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The CRISPR–Cas system seen in bacteria and archaea1 has been devel-
oped into a genome editing tool with wide-ranging applications2–4. 
Functional screens of coding genes have been widely adopted, in 
which pooled libraries of single-guide RNAs (sgRNAs) that target 
the coding regions of genes associated with specific phenotypes can 
be selected using cell growth or specific markers as a readout5–12. 
Although similar strategies have been used to tile across regulatory 
elements in order to investigate cis-element function13, such strategies 
may not work as well for non-coding elements, since indels caused 
by one gRNA are unlikely to produce loss-of-function phenotypes. 
Although two gRNAs have been used to generate a large genomic 
deletion to investigate the function of individual lncRNAs14,15, a high-
throughput screening using such approach has not been reported. We 
developed a CRISPR–Cas9 strategy using paired gRNAs (pgRNAs) 
to produce large-fragment deletions and enable the identification of 
functional long non-coding RNAs in cancer cells.

RESULTS
Lentivirally delivered paired-guide RNA system
We constructed a CRISPR pgRNA library such that the genomic 
sequences between two gRNA-targeting sites could be deleted. First, 
we tested two approaches to express the pgRNAs in one lentiviral 
backbone—two U6 promoters driving the two gRNAs separately 

(U62) and single U6 promoter driving two gRNAs linked consecu-
tively (U61) (Fig. 1a). We compared these two approaches using six 
pairs of gRNAs that were predicted to delete 2–4.5 kb of the human 
CSPG4 locus (CSPG4 encodes an integral membrane chondroitin 
sulfate proteoglycan) (Fig. 1b,c and Supplementary Table 1). In the 
liver cancer cell line Huh7.5OC, which stably expresses the Cas9 and 
OCT1 genes8,16, all six pgRNAs in a U62 vector produced genomic 
deletions with the correct sizes, whereas only two pgRNAs in a U61 
vector produced the correct deletion, and at a much lower efficiency 
(Fig. 1c). Five pgRNAs in U62 targeting the lncRNA MALAT1 also 
produced genomic deletions of the correct sizes with high efficiency 
(Supplementary Fig. 1a,b and Supplementary Table 2). This suggests 
that U62 has superior deletion efficiency, and we therefore adopted it 
for subsequent experiments. We next investigated whether the post-
transduction culture time of lentivirally delivered pgRNAs affected 
the efficiency of genomic deletion, and observed continued genomic 
deletion over time that reached a plateau around 15 d post transduc-
tion (Fig. 1d). Similar results were observed when genomic deletions 
were induced using different pgRNAs targeting CSPG4 (2+2′; Fig. 1b) 
or MALAT1 (2+2′; Supplementary Fig. 1a,c,d). Therefore, cultur-
ing library cells for at least 2 weeks post transduction is desirable to 
allow sufficient time to produce genomic deletions in mammalian 
cells at a level that is optimal for screening. Genomic sequencing of 
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five pgRNAs targeting regions in total (3 pgRNAs targeting CSPG4 
and 2 pgRNAs targeting MALAT1) revealed that almost 80% of the 
deletions at each site were the result of the precise joining of two Cas9 
cleavage sites 3 nucleotides (nt) upstream of the protospacer adjacent 
motifs (PAMs) (Fig. 1e and Supplementary Fig. 1e), consistent with 
previous findings17. Taken together, these data indicate that lentivi-
rally delivered pgRNAs are capable of creating large genomic deletions 
with high efficiency in mammalian cells.

pgRNA library construction and genome-wide lncRNA 
deletion screen
A pgRNA library targeting around 700 human lncRNA genes (Fig. 2a;  
Supplementary Table 3 and Online Methods) with known or putative 
roles in cancers or other diseases18 was designed. For each lncRNA tar-
get, we first identified all possible 20-nt gRNAs adjacent to the canoni-
cal PAM, then filtered gRNAs that were predicted to have low cutting 
specificity19 or efficiency20 (Online Methods and Supplementary 
Code). We selected gRNA pairs with one unique gRNA as a barcode 
for each pair (Online Methods) and developed a rapid and accurate 
method to clone the pgRNAs into a lentiviral expression vector (Fig. 2b  
and Supplementary Fig. 2a,b). Since the two gRNAs in each pair 
are driven by the same type of U6 promoter and contain identical  
3′ scaffold sequences, recombination might occur, which could result 

in erroneous pgRNA pairing. We tested the recombination rate in both 
pgRNA library plasmid constructs and chromosomal integrations in 
cells after transduction, and found that recombination occurred after 
viral transduction in approximately 7.5% of cells, which is comparable 
to error rates during oligosynthesis (Supplementary Table 4). This 
suggests that recombination should have a negligible effect on pgRNA 
library screening.

We constructed our pgRNA library in U62 at low multiplicity of 
infection (MOI) into Huh7.5OC cells that had previously been used for 
functional screening for coding genes16. We cultured the cells for 30 d 
post transduction to try and maximize the identification of lncRNAs 
that either positively or negatively affect cell growth or viability. PCR-
amplified barcode-gRNA regions from the extracted genomic DNA 
of cells before and after CRISPR screening were subjected to deep-
sequencing analysis (Fig. 2c and Supplementary Fig. 2c). Overall, 
the read distribution of three independent experimental replicates 
within each condition showed a high level of correlation (Fig. 3a and 
Supplementary Fig. 3). After 30 d of culture, pgRNAs targeting either 
positive control genes (mostly ribosomal genes) or lncRNAs were 
depleted compared with negative control pgRNAs (non-targeting 
pgRNAs or pgRNAs targeting the non-functional adeno-associated 
virus integration site 1 (AAVS1) loci) (Fig. 3b), indicative of their 
effect on cell survival or proliferation.
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Figure 1  Lentivirally delivered paired-guide RNAs create large-fragment deletion with high efficiency in human cells stably expressing Cas9.  
(a) Structures of the lentiviral plasmids expressing paired-guide RNAs (pgRNAs). The U6 promoter(s) and gRNA coding sequences were cloned into an 
LL3.7 lentiviral backbone. Amplified DNA fragments encoding customized pgRNAs were ligated into the lentiviral backbone with U6 promoters (U62) 
or only one mutual U6 promoter (U61) using the Golden Gate method. (b,c) pgRNA vectors were delivered into human cells that express Cas9 through 
lentivirus. Large-fragment deletions induced by pgRNAs targeting the CSPG4 gene were identified by PCR. Six pairs of gRNAs that produced large-
fragment deletions of 2−4.5 kb were chosen (b), and primers L1/R1 were used for the genomic PCR reactions (b,c). All infected Huh7.5OC cells were 
enriched by FACS and incubated for 6 d. ‘U62’ and ‘U61’ represents two tandem structures in a, and the control is a pair of gRNAs with one targeting 
the CSPG4 locus and the other targeting AAVS1 region. (d) Quantification of the efficiency of large-fragment deletions using genomic PCR over the 
course of time post transduction. The pgRNAs (3+3′ in c, generating 3.5-kb deletion by design) were delivered into Huh7.5OC cells through lentiviral 
infection, and genomic DNA was extracted at different time points as indicated (upper). The primers L2/R2 corresponding to sequences flanking pgRNA 
targeting sites (b) were used for quantification, and primers L3/R3 corresponding to sequences farther away from the targeting sites (b) were used for 
normalization. Primer sequences are listed in Supplementary Table 11. Images were analyzed using ImageJ software, and data are presented as the 
mean ± s.d. (n = 3) (below). (e) DNA sequencing analysis of large-fragment deletions in the human CSPG4 locus targeted by pgRNAs (3+3′) from pooled 
cells 3 weeks post infection (d). Partial sequences of targeted genes containing the two gRNAs’ targeting regions are labeled in red, and the shaded 
nucleotides represent the PAM sequences. Dashes indicate deletions.
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We used the MAGeCK algorithm to identify the top hits by com-
paring samples from day 30 with day-0 controls21. MAGeCK evaluates 
the statistical significance of individual pgRNA abundance changes 
using a negative binomial (NB) model, and compares the ranks of 
pgRNAs targeting each lncRNA with a null model of uniform distri-
bution (Online Methods). The output of MAGeCK is a set of nega-
tively (or positively) selected lncRNAs, or lncRNAs whose knockout 
disrupts (or stimulates) cell proliferation. In total, MAGeCK identi-
fied 43 negatively selected and 8 positively selected lncRNAs with 
statistical significance (false discovery rate < 0.25; Supplementary 
Table 5). Gene set enrichment analysis (GSEA) showed that positive 
control pgRNAs were significantly enriched in the ranked list of nega-
tively selected pgRNAs (Fig. 3c), as expected given the essential roles 
of their targets22. The top negatively selected genes include two posi-
tive control genes: RPL18A, a ribosomal gene, and EZH2, a gene that 
encodes a member of the Polycomb-group family that has an essential 
role in the proliferation of liver cancer cells23. pgRNAs targeting the 
promoters and exons of RPL18A and EZH2 were consistently depleted 

(Fig. 3d,e). Similarly, 89% of the pgRNAs targeting top-ranked neg-
atively selected lncRNAs were depleted, while 76% of the pgRNAs 
targeting positively selected lncRNAs were enriched (Fig. 3f,g and 
Supplementary Fig. 4a,b). In contrast, the abundances of pgRNAs 
with non-targeting controls and targeting the AAVS1 loci were similar 
between control and treatment conditions (Supplementary Fig. 4c). 
Intriguingly, 266 pgRNAs targeting 25 intronic regions of essential 
genes decreased cell viability (Fig. 3d), possibly as a result of the 
deletion of regulatory elements or modulation of alternative splicing 
of the target genes24,25.

Validation of selected lncRNA candidates
From the positively or negatively selected lncRNAs with statistical sig-
nificance, we obtained top-ranked hits whose corresponding pgRNAs 
were consistently depleted (for negative selection) or enriched (for pos-
itive selection) in three independent experimental replicates (Fig. 3f,g  
and Supplementary Fig. 5). To validate the functions of some of these 
lncRNAs, we chose two pairs of gRNAs that were present in the original  
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Figure 2  pgRNA library design, cloning and screening. (a) pgRNA library design. 671 candidate lncRNAs were identified from ENSEMBL35. For each 
candidate lncRNA, pgRNAs targeting promoter or gene bodies were designed (using the pgRNADesign algorithm) with one unique gRNA for each pair 
serving as decoding barcode (Online Methods and Supplementary Code). (b) pgRNA plasmid library construction. Each array-synthesized 137-nt DNA 
oligo contains two gRNAs (represented in red and purple). Oligos were amplified to produce double-stranded DNA (dsDNA) molecules and cloned into  
a lentiviral backbone using a Gibson reaction. The final constructs were obtained after the insertion of a linker segment by BsmBI digestion and ligation 
(Online Methods and Supplementary Fig. 1). (c) The pgRNA library was delivered into Huh7.5OC cells by lentiviral infection with a MOI of about 0.3. 
Infected cells were harvested by FACS for green fluorescence 3 d post infection. For screening, library cells were cultured for 30 d before genome DNA 
extraction and high-throughput sequencing analysis of the barcode gRNA regions.
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screening library and designed up to three additional new pgRNAs for 
each gene. In addition, three pairs of gRNAs were designed to target 
the AAVS1 loci to serve as negative controls (Supplementary Table 6).  
All pgRNAs were transduced afresh into Huh7.5OC cells using a 
lentiviral backbone carrying CMV–EGFP, and proliferation of cells 
was quantified based on the percentage change of EGFP-positive 
cells. Deletion of the promoter of RPL18A, one ribosomal gene that 
ranked on top of the negative selection list from the screen, strongly 
decreased cell proliferation, while deletions of the AAVS1 loci had 
negligible effect on cell growth (Fig. 4a).

Using the same method, we selected lncRNAs without any over-
lap with coding genes from the pgRNA library screening for vali-
dation. From the initial screen, we chose five negatively selected 
lncRNAs (AC004463.6, AC095067.1, HM13-AS1, RP11-128M1.1 and 

RP11-439K3.1) and four positively selected lncRNAs (LINC00176, 
LINC01087, LINC00882 and LINC00883). We designed pgRNAs to 
target the promoters or exons of these lncRNAs. For the divergently 
transcribed pair LINC00882 and LINC00883, which share the same pro-
moter, we designed three additional pgRNAs to target their exons. All 
five negative-selected lncRNAs were found upon individual deletion to 
be essential for cell proliferation, and all four positive-selected lncRNAs 
were confirmed to negatively regulate cell proliferation (Fig. 4b,c  
and Supplementary Fig. 6a,b). We further introduced a cDNA clone 
of LINC00882 into two groups of LINC00882-deleted Huh7.5OC cells 
and demonstrated that the ectopic expression of LINC00882 could 
inhibit cell proliferation (Supplementary Fig. 6c,d). Some pgRNAs, 
such as RP11-439K3.1_p3 and RP11-439K3.1_p4, did not produce 
distinct phenotypes (Fig. 4b) because of their failure to generate 
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quantitative PCR are listed in Supplementary Table 12. (e) Effects of sgRNA and pgRNAs targeting negatively-selected lncRNAs on cell proliferation 
in Huh7.5 cells. Data are presented as the mean ± s.d. (n = 3). P values were calculated using Student’s t-test and corrected for multiple comparison 
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genomic deletions (Supplementary Fig. 6e). To further validate 
candidate genes, we used a CRISPR-inhibitor (CRISPRi) method26 
that can reduce the transcription of the targeted gene. Out of the five 
negatively selected lncRNAs, we were able to successfully decrease the 
expression of three (AC004463.6, RP11-439K3.1 and AC095067.1) 
using CRISPRi, and all significantly decreased cell proliferation  
(Fig. 4d). We also carried out cell lethality assays on lines with dele-
tion on the five negatively selected lncRNAs and on the CRISPRi lines 
(transcription of lncRNAs repressed), and found all five lncRNAs to be 
essential for cell viability (Supplementary Fig. 7 and Supplementary 

Table 7). For positively selected gene candidates LINC01087 and 
LINC00882, we used a CRISPR-activator (CRISPRa) method27 to 
upregulate their transcription, and found both lncRNAs to be lethal 
when overexpressed (Supplementary Fig. 8 and Supplementary 
Table 7). Therefore, the CRISPR–Cas9 screen strategy from genomic 
deletion works well for both negatively and positively selected 
lncRNAs with high efficiency and reliability.

For both CRISPR screening and candidate validation, we intro-
duced paired gRNAs into cells. It is possible that the phenotypic 
changes we observed were due to the effect of one gRNA-mediated 
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©
 2

01
6 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



nature biotechnology  VOLUME 34  NUMBER 12  DECEMBER 2016	 1285

A rt i c l e s

double-strand break (DSB) instead of pgRNAs-mediated genomic 
deletion. To exclude this possibility, we compared the effects of 
pgRNAs targeting AC004463.6 and AC095067.1 with the effects of 
introducing only one of their corresponding gRNAs. Only pgRNAs 
significantly affected cell proliferation in both cases, while none of the 
single gRNAs targeting introns or exons altered cell survival (Fig. 4e 
and Supplementary Fig. 6f). This suggests that, at least for these two 
lncRNAs, pgRNA-mediated genomic deletion is required to generate 
functional knockout, an effect unlikely to be achieved through indels 
created by single gRNAs.

Functional analysis of validated lncRNAs
We next sought to investigate the potential functions of LINC01087, 
one of the top positively selected lncRNAs in the screen. We knocked 
out LINC01087 with three different pgRNAs and observed similar 
changes in gene expression patterns from RNA-seq (Fig. 5a and 
Supplementary Fig. 9a−c). Knocking out LINC01087 did not affect 
the expression of neighboring protein-coding genes (Supplementary 
Fig. 9d), but instead upregulated a set of genes associated with liver 
cancer. The upregulated genes included FOS and FOSB (Fig. 5b), 
which encode members of the FOS gene family and AP-1 transcrip-
tion factor complex28; liver-cancer-upregulated genes; targets of the 
hepatocellular oncogenic transcription factor HNF4α29; and genes 
involved in retinol metabolism (Fig. 5c).

We also evaluated the predicted functions of our top 15 lncRNA hits 
using “guilt by association,” a computational approach for inferring 
lncRNA function from the enriched functions of co-expressed coding 
genes30. We analyzed the expressions of genes and lncRNAs in five dif-
ferent cancers (liver, prostate, ovarian, lung cancer and glioblastoma 
multiforme) using data sets from the Cancer Cell Line Encyclopedia 
(CCLE) and The Cancer Genome Atlas (TCGA), respectively18,31 
(Online Methods). Many of the genes that were co-expressed with 
negatively selected lncRNAs were enriched in essential processes such 
as RNA metabolism and cell cycle, whereas genes correlated with 
positively selected lncRNAs were enriched in the negative regula-
tion of these essential processes (Fig. 5d,e; Supplementary Fig. 10 
and Supplementary Table 8). This is consistent with the finding that 
knockout of these negatively (or positively) selected lncRNAs disrupts 
(or enhances) cell proliferation and viability. One of the negatively 
selected lncRNAs, AC004463.6, is significantly overexpressed in liver 
cancer and metastatic prostate cancer (Fig. 5f), and five out of the 
seven negatively selected lncRNAs in Huh7.5 are significantly over-
expressed in metastatic prostate cancers (Supplementary Fig. 11). 
In addition, two of the five validated negatively selected lncRNAs, 
AC004463.6 and RP11-439K3.1, were confirmed to be essential  
in 22RV1, a relapsed prostate cancer cell line32 (Supplementary  
Fig. 12). These results suggest that the lncRNAs selected in liver  
cancer cell lines may also function in other cancer types.

lncRNA screening in HeLa cells
To assess the functions of lncRNAs in a different cell type, we screened 
HeLa cells using our lncRNA library (Supplementary Table 9). 
Positive control pgRNAs and genes were negatively selected, an indi-
cation that our screen works well in HeLa cells as well (Fig. 5g and 
Supplementary Fig. 13). A further comparison of the screens done in 
Huh7.5 and HeLa cells revealed different roles for distinct lncRNAs in 
these two cell types (Fig. 5g). Of the top negatively selected and vali-
dated lncRNAs in Huh7.5, we tested five lncRNAs in HeLa, including 
two that seemed to be essential (AC095067.1 and RP11-128M1.1) and 
three that appeared to be non-essential (HM13-AS1, AC004463.6 and 
RP11-439K3.1, Fig. 5h) in the HeLa cell screen. Indeed, knocking out 

two essential lncRNAs reduced cell proliferation, and knocking out 
two of the three non-essential lncRNAs had no effect on cell prolifera-
tion. Our screen missed AC004463.6, which was found to be essential 
in HeLa through individual validation, an indication that the current 
lncRNA pgRNA library still has space for improvement.

DISCUSSION
The vast majority of all mammalian genomes comprise non-coding 
regions, many of which have important regulatory roles. Functional 
analyses of non-coding regions have been challenging, and an effec-
tive screening strategy for non-coding regions based on genomic dele-
tion was, until now, lacking. We have established a genome deletion 
screening method using CRISPR–Cas9 screens with paired gRNAs 
in mammalian cells. Using this method, we screened approximately 
700 human lncRNAs and identified lncRNAs that have oncogenic or 
tumor suppressor activities in cancer cells. Orthogonal validation of 
top hits using individual CRISPR–Cas9 knockout, CRISPR inhibition 
and activation, gene expression profiling and expression correlation 
analysis confirmed the findings of our screens and showed that our 
method has a high level of fidelity and specificity.

There are potential limitations to our lncRNA screening strategy. 
First, deleting lncRNAs may also affect other proximal functional 
elements, including enhancers and microRNAs. It is desirable to 
avoid designing pgRNAs that overlap with other functional elements 
where possible, to examine hits for potential enhancer function and to 
validate screening results using orthogonal technologies. Our screen-
ing approach cannot reveal mechanisms of lncRNA action30, so a 
detailed investigation is needed to further understand the functions 
of identified lncRNAs. More than 30% of the lncRNAs are located 
in the introns of other coding genes with diverse biological func-
tions33. Further characterization of these lncRNAs is challenging, as 
disrupting introns may perturb splicing or other regulatory elements 
and have deleterious effects on cell proliferation (for example, the 
intron-targeting pgRNAs in Fig. 3d). Finally, pgRNA orientation 
seems to have negligible effects on the knockout phenotype, but the 
number of pgRNAs per lncRNA is crucial to reduce the false nega-
tive rate of the screens (Supplementary Figs. 14 and 15a). Not all 
of the positive controls were identified in our screen, which shows 
that the sensitivity of the screen needs improvement. As the deletion 
frequencies for pgRNAs vary (Fig. 1d and Supplementary Fig. 1),  
a sufficient number of pgRNAs (preferably >20) targeting each 
lncRNA is desirable to reduce the false negative rate. Although our 
CRISPR pgRNA library might theoretically cause incorrect pgRNA 
assembly due to paired gRNA recombination in the lentiviral packag-
ing and integration step (owing to the sequence similarity of two U6 
promoters and two repeats of gRNA scaffold sequences), we found 
that our screen was unaffected, a result of a low recombination rate. 
We could further reduce the potential lentiviral recombination rate 
by using different types of U6 promoters (of human and murine ori-
gins)34 and alternative sgRNA scaffold sequences.

Our approach to screening for function of the non-coding genome 
could be applied to investigate phenotypic changes of interest other 
than growth by incorporating a reporter system. Finally, our paired-
guide RNA screening strategy could be more broadly applied to study 
other non-coding sequences including microRNAs, cis elements and 
other currently uncategorized elements.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.
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Accession codes. CRISPR screening results for Huh7.5 cells can 
be accessed in NCBI Short Read Archive (SRA) with the accession 
number SRX2148757 and SRX2148759. Screening results for HeLa 
cells can be accessed in SRA with the accession number SRX2149095. 
RNA-seq reads can be accessed in SRA with the accession number 
SRX2152480. Source codes to design pgRNAs are available in 
Supplementary Code, as well as in Bitbucket repository (https:// 
bitbucket.org/liulab/pgrnadesign).

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Cells and reagents. Huh7.5 cells were from S. Cohen’s laboratory (Stanford 
University School of Medicine) and maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco) with MEM nonessential amino acids (NEAA; 
Gibco), 22RV1 cells were from M. Brown’s laboratory and maintained in 
RPMI1640 medium (Gibco) and HeLa cells were from Z. Jiang’s laboratory 
(Peking University) and were maintained in DMEM (Gibco), all supplemented 
with 10% FBS (CellMax) with 5% CO2 at 37 °C. All cells were checked to ensure 
they are free of mycoplasma contamination.

Plasmid construction. The lentiviral pgRNA-expressing vector was con-
structed by cloning the human U6 promoter, ccdB cassette and gRNA scaf-
fold into pLL3.7 (Addgene, Inc.) by replacing its original U6 promoter8.  
The scaffold-linker-U6 fragment was cloned into pEASY-Blunt plasmid 
(TransGen Biotech).

lncRNA selection. lncRNA targets in cancer. lncRNA targets consist of known 
cancer-related lncRNAs and lncRNAs that are differentially expressed in 
tumors. We used lncRNA expression estimation from a recent study repur-
posing exon array probes to lncRNAs18 and used the Limma algorithm36 to 
identify overexpressed lncRNAs in cancer. In total, 671 lncRNAs were selected 
and up to 20 pgRNAs were designed for each target. Among the 20 pairs,  
10 target the promoter regions, and the other 10 target promoters plus exons.

Positive controls. Positive control genes consist of 20 genes, including  
17 ribosomal genes and 3 cancer-related genes, FOXA1, HOXB13 and EZH2. 
We designed 100 pairs for each positive control gene, including 20 targeting 
promoters (the distance between two gRNAs in each pair is between 200 bp 
and 5 kb), and 80 targeting promoters plus exons. Among the 80 pairs targeting 
promoters plus gene bodies, 60 were designed such that their gRNA orienta-
tions are consistent with gene orientations. This is because gRNAs with the 
same orientation of their targeting genes have a better knockout effect than 
gRNAs with a distinct orientation37. The rest 20 pairs were designed to have 
at least one different orientation with the targeting gene.

Negative controls. We designed 500 pgRNAs of negative controls with 
three different types. The first type of negative control (100 pairs) consists 
of pgRNAs that do not target any loci in the human genome. These pgRNAs 
will be constructed directly from existing non-target control gRNAs from 
GeCKO v2 library38. The second type of control (100 pairs) consists of pgRNAs 
targeting the AAVS1 region, which is a non-essential region in genome and is 
frequently used in CRISPR studies for efficiency test. The third type of nega-
tive control (300 pairs) consists of pgRNAs targeting the introns of positive 
control genes.

sgRNA filtering and design. Target regions. For positive control genes and 
lncRNA, the target regions are their promoters and the whole gene bodies. 
For promoter regions, 5 kb upstream and 200 bp downstream loci of each 
transcription start site (TSS) were selected as the target regions.

gRNA scanning and filtering. After the regions were selected, we identi-
fied all possible gRNAs by searching the PAM motif in the genome sequence. 
We only kept the gRNAs if (1) their sequences are uniquely mapped to the 
intended loci, (2) have at least 2 mismatches to any other loci of the genome, 
and (3) their predicted efficiency scores are above 0.3. The efficiency score pre-
diction was calculated from our recently published machine-learning model20. 
For gRNA pairs targeting lncRNAs, we further required (4) the GC content to 
be between 0.2 and 0.9, and (5) that the gRNAs not include the UUUU/TTTT 
polymer. This is because gRNAs with extreme GC content or with UUUU/ 
TTTT sequence have been shown to have lower cleavage efficiency26,37.

pgRNA design. For all sgRNAs targeting each lncRNA or positive control 
gene, we first enumerated all possible pgRNAs and then kept pairs that satisfy 
all of the following conditions:

1.  Include one sgRNA before TSS and one after TSS;
2.  Do not overlap with any exons of coding regions (for lncRNA targets);
3.  Have the same sgRNA orientation as target lncRNA or gene;
4. � Are at least 5 kb away from the promoters of coding regions (for lncRNA 

targets);

5. � Are at least 50 bp away from the exon-intron boundary of coding genes 
(for lncRNAs located inside the introns of another coding gene).

For each lncRNA or gene, if there are not enough pgRNAs, we also included 
pgRNAs that (1) do not cross over TSS or (2) have different orientation com-
pared with targeted lncRNA or gene. For all pgRNAs that pass the filter men-
tioned above, we next sought to identify desired number of pgRNAs with 
barcode (Fig. 2), and require the barcode gRNA is used only once in the library. 
Note that randomly assigning one of the two gRNAs as the barcode may result 
in some pgRNAs with no available barcode (see Supplementary Text 1). 
Alternatively, we designed an iterative “greedy” algorithm to identify possible 
pgRNAs and their barcodes, and proved that this algorithm can identify the 
optimal number of pgRNAs with barcodes (see Supplementary Text 1).

The pgRNA design algorithm, “pgRNADesign”, is open-source and freely 
available at https://bitbucket.org/liulab/pgrnadesign. Besides the pgRNA 
design and barcode assignment, pgRNADesign further allows users to specify 
a list of “blackout” regions. Once specified, pgRNADesign will avoid designing 
pgRNAs that overlap with these blackout regions.

Construction of the CRISPR–Cas9 pgRNA library. We created a library 
targeting 671 lncRNAs with 12,472 pairs of gRNAs as mentioned above 
(Supplementary Table 3). The 137-nt oligonucleotides containing each pairs of 
pgRNA-coding sequences were designed (Supplementary Table 10) and syn-
thesized (CustomArray, Inc.). Then, primers targeting the flanking sequences 
of oligonucleotides were used for the amplification to create 60-bp homolo-
gies with BsmBI digested pgRNA-expressing backbone. The amplified DNA 
products were ligated into the lentiviral vector using Gibson cloning method39 
and were transformed into Trans1-T1 competent cells (TransGen, Biotech) 
to obtain the plasmids. Plasmids were then digested by BsmBI and ligated 
with BsmBI-digested scaffold-linker-U6 fragment (Supplementary Fig. 2b),  
and the ligation mixture was transformed into Trans1-T1 competent cells 
(TransGen, Biotech) to obtain the final library plasmids (see Supplementary 
Text 2 for sequences). The lentivirus of the pgRNA library was produced by 
co-transfection of library plasmids with two viral packaging plasmids pVSVG 
and pR8.74 (Addgene, Inc.) into HEK293T cells using the X-tremeGENE HP 
DNA transfection reagent (Roche). Huh7.5OC cell library was constructed 
through transduction of low MOI (~0.3) virus, followed by FACS for EGFP+ 
cells, 72 h after infection.

Recombination rate calculation. The recombination rates were calculated in 
both plasmid constructs and chromosomal integrations in cells after transduc-
tion. For plasmid, we amplified the entire pgRNA sequence from the library 
plasmid as the template. For chromosomal integrations in cells, the pgRNA 
sequence was amplified from the genome of library cells as the template. The 
PCR products were then cloned into vectors for sequencing analysis. 80 and 
120 clones were randomly selected from the plasmids and the cell libraries for 
sequencing, respectively.

CRISPR–Cas9 pgRNA library screening. A total of 1.2 × 107 pgRNA library 
cells were plated onto 150 mm Petri dishes and three replicates were arranged. 
The library cells of control group were collected for genomic DNA extraction 
and that of experimental group were incubated for one month. Then genomic 
DNA of experimental group was also extracted, followed by PCR amplifica-
tion of the barcode gRNA-coding regions and deep-sequencing analysis.

Identification of candidate pgRNA sequences and data analysis. The 
genomic DNA of every replicate was isolated from 4 × 106 cells using the 
DNeasy Blood and Tissue kit (Qiagen). gRNA-coding regions integrated into 
the chromosomes were then PCR amplified (TransTaq DNA Polymerase High 
Fidelity; TransGen) with 28 cycles of reaction using primers targeting U6 pro-
moter and the linker between two gRNAs of each pair (Supplementary Fig. 2  
and Supplementary Table 11). In every tube, 0.6 µg of genomic DNA was 
used as the template and 20 PCR reactions were performed for each replicate. 
The PCR products of each replicate were pooled together and purified with 
DNA Clean & Concentrator-25 (Zymo Research Corporation), followed by 
deep-sequencing analysis (Illumina HiSeq 2500).
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The computational analysis of screens. We used the latest version of 
MAGeCK (0.5.3) we previously developed to analyze the screening data21. 
We used the MAGeCK “count” command to generate read counts of all sam-
ples. Briefly, the qualities of fastq files are evaluated using fastqc. If the fastq 
files are of high quality, then all reads are mapped to the screening library 
without tolerating any mismatches, and the raw read counts of all pgRNAs of 
all samples are merged into a count matrix. The distribution of read counts is 
reported in Supplementary Figure 3c, and the correlations between samples 
are reported in Supplementary Figure 3a,b.

We next used MAGeCK “test” command to identify the top negatively and 
positively selected lncRNAs. The MAGeCK algorithm consists of four steps: 
normalization, pgRNA mean-variance modeling, pgRNA ranking and lncRNA 
ranking. In the normalization step, MAGeCK adjusts the effect of sequencing 
depth of all samples by calculating a size factor for each sample. The factor is 
estimated from the “median ratio normalization” approach described before40. 
Instead of calculating the size factor from all pgRNAs (the default normaliza-
tion method for MAGeCK), we estimated the size factor from all AAVS1 target-
ing pgRNAs (“AAVS1 normalization”), since AAVS1 normalization provides a 
more realistic estimation about the log fold-change distribution of the negative 
control pgRNAs (Supplementary Fig. 15b). In the mean-variance modeling 
step, MAGeCK estimates the mean and variance of every pgRNA across inde-
pendent experimental replicates, and fits a linear regression model to better 
estimate variances based on the mean of pgRNA counts. In the sgRNA-ranking 
step, MAGeCK estimates the P value of every pgRNA based on the negative 
binomial (NB) model of read counts. The parameters of the NB distribution 
are estimated from the mean-variance model built in previous step. In the final 
lncRNA ranking step, MAGeCK estimates the level of negative (or negative) 
selection of each lncRNA by comparing the rankings of all pgRNAs targeting 
that lncRNA with a null model (where all pgRNAs are distributed uniformly 
in the ranked list). MAGeCK uses a α-Robust Rank Aggregation (α-RRA) 
algorithm to calculate the “RRA score” of each lncRNA, a score to describe 
the degree of negative (or positive) selection. The P value of the RRA score is 
calculated by permuting all pgRNAs, and the adjusted P values are obtained 
from the Benjamini–Hochberg method. To increase the statistical power, we 
filter lncRNAs that have fewer than 2 statistical significant pgRNAs, and only 
perform multiple comparison P-value correction on the remaining lncRNAs. 
A detailed description of the algorithm can be found in the original study21.

Cell proliferation assay. All the pgRNAs targeting the positive control gene 
and lncRNAs to be validated were cloned into a lentiviral expressing backbone 
carrying CMV promoter-driven EGFP, and were delivered into cells through 
transduction. The percentage of EGFP+ cells was quantified by FACS. The first 
quantification started from three days post viral infection, labeled as day 0, 
serving as control for normalization. Cell viability was determined by normal-
izing EGFP+ percentages at indicated time points with day 0 control.

Cell lethality assay. All the pgRNAs targeting negatively selected lncRNAs 
were delivered into Huh7.5OC cells through lentiviral infection and all the 
sgRNAs that were designed to repress or activate the transcription level of 
lncRNAs were delivered into Huh7.5 cells through transient transfection. The 
cells were conducted with FACS enrichment 72 h after infection or transfec-
tion, and the LDH lethality assay were performed from one day to three days 
post FACS. LDH staining and detection were performed as described in the 
product instruction (CytTox96; Promega). The death signal represented by the 
amount of LDH release was normalized to the wells based on the maximum 
LDH activity of the total lysed cells. Each data point and related error bar 
shown in the figures represent the average results from three replicates.

CRISPR inhibitor and CRISPR activator. For CRISPRi, the KRAB–dCas9-
P2A-mCherry (Addgene; #60954) plasmid was delivered into Huh7.5 cells 
through lentivirus infection. And the mCherry-positive cells were enriched by 
FACS 3 d after infection. Then, the sgRNAs targeting the negatively selected 
lncRNAs were delivered into cells with stable expressing of dCas9–KRAB by 
lentivirus infection followed by cell proliferation assay and cell lethality assay. 
For CRISPRa, the three plasmids dCAS–VP64_Blast (Addgene; # 61425), 
MS2–P65–HSF1_Hygro (Addgene # 61426) and sgRNAs carrying EGFP for 
each positively selected lncRNAs were delivered into cells through transient 

transfection. Then the EGFP-positive cells were enriched by FACS 3 days 
after transfection followed by cell lethality assay.

Real-time PCR. RNA of cultured cells was extracted using RNAprep Pure 
Micro kit (TIANGEN; DP420), and the cDNA was synthesized using 
QuantScript RT kit (TIANGEN; KR103-03). Real-time PCR was performed 
with SYBR Premix Ex TaqII (TaKaRa; RR820A) on LightCycler96 qPCR sys-
tem. And GAPDH transcript levels were measured as normalized controls.

RNA sequencing and data analysis. LINC01087 targeting pgRNAs 
(LINC01087_p1, LINC01087_p2 and LINC01087_p4) were delivered into 
Huh7.5 cells through lentivirus infection. The EGFP-positive cells were 
enriched by FACS three days after infection and cultured for another nine days. 
All the samples were harvested using RNAprep Pure Micro kit (TIANGEN; 
DP420) and deep sequenced on the Illumina Hiseq 4000 platform. RNA-seq 
reads are mapped to the human reference genome (hg19) using Tophat2  
(ref. 41). The read counts of genes are collected using HTSeq42, and the dif-
ferential expression analysis is performed using DESeq2 (ref. 43).

Functional analysis of lncRNAs. We collected the expression data of genes 
and lncRNAs from five different cancer types: liver, prostate, lung, ovarian 
and brain. The expression levels from prostate, lung, ovarian and brain can-
cers were downloaded from our previous study18. In this study, gene expres-
sions were measured from human exon arrays, and lncRNA expressions were 
measured by repurposing some of the probes to lncRNAs. The expression 
profiles include 150 tumor samples from MSKCC Prostate Oncogenome 
Project44, 451 samples from glioblastoma multiforme (GBM)45, 585 samples 
from ovarian cancer46, and 113 samples from lung squamous cell carcinoma 
from The Cancer Genome Atlas Research (TCGA) project47. We downloaded 
the RNA-seq expression profiles of liver cancer patients in TCGA from the 
TANRIC database, an integrative platform to explore the lncRNA functions48. 
For the expression profiles of liver cancer cell lines, we downloaded the RNA-
seq data of 32 liver cancer cell lines from the Cancer Cell Line Encyclopedia 
(CCLE)31,49. RNA-seq reads were obtained from UCSC Cancer Genomics 
Hub (http://cghub.ucsc.edu) and mapped to the human reference genome 
(hg19) using Tophat2 (ref. 41), and the expressions of genes and lncRNAs were 
calculated using Cufflinks50. For gene ontology (GO) analysis, we calculated 
the expression correlations of all coding genes for each lncRNA, chose genes 
with top 10% highest positive correlation, and used the topGO R package to 
estimate the statistical significance of enriched GO terms51.
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