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ABSTRACT

MicroRNAs (miRNAs) are post-transcriptional gene regulators that play important roles in the control of cell fitness,
differentiation, and development. The CRISPR-Cas9 gene-editing system is composed of the Cas9 nuclease in complex with a
single guide RNA (sgRNA) and directs DNA cleavage at a predetermined site. Several CRISPR-Cas9 libraries have been
constructed for genome-scale knockout screens of protein function; however, few libraries have included miRNA genes. Here
we constructed a miRNA-focused CRISPR-Cas9 library that targets 1594 (85%) annotated human miRNA stem–loops. The
sgRNAs in our LX-miR library are designed to have high on-target and low off-target activity, and each miRNA is targeted by
four to five sgRNAs. We used this sgRNA library to screen for miRNAs that affect cell fitness of HeLa or NCI-N87 cells by
monitoring the change in frequency of each sgRNA over time. By considering the expression in the tested cells and the
dysregulation of the miRNAs in cancer specimens, we identified five HeLa pro-fitness and cervical cancer up-regulated
miRNAs (miR-31-5p, miR-92b-3p, miR-146b-5p, miR-151a-3p, and miR-194-5p). Similarly, we identified six NCI-N87 pro-
fitness and gastric cancer up-regulated miRNAs (miR-95-3p, miR-181a-5p, miR-188-5p, miR-196b-5p, miR-584-5p, and miR-1304-
3p), as well as three anti-fitness and down-regulated miRNAs (let-7a-3p, miR-100-5p, and miR-149-5p). Some of those miRNAs
are known to be oncogenic or tumor-suppressive, but others are novel. Taken together, the LX-miR library is useful for genome-
wide unbiased screening to identify miRNAs important for cellular fitness and likely to be useful for other functional screens.
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INTRODUCTION

MicroRNAs (miRNAs) are small (∼21 to 22 nucleotides [nt])
RNA molecules that post-transcriptionally regulate gene
expression. Canonical miRNA biogenesis starts with tran-
scription of the primary miRNA (pri-miRNA) by RNA poly-
merase II. The RNAse III–type enzyme Drosha (Lee et al.
2003) is then recruited to the pri-miRNA based partially on
the stem–loop secondary structure of the RNA (Han et al.
2006) and cleaves the stem–loop out of the pri-miRNA to
produce a precursor miRNA (pre-miRNA). After the excised
pre-miRNA is exported out of the nucleus by Exportin 5 (Yi
et al. 2003; Bohnsack et al. 2004), the top of the stem–loop
is cleaved off by another RNAse III–type enzyme, Dicer
(Bernstein et al. 2001; Hutvágner et al. 2001). The ∼22
base pair (bp) double-stranded RNA is then loaded into
the RNA-induced silencing complex (RISC), and the passen-
ger RNA strand is removed (Sontheimer 2005). The single-
stranded mature miRNA in complex with RISC then binds
the 3′-UTR of target mRNAs and degrades or represses trans-
lation of the mRNA. Several variations of this canonical bio-

genesis pathway have been identified in humans, including
the Drosha-independent processing of miRNAs from short
introns by splicing pathway components (Berezikov et al.
2007; Ruby et al. 2007) and the Dicer-independent process-
ing of miR-451 by the RISC component AGO2 (Cifuentes
et al. 2010; Yang et al. 2010).
MiRNAs may regulate up to 60% of all human protein-

coding genes (Friedman et al. 2008) and play important roles
in the regulation of many cellular processes including dif-
ferentiation (Ivey and Srivastava 2010), tumorigenesis, me-
tastasis, and proliferation (Nana-Sinkam and Croce 2014).
In cancer, miRNAs can act as tumor suppressors or onco-
genes (Ventura and Jacks 2009). Tumors often have a global
down-regulation of miRNA expression (Lu et al. 2005;
Thomson et al. 2006; Lee et al. 2008a) and an up-regulation
of specific miRNAs (Volinia et al. 2006). The individual
miRNAs involved in cancer vary based on the specific type
of cancer, and some miRNAs may play different roles
in different cancers (Sun et al. 2013). The availability of
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next-generation sequencing has allowed specific miRNA
expression profiles to be associated with tumors of distinct
origins and subtypes (Lu et al. 2005); however, the functional
role of many miRNAs remains to be determined.
To determine the function of miRNAs in an unbiased and

genome-wide manner, miRNA mimic and inhibitor arrays
have previously been used. However, these arrays are expen-
sive and miRNA mimics can have unintended effects on the
miRNA processing machinery (Khan et al. 2009). With the
recent development of the CRISPR (clustered regulatory in-
terspaced short palindromic repeat)-Cas9 system for use in
cells, precise genome editing can now be used to knock out
miRNAs of interest in place of mimics and inhibitors. The
CRISPR-Cas9 system, derived from the adaptive immune
system of the bacterial species Streptococcus pyogenes, is com-
posed of two components, a single guide RNA (sgRNA) and
the Cas9 protein (Cong et al. 2013; Jinek et al. 2013; Mali
et al. 2013). The sgRNA is an ∼100 nt single-stranded RNA
molecule (Cho et al. 2013; Cong et al. 2013; Jinek et al.
2013), which includes a scaffold sequence necessary for
Cas9 binding and a 20-nt guide sequence that is complemen-
tary to the desired target site. The CRISPR system can be used
to target any 20-base sequence in the genome which is fol-
lowed by a protospacer adjacent motif (PAM): NGG. The
sgRNA forms a complex with the Cas9 protein, which binds
to the PAM sequence and opens the DNA to allow for the
guide sequence to form a duplex with the target site
(Nishimasu et al. 2014; Jiang et al. 2015, 2016). Stable bind-
ing of the Cas9-sgRNA complex to a target sequence results
in the creation of a DNA double-strand break (DSB) 3 bp up-
stream of the PAM sequence. This DSB can be repaired by the
cell’s normal DNA repair mechanisms, including homology-
directed repair and nonhomologous end joining (NHEJ).
NHEJ often results in insertions or deletions (indels) at the
cleavage site, which can cause frame shift mutations in pro-
tein-coding genes. MicroRNA genes can also be inactivated
by the formation of indels in the mature miRNA sequence
or in regions necessary for the biogenesis of the miRNA
(Jiang et al. 2014; Chen et al. 2015a; Chang et al. 2016).
The ease of targeting specific genomic sequences using

the CRISPR-Cas9 system has allowed for genome-wide
knockout screens to be performed. These screens are either
pooled, where each cell in a pool of cells receives a different
sgRNA, or arrayed (Schmidt et al. 2015), where cells are
added to a multiwell plate containing a different sgRNA in
each well. CRISPR-Cas9 pooled screens are conducted by
transducing cells with a pool of sgRNAs and then subjecting
the cells to either positive or negative selection. The selected
cells are then sequenced to determine the change in frequen-
cy of each sgRNA relative to the nonselected pool of cells.
Those sgRNAs with significant changes in frequency in the
pool after selection presumably target genes involved in pro-
moting or repressing the selected phenotype. Pooled screens
have been used to identify essential genes (Shalem et al. 2014;
Wang et al. 2014b, 2015; Hart et al. 2015) and genes that are

involved in drug resistance (Koike-Yusa et al. 2014; Shalem
et al. 2014; Wang et al. 2014b; Hart et al. 2015; Doench
et al. 2016; Kurata et al. 2016), toxin susceptibility (Koike-
Yusa et al. 2014; Zhou et al. 2014; Tao et al. 2016), and im-
mune response (Parnas et al. 2015; Schmid-Burgk et al.
2016). More recent pooled screens have used single cell
sequencing to determine the impact of each sgRNA on the
transcriptome rather than examining a cellular phenotype
(Adamson et al. 2016; Dixit et al. 2016; Jaitin et al. 2016;
Datlinger et al. 2017).
The majority of pooled screens have solely investigated the

role of protein-coding genes, and only a few have also inves-
tigated the role of miRNAs (Chen et al. 2015b; Wallace et al.
2016). Two studies used the GeCKOv2 library (Sanjana et al.
2014), which contains 123,411 sgRNAs, ∼6% of which tar-
gets miRNA genes. These screens identified a role for miR-
152 and miR-345 in lung cancer metastasis (Chen et al.
2015b) and miR-155 in myeloid leukemia cell proliferation
(Wallace et al. 2016). The large size of GeCKOv2 makes
screening ofmicroRNAwith this library cumbersome and in-
efficient as tens of millions of cells are necessary to maintain
representation of the library.
To facilitate the screening of miRNA function, we created a

focused CRISPR-Cas9 library targeting humanmiRNA genes
with sgRNAs optimized for on-target specificity and efficien-
cy. We used this LX-miR library to screen for miRNAs in-
volved in the fitness of HeLa cells and identified 44 pro-
fitness miRNAs. The library was also used to identify 10
pro-fitness and 10 anti-fitness miRNAs in NCI-N87 gastric
cancer cells. Many of the identified miRNAs have also been
associated with cancer in patients.

RESULTS

miRNA-specific sgRNA library creation

There are 2588 mature miRNAs derived from 1881 primary
miRNA that have been annotated in the human genome ac-
cording to miRBase (Kozomara and Griffiths-Jones 2014).
The goal was to design at least four unique sgRNAs for
each primary miRNA to guard against false positives due to
off-target events or false negatives due to inefficient cleavage.
First, we identified all possible sgRNA target sites (X20NGG)
in every miRNA stem–loop sequence in miRBase plus the 20
bp on either side of the stem–loop. The miRNA-targeting
sgRNAs were then filtered to minimize possible off-target
effects and maximize the probability of on-target cleavage
(Supplemental Table S1). First, sgRNAs that also perfectly
targeted one or more non-miRNA regions in the human ge-
nome were excluded. The sgRNAs targeting multiple primary
miRNAs that produce the same mature miRNAs or miRNAs
in the same family were retained (Fig. 1). Second, we used the
CRISPR Design Tool (Hsu et al. 2013) to score each sgRNA
based on the number of possible off-target sites in the human
genome and removed those sgRNAs with scores below 0.2.

miRNA-specific CRISPR-Cas9 library
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Third, the sgRNAs with poly(T) sequences of four or longer,
which is likely to result in premature RNA Pol III termination
(Bogenhagen and Brown 1981; Matsuzaki et al. 1994), were
excluded. Fourth, if the cleavage site was outside of the
stem–loop region, the sgRNA was also removed, as indels
outside of the stem–loop are less likely to affect the expres-
sion of the targeted miRNA. This filtering retained 1594
primary miRNAs (∼85%) that could be unambiguously
and effectively targeted (Fig. 2A).

For those miRNAs with more than five possible sgRNAs
after filtering, we selected the best four to five sgRNAs
that have nonidentical seed sequences, as the seed region is
critical for sgRNA targeting (Hsu et al. 2013; Jinek et al.
2013), as well as high predicted on-target activity using the
Azimuth scoring method (Supplemental Table 1; Doench
et al. 2016). The resulting library contains 7382 sgRNAs tar-
geting 1594 annotated human primary miRNAs. Five addi-
tional miRNAs are targeted by the library with less than
four sgRNAs due to the inclusion of sgRNAs which target
multiple primarymiRNAs.We also included 1000 nontarget-

ing control sgRNAs from previously published libraries
(Sanjana et al. 2014; Shalem et al. 2014; Wang et al. 2014b,
2015) which have no target sites in the human genome, for
a final LX-miR library size of 8382 sgRNAs (Supplemental
Table S2). Oligos for the final pool of 8382 sgRNAs were
plate synthesized, PCR amplified, and cloned into the lentivi-
ral pLX-sgRNA vector (Supplemental Fig. 1; Wang et al.
2014b). After cloning, the plasmid pool was deep sequenced
and found to contain >99.9% of the library sgRNAs
(Supplemental Fig. 2). The pLX-miR plasmid pool was
then used to produce lentiviruses (Fig. 2B).
We compared our library with the GeCKOv2 sgRNA li-

brary, which includes miRNA-targeting sgRNAs in addition
to sgRNAs targeting protein-coding genes (Table 1; Sanjana
et al. 2014). Because the GeCKOv2 library was designed to
target as many miRNAs as possible (1864/1881), some of
the sgRNAs were not optimized. In fact, nearly 10% of the
miRNA-targeting sgRNAs in GeCKOv2 have at least one oth-
er exact target sequence elsewhere in the human genome that
is not relevant to miRNAs, and many of the sgRNAs target

FIGURE 1. Circos diagram of the human genome with miRNA and LX-miR library annotations. The outermost, first ring shows the genomic location
of all annotated primary miRNA stem–loops, with primary miRNAs targeted by four to five sgRNAs marked in dark green, one to three sgRNAs in
light green, and zero sgRNAs in black. The second and third rings show bar graphs of the log2 fold change of the sgRNA targeting its primarymiRNA in
the HeLa screen from replicate 1 (outer) or replicate 2 (inner). The internal links show the different genomic target locations for sgRNAs with multiple
target sites. The blue links show sgRNAs that target two (dark blue) or more (light blue) primary miRNAs which produce the same mature miRNAs.
The purple links show sgRNAs that target two (dark purple) or more (light purple) primary miRNAs which belong to the same miRNA family. The
circos diagram shows the similarity of the two HeLa screen results even though the resolution of the diagram is limited by the pixel density.
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hundreds of sites (Fig. 2C). sgRNAs that cut at multiple sites
may cause genomic instability and result in false positives
during fitness screens (Aguirre et al. 2016; Munoz et al.
2016). Our design minimized multiple-targeting sgRNAs and
focused on the 1594 “screenable” miRNAs. Furthermore, the
sgRNAs in our library have higher predicted on-target activity
and better off-target scores (Fig. 2D,E).

HeLa LX-miR fitness screen

We used the LX-miR library to identify miRNAs that are
important for HeLa cell fitness. To do this, we first created
clonal HeLa-Cas9 cell lines which contain FLAG-tagged
Cas9 under the control of a doxycycline inducible promoter
(Wang et al. 2014b). A line was chosen that has no detectable
Cas9 expression without doxycycline induction and pro-

duced increasing amounts of Cas9 with increasing concen-
trations of doxycycline (Fig. 3A).
These HeLa-Cas9 cells were then transduced with LX-miR

lentivirus in two separate biological replicates. Both trans-
ductions were conducted at low multiplicity of infection
(MOI < 0.2) to ensure each transduced cell would contain
only one of the sgRNAs in the library. The LX-miR vector

A

B

C D E

FIGURE 2. Creation of miRNA-targeting CRISPR library LX-miR. (A) Pie chart showing the reason primary miRNAs could not be targeted by at
least four sgRNAs (see text for detail). The filtering results in 1594 primary miRNAs targeted by at least four sgRNAs. (B) Diagram showing the cre-
ation of the sgRNA library. Oligos were plate-synthesized, amplified and made double-stranded by PCR, and then Gibson-assembled into the pLX-
sgRNA vector. The plasmid pool was then used to produce lentiviruses. (C–E) Comparisons between the LX-miR library and the miRNA-targeting
portion of the GeCKOv2 library. (C) Box plot comparing the number of exact matches in the human genome of each sgRNA; dots represent outliers.
(D) Box plot comparing off-target CRISPR Design Tool score of each sgRNA. (E) Box plot comparing on-target Azimuth score for each sgRNA.

TABLE 1. LX-miR and GeCKOv2 library comparison

Library statistics LX-miR GeCKOv2

Total sgRNAs 8382 123,411
miRNA-targeting sgRNAs 7382 7288
Control sgRNAs 1000 1000
Primary miRNAs targeted 1594 1864
sgRNAs per miRNA 4–5 4

miRNA-specific CRISPR-Cas9 library
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contains a blasticidin resistance gene, so successfully trans-
duced cells were selected by treatment with blasticidin.
More than 1.7 million blasticidin resistant cells were selected
each time, which represents greater than 200-fold coverage of
the library. The cells were split into two pools, one of which
was treated with doxycycline to induce Cas9 expression and
sgRNA-mediated mutations, while the other remained unin-
duced and unmutated (Fig. 3B). Both populations were
grown in parallel for 14 d to allow for difference in the fitness
after miRNA knockout to become apparent. Genomic DNA
was collected from the initial population before dox induc-
tion (initial), the dox induced population, and the uninduced
population (Fig. 3C). The relative frequency of each sgRNA
in the population was determined by amplifying the integrat-
ed sgRNA region and deep sequencing these amplicons
(Supplemental Table S3). We also examined the miRNA ex-

pression in the initial, induced, and uninduced pools by deep
sequencing to determine if doxycycline treatment changed
the miRNA expression profile of HeLa cells. Among the
1517 miRNAs with detectable levels of expression, only a
single miRNA, miR-145-5p, had a significant change in
expression upon doxycycline induction (Supplemental Fig.
S3), indicating doxycycline treatment does not significantly
change the miRNA expression profile of HeLa cells and is
not likely to affect our fitness miRNA screens.
After the frequency of each sgRNA was determined, we

examined the difference in sgRNA prevalence between the in-
duced and the average of the initial and uninduced control
pools. The change in prevalence for each sgRNA was similar
between the biological replicates (Fig. 1; Supplemental Fig.
S4). Many sgRNAs showed a significant decrease in represen-
tation in the induced pool (data from replicate 1 is shown in

A

B

C

FIGURE 3. Creation of HeLa-Cas9 cell line and outline of LX-miR HeLa screen. (A) Western blot showing the expression of FLAG-tagged Cas9
without doxycycline and with increasing concentrations of doxycycline. (B) Outline of HeLa LX-miR screen. HeLa-Cas9 cells are transduced with
lentivirus and then grown with and without doxycycline induction. Without induction, the proportion of cells with each sgRNA is expected to remain
consistent. With induction, those cells in which pro-fitness miRNAs are knocked out (orange, purple, and green) are expected to decrease in the pop-
ulation. The number of cells with each sgRNA is determined by PCR amplifying the sgRNA-containing region of the genomic DNA and deep sequenc-
ing these amplicons. (C) Timeline of the HeLa LX-miR Screen.
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Fig. 4A, and a similar result was obtained from replicate 2,
shown in Supplemental Fig. S5A). At the global level, the
distribution of the log fold change of miRNA-targeting
sgRNAs is shifted toward negative fold change compared to
the distribution of nontargeting control sgRNAs (Fig. 4B;
Supplemental Fig. S5B). The result suggested that many loss-
es of a single miRNA in HeLa may decrease cell fitness, but
very few losses of a single miRNA may increase cell fitness.

Identification of fitness-associated miRNAs

Since there are four to five sgRNAs for each primary miRNA,
we can use the sgRNA changes to predict which miRNAs
are likely true hits. Two algorithms were used to do
this: Redundant siRNA Activity (RSA) (Konig et al. 2007)
and Model-based Analysis of Genome-wide CRISPR/Cas9
Knockout (MAGeCK) (Li et al. 2014). Both rank the
sgRNAs based on their change in frequency between the
control and induced samples. Then the sgRNAs targeting a
specific miRNA are examined to determine if they are signifi-
cantly enriched among the high ranking sgRNAs or the low
ranking sgRNAs, using robust rank aggregation (MAGeCK)
or the hypergeometric distribution function (RSA). There
was significant correlation between the P-values of both
algorithms (Fig. 5A; Supplemental Fig. S6A). MAGeCK
uses the control sgRNAs in the library to create the null dis-
tribution, while RSA uses the entire sgRNA population; as
a result, MAGeCK produced a more asymmetric P-value
distribution than RSA did (Fig. 5B). Nevertheless, miRNAs
that showed significant changes were generally in agreement
(Supplemental Fig. S6B–E), thus we collected those miRNAs
that were identified using both algorithms. When both bio-

logical replicates were compared, approximately half of the
pro-fitness primary miRNAs identified in each replicate
were identified in both replicates, for 160 pro-fitness primary
miRNAs (Fig. 5C). No anti-fitness miRNAs were found; this
suggests that loss of a single miRNA may not be sufficient to
enhance the fitness of the highly transformed and fast-grow-
ing HeLa cells.
We then analyzed the miRNA-seq read counts of the

233 mature miRNAs produced from these 160 primary
miRNAs, reasoning that a pro-fitness miRNA should be ex-
pressed at a detectable level in HeLa-Cas9 cells. There were
44 mature miRNAs with greater than 10 reads per million
normalized reads (RPM) (Fig. 5D). The known functions
of these 44 mature miRNAs in cellular proliferation and can-
cer as well as their targets are listed in the Supplemental Table
S4. Among them, miR-31-5p (Zheng et al. 2015) and miR-
3648 (Rashid et al. 2017) have previously been shown to
promote the proliferation of HeLa cells, and miR-31-5p has
also been shown to act as an oncogene in cervical cancer
(Rao et al. 2012; Wang et al. 2014a; Zheng et al. 2015).

Overexpression of pro-fitness miRNAs
in cervical cancer

We then wanted to determine if miRNAs identified as pro-
fitness in cancer cell lines may also play pro-fitness roles
in patient tumors. As HeLa cells are derived from cervical
cancer, we looked for overlaps between our HeLa cell hits
and those miRNAs found to be differentially expressed in cer-
vical cancer. We examined published studies of differential
miRNA expression in cervical cancer tumors or precancerous
cervical intraepithelial neoplasia (CIN) versus normal

A B

FIGURE 4. Deep sequencing results from LX-miR HeLa screen. (A) Scatter plot of the induced versus uninduced/initial control read counts for each
sgRNA in replicate 1. MiRNA-targeting sgRNAs are in blue, while nontargeting sgRNAs are in gray. The dotted line indicates no change between the
populations. (B) The kernel density estimate of the log2 fold change between induced and uninduced/initial control reads per sgRNA in replicate 1.
The blue line indicates the distribution of the nontargeting sgRNAs, and the green line indicates the distribution of the miRNA-targeting sgRNAs.
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cervical tissue (Supplemental Table S5; Martinez et al.
2007; Lee et al. 2008b; Wang et al. 2008; Pereira et al. 2010;
Witten et al. 2010; Cheung et al. 2012; Lajer et al. 2012;
Liu et al. 2012; Rao et al. 2012; Wilting et al. 2012). A total
of 275 miRNAs were found up- or down-regulated in at least
one of these studies (Supplemental Table S6). Among them,
19 miRNAs overlapped with the 44 putative pro-fitness
miRNAs identified in our screen. Ten of the overlapping
miRNAs were consistently up-regulated in cervical cancer
or CIN samples, and five miRNAs were found up-regulated
in multiple studies: miR-31-5p, miR-92b-3p, miR-146b-5p,
miR151a-3p, and miR-194-5p (Table 2). The significant
number of miRNAs identified in our screen that are also
known to be overexpressed in cervical cancer tumors suggests
many of the identified miRNAsmay be important for cervical
tumor cell growth in vivo, not just the proliferation of HeLa
cells in vitro.

Screen for fitness-associated miRNAs using LX-miR
in NCI-N87 gastric cancer cells

To further test the utility of the LX-miR library, we also
screened for miRNAs that may affect fitness in the NCI-
N87 gastric cancer cell line. NCI-N87 cells are near diploid
(Park et al. 1990), whereas HeLa cells are mostly polyploid
(Macville et al. 1999). As with the HeLa screen, a clonal
NCI-N87-Cas9 cell line with doxycycline-inducible Cas9
expression was created (Supplemental Fig. S7A) and trans-
duced with the LX-miR library. The cells were grown
for ∼14 cell duplication, with and without doxycycline
(Supplemental Fig. S7B). Amplicon sequencing was per-
formed to determine the frequency of each sgRNA in the con-
trol and doxycycline-induced samples (Fig. 6A). There was
no significant shift between the overall fold-change dis-
tribution of the nontargeting control and the miRNA-

A B

C D

FIGURE 5. Fitness-associated miRNAs identified fromHeLa LX-miR screen. (A) Scatter plot of MAGeCK and RSA−log10 P-values for each primary
miRNA based on the decrease of sgRNAs targeting that primarymiRNA. The P-values from both algorithms are highly correlated (Pearson correlation
coefficient = 0.81–0.85; P-value = 0.0). Replicate 1 data shown in blue dots, replicate 2 in green Xs. (B) Median log2 fold change of all the sgRNAs
targeting a primary miRNA plotted versus the −log10 P-value from RSA (green X) or MAGeCK (blue dot) for replicate 1. The dotted line indicates
P-value = 0.05. (C) Venn diagram showing the overlap between significant pro-fitness miRNAs in replicate 1 and replicate 2. (D) Ranked bar plot of
the mature miRNA read counts for significant pro-fitness miRNAs. Only miRNAs with at least 10 normalized reads (read per million) were plotted.
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targeting sgRNAs (Fig. 6B). This is different than the asym-
metrical shift toward negative fold change seen in miRNA-
targeting sgRNAs in HeLa cells (Fig. 4B) and suggests the
loss of a single miRNA inNCI-N87may affect cell fitness pos-
itively as well as negatively.
We determined potential pro- and anti-fitness miRNAs by

analyzing the frequency-change of sgRNAs using MAGeCK
and RSA (Fig. 6C; Supplemental Table S7), and by consider-
ing mature miRNA expression (read counts >10 RPM).
We identified 10 pro-fitness and 10 anti-fitness mature
miRNAs in NCI-N87 cells (Fig. 6D,E). To determine if these
miRNAs might be important for fitness of gastric cancer cells
in vivo, we examined the TCGA data for 41 patients with
paired tumor and normal gastric miRNA expression data.
Six pro-fitness miRNAs identified in our screen (miR-95-
3p, miR-181a-5p, miR-188-5p, miR-196b-5p, miR-584-5p,
and miR-1304-3p) were significantly up-regulated in tumor
samples, and three anti-fitness miRNAs (let-7a-3p, miR-
100-5p, and miR-149-5p) were significantly down-regulated
in tumor samples (Table 3).
We examined the literature for known roles of these fit-

ness-associated miRNAs (Supplemental Table S8). Two
pro-fitness miRNAs we identified, miR-181a-5p (Zhang
et al. 2012) and miR-196b-5p (Tsai et al. 2010, 2014; Li
et al. 2016b), have previously been shown to be gastric
cancer oncogenes, and both are up-regulated in TCGA pa-
tient samples. Four of the anti-fitness miRNAs we identi-
fied have previously been shown as gastric cancer tumor
suppressors: let-7a-5p (Tang et al. 2016), miR-100-5p
(Shi et al. 2015; Yang et al. 2015), miR-149-5p (Wang
et al. 2012), and miR-339-5p (Shen et al. 2015), and two
of which are down-regulated in TCGA gastric tumor
data. Thus, there is a strong correlation between miRNAs
identified in our screen as fitness-associated and miRNAs
dysregulated in patient data. Taken together, the LX-miR
library we developed for genome-wide unbiased screen-
ing was able to identify miRNAs involved in cellular fit-
ness of cancer cell lines, many of which have altered

expression in tumors that is consistent with their potential
fitness role.

DISCUSSION

To the best of our knowledge, this work represents the first
CRISPR-Cas9 library created specifically for functional
screening of human miRNAs. This LX-miR library is able
to target 85% of the annotated human primary miRNAs
with four to five sgRNAs per miRNA. We used the library
to identify miRNAs involved in the fitness of two cancer
cell lines. We found that miRNAs primarily play a pro-fitness
role in HeLa cells and identified 44 putative pro-fitness
mature miRNAs. Of these 44 miRNAs, 10 have previously
been shown to be up-regulated in cervical tumors or CIN,
emphasizing the clinical significance of the miRNAs identi-
fied. We also identified 10 pro-fitness and 10 anti-fitness
miRNAs in NCI-N87 cells. Six of the pro-fitness and three
of the anti-fitness miRNAs are also dysregulated in gastric
cancer patient samples. Moreover, several of the pro-fitness
miRNAs we identified have been reported as oncogenes,
and likewise several of the anti-fitness miRNAs are known
tumor suppressors. This indicates that the LX-miR screen
is able to identify miRNAs with important roles in cancer.
Genome-wide screens of miRNA function have previously

been conducted using miRNA mimic or inhibitor arrays.
This involves multiwell plates with individual chemically
modified mature miRNA mimics or inhibitors. After trans-
fection with the mimic or inhibitor, the tested cells are
then examined for changes in phenotypes, such as differenti-
ation (Kamat et al. 2014), drug sensitivity (Lam et al. 2010),
senescence (Kooistra et al. 2014), lipid metabolism (Goedeke
et al. 2015), PI3K-Akt pathway changes (Bischoff et al.
2015), and viral infection (Yarbrough et al. 2014; Foo et al.
2016; Shim et al. 2016; Smith et al. 2017). There are several
limitations to array approaches, however, as they are more
expensive by fivefold or more, laborious to conduct, reliant
on consistency between wells, can only be used in cell

TABLE 2. Pro-fitness miRNAs from this HeLa screen compared to dysregulated miRNAs in cervical cancer

Mature miRNA Martinez
Martinez -
cell lines Lee Wang Pereira Liu Lajer Rao

Cheung
- CIN

Cheung
- SCC

Wilting
- CIN

Wilting
- SCC GSE20592

hsa-let-7a-5p - - - - - - - - - - - - Up
hsa-let-7e-5p - - Up - - - - - - - - - -
hsa-miR-31-3p - - - - - - - - - - - - Up
hsa-miR-31-5p - Up - - - Up - Up - - - - Up
hsa-miR-92b-3p - - - - - - - - - Up Up -
hsa-miR-146b-5p - - - - - - Up Up - - Up - Up
hsa-miR-151a-3p - - Up - - - - - - - - Up Up
hsa-miR-194-5p - - Up - - - - - - - - - Up
hsa-miR-378a-5p - - - - - - - - - - - - Up
hsa-miR-625-5p - - - - - - Up - - - - - -

miRNA in bold: up-regulated in multiple studies.
Studies are named by first author and sample type. Supplemental Table S5 contains information about each study.
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lines with high transfection efficiency, and may have cross-
reactivity toward other miRNAs (Khan et al. 2009). A gene-
knockout library circumvents many of these issues, as it
can be conducted in a pooled manner, obtain complete
inactivation of the miRNA, and be more target-specific; in
addition, it would not suffer chemical toxicity associated
with modified nucleotides. A miRNA-specific TALEN library
has been elegantly designed and constructed (Kim et al.
2013); however, that library targets only 274 human
miRNAs (∼15% of the annotated miRNAs) and is not in-
tended for pool screens. The GeCKOv2 library (Sanjana
et al. 2014) and our dedicated LX-miR library take advantage
of the CRISPR-Cas9 technology and offer a sensitive and
robust tool for identifying functional miRNAs. sgRNA

screens could also be used to investigate the function of
miRNAs in drug resistance, development, viral infection,
and a variety of other cellular properties. The relatively small
scale of the LX-miR library allows sgRNA representation
to be maintained during the screen even in systems such as
primary cells or in vivo.
A few considerations should be taken into account when

using a gene editing knockout screen to identify functional
miRNAs, as the majority of miRNAs (∼76%, Supplemental
Fig. S8) overlap with other transcripts or regulatory elements.
There could be some primary miRNAs for which sgRNA
cleavage affects cellular fitness due to the impact of mutations
on the overlapping transcripts or elements, either solely or in
addition to the knockout of the miRNA. For example, miR-

A B

C

D E

FIGURE 6. LX-miR NCI-N87 Screen. (A) Scatter plot of the induced versus uninduced/initial control read counts for each sgRNA. The dotted line
indicates no change between the populations. (B) The kernel density estimate of the log2 fold change between induced and uninduced/initial control
reads per sgRNA. The blue line indicates the distribution of the nontargeting sgRNAs, and the green line indicates the distribution of the miRNA-
targeting sgRNAs. (C) Median log2 fold change of all the sgRNAs targeting a primary miRNA plotted versus the −log10 P-value from RSA (green
X) or MAGeCK (blue dot). The dotted line indicates P-value = 0.05. (D,E) Ranked bar plot of the mature miRNA read counts for significant (D)
pro-fitness or (E) anti-fitness miRNAs. Only miRNAs with at least 10 normalized reads (read per million) were plotted.
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1226-3p and miR-320a were identified as putative pro-fitness
miRNAs in our HeLa screen. The hsa-mir-1226 pre-miRNA
is an intron in the putative RNA helicase DHX30 gene and
is processed by the splicing machinery without the need
for Drosha cleavage. Mutations that affect the processing of
this miRNA could therefore also affect the splicing of its
host gene, which has been shown to be a conditionally essen-
tial gene (Chen et al. 2017). hsa-mir-320a overlaps with the
promoter of POLR3D, a subunit of RNA polymerase III
and a conditionally essential gene (Chen et al. 2017). The
fitness decrease seen after mutations to these miRNAs could
be due to knocking out the miRNA or the effect of mutations
on these essential genes or a combination of both. In addi-
tion, when performing a screen in cancer cell lines like
HeLa, sgRNAs may cleave at multiple gene duplication sites
resulting in DNA damage response and thus generate false
readouts (Aguirre et al. 2016; Munoz et al. 2016). These con-
siderations could also explain how some of the pro-fitness
miRNAs identified in our screen have previously been shown
to decrease HeLa cell proliferation: let-7a-5p (Wu et al.
2016), miR-139-3p (Huang et al. 2016), miR-143-3p (Liu
et al. 2012), and miR-320a (Zhang et al. 2016). However,
the discrepancy could also be due to differing effects of
knocking out the miRNA completely versus the previous
studies which knocked down or overexpressed the miRNA.
It is also possible the 5p and the 3p miRNAs play opposite
roles, and our screen directly mutated the DNA, which could
affect the biogenesis of both 5p and 3p miRNAs. Despite
these caveats, CRISPR-Cas9 screening is a useful tool for de-

termining miRNA function and was able to identify several
miRNAs that had additional evidence to support their role
as fitness-relevant miRNAs.
Our screens identified 10 miRNAs that enhance fitness

of HeLa cells and have been reported to be up-regulated in
cervical cancer (Table 2). MiR-31 is reported to be pro-pro-
liferative in HeLa cells and oncogenic in cervical cancer (Rao
et al. 2012; Wang et al. 2014a; Zheng et al. 2015). We found
knocking out miR-151a in HeLa cells caused up-regulation of
cyclin-dependent kinase inhibitor p21 and growth disadvan-
tage (JS Kurata and RJ Lin, in prep.). Our screens also iden-
tified six miRNAs that enhance fitness in NCI-N87 cells and
are up-regulated in gastric cancer, as well as three miRNAs
that impair fitness and are down-regulated (Table 3). In the
two cell lines examined, no anti-fitness miRNAs were identi-
fied in HeLa cells whereas both pro- and anti-fitness miRNAs
were identified in NCI-N87 cells. This could be due to
ploidy of the cell lines, as HeLa cells are polyploidy
(Macville et al. 1999) and NCI-N87 cells are almost diploid
(Park et al. 1990). As previously discussed, multiple copies
of a sgRNA-target site can result in a DNA damage response
and decreased cellular proliferation (Aguirre et al. 2016;
Munoz et al. 2016). Another possibility is that the fast grow-
ing HeLa cell line has already circumvented the mechanisms
by which anti-fitness miRNAs control cell growth, while the
slower growing NCI-N87 cell lines may still respond to these
anti-fitness miRNAs.
By comparing the pro-fitness miRNAs identified in our

HeLa and NCI-N87 screens and the previously reported
MV4-11 myeloid leukemia cell pro-fitness miRNAs identi-
fied using the GeCKO v2 library (Wallace et al. 2016), a single
miRNA, miR-1304-5p, was identified as pro-fitness in all
three cell lines. The importance of this finding is not clear,
since miR-1304-5p is shown to suppress the growth of
non-small cell lung cancer cells (Li et al. 2016a); however,
miR-1304 may function differently in other cancers. It is
also possible that the targeting sgRNAsmutated an important
regulatory region, as the active enhancer mark H3K4Me1 is
high in this genomic region. The role of miR-1304 in cancer
warrants further investigation.
The developed LX-miR library can also be improved using

the latest research into CRISPR-Cas systems. For instance,
several known HeLa fitness miRNAs were not identified
in our screen, including miR-21 whose knockout in HeLa
cells has been shown to decrease the rate of proliferation
(Chen et al. 2015a). This could be due to low cleavage effi-
ciency of the selected sgRNAs, which can be improved as
more accurate computational models of sgRNA activity are
introduced. The CRISPRpred tool for on-target activity pre-
diction has recently been developed and shown to be an
improvement over the Azimuth scoring method (Rahman
and Rahman 2017). We are also unable to target 287 primary
miRNAs partially because there are too few S. pyogenes Cas9-
required NGG PAM sequences in these primary miRNAs,
so the needed four to five sgRNAs could not be designed.

TABLE 3. NCI-N87 fitness-associated miRNAs gastric tumor
versus normal tissue comparison in TGCA

Primary miRNA Mature miRNA STADa

Pro-fitness miRNAs
hsa-mir-26a-1 hsa-miR-26a-5p Down
hsa-mir-95 hsa-miR-95-3p Up
hsa-mir-181a-2 hsa-miR-181a-5p Up

hsa-miR-181a-2-3p -
hsa-mir-188 hsa-miR-188-5p Up
hsa-mir-196b hsa-miR-196b-5p Up
hsa-mir-197 hsa-miR-197-3p -
hsa-mir-584 hsa-miR-584-5p Up
hsa-mir-1304 hsa-miR-1304-3p Up
hsa-mir-4286 hsa-miR-4286 -

Anti-fitness miRNAs
hsa-let-7a-1 hsa-let-7a-3p Down

hsa-let-7a-5p -
hsa-mir-100 hsa-miR-100-5p Down
hsa-mir-130b hsa-miR-130b-3p Up

hsa-miR-130b-5p Up
hsa-mir-149 hsa-miR-149-5p Down
hsa-mir-339 hsa-miR-339-5p -

hsa-miR-339-3p -
hsa-mir-625 hsa-miR-625-3p -
hsa-mir-3144 hsa-miR-3144-3p -

aSTAD, stomach adenocarcinoma TCGA project.
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The development of the CRISPR class 2 effector endonucle-
ase Cpf1 recognizing a TTTN PAM sequence (Zetsche et al.
2015) and Staphylococcus aureus Cas9 recognizing a
NNGRRT PAM sequence (Ran et al. 2015) could be helpful
for targeting primary miRNAs with few GG sequences. The
recent engineering of the xCas9 protein which has PAM se-
quences NG, GAA, and GAT (Hu et al. 2018) broadens the
number of possible targets by a single Cas9 and should be
able to expand the number of primary miRNAs targeted by
the LX-miR library design.

In conclusion, our study indicates that a pooled fitness
screen using a focused sgRNA library, combined with expres-
sion in the tested cell lines and dysregulation in clinical
samples, is fruitful in identifying relevant, novel miRNAs.
The developed LX-miR library could also be used to investi-
gate the function ofmiRNAs in drug resistance, development,
viral infection, and a variety of other cellular properties.

MATERIALS AND METHODS

miRNA-targeting sgRNA selection

The genomic location of each primary miRNA stem–loop was
downloaded from miRBase v21 (Kozomara and Griffiths-Jones
2014). The stem–loop sequence plus 20 bp on either side was
then fetched from the UCSC genome browser using the custom
track tool. All possible sgRNAs (20 nt followed by NGG) within
these sequences were identified using custom Python scripts. To
allow for on-target activity scoring using the Azimuth (Doench
et al. 2016) algorithm, the extended (NNNNsgRNANGGNNN) se-
quence for each sgRNA was fetched from the genome using the
Ensembl REST API (Yates et al. 2015). The extended sgRNAs
were then scored using the Azimuth API. The off-target activity of
the sgRNAs was scored using the CRISPR design tool (mit.crispr.
edu; [Hsu et al. 2013]). The number of exact matches in the genome
for each sgRNA was determined by aligning the sgRNA sequence
plus NGG to the human genome (hg19) using bowtie (Langmead
et al. 2009) under settings which return all exact matches (-v 1 -a).

The sgRNAs were examined for identical seed (12 bp closest to the
PAM) sequences. If multiple sgRNAs targeting the samemiRNA had
identical seed sequences, only the onewith the highestAzimuth score
was considered. The top five sgRNAs by Azimuth score per miRNA
were then selected for inclusion in the pool. We then selected 1000
distinct control sgRNAs from previously published libraries
(Sanjana et al. 2014; Shalem et al. 2014; Wang et al. 2014b, 2015).
These sgRNAs were also aligned to the genome using bowtie to en-
sure no target sites were found (bowtie -v 0 -a). The 1000 control
sgRNAs were then selected from among those which had no align-
ments. All of the code used to design the library can be found at
https://github.com/jkurata/LX-miR_Design. Information about ev-
ery miRNA-targeting sgRNA, including the scoring information
and oligo designs, can be accessed atwww.mirnalibrary.rjlinlab.com.

Vectors

pLX-sgRNA (Addgene plasmid # 50662) and pCW-Cas9 (Addgene
plasmid # 50661) were a gift from Eric Lander and David Sabatini

(Wang et al. 2014b). lentiCRISPRv2 was a gift from Feng Zhang
(Addgene plasmid # 52961) (Sanjana et al. 2014).

We modified pLX-sgRNA to allow sgRNA insertion by Gibson
assembly. Two BfuAI sites separated by 40 bp were inserted into
pLX-sgRNA using overlap-extension PCR as described in the
provided pLX-sgRNA protocol. In brief, the U6 promoter or
the sgRNA scaffold containing regions of the vector were amplified
using primers with BfuAI tails (pLX-F1 and pLX-R1-BfuAI or pLX-
F2-BfuAI and pLX-R2; Supplemental Table S9). The two PCR prod-
ucts were then combined and a third round of PCR was performed
using the pLX-F1 and pLX-R2 primers to amplify the entire region.
The PCR product was then ligated between the XhoI and NheI sites
of the pLX-sgRNA vector. To enable easy distinction between digest-
ed and undigested vector, the 2 kb stuffer from plentiCRISPR v2 was
amplified by PCR using plenti-2k primers (Supplemental Table S9)
and inserted between the BfuAI sites of the PCR linearized pLX-
sgRNA-BfuAI vector (pLX-lin primers; Supplemental Table S9) us-
ing InFusion Cloning (Clontech) to create the pLX-sgRNA-BfuAI-
2k vector.

LX-miR library cloning

For every sgRNA in the miRNA-targeting library, tails were added
to allow for PCR amplification and Gibson assembly. The first
nucleotide of the sgRNA was also replaced with G to allow for effi-
cient RNA Pol III transcription. 85-mer ssDNA oligos of the
form TCTTGTGGAAAGGACGAAACACCGX19GTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCG were ordered from
Custom Array Inc. The oligos (1 µL) were amplified using CloneA
mp HiFi PCR Premix (TaKaRa) for 20 cycles with an annealing
temperature of 56.5°C using pLX-gibson primers (Supplemental
Table S9).

The PCR product was then gel purified using the NucleoSpin Gel
and PCRClean-up kit (Macherey-Nagel). Gibson assembly was per-
formed using Gibson Assembly Master Mix (NEB) with gel purified
BfuAI digested pLX-sgRNA-BfuAI-2k and the purified sgRNA PCR
at a 1:10 vector to insert ratio. Fifteen transformations of 0.5 µL of
the Gibson assembly product into 25 µL Endura ElectroCompetent
cells (Lucigen) were performed. The transformation product was
then plated on LB agar plus ampicillin (100 µg/mL) plates and incu-
bated at 30°C for 16 h. Enough colonies for ∼50-fold representation
of the library were collected by washing the plates with LB. Plasmid
DNA was purified using the NucleoBond Xtra Maxi kit (Macherey-
Nagel). To produce additional plasmid DNA, 2 µL pLX-miR plas-
mid (50 ng/µL) was transformed into Endura ElectroCompetent
cells (Lucigen), diluted 1:100 and grown as above. After every
transformation, the sgRNA frequency in the plasmid pool was deter-
mined by deep sequencing and the pool was verified to contain over
99.9% of the library sgRNAs.

Lentivirus production and transduction

To produce lentiviral particles, 10 cm plates of 293T cells were trans-
fected with 15 µg lentiviral vector, 15 µg pC-GP-2, 5 µg pCMV-rev2,
and 5 µg pCMV-G per plate using calcium phosphate transfection.
After 6 h, 60 µL 0.6 M sodium butyrate was added to each plate.
Medium was collected 72 h after transfection, centrifuged at 400g
for 5 min and sterile filtered to remove any cells. The lentivirus
was precipitated by incubating in 10% PEG at 4°C overnight. The
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precipitate was then collected by centrifugation at 2000g for 30 min
and stored at −80°C.
For transduction, 50 µL lentivirus and 1.6 µL polybrene (10 mg/

mL) were added to cells in 4 mL fresh medium. The virus was re-
moved andmedium changed after 24 h. Selection with the appropri-
ate antibiotic was started 48 h after transduction.

Cell culture and HeLa-Cas9/NCI-N87-Cas9 creation

HeLa cells were grown in DMEM with 10% FBS at 37°C and 5%
CO2. NCI-N87 cells were grown in RPMI with 10% FBS at 37°C
and 5%CO2. To create the HeLa-Cas9 andNCI-N87-Cas9 cell lines,
HeLa or NCI-N87 cells were transduced with pCW-Cas9 lentivirus.
After a week (HeLa) or 2 wk (NCI-N87) of puromycin selection
(1 µg/mL; InvivoGen), single colonies were selected and expanded.
The HeLa-Cas9 or NCI-N87-Cas9 clone with no detectable back-
ground expression and the highest Cas9 expression level by western
blot after induction was used for all experiments.

Western blot

Total cellular lysate was created by adding 100 µL Laemmli buffer
per 106 cells. The lysate was then boiled for 5 min and either used
directly or flash frozen and stored at −80°C. Ten or 20 µL of protein
was separated by size on a SDS-PAGE gel and then transferred to a
PVDF membrane. The membranes were blocked overnight at 4°C
using 5% nonfat milk in 1x TBST and incubated with primary at
room temperature for 1 h. The dilutions and primary antibodies
used were 1:5000 mouse α-FLAG (GenScript A00187) and 1:5000
mouse α-GAPDH (Invitrogen 398600). The dilutions and second-
ary antibody used was 1:20,000 IRDye 800CW goat α-mouse
(LiCor). All primary and secondary antibodies were diluted in
5% nonfat milk in 1× TBST. Membranes were imaged using an
Odyssey imaging system (LiCor).

LX-miR screen

Ten plates of HeLa-Cas9 or NCI-N87-Cas9 cells were transduced
with LX-miR lentivirus and selected using 5 µg/mL blasticidin
(InvivoGen). The cells from all plates were combined and split every
2 to 3 d. After 7 d of selection, at least 1.6 million cells were collected
to measure the frequency of each sgRNA in the initial pool. On day
8, 8 plates were treated with 2 µg/mL doxycycline. The cells were
then grown for 14 cell duplication, 14 d for HeLa cells or 28 d for
NCI-N87 cells, with all of the dox treated or untreated cells being
collected and split every 2 to 3 d. Genomic DNA was extracted
from 1–5 × 106 cells using DNeasy Blood and Tissue (Qiagen) and
the provided protocol.

LX-miR deep sequencing

To determine the distribution of sgRNAs in the pool, the sgRNA
region was amplified from the genomic DNA using Herculase II
Fusion DNA Polymerase (Agilent). We used a nested PCR strategy
adapted from Shalem et al. (2014) to increase the specificity of
this PCR. To maintain 200× representation of our library, we
used over 1.6 million genomic equivalents or 10.6 µg of genomic
DNA in PCR1. Since too much DNA inhibits the PCR reaction,

24 50 µL reactions with 500 ng genomic DNA each were performed
for PCR1 using the lentiC-dseq-2-F1 and pLX-dseq-R1 primers
(Supplemental Table S9). After 25 cycles of PCR1 with an annealing
temperature of 55°C, 2 µL of each PCR1 reaction were combined
and 1 µL of the combined product was used per PCR2 reaction.
Five PCR2 reactions were performed per sample for 10 cycles to
add illumina adaptors using the lentiC-dseq-F1 and pLX-dseq-R2
primers (Supplemental Table S9). The PCR product was then puri-
fied using the illustra GFX PCR DNA and Gel Band Purification Kit
(GE Healthcare Life Sciences). Deep sequencing was performed us-
ing HiSeq 2500 (Illumina) and produced 10 million to 20 million
single end 50 bp reads per sample.

LX-miR data analysis

The raw fastq files were processed by removing the conserved vector
sequences (5′: TGTGGAAAGGACGAAACACC; 3′: GTTTTAG) on
either side of the sgRNA using Btrim (Kong 2011). Only those reads
which were at least 16 nt long after trimming were kept (-l 16). The
target sequences were then aligned to an index constructed from the
sgRNAs sequences in the pLX-miR pool using Bowtie (Langmead
et al. 2009) under settings which allow for a single mismatch be-
tween the expected sgRNA sequence and the read (-v 1). The num-
ber of aligned reads per sgRNA was then counted using a custom
Python script.

sgRNA median ratio normalization

The number of reads per sgRNA were normalized using median
ratio normalization (Li et al. 2014). This normalization takes the
geometric mean of the read counts for each sgRNA across samples
(x̂i) and divides the read counts for that sgRNA in a specific sample
to get a ratio.

x̂i =
∏
N

k=1

xik

( )1/N

.

The median of all of those ratios for all sgRNAs within a given sam-
ple is the size factor (sj) for that sample and all read counts within
that sample are divided by the size factor to get the normalized
read count (x′ij).

sj = median
xij
x̂i

{ }

x′ij =
xij
sj
.

miRNA level analysis

Two different analysis methods Model-based Analysis of Genome-
wide CRISPR/Cas9 Knockout (MAGeCK) (Li et al. 2014) and
Redundant siRNA Activity (RSA) (Konig et al. 2007) were used to
determine which miRNAs had significant impacts on fitness.
MAGeCKwas run using “mageck test -k <file name> -t <+dox sam-
ple name> -c <control sample names> -n <output prefix>”. RSA
analysis requires fold change for each sgRNA to be calculated.
Therefore, we median ratio normalized the data and added one to
prevent errors when calculating fold change. The fold enrichment
between the induced and the average of the uninduced and initial
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read counts was calculated for each sgRNA. RSA was run using “py-
thon RSA.py -o <output file> -s <column name> <enrichment
file>” to determine which miRNAs had sgRNA decrease in the
pool and “python RSA.py -r -l 1 -u 100 -o <output file> -s <column
name> <enrichment file>” to determine which miRNAs had
sgRNAs increase in the pool. Those miRNAs with P-value <0.05
were considered significant.

miRNA-sequencing

Total RNA, including miRNAs, was extracted from 106 HeLa-Cas9
LX-miR day 7 replicate 1, day 7 replicate 2, day 22 +dox replicate 1,
and day 22 -dox replicate 1 cells using the miRNeasy Mini Kit
(QIAGEN). For NCI-N87, RNA was extracted from NCI-N87 pa-
rental cells. 500 ng of RNA was prepared for sequencing using
the Illumina protocol with minor modifications. In brief, small
RNA libraries are prepared by 3′ adapter ligation, 5′ RT primer
annealing, 5′ adapter ligation, reverse transcription, and PCR ampli-
fication. Libraries were then pooled in batches of 12 samples in equal
amounts and clustered with a concentration of 10.5 pmol in
one lane each of a single read flowcell using the cBot (Illumina).
Sequencing of 50 cycles was performed on a HiSeq 2500
(Illumina). Demultiplexing of the raw sequencing data and genera-
tion of the fastq files were done using CASAVA v.1.8.2. The reads
were then trimmed to remove the first 3 bases and the Illumina
adaptor sequences using Btrim (Kong 2011) (-l 16 -3 -P -f 3). The
trimmed reads were then aligned to hg38 using Bowtie
(Langmead et al. 2009) under settings which allow for a single mis-
match between the genome and the read (-v 1). The read counts per
mature miRNA were determined using a custom Python script. The
raw reads were read-per-million normalized using the formula: Raw
Reads/Total Reads × 1,000,000 + 1 = Reads per million.

Differentially expressed tumor versus normal miRNAs

The read counts per miRNA of GSE20592 cervical cancer data set
were generated by Witten et al. (2010) and downloaded from GEO
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20592; 10/
12/2016). The gastric cancer miRNA read counts (isoform ex-
pression quantification) were generated by the TCGA Research
Network (http://cancergenome.nih.gov/) and processed using cus-
tom Python scripts. DESeq2 (Love et al. 2014) was used to deter-
mine which miRNAs are differentially expressed between tumor
and normal samples.

DATA DEPOSITION

Raw and processed miRNA-sequencing data have been deposited in
the NCBI Gene Expression Omnibus (GEO accession number
GSE110784). Information about miRNA-targeting sgRNAs can be
found at www.mirnalibrary.rjlinlab.com. The code used to con-
struct the LX-miR library is available on GitHub (https://github.
com/jkurata/LX-miR_Design).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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