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SUMMARY

Mammalian genomes host a diverse array of RNAs, including protein-coding and noncoding transcripts.
However, the functional roles of most long noncoding RNAs (IncRNAs) remain elusive. Using RNA-targeting
CRISPR-Cas13 screens, we probed how the loss of ~5,500 IncRNAs impacts cell fithess across five human
cell lines and identified 788 IncRNAs with context-specific or broad essentiality. We confirm their essentiality
through individual perturbations and find that the majority of essential IncRNAs operate independently of
their nearest protein-coding genes. Using transcriptome profiling in single cells, we discover that loss of
essential IncRNAs impairs cell cycle progression and drives apoptosis. Many essential IncRNAs demonstrate
dynamic expression across tissues during development. Using ~9,000 primary tumors, we pinpoint those
IncRNAs whose expression in tumors correlates with survival, yielding new biomarkers and potential thera-
peutic targets. This transcriptome-wide survey of functional IncRNAs advances our understanding of non-
coding transcripts and demonstrates the potential of transcriptome-scale noncoding screens with Cas13.

INTRODUCTION

The human genome is pervasively transcribed into RNA and en-
codes thousands of long noncoding RNAs (IncRNAs) that are
often spliced and polyadenylated but not translated into pro-
teins.'"® Of annotated IncRNAs, very few (<1%) have been linked
with a clear functional role.” In those rare cases, IncRNAs have
been found to sequester microRNAs, block translation,® form
biomolecular condensates,” encode micropeptides,®® and
regulate proteins or RNA.'>'" Their low sequence conserva-
tion,>"® low abundance,'*'® and cell-type-specific expres-
sion'® make it challenging to distinguish them from unstable
transcriptional noise.'” Even though genome-wide bioinformatic
analyses and comparative sequencing studies have identified
conserved IncRNAs, ' suggesting possible functional roles,
follow-up experimental validation has been limited to low-
throughput studies, focusing on one IncRNA at a time.*

Recently, pooled CRISPR-Cas9 screens using CRISPR inter-
ference (CRISPRi) and CRISPR activation (CRISPRa) have
been applied to identify functional IncRNAs.?%?" While valuable,
Cas9-based approaches often suffer from unintended on-target
activity—that is, binding at the intended genomic locus but per-
turbing additional nearby genes. Moreover, DNA-based pertur-
bation of a IncRNA locus might also suppress functional DNA el-
ements unrelated to the INcRNA transcript.?

To overcome these limitations, we have developed RNA-tar-
geting CRISPR screens to systematically perturb IncRNAs with
transcript and strand specificity, ensuring no unintended modu-

lation of nearby genes or functional DNA elements in the lo-
cus.?®?° Here, we perturb ~5,500 IncRNAs in five distinct hu-
man cell lines using massively parallel CRISPR-Cas13 forward
transcriptomic screens and identify a core set of shared essential
IncRNAs, compare their essentiality to nearby protein-coding
genes (PCGs), profile transcriptomic changes after perturbation
in single cells, and describe key roles in development and cancer
progression.

This study corrects our previous work.”® After being notified
that potential off-target guide RNAs (gRNAs) were not removed
as described in the STAR Methods, we re-analyzed the screens
and updated experiments using a properly filtered library: We
removed gRNAs with up to 2 mismatches to other protein-cod-
ing transcripts or IncRNAs. This correction eliminates previous
confounders, provides an updated list of essential IncRNAs,
and reaffirms our previous findings.

RESULTS

Transcriptome-scale Cas13 screens for essential
IncRNAs

Using the RNA-targeting CRISPR-Cas13 nuclease,”’ we sys-
tematically identified essential IncRNAs and, by targeting nearby
PCGs, also discerned whether these PCGs were similarly essen-
tial. Using an atlas of IncRNA expression across 7 organs and 26
developmental stages (4 weeks post-conception to old age),'®
we designed the Cas13 library to target ~ 4,200 IncRNAs ex-
pressed at 5 RPKM (reads per kilobase per million mapped

Cell Genomics 6, 101253, July 8, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:neville@sanjanalab.org
https://doi.org/10.1016/j.xgen.2026.101253

j.xgen.2026.101253

Please cite this article in press as: Liang et al., Essential IncRNAs in the human transcriptome, Cell Genomics (2026), https://doi.org/10.1016/

¢? CellPress

OPEN ACCESS

Cell Genomics

Lentiviral
A gRNA library (
~5,500 ~3,100
IncRNAs nearest Sé?{:g) Vel 8
S protein-coding Day 0 Cl
lincRNA asRNA transcripts
C [ - ‘ Count and compare gRNAs from
pu ‘ 20 transcriptome-scale screens
Transduce (
SN SN cells ’
HAPT Day 7/14
ML M A HEK29GFT vl
K562
~56,000 RNA-targeting MDA-MB-231 (
Cas13 guide RNAs THP1 ‘
B Cc 95% ClI D M Essential E M Essential
HAP1 IncRNAs NT gRNA A Non-essential Non-essential
5 5 density T 100
[ - S —XLOC_053432 3902 4029 3599 3724 3608
& 053432 { 1 ol 1 o 61 \GASS
o o
2 o * olodresr {_1Ie 1T 1 2 \XLOC_037681 _
g 3 Slorga26 {116 1] 8, I\wmaLarr S
T > 030849 g |\ NEATT <
= =z
| -5 045617 {1 Wl ] £ || \'\xLoc_o13426 &
5
P Yoo GASs 2 2| \xocososss £ 51 s B
2 00 maaTi {9 1] é XLOC_045617 II .l
§-10- ) NEATI{ 1o I | 5ol 191|195 | 312 | 126 | 162
-10 -5 0 5 -75 -5 -25 0 0 2000 4000 Q\\} ‘b @Q’
Replicate 1 - gRNAs (log, FC) HAP1 gRNA (log, FC) HAP1 rank

<</ ?‘
R @Q

Figure 1. Transcriptome-scale RNA-targeting CRISPR screens to identify essential IncRNAs in human cells
(A) Overview of the Cas13-based loss-of-function screens to identify essential long noncoding RNAs (IncRNAs). lincRNA, long intergenic noncoding RNA; asRNA,

antisense RNA; gRNA, guide RNA.
(B) Fold change (FC) of gRNAs targeting IncRNAs in two independent biological
denotes the number of Cas13 gRNAs.

replicate pooled screens in HAP1 cells 14 days after Cas13 induction. Color

(C) FC (day 14 versus 0) of five individual gRNAs (pink lines) targeting the indicated genes. The shaded region indicates the 95% confidence interval computed
using the distribution of non-targeting (NT) gRNAs. The diamond denotes the mean FC of the five gRNAs in HAP1 cells.

(D) Ranking of INcRNAs via robust rank aggregation (RRA) in HAP1 screens, based
(E) Essential (RRA p < 0.05) and non-essential INcRNAs from the Cas13 screens

on consistent depletion of up to five individual gRNAs targeting the same gene.
in the five cell lines.

In (B) and (C), the dashed lines indicate the 95% confidence interval for NT gRNAs. See also Figures S1-S3 and Tables S1 and S2.

reads) or more in at least one organ or donor across all stages
(n = 297 human tissue samples). We also targeted several
IncRNAs present in a pooled genetic screen using a DNA-target-
ing CRISPR or in a manually curated database of IncRNAs
(INcRNAdb).?%?8 In total, we designed a library of ~56,000
gRNAs to target 5,496 IncRNAs and 3,156 PCGs with ~7 gRNAs
each (Figures 1A and S1A-S1C; Tables S1A and S1B).

We engineered five human cell lines, HAP1, HEK293FT,
K562, MDA-MB-231, and THP1, to express the nuclear-local-
ized RfxCas13d effector under doxycycline-inducible control
(Figure S1D). RNA sequencing (RNA-seq) of the parental and
Cas13-engineered cell lines indicated no significant differences
in gene expression post-induction (Figure S1E; Tables S1C-
S1F). Next, we transduced each cell line with the lentiviral
gRNA library at a low multiplicity of infection to ensure each
cell received only a single perturbation and induced Cas13
expression by adding doxycycline. We harvested genomic
DNA from these cells at 0, 7, and 14 days post-Cas13 induction
and computed changes in gRNA abundance using amplicon
sequencing (n = 20 transcriptome-scale datasets with two bio-
logical replicates for each cell line/time point) (Figure 1A).
We found a high correlation between gRNA counts in indepen-
dent transduction replicates for each cell line (r ~0.9;
Tables S2A-S2E).

2 Cell Genomics 6, 101253, July 8, 2026

We computed changes in gRNA abundance between an early
time point (the day of Cas13 induction, which we term day 0) and
14 days after Cas13 induction (Figures 1B, S1F, and S1G). We
detected consistent depletion among gRNAs targeting IncRNAs
with established roles in cell survival, proliferation, and differen-
tiation, such as MALAT1?° and NEAT1,%° as well as essential
IncRNAs not described in prior literature (Figures 1C and S1H).
In all cell lines, we also observed consistent depletion of gRNAs
that target known essential PCGs, as identified by Cas9-based
knockout screens in more than 1,000 cancer cell lines by the
DepMap Consortium (Figure S1l). Given that we designed multi-
ple gRNAs to target each gene (IncRNA or protein coding), we
assessed the depletion of distinct gRNAs targeting the same
gene (Figure S1J) and computed a gene-level ranking using
robust rank aggregation (RRA) (Figures 1D and S2A;
Tables S2F-S2J). Many of the highly depleted (essential)
IncRNAs were already identified as essential at day 7 after
Cas13 induction (Figure S2B).

As a quality control measure, we compared the change in
abundance of Cas13 gRNAs designed to target 3,156 PCGs tar-
geted in the library with Cas9-based knockout screens from the
DepMap Consortium.®' The enrichment/depletion of these
gRNAs demonstrated a high correlation with DepMap datasets
utilizing DNA-targeting perturbations (0.56 < r < 0.71,
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Figure 2. Distinct and common essential IncRNAs across five cell lines

GFP- mGFP*

(A) Enrichment of essential IncRNAs over non-essential IncRNAs for genomic position to nearest protein-coding gene (PCGs) (left) and evolutionary age (right). For
evolutionary age, mya denotes million years ago. The odds ratio is determined using a two-sided Fisher’s exact test, with significance given by the dot size (dark

outline indicates p < 0.05).

(B) Distribution of shared, partially shared, and cell-type-specific essential IncRNAs (left) and PCGs (right) across all five cell lines. Shared genes are essential in at
least four cell lines, and partially shared genes are essential in two to three cell lines. Numbers in parentheses indicate the number of essential genes in each cell

line.

(C) The proportion of essential IncRNAs and PCGs in each cell line. A two-sided Fisher’s exact test was used for essential IncRNAs compared to essential PCGs
for each essentiality category (see categories in B).
(D) Fold change (day 14 versus 0) of cell-type-specific, partially shared, and shared essential IncRNAs in HAP1 cells after Cas13 induction.
(E) Expression of cell-type-specific, partially shared, and shared essential IncRNAs in HAP1 cells.

(F) Pearson correlation of essential (top) and non-essential INcRNAs (bottom) expression across five cell lines.
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Figure S2C), suggesting that Cas13 and Cas9 can both identify
essential PCGs and do so in a comparable manner. The PCGs
commonly classified as essential by DepMap were also depleted
in the RNA-targeting CRISPR screens (Figure S2D).

For each cell line, we performed stranded total and mRNA
sequencing to quantify the expression of IncRNAs and PCGs
(Tables S1C-S1F). Approximately 5% of the expressed IncRNAs
exhibited significant depletion in each cell line (Figure 1E). As
others have found,'®®? the correlation of transcript expression
among IncRNAs is generally lower than that among PCGs across
cell lines (Figure S2E). In each cell line, we also found a relation-
ship between expression and depletion—using both our Cas13
screens (for IncRNAs and PCGs) and Cas9-based DepMap
screens (for PCGs) (Figures S2F and S2G). After stratifying
IncRNAs and PCGs into expression quartiles, we compared the
enrichment of essential genes in each quartile (Figures S3A-
S3D). For both IncRNAs and PCGs, we found that highly ex-
pressed genes (Q4) are more likely to be essential compared
to lowly expressed (Q1) genes, although the majority of highly ex-
pressed genes (~92% IncRNAs and ~63% PCGs) are not
essential. However, we also observed a key difference between
IncRNAs and PCGs: we identified a higher fraction of essential
IncRNAs in the lower expression quartiles (Q1) compared to
PCGs (Figure S3E). This suggests that IncRNAs not only exhibit
lower expression correlation between cell lines but also function
effectively at lower expression levels.

Distinct and common essential IncRNAs for proliferation
Using the large-scale pooled transcriptome screens, we
compared IncRNAs across the five cell lines to identify shared
and cell-specific essential IncRNAs. We identified a total of 788
IncRNAs that were essential in one or more cell lines. As a group,
we found that essential IncRNAs were enriched for divergent bi-
directional transcripts and tended to have fewer isolated inter-
genic transcripts (Figure 2A). Additionally, there were fewer hu-
man-specific transcripts than expected and a larger fraction of
older (180 mya) transcripts, indicating the essential IncRNAs
are more likely to be evolutionarily conserved (Figure 2A).
Among the 788 essential IncRNAs, we found that 82% (648
essential IncRNAs) were cell-type specific (essential in only
one cell line), 16% (125) were partially shared (essential in two
or three cell lines), and 2% (15) were shared essentials (essential
in at least four of the five cell lines to accommodate biological
variation®®) (Figures S4A and S4B). Compared to PCGs, essen-
tial IncRNAs were more cell-type specific with less overlap be-
tween cell lines (two-sided Fisher's exact test p < 0.05,
Figures 2B and 2C). The shared essential IncRNAs exhibited
higher depletion in the pooled screens than partially shared or

Cell Genomics

cell-type-specific essential IncRNAs (Figures 2D and S4C).
They also had higher transcript abundance compared to cell-
type-specific essential IncRNAs, which was consistently
observed across multiple cell lines (Figures 2E and S4D).

In general, cell-type-specific essential IncRNAs have a lower
correlation in expression across cell lines compared to shared
essential IncRNAs (Figure 2F). For instance, the IncRNAs
XLOC_038972 and XLOC_044949 showed variable expression
levels across cell lines and were specifically depleted in HAP1
and THP1, respectively (Figure 2G). To rigorously test cell-
type-specific functions, we designed an orthogonal assay using
individual (arrayed) knockdown and time-lapse imaging
(Figure 2H; Table S3A). We targeted each IncRNA with three in-
dependent gRNAs. These results indicate clear cell-type-spe-
cific depletion: XLOC_038972 showed essentiality exclusively
in HAP1 cells and XLOC_044949 solely in THP1 cells. Impor-
tantly, XLOC_026046—an essential IncRNA in MDA-MB-231
cells—did not show any depletion in HAP1 or THP1 cells
(Figures 2l and S4E). This is in agreement with a previous study
of essential INcRNAs that found similar cell-type-dependent
effects.?®

To directly demonstrate that IncRNA expression alone does
not determine essentiality, we targeted two essential and two
non-essential INcRNAs from the highly expressed (Q4) IncRNAs
using three Cas13 gRNAs in HAP1 cells (Figure S4F; Tables S3A
and S3B). After confirming transcript knockdown, we found that
only cells with perturbations targeting essential IncRNAs
depleted after 5 days in a competitive growth assay compared
to cells transduced with control (non-targeting [NT]) gRNAs
(Figures S4G-S4l). This reinforces our prior findings that differ-
ences in growth and gRNA depletion are not due to higher levels
of off-target, trans cleavage resulting from targeting of highly ex-
pressed IncRNAs but instead reflect differential essentiality.*

Shared and partially shared essential IncRNAs are
required for cell proliferation

Next, we proceeded to examine the 140 shared and partially
shared essential IncRNAs in greater detail (Figure 3A). This
core set includes MALATT, an abundant IncRNA that has pre-
viously been shown to regulate cell motility and cancer metas-
tasis,**°® and MIR17HG, a microRNA host gene IncRNA that
promotes cancer progression.®*“° In addition, the shared and
partially shared essential IncRNAs include several IncRNAs
that have not been previously described in the literature or
identified in prior functional genomic studies. Only 11 of the
140 shared and partially shared essential IncRNAs were found
in a previous study of essential IncRNAs, and, for those
IncRNAs, they were typically found in only one of the cell lines

(G) Fold change (day 14 versus 0, x axis) and RNA-seq reads/expression (y axis) for three cell-type-specific essential INcRNAs.

(H) A GFP-labeled competition assay to quantify the impact of knocking down essential IncRNAs.

() Representative images of HAP1 (left) and flow cytometry of THP1 (right) cells transduced with individual gRNAs targeting highly expressed IncRNAs indicated in
(G) 6 days after Cas13 induction. Survival of GFP* cells transduced with three non-overlapping gRNAs per gene was normalized to the NT gRNAs (right). Each
green circle denotes a single gRNA and single transduction replicate. The diamonds denote the mean survival (n = 6 experiments with three gRNAs from two
independent transductions). The dashed lines indicate the 95% confidence interval (Cl) for NT gRNAs. Statistical significance was determined by a two-sided

Student’s t test. Scale bar for HAP1 images: 200 pm.

In (D) and (E), boxplots indicate the median 25th and 75th percentiles, while whiskers are 1.5 times the interquartile range, and statistical significance was
determined by a two-sided Mann-Whitney U test. See also Figure S4 and Tables S1, S2, and S3.
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Figure 3. Knockdown of shared essential IncRNAs reduces cell survival

(A) Essentiality, expression levels, and genomic classification of shared and partially shared essential IncRNAs ordered by their median essentiality (n = 5 cell
lines). For comparison, six non-essential IncRNAs are included at the bottom of the heatmap. For some IncRNAs, a prior CRISPRi screen examined essentiality,
and we have indicated those IncRNAs found to be essential in any cell line screened (n = 7 cell lines screened with CRISPRI).?°

(B) Representative images of HAP1 cells transduced with individual gRNAs targeting shared essential IncRNAs indicated in (A) 4 days after Cas13 induction (left).
Survival of GFP™ cells transduced with three non-overlapping gRNAs per gene was normalized to the NT gRNAs in HAP1, MDA-MB-231, and HEK293FT (right).
Each green circle denotes a single gRNA and single transduction replicate. The diamonds denote the mean survival (n = 6 experiments with three gRNAs from two
independent transductions). The gray shaded area indicates the 95% confidence interval (Cl) for NT gRNAs.

(C) Fluorescence ubiquitination cell cycle indicator (FUCCI) assay to measure cell fraction in different cell cycle phases.

(D) Median distribution of MDA-MB-231 cells transduced with indicated gRNAs in cell cycle phases G1 (red), S (green), and G2-M (yellow) 48 h after Cas13
induction (n = 108 images per perturbation and time point with 9 images per biological replicate and 12 biological replicates per perturbation). p values and odds
ratios for each cell cycle phase (determined for each IncRNA individually) were computed by a two-sided Fisher’s exact test to test for differences from cells
transduced with NT gRNAs.

(E) Apoptosis assay using Annexin V staining.

(F) Representative images of MDA-MB-231 cells transduced with gRNAs targeting shared essential IncRNAs at 72 h after Cas13 induction (left). Annexin V* cells
were quantified and normalized to the total cell area (right). Each pink circle denotes a single gRNA and single transduction replicate. The diamonds denote the
mean survival (n = 54 images per perturbation with 9 images per biological replicate and 6 biological replicates per perturbation).

In (B) and (F), statistical significance was determined by a two-sided Student’s t test. Scale bar: 200 pm. See also Figure S5 and Tables S1, S2, and S3.

profiled.?® Among the shared and partially shared essential
IncRNAs, the majority are antisense RNAs—either antisense
to a PCG or divergent bi-directional transcripts (Figures S5A
and S5B).

For seven of the shared essential IncRNAs, we cloned three
distinct gRNAs to perturb them and confirmed significant on-

target knockdown of all transcripts in HAP1, HEK293FT, and
MDA-MB-231 cells (Figure S5C; Tables S3A and S3B). Next,
we measured cell growth via the same competitive growth
assay. Individual knockdowns resulted in a significant reduction
in cells carrying essential IncRNA perturbations compared
to cells transduced with control (NT) gRNAs, including for
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Figure 4. Nearest protein-coding genes of essential IncRNAs are often not essential
(A) Number of essential IncRNAs and protein-coding genes (PCGs) across five cell lines.

(B) Alluvial diagram of IncRNA-PCG pairs, depicting pairs where only the IncRNA is essential, where only the PCG is essential, and where both the IncRNA and
nearest PCG are essential. Numbers in parentheses indicate INcRNA-PCG pairs with at least one essential gene in each cell line.

(C) Fold change (day 14 versus 0) of IncRNAs and PCGs in each IncRNA-PCG pair in HAP1 cells after Cas13 induction. The pairs are separated by those pairs
where only the IncRNA is essential (left), where only the PCG is essential (middle), and where both the IncRNA and nearest PCG are essential (right).

(D) Examples of IncRNA-PCG pairs where one or both genes are essential. Fold change of five individual gRNAs targeting the indicated genes with the 95%
confidence interval (Cl) (range) of NT gRNAs (gray). The diamond denotes the mean of the five gRNAs.
(E) Representative images of HAP1 cells transduced with individual gRNAs targeting indicated genes 5 days after Cas13 induction (left). Survival of GFP* cells
transduced with three non-overlapping gRNAs per gene was normalized to the median of NT gRNAs (right). Each green circle denotes a single gRNA and single
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well-known essential IncRNAs such as MALAT1?° and
MIR17HG*" (Figures 3B and S5D).

To better understand mechanisms underlying essential
IncRNAs, we measured how IncRNA perturbations impact cell
cycle progression and apoptosis. To monitor cell cycle changes,
we used a fluorescence ubiquitination cell cycle indicator
(FUCCI) in MDA-MB-231 cells (Figures 3C and S5E-S5G).*?**
We found that the loss of three of the seven shared-essential
IncRNAs, including MALAT1, XLOC_008076 (NEATT), and
XLOC_020584, induced a significant accumulation of cells in
the G2-M phase, while two, XLOC_004254 and MIR17HG, led
to cell accumulation in the G1 phase (Figures 3D, S5H, and
S5I; Table S3C). We also analyzed apoptosis using Annexin V
staining and noted that knockdown of essential IncRNAs consis-
tently increased apoptosis but to differing degrees for each
IncRNA (Figures 3E and 3F). Specifically, the knockdown of
XLOC_008076 (NEATT1), XLOC_037681, XLOC_035725, and
XLOC_020584 resulted in a higher level of apoptosis than the
knockdown of MALAT1 (Figure 3F). For these seven shared
essential IncRNAs, we also performed an orthogonal, non-
CRISPR knockdown by targeting each IncRNA with pools
of three siRNAs (Figure S5J; Table S3D). After confirming
efficient transcript knockdown by RNAi, we found similar
reductions in cell proliferation and increases in apoptosis
(Figures S5K and S5L). These individual perturbations of shared
or cell-type-specific essential and non-essential IncRNAs
confirm the pooled screen findings, recapitulating the varying
degrees of depletion observed in different cell lines in the initial
pooled screens.

Essential IncRNAs act independently of nearest PCGs

A long-standing mechanistic question is whether IncRNAs act
locally (e.g., ANRIL suppresses transcription of nearby PCGs
and XIST silences genes on the X chromosome)***> or have
more global effects. To reveal whether the essentiality of
IncRNAs and PCGs depends on their genomic proximity to
each other, we examined 4,013 pairs of IncRNAs and their near-
est PCGs. Through our massively parallel screens, each gene in
the pair (IncRNA and PCG) was knocked down via Cas13 in five
cell lines. By perturbing IncRNAs and PCGs at the RNA level, our
approach has the advantage of being able to target genes with
greater specificity (e.g., transcript specific and strand specific)
than DNA-targeting approaches, which can modulate multiple
genes if they are in close proximity.?%'

¢? CellPress

OPEN ACCESS

In this manner, we were able to identify hundreds of essential
genes within these pairs across all cell lines (Figure 4A). The
asymmetric distribution between essential IncRNAs and PCGs
suggests that most often one—but not both—genes are crucial
for cell proliferation. Interestingly, we found that across all cell
lines, there is only a small fraction of IncRNA-PCG pairs in which
both genes are essential (Figures 4B, S6A, and S6B). For
example, in HAP1 cells, we identified many more IncRNA-PCG
pairs where either the INcRNA or PCG was essential (534 genes)
and substantially fewer where both the IncRNA and its nearest
PCG were essential (28 gene pairs) (Figures 4C and S6C-S6F).

To validate this observation, we selected three IncRNAs with
an antisense orientation to nearby PCGs with either one essential
gene (IncRNA or PCG) or both classified as essential (Figure 4D).
In all three cases, we targeted each gene in the pair using three
independent gRNAs, confirmed strand-specific on-target
knockdown, and monitored cell growth via the same imaging-
based assay as before (Figures 4E and S7A). For all 3 pairs (6
genes), we confirmed the depletion/essentiality as observed in
the pooled screen. For example, we found that the PCG
CCM2—located in an antisense orientation adjacent to the
essential INcRNA XLOC_047247—was dispensable and that its
depletion had no impact on growth compared to cells receiving
control (NT) perturbations. For this pair, only the IncRNA was
essential, and, when the IncRNA XLOC_047247 was targeted
by Cas13, it led to a significant reduction in proliferation. In
contrast, we found that the IncRNA XLOC_025611—located in
an antisense orientation adjacent to the essential PCG
PSMC4—was dispensable. This nuanced interplay highlights
the relative autonomy of essential IncRNAs and their
nearby PCGs.

For the third IncRNA-PCG pair (XLOC_009372 and SLC3A2),
both the IncRNA and the nearby PCG were essential in the
pooled HAP1 screens. We confirmed these results in the compe-
tition assay, showing that knockdown of the IncRNA
(XLOC_009372) and the PCG (SLC3A2) reduced cell proliferation
when compared to NT controls (Figures 4E and S7A). This is
consistent with DepMap results,®' which designates SLC3A2
as essential in 511 of the 1,186 cell lines (25Q83 release). Among
the 101 shared or partially essential IncRNAs with a paired PCG
perturbation in the library, the nearest PCG is essential for 38 of
them in at least one cell line (Figure 4F). In 23 out of 38 instances
where the nearest PCG is essential, the IncRNA is located very
close (<1 kb) to the nearest PCG.

transduction replicate. The diamonds denote the mean survival (n = 6 experiments with three gRNAs from two independent transductions). The dashed lines
indicate the 95% CI for NT gRNAs. Statistical significance was determined by a two-sided Student’s t test. Scale bar: 200 pm.

(F) Essentiality of the closest PCGs (left) and the distance between IncRNAs and closest PCGs (right) for the shared and partially shared essential IncRNAs.
Orange boxes indicate that the closest PCG is essential. For distances, pink lines denote a distance of less than 1 kb between the IncRNA and PCG, and blue lines

denote a distance greater than 1 kb.

(G) Key mechanistic differences in knocking down IncRNAs and nearby genes with DNA-targeting CRISPRi or RNA-targeting Cas13 (top). The proportion of
essential closest PCGs for IncRNAs identified in this study and a prior IncRNA pooled CRISPRi screen is shown (bottom).?° Dot size corresponds to the number of
essential INcRNAs identified. Common cell lines used in both studies (HEK293FT, K562, and MDA-MB-231) are labeled in pink, and the study-specific cell lines

are labeled in yellow.

(H) The fraction of essential IncRNAs identified in the CRISPRIi study and the present study, categorized by the distance to their nearest PCG and whether they
were identified as essential in the DNA-targeting (CRISPRI) study, this RNA-targeting (Cas13) study, or both studies.
(I) The fraction of essential IncRNAs identified in both DNA- and RNA-targeting studies, categorized by essentiality level (left) and all essential IncRNAs (right) from

this (RNA-targeting) study.
See also Figures S6 and S7 and Tables S1, S2, and S3.
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Given this minimal overlap between essential IncRNAs and
neighboring PCGs, we wondered whether IncRNA loci may
instead contact other (essential) PCGs in the native, three-
dimensional genome. Using chromosome conformation capture
(Hi-C) datasets,*® we found that 31% of essential IncRNAs are
found in the same topologically associating domains (TADs)
that contain essential PCGs from DepMap screens
(Figures S7B and S7C). To quantify direct contacts, we per-
formed H3K27ac Hi-C combined with chromatin immunoprecip-
itation (HiChIP), a sequencing-based proximity assay used to
detect genome elements in close contact with PCG promoters,
in HAP1 cells. We found that only a minority of essential IncRNAs
(4%-27%) directly contact essential PCGs (Figures S7D-S7G).
These results suggest that most essential IncRNAs do not exert
their influence on cell fitness through the modulation of nearby
essential PCGs: essential INcRNAs are not transcriptional by-
standers but rather co-evolved genes required for the prolifera-
tion of human cells.

Next, we assessed the ability of CRISPR-Cas13 to identify
IncRNAs where the transcript itself is essential—and not neigh-
boring PCGs—by comparing our set of essential IncRNAs with
those from CRISPRi-based IncRNA screens.’® Compared to
the CRISPRI screens, the RNA-targeting (Cas13) screens iden-
tify a smaller fraction of essential IncRNAs close to essential
PCGs (Figure 4G; Table S1A). Essential IncRNAs identified solely
in the prior CRISPRI screens are enriched for loci in close prox-
imity (<1 kb) to a nearby PCG (Figure 4H). Given that CRISPRI
cannot selectively target specific transcripts when transcription
start sites are in close proximity,”” these results suggest that
RNA-targeting CRISPRs avoid confounding effects from neigh-
boring essential PCGs. For instance, we identified IncRNA-
PCG pairs in close proximity, where either both genes were
essential, with the PCG also identified by Cas9-based knockout
screens, or only the IncRNA was essential (Figures 4D-4F, S7H,
and S71). We further investigated putative false positive hits from
the CRISPRi screen—cases where the IncRNA is close to an
essential PCG—and resolved several complex loci at the tran-
script level (Figure S7J). In total, we identified 747 essential
IncRNAs not reported in the previous genome-scale CRISPRI
study (Figure 4l). In this manner, Cas13 targeting can reveal
the functional autonomy of essential IncRNAs from nearby
PCGs and reduce false positives in complex loci containing
essential PCGs.

Single-cell sequencing identifies proliferation-
associated pathways

Next, we sought to understand the mechanisms underlying how
individual essential IncRNAs contribute to cell proliferation. To
this end, we used Cas13 RNA Perturb-seq (CaRPool-seq) to
couple pooled CRISPR-Cas13 perturbations with a transcrip-
tomic readout in single cells.*® This method incorporates the
direct capture of barcode gRNAs (bcgRNAs) within gRNA arrays,
facilitating the identification of specific perturbations in single
cells. We designed a new pooled Cas13 library targeting 27
essential IncRNAs and 13 PCGs with three individual gRNA ar-
rays for each target. Each array included two distinct gRNAs
that target the same gene (IncRNA or PCG) and a corresponding
bcgRNA to identify the array (Figure 5A; Table S4A). After trans-
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ducing the pooled library into MDA-MB-231, we analyzed the
gRNA array representation and found a strong correlation with
the prior transcriptome-wide screen (Figures 5B and S8A;
Table S4B).

We then transduced both MDA-MB-231 and HAP1 cells with
this focused library and performed single-cell RNA-seq. After
sequencing and analysis, we obtained 4,187 single MDA-MB-
231 and 2,483 single HAP1 cells. For a subset of the IncRNAs,
we also targeted their closest PCGs. We found minimal impact
on the expression of closest PCGs when the corresponding
essential IncRNAs were perturbed (all cases showed no differen-
tial expression, Figure S8B). However, we identified distinct
expression patterns triggered by essential IncRNA perturbations
in both MDA-MB-231 and HAP1 cells (Figures 5C and S8C-S8F;
Table S4C). For example, in MDA-MB-231 cells, we found down-
regulation of known essential genes, including the cell prolifera-
tion factor CDCAS8, the mitotic spindle regulator AURKA, and the
DNA replication initiation factor CDC45 (Figure 5C). Concur-
rently, we observed upregulation of genes associated with
reduced proliferation, as identified in a recent overexpression
screen (Figures S8C and S8E).*°

Gene set enrichment analysis (GSEA) revealed unique path-
ways modulated by different perturbations (Figure 5D;
Tables S4D and S4E). Reassuringly, we noted a pronounced
downregulation of the MYC (normalized enrichment score
[NES] = —4.6) and mTOR (NES = —3.7) pathways following per-
turbations of MYC and MTOR, respectively. Additionally, pertur-
bations of essential genes, whether IncRNAs or PCGs, consis-
tently upregulated the tumor-suppressive p53 pathway while
downregulating pathways associated with proliferation, such
as mitotic spindle organization and cell cycle checkpoints (e.g.,
E2F targets and G2-M checkpoint). Overall, changes in path-
ways were consistent across both cell lines—MDA-MB-231
and HAP1—used in the CaRPool-seq (Figures 5D and S9A).
We also performed bulk stranded mRNA sequencing after per-
turbing five essential IncRNAs also targeted in the CaRPool-
seq library and found that pathway enrichment in the bulk
RNA-seq was correlated with the single-cell data (Figures S9B
and S9C; Tables S4F and S4G).

Despite the many similarities in gene expression and prolifer-
ation pathway changes upon knockdown of essential IncRNAs,
we found that several pathways remain unaffected by respective
INcRNA perturbations (Figures 5D and S9A). Furthermore,
although nearly all IncRNA perturbations upregulated the p53
pathway, we observed direct TP53 transcript upregulation only
in a subset of these cases (Figure S9D). In others, we noted a
downregulation of MDMZ2, a post-translational repressor of
p53, which can lead to altered p53 protein expression.”' Despite
the consistent upregulation of the p53 pathway and its well-
known role in DNA repair and apoptosis, we found that only a
subset of essential INcRNA perturbations upregulate genes
involved in DNA repair. Apoptosis pathway genes were enriched
in single-cell transcriptomics profiling following the loss of key
essential IncRNAs such as XLOC_035275 and XLOC_037681.
This agrees with our prior apoptosis assays and individual per-
turbations (Figures 3F and S9D). Taken together, transcriptome
profiling in MDA-MB-231 and HAP1 cells revealed several com-
mon and distinct mechanisms related to cell survival and
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Figure 5. Single-cell transcriptomics after Cas13 perturbation (CaRPool-seq) of essential IncRNAs identifies shared cellular pathways for

proliferation

(A) Schematic of Cas13 RNA Perturb-seq (CaRPool-seq) using guide RNA (gRNA) arrays that encode two gRNAs that target the same gene (IncRNA or protein
coding). Each array also contains a barcode gRNA (bcgRNA) to enable identification of the gRNA array using single-cell sequencing.

(B) Correlation between fold change (FC) from the transcriptome-scale pooled screen (day 14 versus 0) and the CaRPool-seq pooled screen (day 7 versus 0) for 27
essential INcRNAs (purple) and 13 protein-coding genes (PCGs) (orange and green) in MDA-MB-231 cells.

(C) Single-cell MRNA expression heatmap with the 25 most differentially downreg

each IncRNA, transcripts with the lowest median DepMap scores are labeled (n =

lines).

ulated genes for each IncRNA perturbation in MDA-MB-231 cells (p < 0.05). For
3 most essential transcripts per IncRNA and median over 1,095 DepMap cell

(D) Normalized enrichment scores (NESs) from gene set enrichment analysis (GSEA) for 13 perturbed PCGs (left) and 27 perturbed essential IncRNAs (middle) in

MDA-MB-231 cells. The number of IncRNAs with the indicated pathway (MSigDB
seq from MDA-MB-231 and HAP1 cells (right). Pathways categorized as proliferati

Hallmark pathways*?) enriched or depleted (padgj < 0.05, black dots) in CaRPool-
on or apoptosis are labeled (far left column).*® The FC in gRNA array abundance

from the pooled readout of the MDA-MB-231 CaRPool-seq is shown at the bottom.

See also Figures S8 and S9 and Table S4.

proliferation, further reinforcing their role as essential IncRNAs as
identified in the initial pooled screens.

Essential IncRNA expression during development

Given efforts to comprehensively map IncRNA expression
across development and in different tissues (Figures 6A and
S10A),"® we wondered whether essential INcRNAs may have
distinct patterns of expression in vivo. Essential IncRNAs
showed 1.3- to 16-fold increased expression across organs
and developmental stages in vivo (Figure S10B, Mann-Whitney
U, p <0.05). We also found that essential IncRNAs tend to exhibit

widespread expression across different tissues and are
broadly expressed at various time points during development
(Figure 6B). Non-essential IncRNAs, on the other hand, show
more restricted expression across different tissues and develop-
mental periods (Figure 6B), suggesting specialized functions
distinct from cell survival/proliferation.

Interestingly, we also observed a significant enrichment of
developmentally dynamic transcripts—those exhibiting differ-
ential expression across developmental stages—in essential
IncRNAs (two-sided Fisher’s exact test, p < 0.05, Figures 6C,
S10C, and S10D). By profiling their expression across different
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Figure 6. Essential IncRNAs are expressed broadly across different

No enrichment

tissues and at early stages of development

(A) Transcriptome profiles for each tissue at various developmental time points from recent developmental atlases of IncRNA and protein-coding gene expression

(n = 182 tissue samples).'®>?

(B) Empirical cumulative distributions of tissue-specificity (left) and time-specificity (right) indices for essential and non-essential IncRNAs (two-sided Mann-

Whitney U test).
(C) The proportion of dynamic IncRNAs for essential and non-essential IncRN.
(D) The median expression of shared essential (purple) and non-essential (turqu

As (two-sided Fisher’s exact test in comparison to non-essential IncRNAs).
oise) IncRNAs at different developmental time points in each tissue. The heatmaps

at the bottom provide annotations for the relative abundance of proliferation markers PCNA and MKI67. Lines were estimated using LOESS (locally estimated

scatterplot smoothing) regression; the 95% confidence interval is depicted in

gray.

(E) GSEA of co-expressed PCGs for essential and non-essential INcRNAs across tissues, represented by the mean NESs across 50 GSEA hallmark pathways.
(F) NES of proliferation- or apoptosis-associated pathways (a subset of MSigDB Hallmark pathways*?) for each of the shared and partially shared essential

IncRNAs in the brain (left). The fraction of shared essential IncRNAs with prolife
dots) across different tissues (right).
See also Figures S10 and S11 and Table S5.

developmental stages in the brain, heart, liver, and kidney, we
found that those essential IncRNAs with dynamic expression
profiles are most highly expressed in the early stages of human
development, with decreased expression in later stages
(Figures 6D, S10E, and S10F). These IncRNAs may be impor-
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ration- or apoptosis-associated pathways enriched or depleted (p,q; < 0.05, black

tant during embryonic development, where cell proliferation
is high.

In human development, we found a stronger correlation be-
tween shared essential IncRNAs and genes that serve as
markers of proliferation, such as PCNA and MKI67
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(Figure S11A). Therefore, we examined co-expression patterns
between each IncRNA targeted in the Cas13 library and all
PCGs throughout development. We found that co-expressed
PCGs for the shared essential IncRNAs were enriched for genes
involved in cell proliferation, such as cell cycle, MYC targets, and
mitotic spindle organization during brain, heart, liver, and kidney
development (Figures 6E and S11B; Tables S5A-S5D). In brain
development, 51% of the shared and partially shared essential
IncRNAs (71 of the 140) are co-expressed with PCGs in prolifer-
ation pathways; we found similar enrichments across all organs
(Figures 6F and S11B). Overall, essential IncRNAs have higher
expression in vivo than non-essential IncRNAs and tend to be
more highly expressed during early stages of development.

Essential IncRNAs in cancer progression

Given the strong association with proliferation, we hypothesized
that essential IncRNAs may also play a role in cancer progres-
sion. Previous genome-scale CRISPR screens to knockout
PCGs found that cancer-associated genes are over-represented
in essential PCGs,”*** suggesting a fundamental link between
cell viability and tumorigenesis. We delved into the role of essen-
tial IncRNAs in human tumors by re-aligning RNA-seq data from
8,878 primary tumors and 686 matched normal tissues spanning
29 cancer types from The Cancer Genome Atlas (TCGA) to a
reference IncRNA transcriptome (Figures 7A and S12A;
Table S6A). We found that essential IncRNAs displayed elevated
expression in both tumors and matched normal tissues—with
greater increases for more essential IncRNAs (Figures 7B
and S12B).

When comparing tumor versus normal tissues (Figure S12C;
Table S6B), we found that essential IncRNAs are more often
differentially expressed in tumors compared to non-essential
IncRNAs (Figure 7C). Among the 592 differentially expressed
essential IncRNAs, 190 were upregulated, 159 were downregu-
lated, and 243 exhibited mixed expression patterns in various tu-
mors. Reassuringly, we also identified several IncRNAs with es-
tablished roles in cancer progression. For example, SNHG1
(XLOC_009372), which was significantly upregulated in liver can-
cer, colon cancer, and lung cancer, has previously been shown
to have increased expression in these cancer types.®> " Simi-
larly, PVT1 (XLOC_049275) was significantly upregulated in 9
TCGA cohorts, including lung adenocarcinoma, as others have
shown.*®

To understand the functional roles of essential INcRNAs, we
identified PCGs with correlated expression patterns in TCGA pri-
mary tumors for each IncRNA. We found that the co-expressed
PCGs of essential IncRNAs were enriched for certain cell prolif-
eration pathways, such as G2-M checkpoint and MYC targets,
and the enrichment was greatest for shared essential IncRNAs
(Figure 7D; Table S7). For example, oncogenic IncRNAs OI/P5-
AS1 (XLOC_016292) and ZFAS1 (XLOC_030849) are co-ex-
pressed with PCGs in MYC, E2F, cell cycle checkpoint, and
mTOR pathways (Figure S12D) and have been shown to promote
tumorigenesis in multiple tumor types.®*~°? Other IncRNAs, such
as MIR222HG (XLOC_053856) and TGFB2-AS1 (XLOC_004657),
are co-expressed with PCGs that are in immune-related path-
ways (Figure S12D), suggesting distinct co-expressed genes
and functional roles for different essential INcRNAs.
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To further assess the clinical relevance of essential IncRNA
expression, we categorized tumors based on IncRNA expression
and then examined whether these groups showed significant dif-
ferences in overall or progression-free survival. Each cancer
cohort was analyzed individually to mitigate bias arising from
the distinct features of various cancer types. We found that
86 out of the 140 shared and partially shared essential IncRNAs
were associated with improved or worsened survival (Figures 7E,
7F, and S12E-S12G; Tables S8A and S8B). For instance,
increased expression of PVT1 is correlated with worse overall
survival in three cancer types (glioma, uveal melanoma, and kid-
ney renal clear cell carcinoma) and worse progression-free sur-
vival in two cancer types (glioma and uveal melanoma)
(Figure 7G). When more closely matching the tumor samples to
the cells with Cas13 perturbations (breast invasive carcinomas
and MDA-MB-231 pooled screens), we found similar results for
essential INcRNAs in expression and survival analyses
(Figures S12H-S12J). These analyses link essential IncRNAs to
cancer progression and yield new transcriptomic biomarkers
that can be tied to function via perturbation screens.

DISCUSSION

The recent advent of RNA-targeting CRISPR nucleases and
pooled screens using these tools has made it possible to perturb
thousands of noncoding RNAs in a precise manner and profile
their function.”*® Since the discovery of pervasive transcription
over a decade ago, ">"®* one striking puzzle has been to identify
the functional role, if any, of the thousands of transcribed
IncRNAs. Here, transcriptome-scale RNA-targeting CRISPR
screens reveal key essential IncRNAs in five human cell lines.
This systematic approach, combined with comprehensive vali-
dation and integration with complementary datasets, suggests
a role for IncRNAs in cell proliferation, human development,
and cancer.

Compared to our previous work,”® the key change is that all
gRNAs were filtered to avoid off-targets elsewhere in the human
transcriptome. This reduced the number of IncRNAs assayed
from 6,199 to 5,496. We also performed deeper RNA-seq in all
five human cell lines, yielding a larger number of expressed
IncRNAs (~4,000 per cell line). Taken together, we identify 788
essential INcRNAs using the updated gRNA library and deeper
transcriptomics. Despite these important updates, the conclu-
sions of the original study remain intact in this updated analysis.

Out of 5,496 targeted IncRNAs, 788 IncRNAs were essential
for cell viability, with 82% being cell-type specific and 18%
essential across multiple cell lines. For essential IncRNAs, we
found that, in most cases, their nearest PCGs were dispensable,
suggesting that these IncRNAs do not function exclusively
through the regulation of nearby PCGs. Even when they do, dis-
tinguishing transcriptional regulation from a cis-regulatory DNA
element is challenging, as observed previously at the Lockad-
Cdkn1b locus.?® This highlights the need for precise, scalable
RNA perturbations to avoid confounders from nearby PCGs or
cis-regulatory elements.

By examining INcRNA expression in vivo, we found that essen-
tial IncRNAs are highly expressed early and broadly in develop-
ment. We also extended our analyses from organismal
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Figure 7. Essential IncRNAs are differentially expressed in tumors and correlate with survival

(A) Computational workflow to identify functional IncRNAs across 29 cancer types from The Cancer Genome Atlas (TCGA).

(B) Median expression of essential and non-essential INcRNAs in primary tumors from 29 cancer types (two-sided Mann-Whitney U test).

(C) The fraction of differentially expressed IncRNAs in primary tumors compared to normal tissue across 19 cancer types. Differential expression was determined
using the two-sided Mann-Whitney U test, and significance of the overall fraction was assessed by the two-sided Fisher’s exact test (bottom). The pie chart (top)
separates differentially expressed essential INcRNAs by expression level: up (increased expression in tumor), down (decreased expression in tumor), and mix (mix
of up and down expression, depending on the cancer type). The number of cancer types with significant differential expression for the example IncRNAs is
indicated in parentheses.

(D) Gene set enrichment analysis (GSEA) of co-expressed PCGs for essential and non-essential INcRNAs, represented by the median normalized enrichment
scores (NESs) across 50 MSigDB Hallmark pathways.*? Marker size represents the fraction of IncRNAs within each respective group. Only enriched pathways in
the top quartile (by NES) are plotted.

(E) The proportion of IncRNAs associated with better or worse overall survival or progression-free survival (two-sided Fisher’s exact test).

(F) Survival analysis coefficients for TCGA tumor types for the 140 shared and partially shared essential IncRNAs. IncRNAs with negative coefficients (pink) are
associated with worse survival outcomes (increased hazard). IncRNAs with positive coefficients (green) are associated with better survival outcomes (decreased
hazard). Rectangles denote p < 0.05, and black dots denote p,qj < 0.05 (two-sided log rank test).

(G) Kaplan-Meier progression-free (left) or overall (right) survival estimates for patients with lower grade glioma (LGG), uveal melanoma (UVM), and kidney renal
clear cell carcinoma (KIRC) stratified by the expression of PVT1 (Benjamini-Hochberg [BH]-adjusted two-sided log rank test). Sample sizes for high- and low-
expression groups: LGG, n = 258 (high) and n = 257 (low); UVM, n = 40 (high) and n = 40 (low); and KIRC, n = 265 (high) and n = 265 (low).

See also Figure S12 and Tables S6, S7, and S8.

in PCGs, such as PARP and Pol0 inhibition in BRCA-mutant tu-
mors,®>° ATR inhibition in ATM mutant tumors,®® PRMT5 inhi-
bition in MTAP/CDKN2A-deleted cancers,®*’° and PKMYT1 in-
hibition in CCNE1-amplified cancers’"; similar progress might be

development to disease states using primary tumors from 29 hu-
man cancers. We show that essential IncRNAs are more often
differentially expressed in tumors than other IncRNAs and that
nearly all of the shared essential IncRNAs (12 out of 15) can serve

as biomarkers for survival in certain tumor types.

Given the enrichment of essential IncRNAs in oncogenesis,
they may present a new class of therapeutic targets. Genome-
wide CRISPR screens have revealed synthetic lethal interactions

12 Cell Genomics 6, 101253, July 8, 2026

possible using synthetic lethal IncRNA interactions. Recent suc-
cesses with antisense oligonucleotides (ASOs) targeting cancer-
specific microRNAs underscore the potential of ASOs as
effective therapeutics toward IncRNAs.”>"® Further research in
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pre-clinical models, such as tumor-derived organoids or mice, is
crucial for exploring these clinical applications.

The framework of transcriptome-scale RNA-targeting CRISPR
screens is broadly applicable and useful for elucidating noncod-
ing transcripts beyond IncRNAs, including enhancer and circular
RNAs.”*"® A major advantage of Cas13 and RNA-targeting
CRISPR nucleases is their ability to dissect complex and gene-
dense loci near PCGs. Overall, transcriptome-wide Cas13
screens represent a powerful tool for investigating noncoding
transcripts and pave the way to identify relevant IncRNAs for
any phenotype or disease.

Limitations of the study

Using RNA-targeting CRISPR-Cas13 to assess INcCRNA essenti-
ality, we present a DepMap-like categorization of IncRNAs
across cell types. Limitations include solely using cell growth
as a phenotypic readout and relying on IncRNA expression in
selected cell lines. Because of the low abundance and tissue
specificity of IncRNAs, approximately 500 targeted IncRNAs
were not detected in any of the cell lines and served as negative
controls in our screens. However, we also noted a small portion
of significantly depleted IncRNAs from the pooled screens (31—
89 IncRNAs depending on the cell line) that are not expressed
in the respective cell line—these were omitted from our analyses
as potential false positives. Future studies in cells/tissues where
these IncRNAs are robustly expressed and detected will be
required to probe their essentiality. This Cas13 library, although
extensive, does not target all IncRNAs identified in transcrip-
tomic studies, and reliance on a developmental INcRNA refer-
ence may omit cancer-specific IncRNAs. To avoid false nega-
tives, future studies should include a broader range of cell
types and utilize Cas13 libraries designed using more inclusive
reference assemblies —although there is always a trade-off be-
tween the number of gene targets/perturbations and screen
feasibility. Finally, each cell received only a single IncRNA pertur-
bation, potentially missing interactions between IncRNAs or be-
tween IncRNAs and PCGs: pooled or single-cell screens using
Cas13 gRNA arrays with combinatorial perturbations could
reveal these interactions. Despite these limitations, our study of-
fers a valuable resource and a roadmap to elucidate complex
regulatory networks in the human transcriptome.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Neville E. Sanjana
(neville@sanjanalab.org).

Materials availability
The plasmids are available through Addgene.

Data and code availability

Genomic datasets (Cas13 pooled screens, RNA-seq, and CaRPool-seq) are
available via BioProject (PRJINA1344834). TCGA data were downloaded from
the GDC portal (https://portal.gdc.cancer.gov/, https://www.ncbi.nlm.nih.
gov/projects/gap/cgi-bin/study.cgi?study_id=phs000178.v11.p8). Reference
genomes were downloaded from GDC (https://gdc.cancer.gov/about-data/
gdc-data-processing/gdc-reference-files), 10x Genomics (https://www.
10xgenomics.com/support/software/cell-ranger/downloads), and HISAT2
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(https://daehwankimlab.github.io/hisat2/download/). Hi-C TAD BED files
were downloaded from the Yue Lab (http://3dgenome.fsm.northwestern.
edu/publications.html).
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Antibodies

anti-HA peptide antibody Cell Signaling Technology Cat# 2367S; RRID: AB_10691311
Anti-H3k27ac antibody Active Motif Cat# 39133; RRID: AB_2561016
Bacterial and virus strains

NEB Stable Cells New England Biolabs Cat# C30401

Endura Electrocompetent Cells Lucigen Cat# 60242-2

Chemicals, peptides, and recombinant proteins

Polyethyleneimine

Polysciences

Cat# 23966

Puromycin Invivogen Cat# ant-pr-1
Blasticidin S A.G. Scientific Cat# B-1247-SOL
Doxycycline Sigma-Aldrich Cat# D3447
Doxorubicin MedChemExpress Cat# HY-15142
Dinaciclib MedChemExpress Cat# HY-10492
Critical commercial assays

KAPA Total RNA-seq kit with RiboErase Roche Cat# 07962282001
Stranded mRNA Prep lllumina Cat# 20040532
RNA UD Indexes, Set A lllumina Cat# 20040553
Chromium Single Cell 3' Gene Expression 10x Genomics Cat# 10000127, 10000268 and 10000262
v3.1 with feature barcoding technology for

CRISPR screening

TagB polymerase Enzymatics Cat# P7250L

2x Rapid Ligase Buffer Enzymatics Cat# B1010L

Q5 High-Fidelity DNA Polymerase NEB Cat# M0491

T7 DNA Ligase NEB Cat# M0318L

T4 DNA Ligase NEB Cat# B0202S
Gibson Assembly Master Mix NEB Cat# E2611L
KAPA HiFi HotStart ReadyMix PCR Kit Roche Cat# 07958935001
SPRI beads Beckman Cat# B23317
MAXI Fast-lon Plasmid Purification Kit IBI Scientific Cat# 1B47125
QIAGEN Plasmid Mini Kit Qiagen Cat# 12123
QiaQuick Gel Extraction Kit Qiagen Cat# 28704

DNA Clean & Concentrator Zymo Cat# D4014

Qubit RNA XR Assay Kit Thermo Cat# Q10210
Qubit dsDNA HS Assay Kit Thermo Cat# Q32851
FastDigest Esp3l| Thermo Cat# FD0454
FastDigest Lgul Thermo Cat# FD1934
FastDigest Nhel Thermo Cat# FD0974
FastDigest Apal Thermo Cat# FD1414
FastDigest BamH| Thermo Cat# FD0055
FastDigest Kpnl Thermo Cat# FD0524
FastAP Thermosensitive Alkaline Thermo Cat# EF0651
Phosphatase

Qubit RNA XR Assay Kit Thermo Cat# Q10210
Mbol NEB Cat# R0147M
DNA Polymerase | Large (Klenow) Fragment NEB Cat# M0210L
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Biotin-14-dATP Thermo Cat# 19524016

Direct-zol RNA Purification Kit Zymo Cat# R2062

Agilent High Sensitivity DNA Kit Agilent Cat# 5067-4626

RevertAid Reverse Transcriptase Thermo Cat# EP0442

Luna Universal qPCR Master Mix NEB Cat# M3003E

Lipofectamine RNAIMAX Thermo Cat# 13778075

LIVE/DEAD Fixable Violet Dead Cell Stain Thermo Cati# L34963

Kit

Incucyte Annexin V Dye for Apoptosis Sartorius Cat# 4642

Proteinase K NEB Cat# P8107S

RNase A A.G.Scientific Cat# R-2000

TE Buffer Sigma Cat# 93283

Dynabeads Protein A Thermo Cat# 10001D

Dynabeads M-280 Streptavidin Thermo Cat# 11205D

Deposited data

MDA-MB-231 total RNA-seq fastq RNA atlas’® N/A

Developmental IncRNA annotation Sarropoulos et al N/A

(human.IncRNA.gtf)

Developmental samples Sarropoulos et al.'” and Cardoso-Moreira N/A

etal.”?

Fastq files of TCGA RNA-seq samples TCGA, dbGaP (phs000178.v11.p8) https://portal.gdc.cancer.gov/, https://
www.ncbi.nIm.nih.gov/projects/gap/cgi-
bin/study.cgi?study_id=phs000178.v11.p8

GRCh38 reference genome GENCODE https://gdc.cancer.gov/about-data/gdc-

(GRCh38.d1.vd1.fa.tar) data-processing/gdc-reference-files

GENCODE v36 GENCODE https://gdc.cancer.gov/about-data/gdc-

(gencode.v36.annotation.gtf.gz) data-processing/gdc-reference-files

10x Genomics reference (refdata-gex- 10x Genomics https://www.10xgenomics.com/support/

GRCh38-2024-A) software/cell-ranger/downloads

HISAT2 indexes (UCSC hg38) HISAT2 https://daehwankimlab.github.io/hisat2/
download/

K562 and KBM7 Hi-C TADs bed files (TADs Hi-C genome Browser’” http://3dgenome.fsm.northwestern.edu/

in hg38) publications.html)

Pooled transcriptome-scale RNA-targeting This study BioProject: PRUINA1344834

Cas13 screens

Total RNA-seq of parental and Cas13- This study
engineered cells

BioProject: PRUNA1344834

Stranded RNA-seq with polyA-enrichment This study BioProject: PRUNA1344834
of Cas13-engineered cells

CaRPool-seq of MDA-MB-231 and HAP1 This study BioProject: PRUINA1344834
perturbed cells

mRNA-seq of MDA-MB-231 perturbed cells This study BioProject: PRUINA1344834
H3K27ac AQUA-HIChIP of HAP1 cells This study BioProject: PRUINA1344834
Experimental models: Cell lines

HAP1 Guo et al.”* N/A

HEK293FT Thermo Cat# R70007

K562 ATCC Cat# CCL-243
MDA-MB-231 ATCC Cat# HTB-26

THP1 Wessels and Méndez-Mancilla et al N/A

HAP1 RfxCas13d Guo et al.** N/A

HEK293FT RfxCas13d Wessels and Méndez-Mancilla et al.?® N/A
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K562 RfxCas13d This study N/A
MDA-MB-231 RfxCas13d This study N/A
THP1 RfxCas13d Wessels and Méndez-Mancilla et al.”® N/A
Oligonucleotides

Guide RNA sequences, see Tables S1B, This study N/A
S3A, and S4A

IncRNA-targeting siRNA sequences, see This study N/A
Table S3D

RT-gPCR oligo sequences, see Table S3B This study N/A

Recombinant DNA

pLentiRNACRISPR_007 - TetO-NLS-
RfxCas13d- NLS-WPRE-EFS-rtTA3-2A-
Blast

pLentiRNAGuide_001 - hU6-RfxCas13d-
DR1- BsmBI-EFS-Puro-WPRE

Wessels and Méndez-Mancilla et al.”®

Wessels and Méndez-Mancilla et al.”®

Addgene 138149

Addgene 138150

pLentiRNAGuide_004 - hU6-RfxCas13d- Hart et al.>* Addgene 223175

DR1- EGFP-P2A-PuroR

tFUCCI(CA)5 Ando et al.*® Addgene 153521

pLentiFUCCI(CA)5 This study Addgene 223176

pMD2.G Didier Trono Addgene 12259

psPAX2 Didier Trono Addgene 12260

Software and algorithms

Cas13 design tool Guo et al.** https://cas13design.nygenome.org/

Cas13 guide design algorithm
TIGER gRNA design
Cutadapt v.1.13

Bowtie v.1.1.2

SVA v.3.34.0

RobustRankAggreg v1.2.1

STAR
RSEM
Tximport

DESeq2 v.3.19

survival v.3.2.7

survminer v.0.4.9

clusterProfiler v4.10.0

MSigDB v2023.2

10x Genomics Cell Ranger v9.0.0

Seurat v4.1.1
FeatureCounts v2.0.4
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Wessels and Méndez-Mangilla et al.”®

Wessels and Stirn et al.”®
Martin’®
Langmead et al.*®

Leek et al.®

Kolde et al.?”

Dobin et al.®*
Li and Dewey®*

Soneson et al.®®

Love et al.®®

Therneau et al.?”%®

Kassambara et al.®®

Yu et al.®

Subramanian et al.

Zheng et al.”’

Hao et al.””

Liao et al.”®

https://gitlab.com/sanjanalab/cas13
https://tiger.nygenome.org/
https://cutadapt.readthedocs.io/en/stable/

https://bowtie-bio.sourceforge.net/index.
shtml

https://bioconductor.org/packages/
release/bioc/html/sva.html

https://cran.r-project.org/web/packages/
RobustRankAggreg/index.html

https://github.com/alexdobin/STAR
https://github.com/deweylab/RSEM

https://bioconductor.org/packages/
release/bioc/html/tximport.html

https://bioconductor.org/packages/
release/bioc/html/DESeg2.html

https://CRAN.R-project.org/
package=survival

https://rpkgs.datanovia.com/survminer/
index.html

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://www.gsea-msigdb.org/gsea/
msigdb/collections.jsp

https://www.10xgenomics.com/support/
software/cell-ranger/latest

https://satijalab.org/seurat/

https://subread.sourceforge.net/
featureCounts.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

HiSat2 v2.1.0 Kim et al.”* https://daehwankimlab.github.io/hisat2/

ggplot2 v3.5.1 Wickham https://cran.r-project.org/web/packages/
ggplot2/index.html

UpSetR v1.4.0 Conway et al.” https://cran.rstudio.com/web/packages/
UpSetR/

ComplexHeatmap v2.20.0 Gu et al.*® https://bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html

circlize v0.4.16 Gu et al.”” https://cran.r-project.org/web/packages/
circlize/index.html

ggraph v2.2.1 Pedersen https://cran.r-project.org/web/packages/

igraph v2.0.3

Incucyte Cell-by-Cell Analysis Software
Module

HiC-Pro

Pybedtools

IGV: Integrative Genomics Viewer
HTSeq

FlowJo v10

Samtools
Snakemake
UCSC Lift Genome Annotations

Csardi and Nepusz

Sartorius

Servant et al.”®

|99 I.WOO

Quinlan and Hall”® and Dale et a
Robinson et al.'®’
Putri et al.'®?

BD Biosciences

Danecek et al.'®®

Molder et al.’*

ucsc'®

ggraph/index.html

https://cran.r-project.org/web/packages/
igraph/index.html

Cat# 9600-0031

https://nservant.github.io/HiC-Pro/
https://daler.github.io/pybedtools/
https://igv.org/
https://htseq.readthedocs.io/

https://www.bdbiosciences.com/en-us/
products/software/flowjo-v10-software

https://www.htslib.org/
https://snakemake.github.io/

https://genome.ucsc.edu/cgi-bin/
hgLiftOver

Python v3.7 Python Software Foundation https://www.python.org/
R v3.6 R Development Core Team https://www.R-project.org/
Other

Serum Plus Il Supplement

Gibco Fetal Bovine Serum, Tet system
approved

HyClone Dulbecco’s Modified Eagle’s
Medium

HyClone Iscove’s Modified Dulbecco’s
Medium

HyClone RPMI 1640 Medium

Sigma
Thermo

Cytiva

Cytiva

Cytiva

Cat# 14009C
Cat# A4736201

Cat# SH30022.01

Cat# SH30228.FS

Cat# SH30255.FS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Monoclonal Cas13 cell line generation and cell culture

MDA-MB-231 and K562 cell lines were acquired from American Type Culture Collection (HTB-26 and CCL-243, respectively). Mono-
clonal doxycycline-inducible RfxCas13d MDA-MB-231 and K562 cells were generated by transducing cells with a lentivirus pro-
duced using pLentiRNACRISPR_007 (Addgene 138149) at a low multiplicity of infection (MOI <0.1) and selected with 5 pg/mL of blas-
ticidin S (A.G. Scientific B-1247). Single-cell colonies were isolated by low-density plating and then expression of HA-tagged Cas13
was confirmed by immunoblot using an anti-HA peptide antibody (Cell Signaling Technology 2367S). Monoclonal doxycycline-induc-
ible RfxCas13d-NLS HEK293FT cells were obtained from Wessels and Méndez-Mancilla et al.,?® RfxCas13d-NLS HAP1 cells were
obtained from Guo et al.,>* and RfxCas13d-NLS THP1 cells were obtained from Wessels and Méndez-Mancilla et al.*®

HEK293FT and MDA-MB-231 cells were cultured in D10 medium: Dulbecco’s Modified Eagle Medium with high glucose and sta-
bilized L-glutamine (Cytiva SH30022.01) supplemented with 10% Serum Plus Il (Sigma-Aldrich 14009C) and 5 pg/mL blasticidin.
HAP1 and K562 cells were cultured in 110 medium: Iscove’s Modified Dulbecco’s Medium with L-glutamine (Cytiva SH30228.FS)
supplemented with 10% Serum Plus Il and 5 pg/mL blasticidin. THP-1 cells were cultured in R10 medium: HyClone RPMI 1640 Me-
dium (Cytiva SH30255.FS) supplemented with 10% Serum Plus Il and 5 pg/mL blasticidin. All cells were incubated at 37°C with 5%
carbon dioxide.
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METHOD DETAILS

Transcriptome-scale and CaRPool-seq Cas13 libraries: Design and cloning

To rationally select IncRNAs to perturb, we used a developmental atlas profiling 31,687 IncRNAs across developmental stages and
different species19 and essential IncRNAs identified in prior CRISPRI screens.”® We first filtered out lowly expressed IncRNAs, which
we defined as those expressed that were not expressed above at least 5 reads per kilobase of transcript per million mapped reads
(RPKM) in at least one sample from the developmental atlas. To identify matching IncRNAs between the developmental atlas and
CRISPRI screen annotations, we used the primary transcription start site (TSS) from the CRISPRi screens. We extended the TSS
by 500 bp in each direction and intersected it with the first exon of the IncRNA annotations from the developmental atlas in a
strand-specific manner. In total, the final library included 5,496 IncRNA targets, 3,100 closest protein-coding gene (PCG) targets,
and 56 essential gene targets (positive controls). The 56 essential genes were selected as those that were essential in all
CRISPR-Cas9 screens from Hart et al.*® For each IncRNA, we used annotations (e.g., genomic location, time- and tissue-specificity,
dynamic/non-dynamic) provided by the developmental atlas.'® To assign HGNC symbols, IncRNA loci were lifted to GRCh38 (UCSC
Lift Genome Annotations; https://genome.ucsc.edu/cgi-bin/hgLiftOver), matched to Ensembl v106 IncRNA features via BioMart, '°°
and intersected using strand-aware overlaps (GenomicRanges'"").

For each IncRNA/PCG, we selected 4 to 8 gRNAs from the highest or second-highest efficacy quartile (as given by cas13design,
http://cas13design.nygenome.org®®). For the corrected analysis, we implemented a gRNA filtering step that was described but inad-
vertently omitted in the previous version of this study®® and made sure that the selected gRNAs had no secondary target sites in pro-
tein-coding transcripts (GENCODE v38) or IncRNA transcripts (Sarropoulos et al.'®) with 0, 1 or 2 mismatches to the cognate site.”*
Wherever possible, we aimed to select 2 gRNAs from each of the first three exons of the IncRNA/PCG to minimize false negatives due
to alternative exon usage/splicing. We also embedded 1,000 non-targeting gRNAs as negative controls, which we ensured had 3 or
more mismatches to any other transcripts (hg19). In total, the library included 56,322 gRNAs. Each gRNA was flanked with constant
regions (for PCR ampilification and Gibson cloning) and synthesized as 106mer single-stranded oligonucleotides (Twist Biosciences).
A full list of gRNA sequences in the library can be found in Table S1B.

For library cloning, we amplified pooled oligonucleotides (Twist) using a nested PCR. PCR1 amplifies the oligo pool and PCR2 adds
overhangs for Gibson cloning. For PCR1, the oligo pool was amplified using Q5 High-Fidelity DNA Polymerase (NEB M0491L) with
0.2 pL of enzyme and 1 ng (1 ng/pL) of the oligo pool per reaction in four 20pL reaction: 98°C for 30s, 7 x (98°C for 10 s, 63°C for 10 s,
72°C for 15 s), 72°C for 1 min. For PCR1 1 puL of the following primers (10 pM) were used.

5'-TAGAAGGTCTATGTTCGCCA-3’
5'-TAACGAGTCCTAAACGGGAT-3'

After PCR1, the replicate reactions were combined. Then, for PCR2, 2 uL of pooled PCR1 product was used in each (20-uL) PCR2
reaction. In total, we performed 26 PCR2 reactions (20-uL each) with 7 amplification cycles using Q5 High-Fidelity DNA Polymerase
(NEB M0491) as follows: 98°C for 30s, 7x (98°C for 10 s, 63°C for 15 s, 72°C for 15 s), 72°C for 1 min. For PCR2 1 pL of the following
primers (10 pM) were used.

5-TATATATCTTGTGGAAAGGACGAAACACCGAACCCCTACCAACTGGTCGGGGTTTGAAAC-3’
5'-ACTGACGGGCACCGGAGCCAATTCCCACTCCTTTCAAGACCTAGCTAGCGAATTCAAAAA-3’

The PCR2 amplicon was purified using the DNA Clean & Concentrator (Zymo D4014). The purified amplicon was Gibson-cloned
into a puromycin-resistant lentiviral vector with an enhanced Cas13 direct repeat (DR1), pLentiRNAGuide_001 (Addgene 138150).
For that, 40 pg plasmid was digested using 10 pL Esp3l (Thermo FD0454) at 37°C for 2 h and dephosphorylated using 10 pL
FastAP (Thermo EF0651) at 37°C for 30 min. The digested plasmid backbone was gel-purified using a 1% E-Gel (Thermo
G401001) and QiaQuick Gel Extraction Kit (Qiagen 28704). We performed three 20 uL Gibson reactions using 10 puL 2x Gibson As-
sembly Master Mix (NEB E2611L): Each Gibson reaction included 500 ng digested and dephosphorylated pLentiRNAGuide_001
plasmid and 80 ng PCR2 amplicon at 50°C for 1 h. We purified the plasmid library using isopropanol precipitation at room temper-
ature for 15 min and transformed the purified library into Endura electrocompetent cells (Lucigen 60242-2) with >1,000 colonies per
construct. Following library purification using the MAXI Fast-lon Plasmid Purification Kit (IBI Scientific IB47125), we verified success-
ful cloning via lllumina sequencing (MiSeq) with a 90:10 ratio (90th percentile/10th percentile crRNA read ratio) of 1.9 and a recovery
rate of 99.94%.

For each target gene in the CaRPool-seq library, we picked the three most depleted gRNAs from the transcriptome-scale screen
that target expressed exons. The gRNAs chosen were non-overlapping. Since every gRNA array includes two targeting gRNAs, we
paired each selected gRNA (from the transcriptome-scale screen) with a newly-designed gRNA using the TIGER gRNA design tool"®
and an array-specific barcode gRNA (bcgRNA). We designed three individual gRNA arrays for 27 essential IncRNAs and 10 closest
PCGs. We also designed gRNA arrays targeting three known essential genes (MYC, MTOR and HSPA9). We added 10 control (non-
targeting) gRNA arrays. For the bcgRNAs, we designed random 15mer sequences with a hamming distance greater than four from
any other 15mer. The 225mer single-stranded oligonucleotides were designed in the following way.
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PCR-handle:BsmBIl:gRNA1:DR:gRNA2:DR:TruSeq-PCR-handle:barcode:Lgul:PCR-handle

DR indicates wild-type 36nt RfxCas13d direct repeat. Pooled oligonucleotides were synthesized as an oPool (IDT) and are shown in
Table S4A. The pool was amplified using Q5 High-Fidelity DNA Polymerase (NEB M0491L) using 0.5 pL of enzyme and 20 ng (1 ng/pL)
of the oligo pool in a single 50pL reaction: 98°C for 30s, 8x (98°C for 10 s, 60°C for 15's, 72°C for 15 s), 72°C for 1 min. For the PCR
2.5 L of the following primers (10 pM) were used.

5'-TAGAAGGTCTATGTTCGCCA-3’
5'-TAACGAGTCCTAAACGGGAT-3’

The amplicon was purified using a 2.0x solid phase reversible immobilization (SPRI) clean-up. For digestion, all purified PCR prod-
uct was digested in a 20 pL reaction with 1uL each of Esp3l and Lgul at 37°C for 2 h. We purified the digested amplicon using a 2.0x
SPRI cleanup. The purified amplicon was cloned into a puromycin-resistant lentiviral vector with a 5’ enhanced Cas13 direct repeat
(DR1) and 3’ stabilizing pseudoknot element (evopreQ1), pLentiRNAGuide_003 (Addgene 192505). For that, 5 pg pLentiRNA-
Guide_003 plasmid was digested using 2.5 pL Esp3I (Thermo FD0454) and 2.5 pL Lgul (Thermo FD1934) at 37°C for 2 h and dephos-
phorylated using 2.5 pL FastAP (Thermo EF0651) at 37°C for 30 min. The digested plasmid backbone was gel-purified using a 2%
E-Gel (Thermo G401002) and QiaQuick Gel Extraction Kit (Qiagen 28704). All of the PCR product was ligated into Esp3I/Lgul-di-
gested and dephosphorylated pLentiRNAGuide_003 in four 20 pL reactions using per reaction: 1 pL T7 DNA ligase (NEB M0318),
25 ng digested plasmid and 2x Rapid Ligase Buffer (Enzymatics B1010L) for 15 min at room temperature. Ligation products were
purified using a 2x SPRI cleanup and transformed into Endura electrocompetent cells (Lucigen 60242-2) with >10,000 colonies
per construct. Following library purification using the MAXI Fast-lon Plasmid Purification Kit (IBI Scientific IB47125), the complete
library representation with minimal bias (90th percentile/10th percentile crRNA read ratio 3.3), and correct gRNA array to barcode
linkage (52.0%) was verified by sequencing (lllumina MiSeq).

Pooled lentiviral production

For both pooled libraries, lentivirus was produced by transfecting the pooled transfer plasmid with packaging plasmids psPAX2
(Addgene 12260) and pMD2.G (Addgene 12259) using linear polyethylenimine MW25000 (Polysciences 23966). We seeded ten
million HEK293FT cells per 10 cm dish and transfected them with 60 pL polyethylenimine, 9.2 ug plasmid pool, 6.4 pg psPAX2
and 4.4 pg pMD2.G. Three days post-transfection, the viral supernatant was collected, filtered through a 0.45-pm filter, and stored
at —80°C until further use. The amount of lentivirus used for transduction was titrated to result in 30-40% transduction efficiency, to
minimize the probability of multiple gRNAs being introduced into a single cell.

Pooled Cas13 library CRISPR screens

We conducted pooled Cas13d screens following established protocols.?**® Briefly, Cas13d-expressing cells were transduced with
the library lentivirus through separate infection replicates by spinfection at 1000 rpm for 1 h at 37°C, followed by overnight incubation.
After 24 h, new media with 1 pg/mL puromycin (Invivogen ant-pr-1) was added. Puromycin selection was completed within 48 h for all
cell lines, except for THP1. Because THP1 required an extended selection time, we maintained it in R10 but with 10% Tet-system
approved serum (Gibco A4736201) substituted for Serum Plus Il and with 1 pg/mL puromycin. THP1 cells took approximately two
weeks for full selection (using an in-line non-transduced control).

Following puromycin selection, RfxCas13d expression was induced by replenishing the growth medium containing 1 pg/mL pu-
romycin, 5 pg/mL blasticidin and 1 pg/mL doxycycline. Cells were passaged every 2 to 4 days and split as needed, ensuring a guide
representation of >1,000x. Samples with a guide abundance of 1,000-fold were harvested at 0, 7, and 14 days post-Cas13d
induction.

Genomic DNA was isolated from cell pellets via a modified salting out procedure.'°® For that, 12 mL of NK Lysis Buffer (50 mM Tris,
50 mM EDTA, 1% SDS, pH 8) and 60 pL of 20 mg/mL Proteinase K (QIAGEN 19131) were added to 80 million cells and incubated at
55°C overnight. The next day, 6 pL of 100 mg/mL RNase A (AG Scientific R-2000) was added to the lysed sample, which was then
inverted 25 times and incubated at 37°C for 30 min. Samples were cooled on ice before addition of 4 mL of pre-chilled 7.5M ammo-
nium acetate (Sigma A1542) to precipitate proteins. After adding ammonium acetate, the samples were vortexed and centrifuged at
4,000 x g for 10 min. After the spin, 12 mL isopropanol was added to the collected supernatant, inverted 50 times and centrifuged at
4,000 x g for 10 min. The supernatant was discarded, 12 mL of freshly prepared 70% ethanol was added, the tube was inverted 10
times, and then centrifuged at 4,000 x g for 10 min. The supernatant was discarded, and remaining ethanol was removed. After air
drying for 30 min, 500 pL of 0.2 x TE buffer (Sigma 93283) was added, the tube was incubated at 65°C for 1 h and at room temperature
overnight to fully resuspend the DNA. The next day, the gDNA samples were vortexed briefly. The gDNA concentration was measured
using a Nanodrop (Thermo). We excluded one biological replicate (K562 days 0) due to low recovery after gDNA extraction.

We amplified gRNA cassettes and prepared them for sequencing using a two-step PCR. PCR1 was performed to amplify a region
containing the crRNA cassette in the lentiviral genomic integrant using TagB polymerase (Enzymatics P7250L). We performed 70
PCR1 reactions for each gDNA sample using 5 pg gDNA per 100 uL PCR1 reaction as follows: 94°C for 3 min, 20x (94°C for
10 s, 55°C for 30 s, 68°C for 45 s), 68°C for 5 min. For PCR1 the following primers were used.
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5-GAGGGCCTATTTCCCATGATTC-3
5'-GTTGCGAAAAAGAACGTTCACGG-3'

We then combined PCR1 products for the same sample together before PCR2, which was done to incorporate lllumina adaptors
using Q5 High-Fidelity DNA Polymerase (NEB M0491). We performed 10 PCR2 reactions for each sample using 10 pL unpurified
PCR1 product per 50 pL reaction as follows: 98°C for 30 s, 6-10x (98°C for 10 s, 63°C for 30 s, 72°C for 45 s), 72°C for 5 min.
For PCR2 the following primers was used.

5'-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT(N1.9)(BCs)
TCTTGTGGAAAGGACGAAACACCG-3’
5-CAAGCAGAAGACGGCATACGAGAT(BCg)GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT(N1-g)
GAGCCAATTCCCACTCCTTTCAAG-3’

where N is a stagger of 1-9 nucleotides and BC is a barcode of 8 nucleotides. The resulting amplicons from PCR2 (~270 bp) were
pooled and then purified using double-sided SPRI beads clean up (Beckman B23317) or gel extracted using a QiaQuick Gel Extrac-
tion kit (Qiagen 28704). For double-sided SPRI clean up, the amplicon was first incubated with 0.6 x SPRI to remove larger fragments
(>350 bp bound to beads and removed), the supernatant was then transferred and further incubated with 0.8 x SPRI beads (<200 bp
in supernatant and removed). The concentration of the purified PCR amplicon was quantified using Qubit dsDNA HS Assay Kit
(Thermo Q32851) and sequenced on an lllumina NextSeq 500 using a single-end 150 cycle read.

Single-cell sequencing coupled with Cas13 perturbations (CaRPool-seq)

RfxCas13d-expressing MDA-MB-231 and HAP1 cells were maintained in their respective media (D10 for MDA-MB-231 and 110 for
HAP1), except 10% Tet-system approved serum (Gibco A4736201) was substituted for Serum Plus Il. We transduced the CaRPool-
seq library at a low multiplicity of infection (MOI <0.2) by spinfection at 1000 x g for 1 h at 37°C, followed by overnight incubation. After
24 h, fresh media with 1 pg/mL puromycin was added. Puromycin selection was completed within 72 h for both cell lines and cells
were collected for CaRPool-seq readouts at 72 h after Cas13-induction (1 pg/mL doxycycline). The experiment was conducted using
four lanes per cell line of the 10X Genomics 3’ kit (Chromium Single Cell 3’ Gene Expression v3.1 with feature barcoding technology
for CRISPR screening, 10000127, 10000268 and 10000262). For pooled screen readouts, the cells were passaged every 2 days,
ensuring a guide representation of >10,000x. Five million cells were harvested at 0 and 7 days post-Cas13 induction. The libraries
for bulk readout were prepared as described in Pooled Cas13 library CRISPR screens.

Single-cell sequencing library preparation for bcgRNAs and cDNA followed the 10X Genomics manual (CG000205 Rev D) with
following modifications to allow for capture of bcgRNAs in our Cas13 CRISPR array configuration type X as previously described.*®
After elution of GEM-RT in 34 pL (Step 2.1-s), we added 1 pL ADT additive primer (0.4 pM).

5'-CCTTGGCACCCGAGAATTCC-3'

to increase bcgRNA yield during cDNA amplification. The cDNA and bcgRNAs were purified using SPRI cleanup as indicated in
steps 2.3A (Pellet Cleanup, 3' GEX) and 2.3B (Transferred Supernatant Cleanup, CRISPR screening library), respectively. 45 uL of
the purified bcgRNAs was used to construct the bcgRNA library through PCR ampilification that adds lllumina P5 and P7 handles
and an i7 index to the bcgRNA amplicon. We performed 12 cycles of PCR amplification (PCR1) in 100 pL reactions using 50 pL of
2x KAPA Hifi PCR Mastermix (Roche 07958935001) and 45 puL of bcgRNA PCR template as follows: 95°C for 3 min, 12x (95°C
for 20 s, 60°C for 8 s, 72°C for 8 s), 72°C for 1 min). For the PCR 2.5 pL of the following primers (10 pM) were used.

5'-AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3'
5'-CAAGCAGAAGACGGCATACGAGAT(BC)sGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA-3’

where BC is a barcode of 8 nucleotides. After PCR product purification using a 1.6 x SPRI cleanup, we performed 4 more cycles of
PCR ampilification using P5 and P7 primers in 100 pL reactions using 50 pL of 2x KAPA Hifi PCR Mastermix (Roche 07958935001)
and 45 pL of PCR1 product as follows: 95°C for 3 min, 4x (95°C for 20 s, 60°C for 8 s, 72°C for 8 s), 72°C for 1 min). For the PCR
2.5 plL of the following primers (10 pM) were used.

5'- AATGATACGGCGACCACCGA-3'
5'- CAAGCAGAAGACGGCATACGAGA-3’

After purification using a 1.6x SPRI cleanup, bcgRNA and cDNA libraries were quantified using the Qubit dsDNA HS Assay Kit
(Thermo Q32851). The average amplicon size of each library was quantified using a Bioanalyzer 2100 using the High Sensitivity
DNA Kit (Agilent 5067-4626). Using the average amplicon size and concentration, we then diluted both libraries appropriately for
sequencing. We mixed the libraries in suitable proportion to achieve ~45,000 reads per cell for the cDNA library and ~5,000 reads
per cell for the bcgRNA library. After mixing, the pooled CaRPool-seq libraries were sequenced on an NovaSeq X (lllumina 25B flow
cell) using 28 cycles for read 1 and 91 cycles for read 2.
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Arrayed gRNA cloning and lentiviral production

For the competitive cell growth assays, we used a RfxCas13d guide-only vector that also expresses GFP and puromycin resistance,
pLentiRNAGuide_004 (Addgene 223175). For all validation assays, we cloned three individual gRNAs per gene into this construct
using Esp3l sites and produced corresponding lentiviruses. All gRNA sequences for the arrayed validation are given in Table S3A.
In brief, we seeded one million HEK293FT cells per 6-well and transfected them with 7.5 uL polyethylenimine linear MW 25000 (Poly-
sciences), 1.5 pg gRNA cloned pLentiRNAGuide_004, 1.25 pg psPAX2 and 0.5 pg pMD2.G. Two days post-transfection, the viral su-
pernatant was collected, filtered through a 0.45-pm filter, and monoclonal Cas13 cell lines were transduced at a low MOI (~0.5).

Competitive cell growth assays

We performed two independent transductions for each gRNA and selected transduced cells with 1 pg/mL puromycin for 3 days.
Selected GFP-positive cells were then co-cultured with parental cells for 24 h and the ratio of GFP-positive cells was determined
using a live cell imaging system (Incucyte S3) at 20x magnification for HAP1, MDA-MB-231 and HEK293FT cells. After that,
1 pg/mL doxycycline was added to induce Cas13 expression. Over the course of 4-6 days, the ratio of GFP-positive to GFP-negative
cells was observed by taking nine images per transduction. We then determined relative survival by normalizing each ratios to 1) the
initial time point prior to Cas13 induction and 2) the median of cell mixtures containing cells transduced with three different non-tar-
geting (negative control) gRNAs. Representative endpoint images show confluence masks of GFP-positive and GFP-negative cells
(Incucyte Live Cell Analysis software).

For competition assays in THP1, GFP quantification was performed using flow cytometry (Sony SH800S) six days after mixing with
parental cells and Cas13 induction (1 pg/mL doxycycline). THP1 cells were gated by forward and side scatter and signal intensity to
remove potential multiplets and additionally gated for living cells using Fixable Violet Dead Cell Stain exclusion (Thermo L34963). For
each sample, we analyzed the distribution of GFP-negative and GFP-positive cells from 9,000 gated (singlets and live) cells. We then
determined relative survival by normalizing each ratio to the median of cell mixtures containing cells transduced with three different
non-targeting (negative control) gRNAs.

Cell cycle analyses

We used a fluorescence ubiquitin cell cycle indicator (FUCCI)-based reporter system to determine cell cycle changes using live-cell
imaging. For that, we cloned the FUCCI cassette (AzaleaB5-hCdt1(1/100)-P2A-h2-3-hGem(1/110)) from tFUCCI(CA)5 (Addgene
153521) into a lentiviral plasmid driven by a short EF-1a promoter (EFS). We modified the backbone from pLentiRNAGuide_001
(Addgene 138150) by replacing the U6-gRNA and EFS-puromycin cassettes with an EFS promoter and a downstream multiple clon-
ing site (MCS). We digested pLentiRNAGuide_001 with Pacl and Apal restriction enzymes and amplified EFS-MCS and WPRE-LTR
cassettes with Gibson overhangs using Q5 High-Fidelity DNA Polymerase (NEB M0491L) using 0.5 puL of enzyme and 10 ng pLen-
tiRNAGuide_001 plasmid in 50pL reactions: 98°C for 30 s, 25x (98°C for 10 s, 60°C for 15 s, 72°C for 30 s), 72°C for 1 min. For the
PCRs 2.5 puL of the following primers (10 pM) were used.

EFS-MCS
5-ACAGCAGAGATCCAGTTTGGTTAATTAATCTTGAAAGGAGTGGGAATTGACTCCG-3’
5'-CGTGAATTCTCGGATCCGCTAGCCGTCTCCTCTAGTTAGCCAGCCGGTCCTGTGTTCTGGCGGCAAACC-3’

WPRE-LTR
5'-AGCGGATCCGAGAATTCACGGTACCCGTCTCTAAGGACTCTCGCGTTAAGTCGACAATCAACCT-3/
5'-CTGATCAGCGGGTTTAAACGGGCCCTGCTAGAGATTTTCCACACT-3'

We assembled the final plasmid using the digested pLentiRNAGuide_001 plasmid and both PCR products by Gibson cloning.
Then, we cloned the FUCCI cassette into this lentiviral plasmid using BamH|I (Thermo FD0055) and Kpnl (Thermo FD0524) restriction
sites and termed the plasmid pLentiFUCCI(CA)5 (Addgene 223176). We produced a corresponding lentivirus, as described above,
and transduced monoclonal Cas13-expressing MDA-MB-231 cells. For all cell cycle assays, we cloned individual gRNAs targeting
IncRNAs into pLentiRNAGuide_001 (Addgene 138150) as described in the Arrayed gRNA cloning and lentiviral production section.

MDA-MB-231 Cas13 cells expressing the FUCCI reporter were transduced at a low MOI (~0.5) with these lentiviruses. We per-
formed two independent transductions for each gRNA and selected transduced cells with 1 pg/mL puromycin for three days.
Then we seeded 2,000 into three wells of a 96-well plate (Corning 3904) per transduction and monitored cell cycle changes for
60 h using live imaging (Incucyte S3) by taking nine images per well at 20 x magnification. We induced Cas13 expression by addition
of 1 pg/mL doxycycline 12 h after seeding. For the last 24 h of the experiment, a subset of cells transduced with non-targeting gRNAs
were treated with compounds that inhibit cell cycle progression, the CDK1/2/5/9 inhibitor dinaciclib (0.5 pM, MedChemExpress HY-
10492) and the DNA damage-inducing agent doxorubicin (1 pM, MedChemExpress HY-15142), which trigger G1-S and G2-M arrest,
respectively.

Images were analyzed using the Incucyte Cell-by-Cell Analysis Software Module (Sartorius 9600-0031). Intensity of the FUCCI
signal was measured per cell by masking each cell for the red and green fluorescence channels using a top-hat masking strategy
restricted to the mean cell area. Classification of cells into high-red (G1), high-green (S phase) and high-red/high-green (G2-M)
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was done within the Cell-by-Cell Analysis Software based on the distribution of red and green intensities across cells. We computed
the percentage of cells with high or low levels of either or both red and green signal intensity and the mean number of cells per well. To
test if there were differences in the distribution of the high-red (G1), high-green (S phase) and high-red/high-green (G2-M) populations
between the cells perturbed with non-targeting gRNAs and with gRNAs targeting specific IncRNAs, we conducted a two-sided
Fisher’s exact test comparing cell cycle phases for each IncRNA-targeting gRNA to the control (non-targeting) gRNA.

Apoptosis assays

RfxCas13d-expressing MDA-MB-231 cells were transduced in two biological replicates with lentiviruses produced from correspond-
ing pLentiRNAGuide_001, as described in Cell cycle analyses. We selected the transduced cells for three days using 1 pg/mL puro-
mycin. Then, we seeded 2,000 cells into three wells of a 96-well plate (Corning 3904) per transduction and cultured the cells in media
supplemented with Annexin V (Sartorius 4642, final concentration 5uM Annexin V). At 72 h, we acquired nine images per well at 20x
magnification (Incucyte S3). We determined the relative area of Annexin V-positive cells by measuring the area of Annexin V-positive
cells and the total cell area. Representative endpoint images show the confluence masks of total and Annexin V-positive cells (Incu-
cyte Live Cell Analysis software).

RNA interference

The small interfering RNAs (siRNAs) were designed using the IDT Custom Dicer-Substrate siRNA (DsiRNA) tool (https://www.idtdna.
com/site/order/tool/index/DSIRNA_CUSTOM). A DsiRNA targeting the coding sequence of Renilla luciferase was selected as a
negative control (CTRL). For the IncRNAs, sequences targeting 1-3 different exons were chosen (Table S3D). For each target INcRNA,
we pooled three individual DsiRNAs (IDT) at equimolar ratios to ensure robust knockdown and reduce off-target effects. We seeded
250,000 HEK293FT cells in 12-well plates and transfected each well with 25 nM DsiRNA pools using 4.5 pL Lipofectamine RNAIMAX
(Thermo 13778075). Twenty-four hours later, 2,000 cells were seeded in 96-well plates and monitored for 60 h in media supple-
mented with Annexin V (Sartorius 4642, final concentration 5pM Annexin V). At 72 h, we acquired nine images per well at 20x magni-
fication (Incucyte S3). We determined the proliferation of cells transfected with IncRNA-targeting siRNA pools by normalizing the cell
area to 1) the initial time point (24 h after transfection) and 2) the median of cells transfected with CTRL DsiRNA (median computed
over 54 images with 9 images per biological replicate and 6 biological replicates for CTRL DsiRNA). For apoptosis, we determined the
relative area of Annexin V-positive cells by measuring the area of Annexin V-positive cells and the total cell area. Representative
endpoint images show the confluence masks of total and Annexin V-positive cells (Incucyte Live Cell Analysis software).

RNA-sequencing

For cell line expression profiles, total RNA-sequencing libraries were prepared from parental and RfxCas13d-expressing HAP1,
K562, HEK293FT and THP1 cells using the KAPA Total RNA-seq kit with RiboErase (Roche) seven days after doxycycline induction
(1 pg/mL). Both parental HAP1, K562, HEK293FT and THP1 cells and RfxCas13d-expressing HAP1, K562, HEK293FT and THP1 cells
were treated with doxycycline. RNA extraction, library preparation and sequencing (lllumina NovaSeq 2500) were performed by the
New York Genome Center’s Sequencing Platform. Total RNA-seq files for MDA-MB-231 were downloaded as fastqg from the RNA
Atlas.”® To improve the detection of lowly-expressed transcripts, we additionally performed stranded RNA-sequencing with
polyA-enrichment in triplicate. Stranded mRNA-sequencing libraries were prepared from RfxCas13d-expressing HAP1,
HEK293FT, K562, MDA-MB-231, and THP1 cells in triplicate. For that, total RNA was isolated using the Direct-zol RNA Purification
Kit (Zymo R2062). We used the Stranded mRNA Prep kit (lllumina 20040532) with RNA UD Indexes Set A (lllumina 20040553) and
followed the manufacturer’s protocol using 1 pg total RNA as input for mRNA capture. Pooled libraries were sequenced using a
NovaSeq X (lllumina).

For differential gene expression after IncRNA perturbations (bulk mRNA-seq), RfxCas13d-expressing MDA-MB-231 cells were
transduced in two biological replicates with lentiviruses produced from corresponding pLentiRNAGuide_004, as described in Ar-
rayed gRNA cloning and lentiviral production. We chose the same gRNAs used in the cell cycle (FUCCI) and apoptosis (Annexin
V) assays. We selected the transduced cells for three days (1 pg/mL puromycin) and induced Cas13 expression by 1 pg/mL doxy-
cycline for 48 h. Total RNA was isolated using the Direct-zol RNA Purification Kit (Zymo R2062) with DNasel treatment and quantified
using the Qubit RNA XR Assay Kit (Thermo Q10210). To generate strand-specific mRNA-seq libraries, we used the Stranded mRNA
Prep kit (Illumina 20040532) with RNA UD Indexes Set A (lllumina 20040553) and followed the manufacturer’s protocol using 1 pg total
RNA as input for mMRNA capture. Libraries were quantified using the Qubit dsDNA HS Assay Kit (Thermo Q32851) and the High Sensi-
tivity DNA Kit (Agilent 5067-4626) using a Bioanalyzer 2100 (Agilent), as described in CaRPool-seq experiments. Pooled libraries (bulk
mRNA-seq) were sequenced using a NextSeg500 (lllumina).

H3K27ac AQuA-HiChIP

We prepared H3K27ac HiChlP libraries using a modified protocol with a mouse spike-in control'®® and two biological replicates.
Briefly, we fixed ten million HAP1 cells in 1% formaldehyde for 10 min and quenched to a final concentration of 125 nM glycine.
The cells were lysed in 0.5% SDS, quenched with 10% Triton X-100, and digested with 200 units Mbol (NEB R0147M) at 37°C for
2 h to produce blunt ends. After heat inactivation at 62°C for 20 min, the blunt DNA overhangs were biotinylated using DNA Polymer-
ase | Large (Klenow) Fragment (NEB M0210L), 288 uM biotin-dATP (Thermo 19524016), dTTP, dGTP, and dCTP at 37°C for 1 h.
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Biotinylated products were ligated using T4 DNA ligase (NEB B0202S) at room temperature for 4 h. Nuclei were spun down, resus-
pended in nuclear lysis buffer (50 mM Tris-HCI pH 7.5, 10 mM EDTA, 1% SDS) and sonicated using a Covaris LE220 with the following
conditions: Fill level 10, PIP 450, Duty factor 30, CPB 200. We incubated the sheared DNA with Dynabeads Protein A (Thermo
10001D) for 2 h at 4°C. We then placed the tubes on a magnet and the supernatant was kept. We performed immunoprecipitation
with a cross-species reactive H3K27ac antibody (Active Motif 39133). The samples were incubated with the antibody overnight at
4°C. Dynabeads Protein A (Thermo 10001D) were added to the samples and incubated for 2 h at 4°C to bind the DNA with
H3K27ac antibodies. The beads with bound DNA were washed, the DNA was eluted, and the DNA was treated with Proteinase K
(NEB P8107S). We purified the samples using DNA Clean & Concentrator (Zymo D4014). Biotin capture was performed with Dyna-
beads M-280 Streptavidin (Thermo 11205D), followed by library preparation.’®® We purified the ampilified libraries with Sample Pu-
rification Beads (lllumina). Libraries were sequenced to generate 100-200 million read pairs per replicate (lllumina NextSeq 500).

Quantitative reverse-transcription PCR (RT-qPCR)

To measure the target expression after INcRNA perturbations, RfxCas13d-expressing cells were transduced in two biological repli-
cates with lentiviruses produced from corresponding pLentiRNAGuide_004, as described in Arrayed gRNA cloning and lentiviral pro-
duction. We selected the transduced cells for three days (1 pg/mL puromycin) and then induced Cas13 expression by 1 pg/mL doxy-
cycline. At 24 h after Cas13 induction, total RNA was isolated using the Direct-zol RNA Purification Kit (Zymo R2062) with DNasel
treatment. For cDNA synthesis, 1 pg total RNA served as a template using RevertAid Reverse Transcriptase (Thermo EP0442)
and random hexamer primers. RT-gPCR was performed using a QuantStudio 5 (Applied Biosystems) with Luna Universal gPCR Mas-
ter Mix (NEB M3003E) and 2.5 pL 1/20-diluted cDNA as template in 5 pL reactions: 95°C for 60 s, 45x (95°C for 15's, 60°C for 30 s).
The relative transcript abundance was normalized to ACTB and control (non-targeting) gRNAs (AACt method). Primer sequences can
be found in Table S3B.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pooled screen analysis

Quality of the raw fastq files was assessed using MultiQC." '®We processed reads from pooled Cas13d screens following established
pipelines.?®*® In brief, reads were de-multiplexed based on lllumina i7 barcodes and custom i5 barcodes. We trimmed reads to the
expected gRNA length by identifying known anchor sequences relative to the guide sequence. We did this using Cutadapt (v.1.13)"°
with the following parameters: -g CTGGTCGGGGTTTGAAAC -e 0.2 -O 5 —discard-untrimmed and -a TTTTTGAATTCGCTAGCT -e
0.1 -O 5 -minimum-length 15 —discard-untrimmed.

We aligned processed reads to the designed crRNA reference using bowtie (v.1.1.2)° allowing for up to three mismatches (param-
eters: -v 1 -m 3 —best -g). The raw gRNA counts were normalized using median-of-ratios (geometric mean), similar to DESeq2,%° and
batch correction was applied using combat from the SVA R package (v.3.34.0).%' We removed nonreproducible technical outliers by
pairwise linear regression for each sample, collecting residuals, and taking the median value for each gRNA across biological
replicates.

To calculate the correlation between biological replicates, we log-transformed the count ratios between time points (Day 14 or Day
7) after Cas13-induction and the corresponding early time point (Day 0). To identify essential genes, the mean log, fold-change was
determined using up to five most depleted gRNAs per target gene and robust rank aggregation (RRA, v1.2.1).5% As a negative control,
RRA analysis of randomized gRNAs and genes, repeated ten times, yielded no significant hits. For downstream screen analyses, we
only considered expressed genes (TPM >0) based on total RNA-seq and mRNA-seq in each cell line. RNA-seq expression data for
IncRNAs and PCGs are summarized for each cell line in Tables S1C-S1F. For essential IncRNAs, we determined enrichment for
genomic class and evolutionary age using two-sided Fisher’s exact test over all IncRNAs in the Cas13 library. Please note that
the updated analysis defines “shared essentials” as IncRNAs that are essential in 4 out of 5 cell lines—in line with pooled knockout
screens for PCGs.

Total RNA- and mRNA-sequencing analyses

We aligned total RNA-seq and mRNA-seq fastq reads from five cell lines (HAP1, HEK293FT, K562, MDA-MB-231 and THP1). Gene
expression for PCGs was determined by aligning to the GRCh38 reference genome (GRCh38.d1.vd1.fa.tar) with the GENCODE v36
reference gene annotation (gencode.v36.annotation.gtf.gz) using the HISAT2 (v2.1.0) aligner.®* Gene expression for long noncoding
RNAs (IncRNAs) was determined by aligning to the GRCh38 reference genome (GRCh38.d1.vd1.fa.tar) with the Sarropoulos et al.
IncRNA developmental atlas annotation (human.IncRNA.gtf) using the HISAT2 (v2.1.0) aligner. For that, we first converted the IncRNA
atlas from hg19 to hg38 using UCSC Lift Genome Annotations (https://genome.ucsc.edu/cgi-bin/hgLiftOver). For both alignments,
quantification was conducted using featureCounts.’® To generate the expression profiles, we calculated the average of TPM-normal-
ized replicates for each cell line (Tables S1C-S1F).

To identify differentially expressed genes (DEGs) between parental and Cas13-engineered cell lines for HAP1, HEK293FT, K562,
the total RNA-seq fastq reads were aligned to the GRCh38 reference genome with the GENCODE v36 reference gene annotation
using the STAR aligners,®® and quantified using RSEM®* (Tables S1C-S1D). The RSEM files were imported and summarized into
matrices for gene-level analysis using the tximport R package.?® We applied the two-sided Wald test within the DESeq2 (v.3.19)
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R package,®® utilizing an experimental design formula of ~0 + cell_line + cas13_engineered to zero-center the data. The inclusion
criteria for the analysis mandated that genes possess a minimum of 10 reads across all samples. We then categorized genes as
differentially expressed if they had a BH-adjusted p value <0.05.

H3K27ac AQuA-HiChIP and Hi-C analysis

HiChIP paired end reads were mapped to hg38 genome using HiC-Pro®® with default settings, which included removing duplicate
reads, identifying valid interactions, and generating contact maps. Valid pairs supported by at least three reads and spanning dis-
tances greater than 5 kb were preserved and binned into 5 kb bins. We used pybedtools (v.0.10.0)°°'°° to intersect valid pairs
with the promoter regions of expressed IncRNAs in HAP1 cells and PCGs. Promoter regions were defined as +2 kb of the transcrip-
tion start site from the most abundant transcript. To focus our analyses on PCGs beyond the closest genes in 2D, we removed any
contacts between IncRNAs and their closest (2D) PCG. To identify PCGs localized in the same topologically associating domain
(TAD) as essential IncRNAs, we intersected the promoter regions of expressed essential IncRNAs with bed files containing TAD
boundaries from the Hi-C data Browser’’ (http://3dgenome.fsm.northwestern.edu/view.php) using pybedtools (v.0.10.0).°'%° For
TADs in HAP1 cells, we used its parental cell line, KBM7. Essential PCGs were identified as those with a median DepMap score
of less than —0.5 across all cell lines (DepMap release 23Q2).

CaRPool-seq analysis: Pooled screen

For the CaRPool-seq pooled screen readout, we first identified all reads containing the end of the U6 promoter (last 24 nucleotides)
and the first direct repeat, allowing up to three mismatches for each sequence. For these reads, we then searched for the barcode
gRNA, allowing for up to one mismatch. The processed reads were aligned to the barcode/library reference (Table S4A) using bowtie
(v.1.1.2)%% with the following parameters: -v 1 -m 1 -best —strata. Raw counts were normalized using a median of ratios methods as in
DESeq2.%° For each barcode guide RNA (bcgRNA), we calculated the mean fold-change for the three gRNA arrays for each gene
across the two replicates (Day 7 vs. Day 0) (Table S4B).

CaRPool-seq analysis: Single-cell

Sequencing reads from the cDNA library were mapped to a pre-built reference (refdata-gex-GRCh38-2024-A, downloaded from
https://www.10xgenomics.com/support/software/cell-ranger/downloads) using 10x Genomics Cell Ranger (v.9.0.0)°" with the
following parameter: —expect-cells = 3000 —nosecondary —chemistry = SC3Pv3. Barcode guide RNA (bcgRNA) reads were mapped
to the reference allowing for a maximum of one nucleotide mismatch in the 15 nt barcode (Table S4A). The resulting per-cell gRNA
array assignment was used for downstream analyses in Seurat (v.4.1.1).9

We performed an initial quality control step to preserve only those cells of sufficiently high quality: Cells with high mitochondrial
gene content (>20%) and low number of genes detected (<1000) were removed from the analysis. The median number of detected
genes per cell was 4,940 for HAP1 and 4,234 for MDA-MB-231, with a median of UMIs of 21,944 and 19,895 per cell, respectively.
RNA counts were log normalized using the NormalizeData function. We used the FindVariableFeatures function to identify the top
2,000 most variable features for scaling the data using the ScaleData function with the following parameters: vars.to.regress =
c(“nCount_RNA”). Guide array identity for cells in the CaRPool-seq pool was assigned based on bcgRNA UMI counts. The median
UMI counts per bcgRNA was 71.

To maximize cell recovery, we retained cells with multiple bcgRNA detected by comparing UMI counts for the bcgRNA with the
highest UMI count (g1) to the second detected bcgRNA (g2). We assigned g1, as previously described,*® if: (1) g1 had between 5
and 9 UMI counts and g2 had 0 or 1 UMI count, or (2) g1 had more than 9 UMI counts, g1/(g1 + g2) was greater than 0.8, and g2
had fewer than 11 UMI counts. After this step, we obtained 2,483 HAP1 and 4,187 MDA-MB-231 single cells. Cells with g1 < 3
were considered negative and all other cells were considered bcgRNA multiplets and were discarded.

To identify target gene perturbations that lead to transcriptomic changes, we used FindMarkers to find differentially expressed
genes between non-targeting cells and cells that belonged to a targeted gene class with the following parameters: pseudocoun-
t.use = 0.01, logfc.threshold = 0.01, test.use = “wilcox”. The mean expression of each gene was calculated using
AverageExpression. The number of differentially expressed genes per perturbation was calculated using p < 0.05. For the heatmaps
in Figures 5C, S8C, and S8E, we selected the nine IncRNA perturbations that resulted in the highest number of differentially ex-
pressed genes for display and re-normalized data including only these perturbations and the non-targeting control. Using this re-
normalized data, for each perturbation, we identified up to 25 of the most significantly differentially expressed PCGs (p < 0.05).
Among the downregulated genes, those with the lowest DepMap scores (release 23Q2) were highlighted. For the upregulated genes,
we highlighted those with the lowest fold-change in an overexpression screen for the proliferation of human mammary epithelial cells
(HMEC).*°

Bulk mRNA-seq processing

Quality of the raw fastq files was assessed using MultiQC."'° Sequencing adapters were clipped off using Cutadapt (v2.10)"° with the
following parameters: -q 20 -O 7 -m 20 —trim-n. The processed sequencing reads were aligned to a pre-defined reference (UCSC
hg38, downloaded from https://daehwankimlab.github.io/hisat2/download/) using HISAT2 (v2.1.0)°* with the following parameters:
-q —dta -k 5. Alignments in the obtained bam files were sorted and indexed using samtools (v1.9).'%® FeatureCounts (v2.0.4)”° was
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used for summarizing gene-mapped reads with the following parameters: -p -s 0. GENCODE v36 (gencode.v36.annotation.gtf.gz)
served as annotation basis. Differential gene expression between INcRNA perturbations and cells transduced with non-targeting
gRNAs was determined using DESeq2 (v.3.19)% with the two biological replicates as condition in the design formula.

Developmental gene expression analyses

To analyze gene expression during human development, we used data from two recently published studies.'®"** For each organ, we
compared the expression (in RPKM) of IncRNAs or PCGs in prenatal and postnatal tissues and calculated median expression values
for each time point across samples and for all genes in the respective groups based on essentiality in our Cas13 screens. Tissue- and
time-specificity indices were previously determined for each corresponding gene in these studies'®°?: They range between 0 for
broad expression and 1 for restricted expression. We also compared the dynamics in expression (significant temporal alterations
during development) as previously determined® for different sets of IncRNAs, as classified by essentiality (shared, partially shared
and cell-type-specific essential, as well as non-essential IncRNAs). For co-expression studies, we computed the correlation between
the expression of each IncRNA and that of each PCG at matched time points and donors. This was done using the log,-transformed
expression data (log, (RPKM+1)).

Tumor gene expression and survival analyses

Fastq files of TCGA RNA-seq samples across 29 cancer types were accessed from database of Genopytes and Phenotypes (dbGaP)
via accession number phs000178.v11.p8, and downloaded from NIH Genomic Data Commons Data Portal (https://portal.gdc.
cancer.gov/). These 29 cancer types included in this study are adrenocortical carcinoma (ACC), bladder urothelial carcinoma
(BLCA), brain lower grade glioma (LGG), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), glioblastoma multiforme (GBM), head and
neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary
cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC),
lymphoid neoplasm diffuse large B cell ymphoma (DLBC), mesothelioma (MESO), pancreatic adenocarcinoma (PAAD), pheochro-
mocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin
cutaneous melanoma (SKCM), testicular germ cell tumors (TGCT), thymoma (THYM), thyroid carcinoma (THCA), uterine carcinosar-
coma (UCS), uterine corpus endometrial carcinoma (UCEC), and uveal melanoma (UVM). The sample set consists of 9,564 total
TCGA samples, including 8,878 primary tumor samples and 686 normal tissue samples.

Fastq reads were aligned to the GRCh38 reference genome (GRCh38.d1.vd1.fa.tar) with the GENCODE v36 reference gene anno-
tation (gencode.v36.annotation.gtf.gz) using the STAR aligner.®® Gene expression for long noncoding RNAs (IncRNAs) was deter-
mined by aligning to the GRCh38 reference genome (GRCh38.d1.vd1.fa.tar) with the Sarropoulos et al.' IncRNA developmental
atlas annotation (human.IncRNA.gtf) using the STAR aligner. For that, we first converted the IncRNA atlas from hg19 to hg38 using
UCSC Lift Genome Annotations (https://genome.ucsc.edu/cgi-bin/hgLiftOver). For both alignments, quantification was conducted
using RSEM.?* The GRCh38 reference genome and the GENCODE v36 annotation file were downloaded from https://gdc.cancer.
gov/about-data/gdc-data-processing/gdc-reference-files. To identify differentially expressed genes (DEGs), samples were grouped
by TCGA tumor type. We only analyzed tumor types that had at least 3 tumor samples and at least 3 normal tissue samples. For each
cohort, we collected all IncRNAs targeted in the CRISPR screens, log,-transformed TPM values (log,[TPM+1]) and determined the
median expression in tumors and normal tissues; the log, fold-change is the difference between these medians. Differential expres-
sion was evaluated gene-by-gene using a two-sided Wilcoxon rank-sum (Mann-Whitney U) test comparing the logo(TPM+1) distri-
butions. Benjamini-Hochberg correction was applied within each cohort. We classified INcRNAs as differentially expressed when the
|logs fold change| > 1 and the BH-adjusted p value <0.05.

For survival analysis, primary tumor samples were stratified based on the expression levels of the corresponding IncRNAs: sam-
ples with TPM values exceeding the median were assigned to the high group, while those with TPM values less than or equal to the
median were assigned to the low group. The survival probability for both progression-free survival and overall survival was subse-
quently computed for each group using the survival (v.3.2.7) and survminer (v.0.4.9) R packages.®’®° We assessed the association
of the respective INcRNAs with changes in overall or progression-free survival using the two-sided log -rank test, and the results were
adjusted for the large number of comparisons using Benjamini-Hochberg correction (P,q; < 0.05). After identifying these, we assessed
the significance of the proportion in each category of essential IncRNAs relative to non-essential IncRNAs using a two-sided Fisher’s
exact test. For co-expression studies, we matched our annotated IncRNA and existing PCG expression data (https://portal.gdc.
cancer.gov/) for each individual sample based on the provided TCGA identifier. We determined the Pearson correlation for each
IncRNA with every PCG on log,-transformed data.

Matched expression IncRNA analyses

To control for the effect of maximum expression of essential and non-essential IncRNAs in developmental tissues or tumor samples,
we generated sets of expression-matched IncRNAs. For direct matching, we paired essential IncRNAs with their closest non-essen-
tial counterparts by sampling without replacement. For the 788 essential IncRNAs, we matched 730 unique non-essential INcRNAs
based on their closest expression levels in developmental tissues and 674 unique non-essential IncRNAs based on their closest
expression levels in tumor samples.
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Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was conducted on pre-ranked lists using the R package clusterProfiler (v4.10.0)°° using
MSigDB (v2023.2)"""""2 gene sets for 50 Hallmarks pathways (geneSetFile = h.all.v2023.1.Hs.symbols.gmt) using the GSEA function
with the following parameters: genelList = geneList, TERM2GENE = geneSetFile, exponent = 0, pAdjustMethod = “fdr”, pvalueCut-
off =1, by = “fgsea”. For the geneList, PCGs were ranked based on either their fold-change (logy) following INcRNA perturbations in
single-cell or bulk mMRNA-segs or their co-expression (pearson correlation coefficient) with the specified IncRNAs across human or-
gan development or in primary human tumors. p values were adjusted for multiple comparisons using Benjamini-Hochberg correc-
tion. To categorize the 50 Hallmark pathways, we annotated the following hallmarks as proliferation pathways, as described
recently’®: G2M checkpoint, E2F targets, Mitotic spindle organization, MYC targets (v1 and v2), and the p53 pathway.
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