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TALEN-based knockout library for human microRNAs
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Various technical tools have been developed to probe the functions of microRNAs (miRNAs), yet their application has been
limited by low efficacy and specificity. To overcome the limitations, we used transcription activator-like effector nucleases
(TALENS) to knock out human miRNA genes. We designed and produced a library of 540 pairs of TALENs for 274 miRNA loci,
focusing on potentially important miRNAs. The knockout procedure takes only 2—4 weeks and can be applied to any cell type.
As a case study, we generated knockout cells for two related miRNAs, miR-141 and miR-200c, which belong to the highly
conserved miR-200 family. Interestingly, miR-141 and miR-200c, despite their overall similarity, suppress largely nonoverlapping
groups of targets, thus suggesting that functional miRNA-target interaction requires strict seed-pairing. Our study illustrates

the potency of TALEN technology and provides useful resources for miRNA research.

miRNAs are phylogenetically conserved post-transcriptional regu-
lators that induce translational repression and mRNA destabiliza-
tion!. Canonical miRNA genes are transcribed by RNA polymerase II,
yielding long primary transcripts (pri-miRNAs) that contain local
hairpin structures?. The hairpin is cleaved initially by the nuclear
RNase III protein Drosha, and this releases a pre-miRNA. After nuclear
export, the pre-miRNA is processed by the cytoplasmic RNase III
protein Dicer. The resulting small-RNA duplex is then loaded onto
the Argonaute (also known as Ago) protein. One strand of the
duplex remains stably associated with Ago while the other strand is
discarded. Although miRNAs are generally produced from both the
5”and 3" strands of a miRNA hairpin (referred to as 5p and 3p miRNAs,
respectively), one strand is usually more abundant than the other. The
miRNA-Ago complex, known as a core component of RNA-induced
silencing complex, acts as an effector complex in gene silencing.
miRNAs generally recognize their target mRNAs through specific
base-pairing at the 3" untranslated region (UTR). The sequences 2-8 nt
from the 5" end of miRNA are critical for the interaction with the
targets and hence are referred to as ‘seed’ sequences.

The latest release of the miRBase (release 19) has cataloged 223 miRNA
loci in Caenorhabditis elegans, 238 loci in Drosophila melanogaster
and 1,600 loci in Homo sapiens®. During evolution, animal miRNA
genes have undergone gene duplications resulting in the formation of
multiple paralogs (or sisters’). They are often clustered in the genome
and form a single transcription unit. The miRNA sisters typically have
identical or highly similar sequences in the 5" seed region, whereas
the middle and the 3" part are more variable. The extent to which the
varying sequences among miRNA sisters contribute to the targeting
specificity of miRNAs remains largely unexplored.

To aid in understanding the biological and pathological signifi-
cance of miRNAs, various technical tools have been introduced?.

Chemically synthesized oligonucleotides are widely used to mimic
miRNA activity in gain-of-function experiments. However, the results
obtained from synthetic mimics at high doses should be interpreted
with caution because the mimics may perturb the endogenous miRNA
pathway?®. Synthetic oligonucleotides complementary to miRNAs have
been used to inhibit miRNAs, but they can tolerate some mismatches,
thus resulting in unintended effects, especially when there are multiple
related miRNAs®. miRNA sponges (transcripts that contain comple-
mentary sites to ‘soak’ miRNAs) also suffer from the specificity issue’.
Therefore, gene knockout (KO) would be an ideal choice for dele-
tion and study of an individual miRNA locus. Although homologous
recombination-based methodology has been conventionally used in
animal models8?, it is not widely accessible, owing to the complicated
procedure and limitations in choice of organism.

Engineered nucleases cleave chromosomal DNA in a site-specific
manner, thus producing a DNA double-strand break (DSB), which
in turn triggers an error-prone repair process known as nonhomolo-
gous end joining; this allows targeted mutagenesis in virtually any cell
type or organism!9-13. We have previously used zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs) and
CRISPR-Cas9-derived RNA-guided endonucleases (RGENS) to dis-
rupt protein-coding genes in cell lines and animals'3-17. Among the
three types of programmable nucleases, TALENS are suitable for small
loci with narrow targetable regions because TALENS are applicable
to almost any DNA sequence, whereas ZFNs and RGENS are limited
by the availability of zinc-finger modules and the requirement of
GG dinucleotides in the target sequence, known as the protospacer-
adjacent motif'8, respectively.

In this study, we used a TALEN-mediated KO technique to delete
human miRNA genes with high efficiency and specificity. We gener-
ated a library of 540 TALEN pairs for 274 loci, targeting authentic
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miRNAs. As a case study, we generated single- and double-KO
cell lines for two related miRNAs, miR-141 and miR-200c¢, to inves-
tigate their functional differences. The miRNA TALENs will be dis-
tributed upon request through our website (http://www.talenlibrary.
net/h_miRNA/).

RESULTS
Selection of miRNA loci for TALEN library construction
One of the challenges in developing a TALEN library for miRNAs
is that the current miRNA database (miRBase release 19) inevitably
contains a substantial number of faulty annotations. The majority of
registries, particularly the recent ones, have been annotated on the
basis of high-throughput sequencing, which is sensitive enough to
detect RNAs of low abundance and decay intermediates. Close exami-
nation of the data reveals that a sizable fraction of miRNA entries are
supported by only small numbers of sequencing reads and that their
5" ends are highly heterogeneous. The 5" end of an authentic miRNA
is defined by RNase III and protected by Ago with few exceptions
of mirtrons!®. miRNA genes are under strong selective pressure to
preserve the 5" end of mature miRNA because the position of the
seed sequence is important for target recognition. A systematic effort
to experimentally validate miRNAs in miRBase version 14 revealed
that nearly one-third of the tested loci (173 of 564) lack convincing
evidence that they produce authentic miRNAs??. Although some of
the misannotated entries have been removed from the database, many
more have been added without validation, thus suggesting that cur-
rent estimates of the number of existing miRNAs might be inflated.
To generate a useful TALEN library, we decided to focus on
miRNAs that are likely to be biologically important. To this end, we
collected and examined 71 data sets from small-RNA sequencing
libraries from various human tissues and cell types (Supplementary
Table 1). We selected miRNAs whose expression ranks belonged to
the top 10% (higher than 90th-percentile rank) in at least one tissue
type. We also filtered out miRNAs that are heterogeneous at the
5’ termini (5" homogeneity lower than 0.9). We defined the 5 homo-
geneity as the number of reads sharing the 5" end of the most fre-
quent sequence, divided by total read numbers from the given strand.
Because our criteria are stringent, and thus some of the tissue-specific
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miRNAs and alternatively processed miRNAs failed to pass the
filter, we curated additional miRNAs on the basis of the literature and
manual sequence examination. We eventually selected 274 miRNAs
for KO study (Supplementary Table 2). This set includes 159 out
of 187 (85%) miRNAs that are broadly conserved in vertebrates?!.
It also contains those with narrower phylogenetic distribution such
as miR-498, miR-605, miR-629 and miR-1323, which are potentially
primate specific.

Design strategies for TALEN constructs

A pair of TALEN enzymes form a dimer and generate a DSB between
the two enzyme-binding sites. We here refer to the region between the
enzyme-binding sites as the “TALEN target region. Error-prone repair
of the DSB gives rise to small insertions or deletions (indels). Because
of these small changes, the TALEN target region in the miRNA loci
must be selected carefully. If the indel were to occur in a location
that is not critical for miRNA biogenesis and function, the miRNA
activity would remain intact even when the genomic mutagenesis
itself was successful.

In the initial design (design A, Fig. 1a,b), we used the region cor-
responding to 1-8 nt of mature miRNA as the TALEN target region.
This is because even a small indel in this region is expected to disrupt
miRNA activity. In addition, because the seed region is adjacent to the
processing sites, indels in this region would distort RNA structure and
affect processing. Although, in principle, TALEN constructs could be
designed for any genomic DNA, the efficiency of TALEN targeting can
be variable depending on the target sequence and TALEN architec-
ture. In a previous study, we reported an improved TALEN architec-
ture with high efficiency, success rate and specificity'®. We designed
TALEN constructs, on the basis of this prior knowledge, that recognize
half-site DNA sequences of 18-20 bp in length, including a conserved
T base at the 5 end, with the center of the miRNA seed region being
the most preferred TALEN cleavage site (design A, Fig. 1a,b).

Although we could successfully design highly efficient TALENS for
most miRNA loci in accordance with the criteria above, in some cases
the seed region was not suitable for design of efficient TALENS. For those
miRNA loci, we instead targeted Drosha processing sites (design B,
Fig. 1a,b). Indels near Drosha processing sites would distort the
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Figure 1 TALEN-mediated KO of miRNAs. (a) Design of TALEN constructs. Schematic structures of miRNA locus (top) and pri-miRNA (bottom)

are shown. Three different design rules were applied to generate effective TALEN constructs. The TALEN target regions are indicated with brackets
(design A through C). Each nucleotide position is designated with the letter ‘R’ or ‘C’ to indicate the processing site by Drosha or Dicer, respectively.

The nucleotides upstream or downstream of the given processing site are indicated with negative or positive numbers, respectively, on the bottom right.
On the top right, the strand of the hairpin is indicated as either 5p or 3p. (b) Summary of the strategies for TALEN design. (c) T7E1 assay of KO efficacy
of the TALEN library. 66 TALEN pairs against 33 miRNA loci were tested. The number of TALENs was counted on the basis of the mutation frequency

measured by the T7E1 assay (Supplementary Fig. 1).
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a
7-mer seed Chr 12 (p13.31) M wT TCTCTGTCGGCCGGCCCTGGGTCCATCTTCCAGTACAGTGTTGGATGGTCTAA (9/9, 100%)
miR-141  UAACACUGUCUGGUAAAGAUGGC 200¢ 141
mMiR-200c UAAUACUGCCGGGUAAUGAUGGA TCTCTGTCGGCCGGCCCTGGGTCC-C- ~CCAGTACAGTGTTGGATGGTCTAA A4 (5/59, 8.5%)
SE— 4 TCTCTGTCGGCCGGCCCTGGGTCC--CTT-CAGTACAGTGTTGGATGGTCTAA A3 (13/59, 22.0%)
miR-200a UAACACUGUCUGGUAACGAUGU gy 1 (p36.33) 8 14110 TCTCTGTCGGCCGGCCCTGG~— -~~~ TCCAGTACAGTGTTGGATGGTCTAA A8 (7/59, 11.9%)
o o
miR-200b UAAUACUGCCUGGUAAUGAUGA 2006 2008 429 5 TCTCTGT(C7G4GCbCG)GCCCTGG§T§7777TTEfé?TACAGT(G]EI’ZGGl;A'I;GGTCTAA 241199 22/85/2,913_72 5/02 )
miR-429  UAAUACUGUCUGGUAAAACCGU =l Pleveee e mmm T Pl » 41.5%,
s TCTCTGTCGGCCGGCCCTGGGTCC--CTT-~AGTACAGTGTTGGATGGTCTAA A4 (4/21, 19.0%)
TCTCTGTCGGCCGGCCCTGGGTCCAT-TT---GTACAGTGTTGGATGGTCTAA A4 (7/21, 33.3%)
b 141-23 TCTCTGTCGGCCGGCCCTGGGTC- - -~ TTCCAGTACAGTGTTGGATGGTCTAA A4 (7/21, 33.3%)
L TCTCTGTCGGCCGGCCCTGGGTCCA---TCCAGTACAGTGTTGGATGGTCTAA A3 (3/21, 14.3%)
TAATACTGCCGGGT—‘AATGATGGAEQCCCCtgtCCCtgtgtcagcaacatcca M WT TCTAATACTGCCGGGTAATGATGGAGGCCCCTGTCCCTGTGTCAGCAACATCCA (9/9, 100%)
MDDDGDﬂﬂDﬂDDDDDDDDDD TCTAATACTGCCGGGTAATGAT -~ -~ CCCTGTCCCTGTGTCAGCAACATCCA A6 (3/10, 30.0%)
\\ —_— 200c-30 TCTAATACTGCCGGGTAATGATG-—— ===~~~ TCCCTGTGTCAGCAACATCCA  A10 (3/10, 30.0%)
—{Eon i} 200d] 141 TCTAATACTGCCGGGTAATGATGGAGG- -CCTGTCCCTGTGTCAGCAACATCCA A2 (4/10, 40.0%)
- \ 200c-11 TCTAATACTGCCGGGTAATGAT --——-— CCCTGTCCCTGTGTCAGCAACATCCA A6 (4/14, 28.6%)
mmmo% (knockout TCTAATACTGCCGGGTAATGATG- -~~~ CCTGTCCCTGTGTCAGCAACATCCA A6 (2/14,14.3%)
e R IR o3 i ———ia AL
A (5/14, 35.7%)
@ | 200c-29 TCTAATACTGCCGGGTAATGA-GG- -~~~ CCTGTCCCTGTGTCAGCAACATCCA A6 (111, 9.1%)
3 (knockout TCTAATACTGCCGGGTAATGAT - -~ -~~~ CCTGTCCCTGTGTCAGCAACATCCA A7 (6/11, 54.4%)
§ Upon 2000-30) T CTAATACTGCCGGGTAATGATG———————-—- TCCCTGTGTCAGCAACATCCA  A10  (3/11, 27.3%)
. . ) TCTAATACTGCCGGGTAATGAT - =~ ==~ ==~ TCCCTGTGTCAGCAACATCCA A1 1/11,9.1%,
Figure 2 TALEN-mediated KO of MIR141 and § TCTAATACTGCCGGGTAATGATGGA CTGTCCCTGTGTCAGCAACATCCA A5 E1/1o 10, 0°/))
: DKO-55 ~  TCTAATACTGCCGGGTAATGATGGA- -~~~ ,10.0%
MIR200C. (a) Left, sequence alignment of the g (knockout ~ TCTAATACTGCCGGGTAATGA-G-—--~~CCTGTCCCTGTGTCAGCAACATCCA A7 (2110, 20.0%)
miR-200 family miRNAs. Variable nucleotides specific upon 141-23) TCTAATACTGCCGGG-~- ~CCCTGTCCCTGTGTCAGCAACATCCA  A13 (5/10, 50.0%)
o Lo T e EEEE T puponidatees) L (40 BP). e ee i (141 bp)...... A191  (2/10, 20.0%)
to each member are indicated with blue letters.
) . . ) TCTAATACTGCCGGGTAATG--G-~ -~ CCCTGTCCCTGTGTCAGCAACATCCA A6 (5/15, 33.3%)
The 7-mer seed sequence is underlined. Right, genomic TCTAATACTGCCGGGTAATGATG-— - -~ TGTCCCTGTGTCAGCAACATCCA A7 (4/15, 26.7%)
izati iR- i DKO-61 CAGTGTTTagtgtttGtGTGCagcagtgtGCTGCGAGCaatTLTCT--TTCTGC +25
organlzatlonl of the miR-200 family. (b) Strategy for (knockout 9GGCTCCCACTEgtgCATG-—————-— TGTCCCTGTGTCAGCAACATCCA A10  (4/15,26.7%)
TALEN-mediated KO of MIR141 and MIR200C. The blue- upon 141-23) TAATACTGCCGGGTAATGAGECtataatactgeegggtaaTearcGagg--CCT +24
- i . %) GTCCCTGTGTCAGCAACATCCA A2 (1115, 6.7%)
and ye!low shaded sequences |nd|catle the positions TAATACTGCCGGGTAATGAgtctctaatactgccgggtaatgaTGGAGGaatac +48
recognized by the TALE repeat domains. In between these L tgccgggtaatgatggagg--CCTGTCCCTGTGTCAGCAACATCCA A2 (115, 6.7%)

two sites, DNA cleavage by Fokl nuclease (illustrated as

scissors) occurs. The sequences corresponding to miR-200c-3p and miR-141-5p are underlined. The green nucleotides are the DNA sequences
recognized only by the first M/IR200C TALEN (L4R4) (sequence in Supplementary Table 4). (c) Genomic DNA sequences near MIR141 and MIR200C
loci in the indicated KO cells compared to those of wild type (WT) cells. The number of mutated nucleotides and the sequencing frequency of each
allele are indicated at right. Red letters indicate the region targeted by the nuclease domain. Small letters indicate the DNA insertion.

secondary structure of a miRNA hairpin critical for processing??.
We analyzed the combined small-RNA sequencing data to infer
Drosha processing sites, assuming that the most frequent 5" end of
5p miRNA corresponds to the Drosha processing site?2. We extended
the TALEN target region from the processing site by three nucleotides
in both 5" and 3’ directions (design B, Fig. 1a,b). When we could not
effectively apply the above strategies, we allowed TALENS of shorter
size, which may potentially reduce the efficiency of TALEN target-
ing to some extent (design C, Fig. 1a,b). We instead used a narrower
region for targeting, corresponding to 2-7 nt of mature miRNA.

We designed one TALEN pair per arm, and this resulted in two
pairs of TALEN constructs for each miRNA locus. We designed and
constructed 540 pairs of TALEN plasmids collectively, following one
of the above rules. Details of the TALEN design for each miRNA are
in Supplementary Table 3.

To test the genome-editing activities of the TALEN library, we
selected 66 TALEN pairs against 33 miRNA loci. After transfecting
them into HEK293T and K562 cells, we extracted total genomic DNA
to detect DNA mutation by a mismatch-sensitive T7 endonuclease I
(T7E1) assay. All TALEN pairs that we tested induced mutations with
a frequency above 0.5% (Fig. 1c and Supplementary Fig. 1). These
results indicate that most, if not all, of our TALEN constructs can be
used for miRNA KO experiments.

Knockout of the miR-200 family

MIR141 and MIR200C belong to the highly conserved miR-200 family
(Fig. 2a), but interestingly, they differ in the seed region by one nucleo-
tide. Some target-prediction algorithms that do not allow wobble
pairing in the seed region classify them into two distinct groups?>24.
However, previous functional studies suggested that miR-141 and
miR-200c may have largely indistinguishable activities?’. For instance,

overexpression of miR-200a (which has the same seed motif as
miR-141) and miR-200c downregulated a nearly identical set of
genes?®. Similarly, when overexpressed, miR-141 repressed FOG2
(official symbol ZFPM2) mRNA, which has the miR-200c seed
sites?’. The reverse was also true: miR-200c suppressed the targets of
miR-141 when overexpressed?®. However, neither overexpression nor
complementary inhibitor-based knockdown is ideal to investigate
the differences between related miRNAs because the possibilities of
off-targeting and cross-reactivity cannot be excluded. To address the
issue of functional diversification among family members, we decided
to generate single- and double-KO cell lines for the two miRNAs. To
avoid complication due to other related miRNAs from the MIR200B-
MIR200A-MIR429 cluster in chromosome 1, we used a breast cancer
cell line, SK-BR-3, that expresses only the MIR200C-MIRI141 cluster
but not the other cluster (Supplementary Fig. 2a).

For the MIR141 KO, we used TALENS that target the seed region
of the 5p strand (Fig. 2b and Supplementary Table 4, TALEN L1R1).
As for MIR200C, we chose TALENS targeting the Drosha processing
site in the 3p strand (Fig. 2b and Supplementary Table 4, TALEN
L4R4). To test the efficacy of the TALENS, we cotransfected the con-
structs with a reporter plasmid that contains the TALEN recognition
sequence fused to a gene encoding a surface antigen for enrichment of
the mutated cells?® (Supplementary Fig. 2b and Online Methods). The
result from the T7E1 assay showed that magnetic separation enriched
mutated cells by three- to seven-fold (Supplementary Fig. 2b). We
also identified potential off-target sites in the human genome that are
highly homologous to on-target sites of TALENs (Supplementary
Tables 5-7) and tested whether the TALENSs induced off-target muta-
tions in the enriched cells by T7E1 assay (Supplementary Fig. 2¢).
None of the sites showed any DNA mutation, thus indicating the high
specificity of the method.
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Figure 3 Confirmation of miRNA KO by TALEN.
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(a) Representative hairpin structure of miRNA . pri-miR-141 D pri-miR-200c ,
precursors. Among the mutated alleles, the allele ‘/\/U\u‘\‘s ;‘(A/Uuﬁ G“'M% {w\};
_A

carrying the smallest deletion is shown along with U gV U

the wild type. Red arrows indicate the Drosha S AN
processing sites in the wild-type hairpin. The N N 4

position and number of deleted nucleotides are
shown in red letters on the mutant structure.

(b) Northern blot analysis validating miRNA KOs
in the indicated cells. Ethidium bromide (EtBr)
staining of the gel is shown at bottom to indicate
the quantity and quality of the loaded RNA
(uncropped image in Supplementary Fig. 5).

(c) gRT-PCR validating the miRNA KOs. The
relative level of each miRNA is normalized to that
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After the enrichment of KO cells by magnetic separation, we sepa-
rated single cells, grew them into colonies and extracted genomic
DNA from individual clones for the T7E1 assay and performed fluo-
rescent PCR analysis to identify the clones with mutated genomes
(Supplementary Fig. 2d,e). We further examined selected clones by
Sanger DNA sequencing to confirm the sequence alterations (Fig. 2¢).
Because the sequencing data revealed a maximum of five different
kinds of indels per clone, SK-BR-3 appears to be aneuploid (which
is not unusual for cancer cells) with at least five different alleles of
the MIR200C-MIR141 cluster (Fig. 2c). Remarkably, a single trans-
fection cycle was sufficient to yield many complete-KO clones, thus
highlighting the efficiency of the method. We also tested off-target
mutations in each clone, and none of the sites showed any muta-
tion (Supplementary Fig. 2¢). Finally, we used two independent KO
clones per miRNA locus for the following analyses. The scheme of KO
procedure and the mutation efficiency at each step are summarized
in Supplementary Figure 2f.

The secondary structure of pri-miRNA is a useful predictor of
processing efficiency??30. Figure 3a shows examples of mutant alleles
possessing small deletions that critically disrupt the structure of pri-
miRNA. To test whether the mutations indeed blocked processing, we
carried out northern blotting and quantitative reverse-transcription
PCR (qRT-PCR) with total RNA from the KO candidate cells
(Fig. 3b,c). As expected, miR-141 and miR-200c were undetectable in
both assays. We note that for the MIR200C KO we targeted the locus
in two steps because a small amount of miR-200c was expressed in the
initial KO (clone 200c-30) (Supplementary Fig. 3a). This was because
the 2-nt deletion in one of the alleles failed to block pri-miRNA
processing, owing to a relatively small change in the RNA structure.
We therefore transfected the second TALEN pair into clone 200c-30
to induce additional indels (Online Methods), and this resulted in two
null clones, 200c-11 and 200c-29. We learned from this experience
that it is desirable to select the clones with the largest-sized available
deletions to ensure complete miRNA depletion and that secondary
structure of pri-miRNA is indeed useful to predict the outcome of
miRNA biogenesis.
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We also generated double-KO (DKO) clones by transfecting
clone 141-23 with the first set of MIR200C TALENs (TALEN L4R4,
Supplementary Table 4). In this experiment, we increased the trans-
fection efficiency by electroporation and selected the clones with
genomic changes that alter RNA structure markedly. The MIR200C
locus was efficiently deleted (Fig. 2c and Supplementary Fig. 2d.e),
and miRNA expression was successfully abrogated in the selected
clones (Fig. 3b,c, clones DKO-55 and DKO-61).

In the KO cells, the second cluster (MIR200B-MIR200A-MIR429)
remained silent, thus suggesting that there is no compensatory induc-
tion from the second cluster (Supplementary Fig. 3b). Moreover,
the expression of other miRNAs including let-7a and miR-16
did not change appreciably during the KO process (Fig. 3¢ and
Supplementary Fig. 3b). These results confirm that the KO was suc-
cessful and specific. The level of pri-miR-200c~141 (tilde indicates
transcript spanning the indicated gene cluster) increased in the KO
cells, a result indicating that the genomic editing inhibited Drosha
processing of pri-miR-200c~141 (Fig. 3d). Interestingly, the level of
pri-miR-15a~16-1 decreased slightly in the KO cells, thus implicating
a competition between pri-miRNAs for Drosha (Fig. 3d).

Impacts of the miR-200 family knockout

To examine the effects of miRNA depletion, we first monitored cell
proliferation rates by cell counting (Fig. 4a). Cell numbers increased
more slowly in single- and double-KO cells compared to the parental
cells. To understand the mechanism behind the proliferation defect, we
analyzed cell-cycle profiles by flow cytometry. In KO cells, the propor-
tion of G1-phase cells increased modestly but reproducibly, whereas
those in S and G2-M phases decreased (Supplementary Fig. 4a).
Apoptotic cell population, which is represented by the sub-G1 phase,
increased slightly in KO cells. Thus, cell-cycle retardation and apopto-
sis may partly explain the decrease in proliferation of the KO cell lines.
None of the KO clones generated in our previous studies showed any
noticeable defect in growth rate, thus ruling out the possibility that the
growth defect of miRNA-KO cells might be a secondary response to
TALEN transfection!®. Taken together, the miR-200 family of miRNAs
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(Fig. 4b and Supplementary Fig. 4b). In

MIR141 KO cells, the miR-141 motif (but not the miR-200c¢ motif)
was enriched in the upregulated mRNAs, thus indicating that the
miR-141 targets were indeed derepressed. Similarly, in the MIR200C
KO clones, the miR-200c motif was enriched more than were the
seed motifs of other miRNAs (including miR-141). In the DKO, both
motifs were enriched in the upregulated transcripts.

We also determined the fold change of the transcripts containing
the seed motif over those without the motif (Fig. 4c). In MIR141
KO cells, mRNAs with the miR-141 motif, compared to those with-
out the motif, were globally upregulated. Likewise, miR-200c deple-
tion resulted in derepression of mRNAs with the miR-200c motif.
However, mRNAs with the miR-200c motif were not upregulated in
the MIR141 KO. Similarly, transcripts with the miR-141 motif were
not significantly influenced by MIR200C KO. In DKO cells, both seed
groups were globally upregulated. These data indicate that the two
closely related miRNAs do not cross-react notably and may control
largely nonoverlapping groups of genes.

To confirm this finding, we used luciferase reporter constructs that
contained the 3" UTRs of miRNA target genes. We noticed that the
PPT2 gene has two complementary sites for the miR-141 seed but

none for the miR-200c seed (Supplementary Fig. 4c). In contrast,
the 3" UTR of FOG2 contains three seed sites for miR-200c but none
for miR-141 (ref. 27). We also generated, for controls, the UTR report-
ers with point-mutated seed sites (Supplementary Fig. 4c). The
PPT2 wild-type reporter was repressed specifically in cells in which
miR-141 was intact (parental cells and MIR200C KO cells) (Fig. 4d).
The reverse was true for the FOG2 reporter; the reporter was sup-
pressed only in cells in which miR-200c was expressed (parental cells
and MIR141 KO cells) (Fig. 4d). Thus, miR-200c cannot compensate
for the absence of miR-141 and vice versa. The reporters responded to
specific miRNAs that match the seed sequences, without a noticeable
crossover between the sister miRNAs.

DISCUSSION

We here introduce TALENS as a general tool for the study of miRNA
function. Our TALEN-based method is efficient enough to mutate
multiple alleles simultaneously in a single transfection without the
need for extensive screening. Owing to the high efficiency, it takes only
2-4 weeks (depending on the proliferation rate of the cells used) to
obtain null clones with all alleles mutated. Therefore it is now feasible
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to generate double- or even multiple-KO cells within a few months.
Multiple KOs will be useful not only to examine miRNA families
with paralogs but also to investigate regulatory relationships between
miRNAs. Because TALENSs can be modified easily for other species,
multiple KOs in mouse embryonic stem cells would be particularly
useful because they could be immediately used to produce mice with
multiple deletions. In addition, TALEN-based KOs will be valu-
able for the study of narrowly conserved miRNAs (such as primate-
specific miRNAs), which cannot be studied with rodent animal
models. In principle, the method could be applied to any cell type of
interest, including primary cells. Because the current TALENSs are
highly effective, transfection efficiency becomes the major determi-
nant for successful creation of KOs. Thus, optimization of transfec-
tion in the given cell type is advisable before KO experiments. The
TALENS are available upon request through our website (http://www.
talenlibrary.net/h_miRNA/).

In this work, we provide general design strategies for miRNA
TALENS, which can be applied to other miRNAs in humans and other
species. All of the three strategies (designs A through C) used turned
out to be valid (Supplementary Fig. 1 and Supplementary Table 3).
However, we learned from the MIR200C KO experiment that the
target site needs to be carefully chosen in the design step because
small indels in certain sites may not sufficiently disrupt pri-miRNA
structure. Thus, we reviewed our initial design of the library and
manually inspected the predicted secondary structure of the pri-
miRNAs. Consequently, the constructs in the final library are expected
to cause mutations that severely block miRNA processing even with
small deletions. A recent report also showed that TALENS are a use-
ful tool to mutate miRNA loci (MIR155, MIR146A and MIR125B1),
although the study did not test whether the genomic deletions indeed
abolished miRNA biogenesis®!. Because a small deletion in the termi-
nal loop may not effectively block miRNA maturation, it is desirable
to target the seed region (or alternatively the processing sites) and
to select clones with the largest available indels so as to ensure
complete functional KO.

MIR141 and MIR200C belong to the miR-200 family, which is
deeply conserved in bilaterian animals (Supplementary Fig. 4d,e).
The family expanded in chordates, thus resulting in two subfamilies
that differ by one nucleotide in the seed: (i) miR-200¢, miR-200b and
miR-429 (AAUACUG) and (ii) miR-141 and miR-200a (AACACUG)
(Supplementary Fig. 4d,e). Earlier data suggested that the two sub-
groups may cross-react and that the targets may overlap?>2. Several
groups recognized the problem and found that two subfamilies have
different functions3233. However, it was not possible to definitively
resolve the issue, owing to the limitation of oligonucleotide-based
transfection experiments that are potentially vulnerable to off-target
and nonspecific effects. The miR-200 family is particularly interest-
ing because the U base (in miR-200c) can form a wobble pair with
G (in miR-141 targets). If wobble pairing is permitted, miR-200c is
expected to suppress miR-141 targets. Some reports indicated that
the wobble pairs in the seed region are detrimental to miRNA activ-
ity34-36, whereas others presented contradictory results®’. Our data
are consistent with the model that functional interaction requires
strict Watson-Crick-type pairing and does not allow wobble pairing
in the seed, although we cannot formally exclude the possibility that
wobble pairing is tolerated in rare targets with extensive complemen-
tarity to the 3’ part of miRNA. Our study implies that alteration of a
single nucleotide in the seed may switch the target population and
profoundly diversify the subfamily members during evolution. It is
intriguing that, despite the distinct molecular effects, the gross cellular
impact of miRNA KO was similar between the subfamilies (Fig. 4a and
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Supplementary Fig. 4a). It is plausible that the two subfamilies may
still be related in their biological functions and may act on genes in the
same or related pathways, even though their direct molecular targets
are distinct. Further studies with the KO cells will help us dissect the
functions of miRNAs in the context of a complex gene network.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Data have been deposited in the Gene Expression
Omnibus database under accession code GSE51217.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Processing of small-RNA sequencing data. We collected 71 sequencing data for
small RNAs from the NCBI Sequence Read Archive (SRA, http://www.ncbi.nlm.
nih.gov/sra/) and sorted them into several groups according to their origin of
tissues (Supplementary Table 1). The sequencing reads were preprocessed with
the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The 3" adaptor
sequences were removed from the reads, and reads shorter than 17 nt in length
were discarded. Quality filtering was then performed to exclude low-quality reads
containing more than 5% of low-quality bases with quality scores smaller than 20.
The reads from the same tissue type were then collapsed and merged. After the
preprocessing, the reads were aligned to the human reference genome (hg19) by
Burrows-Wheeler Aligner33, with parameters of -/ 19 -k 0.

Selection of miRNAs for knockout. To choose miRNAs for KO, we used two
main criteria: the expression level and the 5”-end homogeneity. We defined the
5’-end homogeneity as the number of reads that have the same 5’ end as in the
most frequent read, divided by the total number of reads aligned to the mature
miRNA in the given strand. We selected miRNAs with an expression level higher
than 90th-percentile rank and 5" homogeneity more than 0.9 in at least one tissue
type (Supplementary Table 2).

Generation of TALEN constructs. TALEN constructs are composed of TALE
repeat domains and a FokI nuclease domain containing Sharkey RR or Sharkey
DAS heterodimer mutation® and are designed to target the seed region or the
Drosha processing site (Supplementary Table 3). TALENs were synthesized by
ToolGen as described previously!®.

Generation of MIR141 and MIR200C knockout cell lines. For the enrichment
of KO cells, the surrogate reporters were constructed as described previously?’
(Supplementary Fig. 2b). In this reporter vector, H-2KX cell-surface-antigen
sequence is fused downstream of the RFP sequence out of frame. However, we
inserted specific DNA sequences, between the RFP-coding and H-2K¥ antigen—
coding sequences, that can be recognized by the cotransfected nuclease. Therefore,
if the nuclease vector works properly in the cell, a small indel mutation will be
made at this position, thus making the H-2KX antigen in frame by chance. The
magnetic separation system enriches the KO cells expressing this antigen and
therefore increases the efficiency of TALEN-mediated KO%.

The TALEN and reporter plasmids were transfected into SK-BR-3 cells with
Lipofectamine 2000 (Life Technologies). To generate DKO cells, MIR200C
TALEN L4R4 was transfected into 141-23 KO cells (made by the TALEN L1R1
construct) with 4D nucleofector (Amaxa). 48 h after the transfection, H-2Kk-
positive cells were separated with a magnetic activated cell-sorting system (MACS,
Miltenyi Biotec) according to the manufacturer’s instructions. The T7E1 assay
was performed to evaluate TALEN activity and enrichment efficiency of mutant
cells (Supplementary Fig. 2b). To obtain single-cell clones, the separated cells
were plated at a density of 1,000 cells per 100-mm culture dish and were incubated
until the colonies formed. Individual clones were analyzed by T7E1 assay to select
mutant colonies (Supplementary Fig. 2d), then genotyped by fluorescent PCR
(Supplementary Fig. 2e) and DNA sequence analysis (Fig. 2c).

The MIR200C mutant clone initially generated with TALEN L4R4 (200c-30)
expressed a small amount of miR-200c (Supplementary Fig. 3a). Therefore,
a new TALEN (L3R4) was designed and transfected into the 200c-30 clone
(Supplementary Table 4). This resulted in two MIR200C KO lines (200c-11
and 200c-29), which were confirmed by fluorescent PCR, DNA sequencing and
expression analysis (Figs. 2 and 3 and Supplementary Fig. 2e).

T7 endonuclease I assay. T7E1 assays were carried out to detect DNA mutation.
After the enrichment of transfected cells and single-cell cloning, genomic DNA
was extracted from each colony. The DNA fragment encompassing the targeted
region was amplified by PCR (primer sequences in Supplementary Table 8),
treated with T7E1 and size-separated by gel electrophoresis.

RNA measurement. For northern blot analysis, total RNA was prepared with
TRIzol reagent (Life Technologies), separated on 15% denaturing acrylamide gel
and then transferred to a Hybond-NX membrane (Amersham). The membrane
was chemically cross-linked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)* and hybridized with 5’-end-labeled oligonucleotide probe. Original images
of gel and blot used in this study can be found in Supplementary Figure 5.

For qRT-PCR, total RNA was reverse transcribed and amplified with the miRNA
assay kit (Life Technologies), and the level of miRNA was normalized to that of U6
snRNA. For the measurement of primary transcripts, the pri-miRNA analysis kit
(Life Technologies) was used, and data were normalized to GAPDH mRNA.

Cell proliferation assay. 50,000 SK-BR-3 cells were seeded on a 35-mm dish.
After 3,5and 7 d, the medium was aspirated to remove floating (dead) cells, and
the numbers of cells were counted after trypsinization.

Luciferase assay. The PPT2 reporter, which contains a Firefly luciferase coding
sequence and the 3’-UTR sequence from the PPT2 gene (Supplementary Fig. 4c),
was cloned with the EZ-Cloning kit (Enzynomics). The FOG2 reporter was made
in our previous study?’. Mutant reporters were made by site-directed mutagenesis
(QuikChange Site-Directed Mutagenesis Kit, Agilent) at the seed region of the
miRNA-binding site (Supplementary Fig. 4c).

Exponentially growing cells were seeded onto standard 12-well plates (200,000
cells per well). On the following day, wild-type or mutant reporter was cotrans-
fected with the pRL-CMYV vector expressing Renilla luciferase, a control for
normalization. 24 h after transfection, cells were lysed, and luciferase assay was
carried out with the Dual Luciferase Reporter Assay Kit (Promega) according to
the manufacturer’s protocol. Luciferase activity from the wild-type reporter was
normalized by that from the corresponding mutant reporter.

mRNA sequencing. mRNA was enriched from total RNA by oligo(dT) Dynabeads
(Life Technologies). The enriched mRNA was randomly fragmented by incuba-
tion in fragmentation buffer containing Mg?* ions (New England BioLabs). The
mRNA fragments ranging from 70 to 90 nt were fractionated, ligated to adaptors
at both 5" and 3’ ends, and reverse transcribed for PCR amplification. The final
PCR product was checked for quality with an Agilent 2100 Bioanalyzer (Agilent),
and sequencing by HiSeq 2000 for 50 cycles (Illumina) was then performed.

FASTQ sequences from the sequencer were aligned to the human reference
genome (GRCh37.p10) by TopHat2 (ref. 41). After the calculation of reads
per kilobase of transcript per million mapped reads (RPKM) for each isoform,
representative isoforms for each gene with the highest RPKM were identified.
On the basis of these data, the reference genome was rebuilt, and RPKM was
recalculated with TopHat2. Fold change was calculated after quantile normaliza-
tion against RPKM, and LOWESS smoothing was applied for fold change.

For the analyses of motif enrichment and global mRNA-level change, the data
from two clones per miRNA KO were combined. In the motif enrichment analy-
sis, the upregulated gene group was selected by 19 cutoffs (5%, 10%, 15%, ..., 95%
of total genes), and the P value for each cutoff was calculated by two-sided Fisher’s
exact test. The sum of log;o(P value) over the 19 cutoffs was calculated. For the
analysis of global mRNA-level change, the top quartile of transcripts in terms of
their context scores*? were analyzed to enrich for a more functional subset of
transcripts containing miRNA 7-8mers.
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