
were a broad shift in microRNAs from ALG-1(anti) to other
Argonauts, then that could result in a general mitigation of the
alg-1(anti) phenotypes by providing some measure of functional
replacement of the defective ALG-1(anti) protein.

ALG-1(anti) Causes Defects in Guide Strand Choice and Passenger
Strand Disposal. Ordinarily, for the majority of microRNA pre-
cursors, one strand of the duplex is specifically selected to asso-
ciate with Argonaute in the guide strand configuration, whereas
the other strand is ejected and subsequently degraded. Therefore,
in the wild-type, the miR*/miR ratio is exceedingly small for most
microRNAs, with few exceptions, such as mir-30 in mammals (42)
and mir-47 in C. elegans (Dataset S4). A striking aspect of our
findings is that the usual asymmetry of miR vs. miR* accumulation
is dramatically altered in ALG-1(anti) complexes (Table 1). In
ALG-1(ma202) complexes, 75 microRNAs exhibited a 4- to
~2,000-fold increase in the ratio of miR* to miR compared with
the wild-type (Table 1 and Dataset S4).

Zinovyeva et al.

Importantly, for certain microRNAs, the miR* strand accu-
mulated in ALG-1(anti) complexes to levels in excess to their
miR strand counterparts [for example, miR-2* in alg-1(ma202)].
In such cases of miR* excess, at least a portion of the miR*, must
be loaded into ALG-1(anti) in the guide strand configuration.
This interpretation is supported by our finding that oligonucle-
otide pull-down of miR-2* from alg-1(ma202) extracts yielded
ALG-1, as detected by Western Blot (Fig. 5). Thus, for at least
some microRNAs (class I in Table 1), ALG-1(anti) complexes
fail to execute the proper specificity of guide strand choice.

For those microRNAs whose miR* strand did accumulate in
ALG-1(anti) complexes, but not in excess to the microRNA
strand (classes I and III in Table 1), the underlying defect could
be a defective guide strand choice selection, although less potent
than for the class I microRNAs. Alternatively, for some of these
class II/III microRNAs, miR* strand accumulation could reflect
simply a miR* strand release defect in the context of normal
strand choice. Pull-down of miR-58* strands in alg-1(anti) did
not appreciably recover ALG-1, ALG-2, AIN-1/2, or DCR-1
(Fig. 4 B and F), whereas pull-down of the miR-58 strand did
recover these known Argonaute complex components (Fig. 4 B
and F). Thus, unlike miR-2, where oligonucleotide pull-down of
the miR* strand did yield ALG-1 (Fig. 5), the miR-58* strand
seems to be not directly associated with ALG-1 but in a duplex

PNAS | Published online September 8, 2015 | E5277

%)
=
o
a
w
<
=
o

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506576112/-/DCSupplemental/pnas.201506576SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506576112/-/DCSupplemental/pnas.1506576112.sd04.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506576112/-/DCSupplemental/pnas.1506576112.sd04.xlsx

o
8
g
&
o
&
5
2
s
8
S
<
5
®
2
w
%]
2
I
(5]
<
&
@
<
=
s
<]
>
E
7]
o
i
=
B
=]
B
]
3
2
3
K3
2
H
3
[=}

Model |
(Strand choice normal

Model Il
(Strand choice defective)

Protein yield / mir-58 family pulldown

Ny

Jmﬂmmg

A

A

gyt
g Prediction Prediction C
S ALG-1: miR + miR* miR + miR*
S| miR*: no ALG-1 ALG-1
a
D miR-81  UGAGAUCAUCG----UGAAAGCUAGU
miR-80  UGAGAUCAUUAGUUGAAAGCCGA-
miR-58  UGAGAUCGUUCA----GUACGGCAAU
KKK KX KX ¥ * ¥ *
E microRNA abundance in ALG-1 IP (ppm)
wild type alg-1(ma192)
miR miR* miR miR*
miR-58 86512 147 106646 14081
miR-80 | 163640 118 41385 12104
miR-81 27301 4 8512 104 G
F mir-58 2’ O-methyl pulldown
L ) L]
Input wt mal92 ma202 mir-58(-)
o 0@ SNE o5 sgAl - 55 sg T - 5 sg? T 58 56°
ALG-T e mmae N~ - -
DCR-1

=—='ma - -

AN-1T enesarer  Sa o -

miR-58 miR-58%
wild type alg-1(ma192) | wild type alg-1(mai92)
ALG-1 1035 (706)t 562 (118)1] 0 0
ALG-2 1028 (659)t 1879 (925)1 0 0
DCR-1 144 121 0 0
AIN-1 394 424 0 0
AIN-2 82 0 0 0
RDE-1 0 42 0 0
100
T .o f EE mirss
% €
2 g 807 = miR-80
o w Bl miR-81
S £ 60 )
< @ B lin4
= Q
e 7 401
= =1 miR-58*
2 S 201
€ &
R o s - i
> 3
. «° ‘(\‘0\9'6 ((\\‘ ‘O\eb ((\\‘c’% 2'0-methyl oligo
o“\\ o« (\x\ <« ‘\\\
wild type alg-1(ma192)

ALG-1IP miR-58 and miR-58*% 2'OM pulldown

+
Y GALG-1 Ab +
Y 2'0-methylated oligos

Fig. 4. 2'0O-methyl oligonucleotide pull-downs from wild-type and alg-7(anti) mutants suggest that miR-58* accumulation in ALG-1 is a result of failure of
ALG-1(anti) to release it from the duplex. (A) Two models for miR* microRNA accumulation in alg-7(anti) mutant animals. Model I: ALG-1(anti) complexes
retain both microRNA strands primarily in a bound duplex. Model II: ALG-1(anti) complexes contain single strands of miR and miR* microRNAs because of a
loss in the ability of the protein to differentiate between the two strands. Predictions of the outcome for IP and pull-down experiments are shown directly
below each model. (B) Protein yield of miRISC components and other small RNA related factors from mir-58 family microRNA pull-down as determined by
MudPIT proteomics and normalized to the amount of RNA depleted by the 2'O-methyl pull-down. TALG-1 and ALG-2 protein yield as determined based on
normalized spectral abundance factor (NSAF)unique (S! Materials and Methods). (C) Efficiency of the miR-58 and miR-58* strand pull-downs presented as
percent microRNA depleted from the supernatant in samples shown in B. (D) Sequence alignments between members of the mir-58 family of microRNAs. (E)
miR-58 family microRNA and miR* abundances in wild-type ALG-1 and ALG-1(anti) IP. (F) Western blot analysis of mir-58 microRNA family pull-downs from
extracts of alg-7(anti) and wild-type animals showing association of ALG-1, DCR-1, and AIN-1 with mir-58 family microRNAs (-, scrambled oligo control; 58,
oligo against miR-58; 58*, oligo against miR-58*). (G and H) Summary model for the miR-58* strand and related proteins accumulation as observed in
alg-1(anti) mutants by (G) ALG-1(anti) IP and (H) miR-58 and miR-58* 2’0O-methyl pull-downs (m, miR; m*, miR*).

with ALG-bound miR-58 microRNA. This finding indicates that
for mir-58 and likely many other microRNAs exhibiting miR*
strand accumulation, ALG-1(anti) causes a miR* strand release
defect (Fig. 44, model I).

Defective passenger strand release by ALG-1(anti) suggests an
active role for ALG-1 in the passenger release process. This role
may represent a direct activity of ALG-1, such as cleavage of
passenger strand by ALG-1 slicer activity. However, recombinant
ALG-1(anti) protein seems to retain slicer activity by in vitro
assays (31). Moreover, many microRNA precursors contain mis-
matched bases in the center of their precursor helix, precluding
passenger strand slicing (43). Thus, excess miR* accumulation
in ALG-1(anti) Argonautes likely reflects passenger release by
slicing-independent mechanisms.

It is curious that for certain microRNAs we observed high
levels of miR* strands in whole-worm extracts, yet the miR*

E5278 | www.pnas.org/cgi/doi/10.1073/pnas.1506576112

strands of those particular microRNAs were not efficiently re-
covered by in ALG-1 immunoprecipitation (Fig. 4B and Table
1). This finding suggests that many miR* strands are either not
stably associated with ALG-1 under the conditions of IP, or they
are associated with other complexes of unknown composition.
Throughout our characterizations of the alg-1(anti) mutants we
observed quantitative and qualitative differences between alg-
1(mal92) and alg-1(ma202) alleles in how these two mutant ALG-1
proteins affect miR* strand accumulation for specific microRNAs.
alg-1(ma202) animals appear to accumulate miR* strands to a
greater degree than do alg-1(mal92) mutants, both in total RNA
samples and in ALG-1 IP (Figs. 2 and 3, Table 1, and Fig. S3).
alg-1(mal92) and alg-1(ma202) alleles affect two distinct domains
of ALG-1 (PIWI and MID, respectively) and may differentially
affect ALG-1 interactions with specific microRNAs and protein
cofactors. It is intriguing to consider that the two mutated forms of

Zinovyeva et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506576112/-/DCSupplemental/pnas.201506576SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506576112/-/DCSupplemental/pnas.201506576SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1506576112

L T

/

1\

BN AS PN AN D

Downloaded at UNIVERSITY OF MASSACHUSETTS on October 21, 2020

A
microRNA abundance in ALG-1 IP (ppm)
wild type alg-1(ma192) alg-1(ma202)
miR miR* miR miR* miR miR*
miR-2 966 17 3748 1973 442 1837
miR-43 580 3 791 210 1702 1147
miR-250 | 1897 4 2811 15 9243 79
miR-797 417 1 364 5 237 10
B mir-2'O-methyl pulldown

Input N

wt alg-1(mai92) alg-1(ma202)"
I L ll-bll-bl
wtmal92 ma202 - 2 2 -2 2*x - 2 2
R N
- - >

DCR-1 ""-'"E."" ———
AIN-1

C D

ALG-1 1P

,«mn i) ” PR ' A"

YYQALG1Ab +

X

miR-2 and miR-2* 2'OM pulldown

2'0- methylated oligos

|
G,

3

Fig. 5. 2’-O-methyl oligonucleotide pull-downs from wild-type and alg-1(anti) mutants suggest that miR-2* accumulation in ALG-1 is in part a result of
inappropriate loading into the ALG-1(anti) Argonaute. (A) mir-2 family microRNA and miR* abundances in wild-type ALG-1 and ALG-1(anti) IP. (B) Western
blot analysis of miR-2 and miR-2* pull-downs from extracts of alg-7(anti) and wild-type animals showing association of ALG-1, DCR-1, and AIN-1 with mir-58
family microRNAs (-, scrambled oligo control; 2, oligo against miR-2; 2*, oligo against miR-2*). (C and D) Summary model for the miR-2* strand and related
proteins accumulation as observed in alg-7(anti) mutants by (C) ALG-1(anti) IP and (D) miR-2 and miR-2* 2'O-methyl pull-downs.

ALG-1 Argonaute both disrupt miRLC to miRISC maturation but
impose distinct effects on the ability of ALG-1 to interact with
specific microRNA and protein cofactors.

Distinct Effects of ALG-1(anti) on Different microRNAs. Our data indicate
at least two distinct effects of ALG-1(anti) on microRNA bio-
genesis that are exhibited to varying degrees by different micro-
RNAs: loss of specificity of guide strand selection (for example,
mir-2) (Table 1), and defective passenger strand release (for ex-
ample: mir-58) (Table 1). At this point we cannot estimate how
many microRNAs in classes I and II/IIT could be defective in only
passenger strand release (such as mir-58), or only guide strand se-
lection, or could be affected by compound defects in both processes.

We speculate that differing effects of ALG-1(anti) on miR
strand selection and miR* disposal for distinct microRNAs
could reflect how ALG-1 recognizes sequence-specific or duplex
structure-specific features characteristic of each pre-microRNA
in the context of miRLC. Presumably, for all microRNAs, guide
strand selection involves a sampling by the miRLC of both ori-
entations of the duplex (with either miR or miR* sampled as the
potential guide), with the specificity of the guide strand choice
determined by mechanisms that couple passenger release selec-
tively to a specific duplex orientation (Fig. 6). There is evidence
that microRNA passenger strand selection by Argonaute may
involve conformational changes in the Argonaute::pre-mir
complex that could be triggered by structural features charac-
teristic of one duplex orientation, and that subsequently favor
passenger strand release (19). It is possible that ALG-1(anti)
mutant proteins are primarily defective in key miRLC confor-

—_—

Strand choice complex Strand release complex
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mational changes that couple miR* or passenger strand release
to a specific duplex orientation for specific microRNAs. Accord-
ing to this model, microRNAs, such as mir-2 and other class I
asymmetric microRNAs, correspond to cases where strand selec-
tion depends on a conformational change that is defective in
ALG-1(anti). On the other hand, microRNAs (such as mir-58)
that display proper strand selection in alg-1(anti) mutants, but
poor miR* strand release, are those for which strand selection is
determined before the defective conformational change.
Interestingly, the class of asymmetric microRNAs, whose miR*
strands were more abundant in the ALG-1(anti) than their miR
strands (class I in Table 1), is enriched for microRNAs with paired
duplex ends at both the 5" and the 3’ ends (Fig. S7E), with all of the
asymmetric microRNA duplexes being paired at the 3’ end. At the
same time, the majority of the unaffected microRNAs had an
unpaired 3’ nucleotide (Fig. S7E). This observation is intriguing but
not predictive of asymmetric loading, as that difference alone can-
not explain the disparity between miR* Argonaute loading for class I
microRNAs compared with all other microRNAs. It is possible that
our inability to identify microRNA duplex features as predictors of
asymmetric loading into ALG-1(anti) was hampered by the small
sample size of class I microRNAs in this study (Table 1). Therefore,
we do not preclude the possibility that certain features or some
combination thereof may in fact influence strand loading in alg-
1(anti) mutants. However, our data raise an intriguing possibility
that additional microRNA-extrinsic mechanisms may help deter-
mine which microRNA strand becomes loaded and functional.
It’s interesting to consider that different rules governing guide
strand selection and passenger disposal may apply to different

Wﬂ% .

—
AL =
W AAAAAA

Effector complex

Fig. 6. A model representing factors that influence
the orientation of microRNA duplex loading.
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microRNAs. Given the differences between protein cofactors
associated with ALG-1 in wild-type and alg-1(anti) mutant ani-
mals, one attractive possibility is that Argonaute cofactors may
be what imparts the context/microRNA specificity of strand se-
lection and allows for modulation of strand choice (Fig. 6). We
suggest that duplex orientation is sampled by the miRLC and
that loading of the duplex into the Argonaute in correct orien-
tation depends on several properties, both intrinsic and extrinsic
to the microRNA duplex itself. We propose that features of the
duplex structure, conformation of the Argonaute protein itself,
and the presence of microRNA-specific protein cofactors (shown
in green and purple in Fig. 6) may all be important for the ap-
propriate orientation of the duplex during miRLC loading.
Given the evidence that passenger strand may be functional
in certain circumstances (23, 44-46), the ability to modulate the
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choice between guide and passenger strands must be highly
regulated. Such regulation could be indispensable in develop-
mental and pathological contexts in which the specificity of
guide/passenger strand selection is critical. Further study is re-
quired to develop a fuller understanding of how microRNA
strand choice is executed and regulated by Argonautes and their
associated cofactors.
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