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SUMMARY
Within the scope of the FANTOM6 consortium, we perform a large-scale knockdown of 200 long non-coding
RNAs (lncRNAs) in human induced pluripotent stem cells (iPSCs) and systematically characterize their roles
in self-renewal and pluripotency. We find 36 lncRNAs (18%) exhibiting cell growth inhibition. From the knock-
down of 123 lncRNAs with transcriptome profiling, 36 lncRNAs (29.3%) show molecular phenotypes. Inte-
grating themolecular phenotypeswith chromatin-interaction assays further reveals cis- and trans-interacting
partners as potential primary targets. Additionally, cell-type enrichment analysis identifies lncRNAs associ-
ated with pluripotency, while the knockdown of LINC02595, CATG00000090305.1, and RP11-148B6.2 mod-
ulates colony formation of iPSCs. We compare our results with previously published fibroblasts phenotyping
data and find that 2.9% of the lncRNAs exhibit a consistent cell growth phenotype, whereas we observe
58.3% agreement in molecular phenotypes. This highlights that molecular phenotyping is more comprehen-
sive in revealing affected pathways.
INTRODUCTION

The effort to characterize the human transcriptome1,2 has re-

vealed a large collection of long non-coding RNAs (lncRNAs),

which are pervasively transcribed with little or no protein-coding

potential. Most lncRNAs are transcribed by RNA polymerase II,

and they are frequently capped, spliced, and polyadenylated.3

Although an increasing number of lncRNAs have been identified

in mediating multiple regulatory processes,4 experimentally

curated functional lncRNAs represent less than 1% of all known

lncRNA transcripts.5,6 While most lncRNAs are expected to ac-

quire function over evolutionary time,7 a genome-wide analysis

of 1,829 samples of human cell types or tissues further indicated

69%of lncRNAs with functional insights.1 To better address cell-
C
This is an open access article under the CC BY-N
type-specific functional lncRNAs, a loss-of-function genetic

screen of lncRNAs is vital.8

Human induced pluripotent stem cells (iPSCs) are reprog-

rammed from somatic cells by introducing exogenous exp-

ression of the transcription factors OCT3/4, SOX2, KLF4, and

c-Myc.9 Although minor differences among iPSCs10 and be-

tween iPSCs and embryonic stem cells (ESCs)11 are observed,

iPSCs functionally resemble ESCs by forming embryoid bodies

or teratomas and by undergoing lineage-specific differen-

tiations. Recent studies in human ESCs and iPSCs showed

indispensable roles of lncRNAs for their self-renewal and differ-

entiation. For example, lncRNA-ES1, lncRNA-ES3, and FAST

play a role in maintaining pluripotency,12,13 LINC-ROR in cell

reprogramming14 and self-renewal,15 and TUNA in neuronal
ell Reports 41, 111893, December 27, 2022 ª 2022 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



Figure 1. Schematic of the ASO array screen for growth phenotype and molecular phenotype of lncRNAs
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differentiation.16 Furthermore, pervasively expressed lncRNAs

are associated with more active and open chromatin observed

in pluripotent cells.3 lncRNAs with higher diversity and expres-

sion levels provided pluripotent cells an attractive model in

lncRNA functional annotation. Indeed, genetic screens of

lncRNAs revealed iPSCs with the highest percentage of func-

tional lncRNAs among several cell types.17

Genetic screens using DNA-targeting technologies such as

CRISPRi17 and CRISPRa18 or RNA-targeting technologies such

as RNAi19 and LNA gapmer antisense oligonucleotides (ASOs)8

have demonstrated systematic strategies to annotate novel

lncRNA function. Many screening designs rely on the cellular

phenotypic outcome, leading to the discovery of cell-survival-

related functions, while lncRNAs with other functional roles

were less explored. In addition, due to the tissue-specific

expression pattern of lncRNAs,20 the functions of specific sets

of lncRNAs are only revealed under specific cell types and con-

ditions. Studying the same lncRNAs across cell types and condi-

tions will bring further insights into the lncRNA biology.

We have previously characterized 285 lncRNAs in human

dermal fibroblast (HDF) primary cells by targeting the RNA mol-

ecules.8 In this study, we adopted LNA ASOs to directly target

RNA molecules and streamlined this with cellular phenotyping

and transcriptomic profiling to reveal functional roles. While the
2 Cell Reports 41, 111893, December 27, 2022
cell growth phenotype revealed lncRNA function in self-renew-

ability of iPSCs, molecular phenotyping explored their roles in

molecular pathways related to pluripotency and others. By per-

turbing 390 lncRNAs in the human iPSCs, we identified func-

tional lncRNAs at both the cellular and molecular phenotypic

levels (Figure 1). RNA-DNA and DNA-DNA interaction data

were integrated to the knockdown profiles to identify primary

gene targets. Three lncRNAs regulating pluripotency were iden-

tified and validated. To comprehensively compare the properties

and functions of lncRNAs across different cell types, we selected

the lncRNAs robustly expressed in both HDFs and iPSCs and

performed knockdown by the same set of ASOs. We observed

cell-type specificity in the growth phenotype but broader consis-

tency in molecular phenotype, implying that distinct growth phe-

notypes may be due to different secondary responses between

the cell types.

RESULTS

Properties of 390 lncRNA targets
We selected 390 lncRNAs expressed in iPSCs and designed 5–

10 ASOs per lncRNA to specifically suppress their expression in

iPSCs. These lncRNAs cover a broad range of expression levels

in iPSCs (Figure 2A) and a broad range of cell-type specificity
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Figure 2. Properties of the 390 lncRNA targets

(A) Gene expression level of iPSCs and HDFs derived from bulk RNA sequencing on the native cells, highlighting the lncRNAs (orange), the screening targets in

iPSC alone (purple), and the targets that have been screened in both iPSCs and HDFs (red).

(B) Cell-type specificity according to the expression of each gene in 71 cell types including iPSCs and ESCs. Gini index was calculated by comparing CAGE

expression profiles of these cell types.

(C) Gene class of the 390 lncRNA targets and their corresponding proportion in iPSCs when applying different cutoffs of expression level determined by bulk RNA

sequencing. Coding mRNA was excluded from the proportion.

(D) Subcellular localization of expressed genes (TPM > 0.1, determined by bulk RNA sequencing [RNA-seq]) in iPSCs, showing coding for mRNA (blue), lncRNA

(yellow), and the 387 targets (purple, 3 targets were undetermined). Subcellular fractionation of iPSCs was performed and followed by RNA-seq on the cyto-

plasmic, soluble nucleoplasmic, and chromatin fractions. The nuclear ratio from the whole cell (y axis) was calculated from the normalized TPMs for (SNUC +

CHR)/(CYTO + SNUC +CHR). The chromatin ratio from the whole nucleus (x axis) was calculated from the normalized TPMs for CHR/(SNUC +CHR). The regions

represent enrichment to CHR (top right), SNUC (top left), andCYTO (bottom) are segmented by the gray lines, which are themedian value of all the genes (>1 TPM)

of the 2 axes.

(E) The relative enrichment of mRNAs, lncRNAs, and the lncRNA targets in the 3 subcellular compartments, defined by the criteria described in (D).

(F) Expression level of the 390 lncRNAs in our iPSC line and compared with 3 human ESC lines and 3 other human iPSC lines (iPS1: hiPS; iPS11: iPSC11-

CRL2429; iPSC32: iPSC32-CRL1502) from the FANTOM5 data.
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among 71 cell types (Figure 2B), with 102 lncRNAs overlapping

with the targets tested in our previous study in HDFs.8 These

lncRNAs are generally categorized as either antisense, diver-

gent, intergenic, or sense intronic, and 12.3% of the lncRNAs
are derived from enhancer-like regions (Figure 2C). Subcellular

fractionation analysis revealed that 33% of the lncRNAs are en-

riched in the chromatin, 23% in the nucleoplasm, and 44% in the

cytoplasm (Figures 2D and 2E). Notably, they were selected to
Cell Reports 41, 111893, December 27, 2022 3
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Figure 3. Cellular phenotypes and their correlations with genomic properties of lncRNAs

(A) Number of targets with successful knockdown (KD) and the number of ASOs showedKD from the targets. Real-time qRT-PCRwas performedwith 2 biological

replicates.

(B) The distributions of normalized growth rate for all ASO KDs. A cutoff of 0.63, which is 6 SD from the mean of the negative controls (cell transfected with NC

ASO), was used to determine change of growth.

(C) Correlation betweenWST-1 growth assay and Incucyte growth assay in the ASO subset selected for CAGE profiling. Two biological replicates were included.

(D) Normalized growth rate of ASO with or without showing successful KD.

(E) Normalized growth rate of each ASO targeting the same lncRNAs and the variances of each lncRNA (679 ASOs for 200 lncRNAs). One-way ANOVA test

resulted in p = 5.02E�5.

(legend continued on next page)
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represent lncRNAs commonly expressed in stem cells, and their

expression levels highly correlate with other iPSC and ESC lines

(Figure 2F).

Cellular phenotyping unveils lncRNAs influencing self-
renewal
After knocking down 390 lncRNAs with the ASOs (n = 2,225), we

measured knockdown efficiency using qRT-PCR and

their effect on cell growth (i.e., cellular phenotype) using a real-

time-imaging-based growth assay, comparing this against the

non-targeting negative control (NC) ASO as background. We

found 750 out of 2,225 ASOs with knockdown efficiency

R50% (i.e., effective ASOs) and 200 lncRNAs with R2 effective

ASOs (Figure 3A; Table S1). The cell growth assay revealed 176

out of the 750 effective ASOs to significantly inhibit cell growth

(Student’s t test, p < 0.05; Figure 3B, S1A, and S1B). This obser-

vation was further supported by an independent optical-density-

based WST-1 growth assay, which strongly correlated with the

image-based growth assay (Figure 3C). Notably, ASOs with

effective knockdown showed significantly stronger growth inhi-

bition (Wilcoxon test, p < 0.05; Figure 3D), and ASOs targeting

the same lncRNA showed a significant concordance of the

normalized growth rate (STAR Methods; Figures 3E and S1C).

These results suggest that the observed growth inhibition is likely

attributed to the specific effects of lncRNA knockdown instead

of unspecific effects (e.g., ASO toxicity). Among the 200 lncRNAs

with successful knockdown, 36 (�18%) had 2 or more growth-

inhibiting ASOs (robust cutoff), while 11 (�5.5%) were statisti-

cally significant based on binomial test at p < 0.05 (stringent

cutoff; STAR Methods; Figure 3F).

We next asked whether different properties of the lncRNAs

correlate with the successful knockdown (R2 effective ASOs)

and growth inhibition (R2 growth inhibiting ASOs). We found

that lncRNAs with successful knockdown are characterized by

being more enriched in the nucleus and having a higher number

of exons, higher expression levels, lower exosome sensitivity,

and lower cell-type specificity (Figures 3G and S1D). Addition-

ally, lncRNAs with growth inhibition exhibited significantly higher

expression levels and lower cell-type specificity (Figures 3G and

3H; Table S2).

Molecular phenotypes recapitulate cellular phenotypes
To investigate the effect of lncRNA knockdown on gene expres-

sion profile (i.e., molecular phenotype), we performed cap anal-

ysis of gene expression (CAGE)21,22 after knockdown with

selected effective ASOs (n = 317; targeting 123 lncRNAs). For

each ASO, we performed differential gene expression, pathway

enrichment, and differential transcription factor (TF) binding

motif analyses and compared them with the NC ASO back-

ground (STARMethods). First, to identify lncRNAswhose knock-

down led to reproducible and significant transcriptome global

changes, we paired the ASOs targeting the same lncRNA
(F) lncRNAs are defined as growth phenotype by at least 2 effective ASOs showin

binomial statistics (stringent cutoff, n = 11).

(G) Table showing the p value of the correlation tests between the genomic propert

n = 190; KD, n = 200; KD.growth, n = 36; KD.no.growth, n = 164; *p < 0.05, **p <

(H) Wilcoxon tests on expression level and cell-type specificity.
(same target-ASO pair; 293 pairs) and compared the mean dis-

tance of each pair against a null distribution of permuted pairs

of NC ASO replicates (NC-ASO pairs). We quantified the dis-

tance based on the overall extent of transcriptome changes for

each ASO using Kolmogorov’s D (refer to as distance; STAR

Methods). This resulted in 52 significant same target-ASO pairs

targeting 28 (�22.7%) lncRNAs (empirical p < 0.01 andWilcoxon

test false discovery rate [FDR] <0.05; STARMethods; Figure 4A).

We observed a strong correlation between the overall extent of

transcriptome changes and growth inhibition (Figures S2A and

S2B), suggesting that gene programs such as apoptosis or inhi-

bition of cell growth induce a global shift in the molecular pheno-

type. Consistently, pathways related to cell growth, e.g., cell

cycle and cell death, are highly correlated with the normalized

growth rate (STAR Methods; Figures 4B and S2C). These ana-

lyses revealed a consistent agreement between two indepen-

dent measurements: the cellular and molecular phenotypes.

Analysis of molecular phenotype indicates functional
aspect of lncRNAs
To investigate molecular features impacted by lncRNA knock-

down, we first implemented the Jaccard index to test the

concordance of differentially expressed genes (DEGs) (STAR

Methods). We found that the mean Jaccard index of the same

target-ASO pairs is significantly higher than the null distribution

from permuted different target-ASO pairs (empirical p < 0.05;

Figure S2D), suggesting that the observed ASO effects are target

specific. This observation is also supported by a more stringent

analysis incorporating the Wilcoxon test (empirical FDR < 0.05;

Figures S2E and S2F).

To identify lncRNAs with reproducible molecular phenotypes

from 2 or more ASOs, we implemented a reciprocal enrichment

method to reveal ASO pairs leading to concordant transcrip-

tomic effects (STAR Methods; Figures S3A–S3C). This method

significantly distinguishes same target-ASO pairs against

different target-ASO pairs (empirical p < 0.05; Figure S3D). Over-

all, 36 ASO pairs (Figures 4C and S3E), which account for 22

lncRNAs, showed concordant transcriptomic effects upon

knockdown. Hereby, we identified 43 lncRNAs that showed

reproducible transcriptome global changes (n = 28; Figures 4A)

and 22 lncRNAs with concordant transcriptomic effects with

the support of R2 ASOs (Figure 4D).

Next, we sought to define the optimal cutoffs for identifying

significant molecular features (i.e., genes, pathways, and TF

binding motifs) after ASO knockdown by maximizing the ratio

of concordance of same target-ASO pairs to different target-

ASO pairs (STARMethods; Figure S3F). At these optimal cutoffs,

themedian number of significant genes, pathways, andmotifs of

the 317 ASO knockdowns were, respectively, 11, 25, and 0 (Fig-

ure 4E). Among the 43 lncRNAswith reproducible knockdown ef-

fects, 36 of them showed at least one common significant mo-

lecular feature. These 36 lncRNAs are defined as showing
g growth inhibition (robust cutoff, n = 36) and by the number of ASOs passing

ies and the result of KD and growth phenotype (lncRNA targets, n = 390; no.KD,

0.01).

Cell Reports 41, 111893, December 27, 2022 5
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Figure 4. Molecular phenotypes of 123 lncRNAs
(A) Visualization of the transcriptome changes of ASO pairs after edgeR analysis. 52 ASO pairs were considered to have significant transcriptomic change.

(B) Correlation between gene set enrichment analysis (GSEA) result for each pathway with the normalized growth rate across all the ASOs.

(C) Concordant ASO pairs derived from different gene set sizes.

(D) ASO-pair-based and lncRNA-based Venn diagram showing the overlap of pairs/lncRNAs that are concordant and with reproducible transcriptome change.

(legend continued on next page)
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functionally reproducible molecular phenotypes (Figure 4F;

Table S3). We compared these 36 lncRNAs with the remaining

targets (n = 87) for genomic property enrichment analyses, but

no significant enrichment was found (Table S2). Among these

36 lncRNAs, only 59 out of 111 same target-ASO pairs are

concordant. To explore the cause of discordant ASO pairs found

in these 36 lncRNAs, we compared isoform targets of the two

ASOs in a pair and showed that ASOs from the discordant pairs

are significantly more different in isoform coverage (p = 0.0214;

STAR Methods; Figure S3G).

Primary gene target at chromatin level
lncRNAs regulate cellular activity through multiple mecha-

nisms,23 while the majority of the experimentally curated

lncRNAs act via transcriptional regulation.6 However, the

primary gene target of lncRNA is not distinguishable from the

secondary responses in the molecular phenotype. To predict

the primary effects of lncRNAs from their physical associations

with chromatin, we integrated the molecular phenotype with

Hi-C and RADICL-seq, a method to capture RNA-DNA interac-

tions,24 from the native iPSCs.

This section focuses on the ASOs derived from the 36 concor-

dant lncRNAs in molecular phenotyping, while the results of

other ASOs are listed in Table S4. We identified the protein-cod-

ing genes in contact with lncRNAs either from their DNA loci or

the RNA molecules, which are reflected by Hi-C and RADICL-

seq, respectively. From the 36 lncRNAs assayed for transcrip-

tomic response, 35 lncRNA loci showed significant Hi-C

contacts (FDR < 0.05), resulting in 995 lncRNA-protein-coding

gene pairs. From the RADICL-seq results, 17 lncRNAs showed

significant contacts (FDR < 0.05), and 661 lncRNA-protein-cod-

ing gene pairs were identified. Consistent with previous

studies,25,26 the significant pairs of DNA-DNA and RNA-DNA in-

teractions were largely overlapped (Figure S4A). We thereby

considered the 995 pairs with Hi-C contacts as cis-interactions

(35 lncRNAs), while those pairs specific to RADICL-seq, with at

least 1 Mb apart, were considered trans-interactions (n = 270,

from 17 lncRNAs). Additionally, expression quantitative trait lo-

cus (eQTL) genes27 with the variants located in the promoters

and gene bodies of the lncRNA targets were integrated, showing

31 lncRNAs with detectable eQTL genes (Figure S4B).

By incorporating the significant DEGs with significant contact

genes of the lncRNAs, we showed that cis- and trans-interac-

tions are globally enriched with DEGs compared with back-

ground (STAR Methods; Figure S4C). Then, we linked the signif-

icant DEGswith cis-interactions for the concordant lncRNAs and

identified 18 of them with potential primary targets in cis (Fig-

ure 5A; full list including non-concordant ASOs in Table S4).

One of the significant pairs is derived from TUG1 ASO without

global concordance. Its knockdown mediates down-regulation

of a protein-coding gene SELENOM, which is located in the

same topologically associating domain (TAD), with significant

Hi-C and RADICL-seq contacts from the TUG1 locus (Figure 5B).
(E) ASO-based results of number of significant differentially active molecular featu

score| > 1.645; pathway: fgsea adjusted p [padj] < 0.05, |across sample Z score

(F) Number of union significant features and common significant features of repre

lncRNAs are excluded from the number of differentially active genes. The represen
We identified another ASO causing similar down-regulation of

SELENOM in CAGE and independently validated it by qRT-

PCR (Figure 5C). TUG1 and SELENOM share similar phenotypic

outcomes where they mediate cell proliferation in multiple can-

cers28–31 and obesity.32,33 In addition, we revealed that the

lncRNA RNASEH1-AS1, without affecting the expression of

RNASEH1, regulated ADI1 in cis, supported by an independent

knockdown and qRT-PCR (Figures S4D and S4E).

Next, we performed an enrichment test on the cis-contacted

protein-coding genes to the ranked DEGs for each lncRNA

(STAR Methods). The result revealed a significant enrichment

of cis contacts forCATG00000087927 and LINC00240 (adjusted

p < 0.05; Figure S4F), implying that these lncRNAs may exhibit

strong cis-regulatory effects toward multiple proximal genes

and regulate cell growth pathways (Figure S4G). Enrichment

analysis on the eQTL genes with the variants located in the

lncRNA targets further highlighted LINC00240, at which multiple

eQTL genes were regulated upon the knockdown of LINC00240

(Figure S4H).

We integrated the transcriptomic profiles with trans-interactions

to investigate potential trans-acting lncRNAs. We performed pair-

base identification combinedwith complementary sequence simi-

larity detection between lncRNA targets and geneDNA sequences

and discovered 5 potential trans-acting lncRNAs (Figure 5D; full list

in Table S4), includingCATG00000090305 (Figures S5A and S5B).

Enrichment analysis did not reveal any significant lncRNA in regu-

latingmultiplegenes (FigureS5C).Overall,weshowed that the inte-

gration of the genome-wide static chromatin interaction data

together with large-scale loss-of-function transcriptomic re-

sponses predict primary target genes of lncRNAs.

lncRNAs modulate cell identities
To elucidate the differentiation potential of lncRNA in pluripotent

stem cells, we tested whether lncRNA knockdown leads to gain

or loss of predefined cell-type molecular signatures. We derived

the cell-type specificity score from 71 cell types including iPSCs

and ESCs by applying the Gini index (STAR Methods; Table S5).

After identifying the top specific genes from each cell type as

gene sets (STAR Methods ), we performed gene set enrichment

analysis against the molecular phenotype data. We additionally

included gene sets from POU5F1 knockdown transcriptomic re-

sponses to represent pluripotency-related genes.

Among the 36 concordant lncRNAs, we identified 16 lncRNAs

with enrichment in various cell types (Figure 6A). The knockdown

profiles from POU5F1 and 4 other lncRNAs showed significant

enrichment of stem-cell-related gene sets. From the 87 lncRNAs

lacking global concordance, we found 24 of them showing cell-

type enrichment with the support of at least 2 ASOs (Table S5).

The results of POU5F1 knockdown and some known lncRNAs

demonstrated the applicability of this analysis. For example,

knockdown of NUTM2B-AS1, which was recently shown to be

involved in a neuromuscular disorder,34 was enriched with neu-

rons. Knockdown of TUG1 reflected negative enrichment of
res in both up- and down-regulations (gene: edgeR FDR < 0.1, |across sample Z

| > 1.645; motif: MARA FDR < 0.1).

sentative ASO pairs of 36 lncRNAs showing molecular phenotype. The target

tative ASO pairs and the contents of significant features are shown in Table S3.

Cell Reports 41, 111893, December 27, 2022 7
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Figure 5. Potential primary target of lncRNAs

(A) A list of potential cis-regulation lncRNAs and their primary protein coding gene targets, which are regulated significantly after KD (FDR < 0.1 and |Z

score| > 1.645). Hi-C contacts and TAD regions were defined at the resolutions of 10 and 50 kb, respectively.Within TAD: both contact regions located in the same

TAD; eQTL linked: linked pairs with FDR < 0.25 from any of the 49 tissue samples.

(B) Genomic view of the cis-interaction between TUG1 and SELENOM.

(C) Down-regulation of SELENOM upon ASO KD of TUG1 from CAGE and an independent KD and qRT-PCR. Means and standard deviations from two biological

replicates are shown for each ASO.

(D) Five lncRNAswith potential trans-regulation for having trans-interacting protein-coding genes (>1Mb distance, no significant Hi-C contacts, detectable in HT-

CAGE) with differential expression after KD (FDR < 0.1 and |Z score| > 1.645). Complementary sequence similarity found from RNA transcripts toward the gene

body of the protein-coding genes.
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Figure 6. Enrichment of cell-type-specific genes upon lncRNA perturbation

(A) Expressed genes from a cell type were ranked according to the specificity scores derived from Gini index of 71 cell types. Expression level of a gene in a cell

type in the lower 5 percentile among the 71 cell types is considered non-expressed. Eight gene sets were generated from each cell type by selecting the top 25,

50, 75, 100, 125, 150, 175, and 200 cell-type-specific genes. Gene sets were tested for enrichment in all the ASO KD profiles to acquire the padj of fgsea and

across sample Z score on the normalized enrichment score (NES). lncRNA targets having at least 2 ASOs with an NES in the same direction, padj < 0.05, and |Z

score| > 1.645 are shown in the heatmap. Only concordant lncRNAs and POU5F1 control are shown; the full list is in Table S5.

(B) Colony-formation assay upon the KD of CATG00000090305, LINC02595, RP11-148B6.2, and OCT4. The number of colonies was counted 6 days after the

cells were seeded by crystal violet staining. The chart shows the mean and standard deviation of at least 3 biological replicates.

(C) KD of LINC02595 with spontaneous differentiation condition; RNA levels relative to NC ASO-transfected samples of LINC02595, POU5F1, POU5F1B, and

HDAC6 are shown. Means and standrd deviations from two biological replicates are shown for each ASO KD.
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osteoblast, tendon, and fat cells, with TUG1 promoting osteo-

genic differentiation from periodontal ligament stem cells35 and

tendon stem cells,36 as well as promoting brown remodeling of

white adipose tissue.33

To functionally validate lncRNAs that modulate stem cell iden-

tity, we performed colony-formation assays with lncRNA knock-

down. The knockdown of the pluripotency-supporting lncRNAs

CATG00000090305.1 and RP11-148B6.2 showed a decrease in

colony formation. Alternatively, the knockdown of LINC02595,

whichdisrupts stemcellmolecular phenotype, increased thenum-

berofcolonies (Figure6B). Thisdemonstrates thatgenesetenrich-

ment analysis predicts the function of lncRNA and that these

lncRNAs affect the cell survival of iPSCs at the single-cell stage.
We further investigated the role of LINC02595 for its role in dis-

rupting the stem cell molecular phenotype. Knockdown of

LINC02595 by 2 independent ASOs down-regulated HDAC6

and up-regulated POU5F1 and POU5F1B under spontaneous

differentiation conditions (Figure 6C). Notably, HDAC6 was

shown to be regulated by LINC02595 in trans (Table S4), and

HDAC6 levels increased along differentiation from iPSCs to neu-

rons in our previous study (FANTOM51). HDAC6 encodes for

histone deacetylase and suppresses multiple genes during

differentiation.37 Inhibition of it up-regulated OCT4 in porcine

blastocysts,38 while histone deacetylase (HDAC) inhibitor was

shown to improve iPSC reprogramming from peripheral blood

mononuclear cells.39
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Figure 7. Comparison of lncRNAs between

HDFs and iPSCs

(A) Cell-type specificity at expression level. Gini in-

dex was calculated by comparing CAGE expression

profiles of 71 cell types including iPSCs and ESCs.

The mean Gini index and 95% confidence interval

are shown for mRNA and lncRNA at each expres-

sion-level bin, which was determined by the great-

est TPM of each gene among the 71 cell types.

(B) Spearman correlation of the nucleus-to-whole

cell ratio and the chromatin-to-whole nucleus ratio

between HDFs and iPSCs. The correlation was

divided into mRNA and lncRNA in different expres-

sion-level bins.

(C) The comparison of KD efficiency and growth

phenotype of the same sets of lncRNA targets be-

tween HDFs and iPSCs. For Jaccard index and

Fisher’s exact test, the cutoff of KD is 50%,while the

cutoff of the growth phenotype is a normalized

growth rate <0.63. OR, odds ratio.

(D) Number of union significant features and com-

mon significant features of representative ASO pairs

of 7 lncRNAs showing consistent molecular phe-

notypes across HDFs and iPSCs. The target

lncRNAs are excluded from the number of differ-

entially active genes. The representative ASO pairs

and the contents of significant features are shown in

Table S6.

(E) Pie chart summarizing the number of lncRNAs

with consistent molecular phenotypes across HDFs

and iPSCs.
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Extent of lncRNA function across cell types
lncRNAs are known to exhibit cell-type- and tissue-specific

expression, and cell-type specificity is generally higher than

mRNA (Figure 7A).20 To explore the role of distinct subcellular

localization of lncRNAs in different cell types, we performed frac-

tionation on HDFs and iPSCs for subcellular RNA sequencing

(RNA-seq) and showed that subcellular enrichment is similar be-

tween lncRNAs and mRNAs across all expression levels

(Figure 7B). Consistent with a previous study,40 this analysis

suggests that many lncRNAs tend to maintain their subcellular

localization, which largely dictates the functions of lncRNAs.41
10 Cell Reports 41, 111893, December 27, 2022
Thus, we reasoned that lncRNAs that ex-

press ubiquitously across cell types exhibit

similar molecular roles.

To test this hypothesis, we analyzed

lncRNAs from two functional genetic

screens: HDFs8 and iPSCs (this study).

We found 102 lncRNA targets that are

common and have comparable expression

levels and subcellular localizations in both

cell types with a wide range of specificity

scores (Figures 2A, 2B, and S6A). Among

them, 69 lncRNAs showed successful

knockdown by at least 2 independent

ASOs in both cell types and exhibited a

positive correlation for the knockdown effi-

ciency between two cell types (Figures 7C,

S6B, and S6C). However, the cell growth
phenotype correlation was low (2 overlapping lncRNAs; Jaccard

index of 5.7%; Figures 7C, S6D, and S6E), which agrees with a

previous study on the distinct growth phenotypes mediated by

the same lncRNA loci across cell types.17 Additionally, the differ-

ential expression level of lncRNAs between HDF and iPSCs was

found to contribute to the distinct growth phenotypes (Fig-

ure S6F), which echoes our finding that the expression levels

of lncRNAs correlate with growth phenotypes (Figures 3G

and 3H).

We took advantage of the molecular phenotype data of 33

common lncRNAs and explored the lncRNA functional
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specificity across the two cell types. Among them, 12 lncRNAs

were defined as concordant according to the molecular pheno-

typing. We included all 33 lncRNAs to increase the size of

background, but we only focused on the results from the 12

concordant lncRNAs. The results of the remaining 21 lncRNAs

are listed in Table S6. To compare molecular phenotypes from

two cell types, we performed the reciprocal enrichment test for

ASOs targeting the same lncRNA (STAR Methods; Figures

S3A–S3C). Notably, the same target-ASO pairs across the two

cell types resulted in a higher concordance than the different

target-ASO pairs (empirical p < 0.0001; Figure S7A). Among

the 12 concordant lncRNAs, 18 ASO pairs, or 8 lncRNA targets,

showed concordant transcriptomic effect across HDFs and

iPSCs (Figure S7B; Table S6).

Next, we extracted the significant molecular features (genes,

pathways, and TF binding motifs) of the 12 lncRNAs from

HDFs and iPSCs (Figure S7C). We showed that the same

target-ASO pairs are globally concordant for DEGs and path-

ways compared with different-target backgrounds (Figure S7D);

however, no common TF binding motif was found under the cur-

rent threshold. From the 8 concordant lncRNAs, we required at

least one common molecular feature to define a functionally

reproducible molecular phenotype across HDFs and iPSCs.

This resulted in 16 ASO pairs targeting 7 lncRNAs (Figures 7D

and 7E). Furthermore, the significant differentially expressed

genes and pathways among these 7 lncRNAs are mostly unique

(Figure S7E), which excludes the possibility of off-target stress

effects contributed by the ASOs. Overall, we revealed that, for

lncRNAs expressed in both cell types, they generally show

consistent molecular features across cell types, while the cellular

phenotype differs. The difference between the two phenotyping

suggests that molecular phenotyping is more sensitive in

revealing affected pathways during perturbation compared

with a singular measurement such as cell growth.

To highlight that lncRNAs shared molecular features between

HDFs and iPSCs, we revealed TUG1 in regulating ASCC2,

SPRY4-AS1 in regulating ARHGAP26, and KHDC1-AS1 in regu-

lating KCNQ5, while all these pairs showed significant Hi-C con-

tacts in both HDFs and iPSCs, and the observation is supported

by two independent ASOs (Figures S7F–S7H). In the case of the

KHDC1-AS1, although we did not observe its global concor-

dance between the two cell types, we found a concordant cis-

regulatory function when the same ASOs were compared. This

may be due to different transcript isoforms being targeted by

different ASOs, suggesting that themolecular concordant events

may be under-estimated.

DISCUSSION

We devised a systematic workflow to functionally characterize

200 lncRNAs in human iPSCs through both cellular and molecu-

lar phenotyping upon ASO-mediated knockdown. The large-

scale perturbation study has revealed a scalable and effective

way to evaluate their functional roles and potential primary

targets in iPSCs. Here, we annotated 36 lncRNAs affecting cell

growth (Figures 3F) and 36 lncRNAs that elicit robust molecular

features (Figure 4F), while the corresponding ASOs and lncRNAs

are listed, respectively, in Tables S2 and S3. The molecular phe-
notyping was extended to identify cis- and trans-acting lncRNAs

and lncRNAs that affect stem cell identity.

We report that 18.3% of the lncRNAs exhibit a cell growth

phenotype. This rate is comparable to our previous ASO array

screen on HDFs.8 A previous study based on a CRISPRi pool

screening of human iPSCs showed that 5.9%of lncRNA loci affect

cell growth.17 Comparing the 65 common lncRNAs between

CRISPRipool screeningandour study,we foundonlyfive lncRNAs

with a growth phenotype in both studies (Figures S1E and S1F).

This inconsistencycouldbepartlydue to theperturbationmethods

wherebyCRISPRi targetsDNA-regulatoryelements thatmay func-

tion independently fromtheRNA.42,43On thecontrary,ASOscould

degrade the nascent RNAs, which affect their transcription activ-

ities44 and transcription regulators recruitment in cis and/or

degrade mature RNAs in trans. Other explanations could be due

to the strategy of stable or transient suppression, variations in

iPSC clones, methods to measure cell growth, the non-targeting

controls used, etc.

By targeting the transcript, ASO showed enhanced knockdown

efficiency for lncRNAswith nuclear enrichment and higher expres-

sion levels. Ithasbeen reported thatASOsmediate thedegradation

of nuclear RNA, including nascent RNA, effectively relying on the

higher enrichment of endogenous RNase H1 in the nucleus.45

This supports the knockdown of lncRNAs that are largely found

to regulate genes at the chromatin level in the nucleus.6 Moreover,

highly expressed and universally expressed lncRNAs are more

likely to affect cell growth (Figure 3H). This suggests that a set of

ubiquitously expressed lncRNAs are indispensable and mediate

essential pathways such as cell-cycle progression, even though

lncRNAs have been previously considered cell-type specific. It is

possible that the roles of cell-type specific lncRNAs may only be

activated by specific stimulation such as differentiation.

Previous studies have highlighted that the same lncRNA ex-

pressed in two different cell types may exhibit distinct cellular

functions.17 In this study, we observed a cell-type-dependent

response to the cell growth phenotype when the same lncRNAs

were suppressed in two cell types. However, we broadly

observed a high degree of agreement in themolecular phenotype

across both cell types (Figure 7E), suggesting that the same mo-

lecular function of an lncRNA may affect the cell growth pheno-

type differently in different cell types. However, the concordant

growth phenotype is generally underestimated due to the varying

knockdownefficiency,whichmaynot affectmolecular phenotyp-

ing to the same degree when multiple genes from the transcrip-

tomeare analyzed. Therefore, relying solely on cell growth assays

significantly underestimates functional classification of lncRNAs.

Integration analyses linked chromatin interaction assays and

the knockdown data to identify the potential primary targets of

lncRNAs. The enrichment analyses highlighted lncRNAs that

affect the expression of multiple genes nearby in cis. For

instance, LINC00240, which was shown to promote cancer cell

growth,46 supports the expression of several histone genes in

the nearby locus with significant Hi-C contacts and eQTL link-

ages (Figure 5A). Additionally, we highlighted the cis-regulatory

role of TUG1 in controlling SELENOM. This cis-regulation was

also found in mouse after Tug1 knockout47; however, the direc-

tions of regulation of the cis-genes, including SELENOM (Selm)

and MORC2 (Morc2a), are opposite to our findings (Table S4).
Cell Reports 41, 111893, December 27, 2022 11
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In addition to species-specific lncRNA function, the distinct cis-

responses may be caused by the different methods of perturba-

tion. While the exact dynamics to evaluate the cause and effect

of lncRNA knockdown is still predictive, the integrative analysis

provides an in-depth insight into potential regulatory processes

for downstream analysis. A study including multiple time points

will be useful for dissecting the precise dynamic mechanisms

of lncRNAs in the future.

In summary, our study delineates a robust high-throughput

lncRNA-perturbation, real-time imaging, and transcriptomic

profiling in a systematic fashion. This combined strategy re-

veals lncRNAs with functional annotation by cellular and molec-

ular phenotyping in iPSCs. Going forward, systematic gene

perturbation in multiple cell lineages together with additional

multi-omics profiling will be necessary to fully annotate the hu-

man genome.

Limitations of the study
This study is presented as a functional genomics screen with po-

tential false negatives. lncRNA targets without a reproducible

growth phenotype or molecular phenotype may be due to insuf-

ficient sensitivity of the assays. In addition, this study is limited

by the off-target effects of ASOs where responses unrelated to

the target knockdown may interfere with phenotyping. To over-

comepotential off-target effects in the study,we introducedstrin-

gent criteria formolecular phenotyping, fromwhichwe reported a

list of 36 lncRNAs with at least 2 concordant ASOs. While ASOs

were used to directly target the RNA molecules, it is possible

that ASO can also interfere with the transcription process when

it targets the nascent transcript.44,48 Therefore, the cis-regulatory

effect of lncRNA may be driven either by the lncRNA itself or by

the act of transcription. Finally, the scale of our study is limited

to the number of assayed lncRNAs: 200 for cellular phenotyping

and 123 for molecular phenotyping. For cell-type specificity be-

tween HDFs and iPSCs, we profiled 69 for cellular phenotyping

and 12 for molecular phenotyping. This scale may affect the

broader implications of the biological nature of lncRNAs in the

global analyses (shown in Figures 3G and 7C–7E).
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(jay.shin@riken.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The raw sequence files have been uploaded to the DNA DataBank of Japan (DDBJ). They included 761 libraries of CAGE

sequencing of iPS cells after specific knockdown of 123 lncRNAs and other control genes, RNA-sequencing with and without

EXOSC3 knockdown, Subcellular fractionation RNA-sequencing, RNA-sequencing of the untreated iPS cells, and RADICL-

sequencing of the untreated iPS cells. The accession numbers are shown in the key resources table. The processed raw

data are available in: https://fantom.gsc.riken.jp/6/suppl/Yip_et_al_2022/. An interactive webpage for the data is available in

Zenbu report: https://fantom.gsc.riken.jp/zenbu/reports/#FANTOM6_iPSC.

d This study did not generate original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human induced pluripotent stem (iPS) cells were generated by infecting human dermal fibroblast-fetal (HDF-f, Cell Applications INC.)

with a non-integrating Sendai-based viral vector (SeV) coding for OCT3/4, SOX2, KLF4 and c-Myc, as described.62 The iPS cells were

cultured in StemFit medium (ReproCELL Inc., Yokohama, Japan) under feeder-free conditions at 37�C in a 5% CO2 incubator. The

iPS cells were authenticated by karyotyping, stem cell markers expression and teratoma formation were conformed in our previous

study.49 The cells were plated on a culture dish pre-coated with laminin-511 (iMatrix-511: Nippi, Tokyo, Japan). Rho-associated ki-

nase (ROCK) inhibitor, Y-27632 (Wako Pure Chemical Industries Ltd., Osaka, Japan) was added to the cells at a final concentration of

10 mMduring the first 24 h of incubation after plating. StemFit medium is refreshed daily until the next passage. The cells were disso-

ciated and detached by incubating with TrypLE select (Thermo Fisher Scientific) followed by scraping in StemFit medium. The cell

viability in each passage is >95%, as monitored by a trypan blue exclusion assay. For spontaneous differentiation conditions, FGF2

was removed from the complete medium 24 h after plating the cells.

Human dermal fibroblasts (HDFs) used were primary cells derived from the dermis of normal human neonatal foreskin cells (Lonza,

catalog number: C2509). The cells were authenticated by Lonza. The cells were cultured in Dulbecco’s Modified Eagle’s medium

(high glucose with L-glutamine) supplemented with 10% fetal bovine serum at 37�C in a 5% CO2 incubator. The passage number

of the cells for transfection was maintained at six or seven.

METHOD DETAILS

Gene models, lncRNA target selection and ASO design
The gene models and gene classes (divergent, antisense and intergenic lncRNAs) were interpreted and defined by FANTOM CAGE

Associated Transcriptome (CAT).1 The selection of the 390 lncRNA targets cover different expression levels and different gene clas-

ses, while maintaining an expression level above 0.1 TPM according to the mean of three different iPS lines.1 Selection was achieved

by manually curating the loci suitable for ASO design (e.g. without overlapping other mRNAs on the same strand).

The strategy of the locked nucleic acid (LNA) phosphorothioate gapmer ASO design has been described previously.8 Briefly, ASOs

were designed with a central DNA gap flanked by 2–4 LNA nucleotides at the 50 and 30 ends of the ASOs. For each lncRNA target, we

used the unspliced transcript sequence from FANTOM CAT as a template for designing a minimum of 5 ASOs per lncRNA. An

exhaustive list of all target recognition sequences of 16–19 nt in length within the unspliced target lncRNA sequence was analyzed

against the entire transcriptome to determine the prevalence of each k-mer, when allowing for 0 or 1 mismatched positions. Further-

more, the accessibility of each k-mer in the target sequence was estimated using RNAplfold using the ViennaRNA package.50

Subsequently, ASO designs were generated by applying various LNA/DNA design motifs to the reverse complement of the k-mer

sequences. The LNA/DNA design patterns consisted of any combination of 2–4 LNA modifications at the 50 and 30 ends and central

DNA window. For each ASO design, we calculated a series of characteristics, including predicted melting temperature for the

ASO:RNA duplex, presence of problematic sequencemotifs (G-quadruplex and other homopolymers, 50 terminal GG) as well as pro-

pensity to fold/co-fold estimated by using RNAfold and RNAcofold (ViennaRNA package) on the ASO sequence. Finally, ASOs were

selected based on properties of both the k-mer binding site in the target lncRNA sequence and characteristics of the different ASO

designs, such that ASOs had zero perfectly matched off-targets, and no more than 1 imperfectly matched off-target, when allowing

for 1mismatched position. In addition, ASOswere selected to have a predictedmelting temperature (Tm) in the range of 50–56�C.63 A
Cell Reports 41, 111893, December 27, 2022 e2
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total of 2,225 ASOs targeting 390 lncRNAs were selected for the study. The ASOs were synthesized by Exiqon (1,923 ASOs) and

GeneDesign Inc. (302 ASOs).

Transfection
The iPS cells were transfected in a 96-well plate. The cells were seeded 24 h before transfection at a density of 7,200 cells per well. A

final concentration of 20 nM siRNA (Thermo Fisher Scientific) or ASO, and 0.2 mL lipofectamine RNAiMAX (Thermo Fisher Scientific)

was mixed in 20 mL OptiMEM (Thermo Fisher Scientific). These transfection reagents were incubated at room temperature for 10 min

and mixed with 90 mL StemFit medium without ROCK inhibitor. The medium from the 96-well plate was aspirated and replaced with

the transfection mix. The volume and cell number were scaled in proportion if other sizes of well were used. The whole screening

included 2,225 ASOs (390 lncRNA targets) in duplicate. Each 96-well plate included 2 wells for mock transfection (lipofectamine

alone), 4 for non-targeting negative control (NC, Exiqon) and 2 for ASO targetingMALAT-1 (MA-1, Exiqon) to control knockdown ef-

ficiency. For the transfection for HT-CAGE screening, 317 ASOs (123 lncRNA targets) were selected according to knockdown effi-

ciency and growth phenotype in the screening. They were transfected with duplicates, in parallel with 4 untreated samples, 20 mock

transfections, 48 NC and 8 MA-1. Several ASOs targeting characterized genes including POU5F1, LncRNA-ES1, LncRNA-ES3, and

siRNAs targeting POU5F1 and EMC7were also included as positive controls. The sequences of ASOs and siRNAs used in this study

were listed in Table S7.

Real-time imaging
Phase-contrast images of transfected cells were captured every 3 h for 2 days with 4 fields per well by the IncuCyte live-cell imaging

system (Essen Bioscience). The confluence in each field was analyzed by the IncuCyte software. The mean confluence of each well

was taken from each time point starting from 15 h post-transfection until the mean confluence of the NC ASOs in the same plate

reached 90%. The growth rate in each well was calculated as the slope of a linear regression. A normalized growth rate of each

sample was calculated as the growth rate of the samples divided by the mean growth rate of the 4 NC ASOs from the same plate.

Student’s t-test was performed between the growth rate of the duplicated samples and the 4 NC ASOs, assuming equal variance.

Transfection of an ASO was considered to inhibit growth if the normalized growth rate <0.63 (6 standard deviations from the mean

normalized growth rate of NC) and t test p value <0.05 (comparison between sample and NC).

RNA purification
The harvested lysates were subjected to purification using the RNeasy 96 Kit (Qiagen) and epMotion automated liquid handling

systems (Eppendorf) according to the manufacturers’ instructions. The eluted RNA was quantified by the NanoDropTM spectropho-

tometry platform (Thermo Fisher Scientific). The purified RNA samples were stored at �80�C until they were used for the RT-qPCR

assay or the HT-CAGE library construction.

Real-time quantitative RT-PCR
Real-time quantitative RT-PCRwas performed by One Step PrimeScript RT-PCR Kit (Takara Bio Inc.) using the epMotion automated

liquid handling system (Eppendorf). For each lncRNA target, 3 primer pairs against the specific lncRNA target were used. The expres-

sion level was normalized byGAPDHwhile the knockdown efficiency was calculated from the fold-change between specific samples

and the transfection of NC ASOs. The knockdown efficiency ofMALAT1wasmonitored along each run and across all the runs where

all the samples have >90% KD. The primers’ sequences are listed in Table S7.

WST-1 growth assay
Cells were transfected in a 96-well format as described above. At 48 h post-transfection, the medium was discarded and replaced

with 100 mL StemFit medium and 10 mL WST-1 solution (Abcam). The cells were incubated at 37�C in a 5% CO2 incubator for 1 h,

followed by measurement of OD 450 in a microplate reader. All absorbance values were subtracted by the control value from empty

wells containing 100 mL StemFit medium and 10 mLWST-1 solution. These subtracted absorbance values were further normalized by

cells transfected with NC ASOs seeded on the same plate. This batch of transfection included 317 ASOs selected for HT-CAGE.

These transfected cells have real-time imaging measurement in parallel.

Colony formation assay
Reverse transfection was used for this assay. The cells were incubated with ROCK inhibitor in complete StemFit medium for 1 h

before detachment by Accutase. After detachment, cells were centrifuged and resuspended in StemFit medium. Transfection mix

was prepared as a 200 mL solution containing 2 mL lipofectamine RNAiMAX and 20 nM siRNA/ASO in the StemFit medium. The

mix was maintained at room temperature for 10 min, followed by addition of 10,000 cells in 200 mL StemFit medium. After 15 min,

3,000 cells in 0.5 mL StemFit medium were seeded onto a 24-well pre-coated with laminin-511. Cells were refreshed after 3 days

and stained by 0.5% crystal violet at day 6. The wells were imaged by the Celigo Image Cytometer (Nexcelom Bioscience) and

the number of colonies were counted by ImageJ.51
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High-throughput low quantity cap analysis of gene expression (HT-CAGE)
We selected 317 ASO knockdown samples from 123 lncRNA targets for HT-CAGE analysis. The selection was done by manual

curation where we selected ASOs with relatively similar knockdown efficiency, where 301 are effective ASOs and 16 of them

show marginal knockdown efficiency (>40% in general). Among the 123 lncRNAs, 20 show growth phenotype from the cellular phe-

notyping. In parallel, NC ASOs, negative non-targeting control and positive controls such as ASO and siRNA targeting POU5F1were

also subjected for HT-CAGE.

Fifty nanogram of purified RNA was used from each sample, which was 96-multiplexed for constructing one single-strand CAGE

library,22 according to an improved version of nAnT-iCAGE protocol21 that avoids any bias from PCR amplification. Libraries were

subjected to 50-base pair-end sequencing using an Illumina HiSeq 2500 instrument. Tags were de-multiplexed and mapped to

the human genome (hg38) using STAR.52 The median number of mapped CAGE transcription start sites (CTSS) obtained from

each sample is about 500,000. Gene expression profile was analyzed by intersecting53,54 the mapped CTSS with the permissive

CAGE peaks regions (of 709,716 promoters) annotated in FANTOM CAT.1 Promoter-level expression profiles were used in motif

activity response analysis (MARA). Gene-level expression profiles were aggregated from promoter-level profiles for other down-

stream analyses.

Global analysis of cellular phenotype of same-target ASOs
From 2,225 ASOs, 750 ASOs showed effective knockdown (knockdown efficiency >50% in one of the 3 primer sets) while 1,475 of

them were considered without effective knockdown. The one-way ANOVA test was carried out on the 200 lncRNAs targets from 686

ASOs, with 2–10 successful ASOs per target, using the normalized growth rate for each ASO and gave the p value = 2.79 3 10�5

(Figure 3E). The analysis was done in R 4.057 using the ‘aov’ function (‘stats’ 4.1.1 package) and the target labels were permuted using

the ‘shuffle’ function (‘mosaic’ 1.8.3 package). Among the 200 lncRNAs withR2 effective ASOs (successful KD), we paired the 750

ASOs to those targeting the same lncRNA and resulted in 1,036 ASO-pairs. We used the 1,475 ASOswithout effective knockdown as

the background. The growth inhibition effects mediated by these ASOs are the maximum possible background effects caused by

side effects (toxicity or off-target effect) of ASO-transfection. These ASOs were randomly paired for 1,036 ASO-pairs for 10,000

times. By considering concordant growth inhibition (growth inhibition from both ASOs in a pair) as a hit, 6.4% of the same-target-

ASO-pairs resulted as hits, that is higher than the background pairs in all 10,000 randomizations (empirical p value <0.0001,

Figure S1C).

Growth phenotype determination of lncRNA target
At a robust level, lncRNAs withR2 independent effective ASOs resulted as growth inhibition (normalized growth rate <0.63, t.test p

value <0.05) are considered as showing growth phenotype (36/200). To implement a stringent level with statistical correction,

we applied binomial and required p value <0.05 as a stringent cutoff. From the 2,225 ASOs, 1,475 of them were considered without

effective knockdown. We set these 1,475 ASOs as the background to represent the maximum possible chance of growth inhibition

mediated by side effects. The rate of significant growth inhibition from the background and for the effective ASOs is 15.2% and

23.4%, respectively. Since the number of successful knockdown ASOs for each lncRNA is different, we set up a binomial test to

assess how many ASOs showing growth inhibition is significantly higher than background (binomial p value <0.05). Briefly, we

have taken 15.2% as background growth inhibition, with the chance ofR2 ASOs in the group of lncRNA with 2 ASOs showing suc-

cessful knockdown is 0.1522 = 0.023104, whichmeans that a false positive occurring randomly is <5%.We set a conditional cutoff for

different groups of lncRNA having different numbers of successful knockdown ASO to keep the chance of false positives lower than

5%. Using this stringent cutoff, 11 lncRNAs were considered to have a growth phenotype.

Correlation between gene properties and growth phenotype
These analyses were done target-based. LncRNAs were grouped as successful knockdowns if R 2 ASOs showed reduction of

the specific RNA level by 50%, considering the primer set showing the strongest knockdown result from the RT-qPCR. By this cri-

terion, 200 lncRNAs were grouped as successful knockdown and 190 were grouped as no KD. From the 200 lncRNAs, 36 of them

were grouped as growth phenotypes where R2 ASOs showed reduced normalized growth rate compared to that of the NC ASOs

significantly with a cutoff of smaller than 0.63 (6 standard deviations from the mean of NC). The 165 lncRNAs were grouped as

having no growth phenotype. The tests were performed between successful knockdown (n = 200) and no knockdown (n = 190),

and between growth phenotype (n = 36) and no growth phenotype (n = 164). Discrete gene properties, including derived from

promoter or enhancer, intergenic or non-intergenic, antisense or non-antisense, divergent or non-divergent, were accessed by

Fisher’s exact one-tailed test. Gene properties with continuous values were analyzed by the Wilcoxon one-tailed test. The transcrip-

tion initiation regions (TIR) and exon conservation scoreswere derived by rejected substitution scores as described.1 Exosome sensi-

tivity score was derived from comparing the transcriptome of control and EXOSC3 knockdown in our iPS line using the formula

(TPMExosome-suppressed - TPMControl)/TPMExosome-suppressed.
64 Expression levels of the targets were revealed from CAGE sequencing

and RNA-seq data of our iPS line. The number of exons refers to the maximum number of exons from any transcripts of the lncRNAs.

Cell type specificity (Gini index calculated from 71 cell types in FANTOM5) is described in the correspondingmethods. The number of

Hi-C contacted, eQTL-contacted and RADICL contacted protein coding genes with TPM >0.1 are identified as described in the
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corresponding methods. Comparison based on growth phenotype with stringent cutoff (11 VS 189) and molecular phenotype (36 VS

87) are shown in Table S2. The Wilcoxon tests were done in R 4.0 using the wilcox.test function (‘stats’ 4.1.1 package).

Motif activity response analysis (MARA)
MARA56wasperformedusingTMMnormalizedandbatchcorrectedpromoter expressionprofiles for all theASOknockdownandcon-

trols (NCASOsandotherpositive controls) libraries (732CAGE libraries).Batchcorrectionwasperformedby the ‘‘removeBatchEffect’’

function in the limmaR package. All promoters with expressionR1 TPMat least in 70%CAGE libraries (13,883 promoters) were used

for the analysis. Transcription factor binding sites (TFBS) for hg38were predicted as described previously65 usingMotEvo66 for the set

of 190 position-weightmatrixmotifs in SwissRegulon (released on 13 July 2015)67 on amultiple alignment of genome assemblies. The

number of predicted TFBS were counted for each motif in the �300 to +100 base pair from the midpoint of the FANTOM CAT pro-

moters. Next, MARA was performed to decompose CAGE expression profiles of the promoters in terms of their associated motifs,

yielding the activity profile of all themotifswith at least 150 TFBSassociatedwith the expressedpromoters across the iPS cells knock-

down and control samples. The comparison was done by 2 knockdown libraries per ASO versus 47 libraries of NC ASOs by using the

Wilcoxon test for the p value,whichwas adjustedby theBenjamini-Hochbergmethod.Net activitywas calculated by themean activity

of each ASO minus the mean activity of the 47 NC ASOs. The motifs showing FDR <0.1 were considered significant.

Differential expression
Differential expression of 10,868 geneswas performedby edgeR (ver. 3.10)57 after aggregating the promoter-level profiles. A designof 2

libraries of ASO versus 47 libraries of NC using TMM normalization was adopted after batch effect correction. FDR was obtained by

p.adjust from the p value of edgeR using the Benjamini-Hochberg method. Across sample Z score was calculated from the log2FC of

a gene across the 317 ASO knockdown samples. The genes showing FDR <0.1 and |Z score| > 1.645 were considered as significant

changes for downstreamanalyses. The rawdataare deposited (DDBJ:DRA013844)while the tables for rawcount and theTMM-normal-

ized count per gene (n = 10,868) per library (n = 732) are available in here: https://fantom.gsc.riken.jp/6/suppl/Yip_et_al_2022/.

Gene set enrichment analysis (GSEA) for cellular pathways
Gene set enrichment (GO Biological Process, GO Molecular Function, GO Cellular Component, KEGG, Hallmark and Reactome)

analysis was carried separately for each set of pathways and each ASO knockdown using ‘fgsea’ (1.8.0) R-package58 with the

following parameters: minSize = 15, maxSize = 1000, nperm = 10000, nproc = 1. Each pathway was tested using gene ranks based

on -log10(p value) 3 sign(log2FC) from the edgeR analysis. Across samples, the Z score was obtained by NES dividing into positive

values and negative values from the 317 ASO samples. Pathway was considered significant if adjusted p value <0.05 and |Z

score| > 1.645.

Correlation between GSEA pathways and cellular phenotype
From the fgsea result, we extracted the -log10(adjusted p value) 3 sign(NES) of the 317 ASOs for each pathway. These values were

compared with the normalized growth rate of the 317 ASOs by Spearman correlation for each pathway. The rho values for all the

pathways are reported in Figure 4B.

Degree of transcriptome change predicts growth phenotype
The 317 ASO knockdown profiles from edgeRwere compared with the NC ASO-background by their -log10(p value) of all the 10,868

genes. Briefly, a KS curve was plotted for each knockdown profile to calculate the mean distance between one ASO and the NC-

background. Each NC-ASO-combination was also compared with the NC-background. Next, ASOs were paired if targeting the

same lncRNA. The calculated distances of the two ASOs were compared with distances of 47 NC ASOs by the Wilcoxon test.

The p values from the tests were adjusted by the Benjamini-Hochberg method across all the ASO-pairs for FDR. The mean distance

of the 2 ASOs and the -log10(Wilcoxon p value) were plotted in the chart (Figure 4A). The source data can be found in Table S3.

Reciprocal enrichment test for ASO-pairs
Weperformed a reciprocal enrichment test to identify concordant ASO-pairs, which implies a consistent change of molecular pheno-

type between two ASOs targeting the same lncRNA. The method of the enrichment is illustrated in Figures S3A–S3C. Briefly, we rank

the knockdown profile for each ASO using -log10(p value)3 sign(log2FC) from edgeR. The top and bottom 25, 50, 75, 100, 125, 150,

175 and 200 genes were taken as genesets. These genesets for all the 317 ASOs were tested for enrichment against all the knock-

down profiles of the 317 ASOs by ‘fgsea’ (1.8.0) where each geneset size was tested separately for the adjusted p values. The NES

values of the different-target-ASO-pairs were scaled for a normalized background distribution. A same-target-ASO-pair was consid-

ered significant if both the forward test and the reverse test adjusted p values <0.05 with |NES Z score| > 1.645. Both positive and

negative enrichment was considered a hit. The hits were called from the union of any of the geneset sizes (Figure 4C).

Concordance test for differentially active features
The 317 ASOswere paired for targeting the same lncRNAs and resulted in 293 same-target-ASO-pairs, which were then shuffled and

enforced into different-target-ASO-pairs, 10,000 times for permutation. Here, we use the edgeR results as an example. To determine
e5 Cell Reports 41, 111893, December 27, 2022



Article
ll

OPEN ACCESS
if ASO knockdown resulted in a specific effect stronger than noise (effects of ASO transfection), we used the Jaccard index of com-

mon significant DEG in the same direction to quantify the degree of concordance between two ASOs in a pair. Briefly, differentially

expressed genes (excluded the target lncRNAs) from each ASO-knockdown were taken with FDR <0.1 and |Z score| > 1.645. From

the 293 ASO-pairs, the mean Jaccard index was calculated for the same-target group. The mean values for each permutation of the

different-target group were calculated to generate a distribution. The empirical p value represents the chance that themean values of

the same target group is not greater than the different-target group. For all the tested conditions using the Jaccard index in edgeR, the

empirical p values are <0.0001.

Optimal cutoffs of molecular features
To improve the performance, we attempted to apply two types of background correction, NC-background correction and across

sample (317 ASOs) background correction. For the NC-background, maximum combinations of two libraries from 47 NC ASOs

CAGE libraries were obtained. These 1,081 NC combinations were applied to edgeR, fgsea and MARA analysis similarly as the

ASO samples. The resulting log2FC, NES and motif activity values of these 1,081 combinations were scaled as normalized back-

grounds. For the across sample background, log2FC, NES and motif activity from the 317 ASO samples were scaled as normalized

background. The transformed Z score of the actual values were used as background correction using |Z score| > 1.645 as a cutoff.

After the assessments by using Jaccard indices (Figure S3F), all the tested conditions in all the molecular features revealed the

same-target-ASO-pairs are more concordant than the different-target background significantly (empirical p values are <0.0001).

We selected the best cutoffs by maximizing the ratio of concordance of same-target-ASO-pairs to different-target-ASO-pairs, re-

sulted in FDR <0.1 with |across-sample Z score| > 1.645 for genes (edgeR analysis), adjusted p value <0.05 with |across-sample

Z score| > 1.645 for pathways (fgsea analysis) and FDR <0.1 for motifs (MARA analysis).

After determining the cutoffs for the differentially active features (DEG, pathways & motifs), the numbers of common features be-

tween two ASOs in the ASO-pairs were collected. From the concordant ASO-pairs, we require at least one common feature and re-

sulted in the final 36 concordant lncRNAs.

Isoform coverage similarity for ASO-pairs
In this analysis, only the final 36 concordant lncRNA targets were included. From these 36 concordant lncRNA targets, there are 102

ASOs involved, resulting in 111 same-target-ASO-pairs. Among them, 59 pairs are significantly concordant. To identify isoform tar-

gets, wemapped the ASOs to all transcripts defined by FANTOMCAT annotation1 and excluded those transcripts that were absent in

the RNA-seq data of iPS cell line. The Jaccard indexes considering the number of overlap and distinct transcripts targeted by the 2

ASOs in a pair were calculated. We then compared the Jaccard indexes between the ‘‘not concordant group’’ and the ‘‘concordant

group’’ by using one-tailed Wilcoxon Test. Further, from our RNA-seq data we extracted the TPM for each transcript variant and

weighted each transcript before calculating the Jaccard index. These weighted Jaccard indexes from the ‘‘not concordant group’’

and the ‘‘concordant group’’ were compared by using one-tailed Wilcoxon Test.

Hi-C
The experimental setup of Hi-C for iPS cells is the same as HDF cells, as described previously.8 The analytical pipeline has been

described.26 Briefly, after the binomial test at 10 kb resolution for intra-chromosomal interactions, respectively, interacting regions with

FDR <0.05 were considered significant. The bin regions were intersected with the whole gene regions (gene region +800 bp upstream

the transcriptionstart site) of the lncRNAtargets, thewholegene regionsofmRNAsand thepromoter regionsofmRNAs (800bpupstream

and 200 bp downstream of the transcription start site of all transcripts) defined in FANTOMCAT.1 The whole gene region against whole

gene region interactionwasused to identify contactedproteincoding genesof the lncRNA targets.Weused the contactedprotein coding

genes that are detectable in HT-CAGE to construct genesets for enrichment analysis against the knockdown profiles of each ASO by

‘fgsea’ (1.8.0). Thewhole gene region of lncRNA against the promoter region ofmRNA interactionwas used as an extra indicator of regu-

lation. The TAD regions in the whole genome of iPS cells were predicted by the Hi-C data at 50 kb resolution, as described previously.26

Inter-chromosomal Hi-C interactions was identified at 50 kb resolution andmapped to genes the sameway as intra-chromosomal inter-

actions. The inter-chromosomal Hi-C interaction was only used to filter RADICL inter-chromosomal signal. However, there were only 62

lncRNA-protein coding genes inter-chromosomal Hi-C pairs identified and they did not overlap with any RADICL signals.

Expression quantitative trait loci (eQTLs)
The eQTL-linked geneswere obtained from theGenotype-Tissue Expression (GTEx) project (v8).27 The eGene and significant variant-

gene associations based on permutations were taken from 49 tissues with the permutation q-value <0.25. The genomic location of

the genetic variants was intersected with the 390 lncRNA targets for their whole gene region (gene region +800 bp upstream the tran-

scription start site). For the eGenes, only protein coding genes having expression with at least 0.1 TPM from iPS cells or being de-

tected by HT-CAGE were included. From the 36 concordant lncRNAs, 31 of them showed at least one significant eGene.

RADICL-seq
RNA And DNA Interacting Complexes Ligated and sequenced (RADICL-seq) was performed, as described previously.24 The analyt-

ical pipeline was performed as described previously26 with modification. Briefly, RNA mapped to a defined set of small RNAs was
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removed from the dataset. The genome was then divided into 25 kb bins and the annotated RNA reads were aggregated. The back-

ground probability for a bin was calculated by dividing the count of transmRNA binding in that bin by the total number of transmRNA

reads. To estimate the significance of binding each gene in every bin, we performed a one-sided binomial test using binom_test

(x,n,p) from scipy where x = the number of reads for the gene in the bin; n = total number of reads for the gene; p = background prob-

ability calculated using trans-binding mRNA in the bin. FDRwas obtained by p.adjust from the binomial p values using the Benjamini-

Hochberg method across all the bins per RNA. The regions with at least 3 reads and FDR <0.05 were considered significant. The

regions from the DNA side were intersected toward the whole gene regions (gene region +800 bp upstream the starting site) of

mRNAs and the promoter regions of mRNAs (800 bp upstream and 200 bp downstream of the CTSS of all transcripts) defined in

FANTOMCAT.1 The RADICL-contacted protein coding genes for each of the lncRNA target were taken if themRNA expressed higher

than 0.1 TPM in iPS cells or being detected in HT-CAGE. RADICL-contacted genes with the minimum genomic distance greater than

1 Mb and without significant Hi-C interaction (intra- and inter-chromosomal) were defined as trans-interaction. The identification of

significant DNA binding wad performed in all 390 lncRNA targets. Within the 36 concordant lncRNAs, 35 showed significant cis-inter-

action and 17 showed trans-interaction with at least 1 protein coding gene.

Global enrichment of contact and significant DEGs
All the lncRNAs were paired with 9974 protein coding genes that are detectable in HT-CAGE in iPS cells. For all these pairs we ex-

tracted the edgeR results of themost significant ASO to define significant DEGs, and compare this to the presence of cis-interactions

and trans-interactions. We only used the pairs derived from the 35 lncRNAs showing at least one cis-interaction, the 17 lncRNAs

showing at least one trans-interaction (no significant Hi-C contact and at least 1 Mb genomic distance) and the 31 lncRNAs showing

at least one eGene for the respective tests. Fisher’s exact one-tailed test was performed.

RNA-DNA sequence complementary analysis
The transcript models with the highest expression in the soluble nuclear fraction were used to represent the sequence of the lncRNA

targets. These RNA sequences weremappedwith the whole gene regions and the promoter regions of the RADICL-contactedmRNA

using a window size of 20 bp allowing 20%mismatch. The mapping was done by the TDF software.59 Any interaction with the whole

gene regions (gene region +800 bp upstream the starting site) of mRNA located >1 Mb from the lncRNA gene region was counted.

Enrichment analyses between knockdown profile and contacts
The enrichment tests of protein coding genes showing Hi-C contacts, RADICL-seq contacts and eQTL linkages with any of the 36

concordant lncRNAswere performedwith ‘fgsea’ (1.8.0) R-package.58 The 9974 protein coding geneswere ranked according to the -

log10(p value)3 sign(log2FC) from the EdgeR analysis of each ASO. Enrichment was tested for the connected coding genes in Hi-C,

RADICL-seq or eQTL toward the ranked profile. The p values were then the adjusted by the Benjamini-Hochberg method. Inclusion

criteria of protein coding genes for Hi-C contacts: q-value <0.05; RADICL-seq contacts: q-value <0.05, read>=3; eQTL linkages:

q-value <0.25.

Cell type specificity on expression level
FANTOM 5 CAGE data on �120K genes with 384 samples with cell ontology classification64 plus iPS and ES cells (iPS in this study

was not included) were used to determine cell type specificity for all the RNA including the lncRNA targets. CAGE libraries used were

listed in Table S5. We applied the Gini index for each gene from the RLE normalized TPM across the 71 cell types. To compare cell

type specificity betweenmRNA and lncRNA, genes were grouped by themaximum TPM across the 71 cell types. Gene annotation of

mRNA and lncRNA was according to the FANTOM CAT gene classes.1 Statistical significance in each group was acquired by

applying the Student’s t-test where p value <0.05 was considered significant in Figure 7A.

For building a geneset for the 71 cell types for cell type enrichment analysis, expression levels of a gene in a cell type lower than 5%

of the maximum TPM were considered as lack of expression, and the corresponding Gini index set as 0. Only including the 10,868

genes detected fromHT-CAGE, the top 25, 50, 75, 100, 125, 150, 175 and 200 genes ranked by theGini indexwere taken for each cell

type. These genesets for 71 cell typeswere tested for enrichment against all the knockdown profiles of the 317 ASOs by ‘fgsea’ (1.8.0)

where each geneset size was tested separately for the adjusted p values. The NES values across the 317 ASOs were scaled and

cross-samples Z-scores were obtained. LncRNA targets having at least 2 ASOs with adjusted p value <0.05 and |Z score| > 1.645

toward a cell type were considered significant. A list of significant lncRNA targets was obtained from the union of the 8 geneset sizes.

Cell fractionation for RNA-sequencing
Subcellular fractionation of native iPS cells was performed similarly as HDF as previously described8 with minor optimization accord-

ing to the cell type. Briefly, approximately 10 million cells were used per fractionation experiment to obtain cytoplasmic (CYTO), sol-

uble nucleoplasmic (SNUC) and chromatin (CHR) fractions. Trypsinized cells were washed and lysed using a cold lysis buffer con-

taining 0.15% Igepal CA-630, 10 mM Tris pH 7.5, 150 mM NaCl. The lysate was centrifuged in a sucrose cushion, after which the

supernatant was taken as the CYTO fraction. The nuclear pellet was washed once in a buffer containing 20 mM HEPES pH 7.5,

50% glycerol, 75 mM NaCl, 1 mM DTT, 0.5 mM EDTA and resuspended in the same buffer. An equal volume of nuclear lysis buffer

containing 20 mM HEPES pH 7.5, 300 mM NaCl, 1M Urea, 1% Igepal CA-630, 10 mMMgCl2, 1 mM DTT, 0.2 mM EDTA was added
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and incubated on ice for 5 min. After centrifugation, the supernatant was considered as the SNUC fraction and the pellet as the CHR

fraction. The chromatin pellet was washed once in a buffer containing 10 mM HEPES pH 7.5, 10 mM KCl, 10% glycerol, 340 mM

sucrose, 4 mM MgCl2, 1 mM DTT and resuspended in the same buffer. RNA from each fraction was isolated using Trizol LS

(Invitrogen), according to the manufacturer’s instructions. Next, DNase I treatment followed by phenol-chloroform extraction was

conducted. The volume and concentration of the RNA isolated from each fraction was recorded, with an equal amount of RNA for

each fraction was used for RNA-sequencing.

Single-end read RNA-sequencing was performed with the Illumina platform by HiSeq2000. Fastq data were mapped toward hu-

man genome assembly GRCh38 (hg38) and FANTOM CAT permissive transcript model1 using TopHat2.60 The resulting gene length

and library size normalized tpm values in each fraction were multiplied by the corresponding RNA content factors (amount of RNA

extracted from each fraction divided by the sum of the RNA amount of all fractions). The fraction-normalized tpm (nTPM) was used to

calculate the nucleus ratio from the whole cell ((SNUCnTPM + CHRnTPM)/(CYTOnTPM + SNUCnTPM + CHRnTPM)) and the

chromatin ratio from the whole nucleus (CHRnTPM/(SNUCnTPM + CHRnTPM)).

Themedian value of the nucleus/whole cell ratio was calculated from all the geneswith >1 TPM in iPSC (as 0.1418). Targets with the

nucleus ratio smaller than this were considered as cytoplasmic-enriched. The remaining targets were grouped as chromatin-en-

riched for their chromatin/whole nucleus ratio greater than the median. The remaining targets are soluble nucleoplasmic enriched.

Concordant knockdown responses between HDF and iPS cells
The knockdown profiles by individual ASO in iPS cells were generated by edgeR as earlier described. The knockdown profiles in HDF

cells were obtained by DESeq261 after nAnTi-CAGE sequencing, as described previously.8 Only genes (n = 10,054) overlapping in

both analyses were included, with these genes ranked by -log10(p value) 3 sign(log2FC). Genesets with sizes of 25, 50, 75, 100,

125, 150, 175 and 200 were generated from each ASO knockdown profile from the top and the bottom of the ranking. Gene sets

were tested for enrichment by ‘fgsea’ (1.8.0) in the knockdown profiles of the ASOwith the same targets in the other cell type. Enrich-

ment tests were also performed toward the knockdown profiles from the different-target-ASO-pairs (n = 250, 10,000 permutation) to

build the background. In total, 250 different-cell-types-same-target-ASO-pairs were tested and significant pairs meet the following

criteria in either up-/down-regulation in any geneset size: both forward and reverse enrichment adjusted p values <0.05 while both

forward and reverse |different-target different-cell ASO-pairs background Z score| > 1.645.

For the common significant molecular features applied to each same-target-ASO-pair, we used the same cutoffs defined above for

iPS cells. For HDF, we used FDR<0.01, |log2FC| > 0.5 and |Z score|>1.645 for genes; adjusted p value <0.05, |NES|>1 and |Z score|

>1.645 for pathways; FDR<0.05 and |Z score|>1.645 for motifs. The target lncRNAs were excluded from the common differentially

expressed genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

The real time imaging included 2 biological replicates for lncRNA ASO knockdown and 4 biological replicates for NC ASO knock-

down. The mean confluence of the 4 imaging fields was taken for each replicate. Student’s t-test was performed between the growth

rate of the duplicated samples and the 4 NC ASOs, assuming equal variance. Transfection of an ASO was considered to inhibit

growth if the normalized growth rate <0.63 (6 standard deviations from the mean normalized growth rate of NC) and t test p value

<0.05 (comparison between sample and NC). At a robust level, lncRNAs with R2 independent effective ASOs resulted as growth

inhibition are considered as showing growth phenotype (36/200). At a stringent level, we applied a binomial test and required number

of growth inhibition ASOs greater than the binomial cutoff at p value <0.05.

Colony formation assay was performed with 3 biological replicates. Student’s t-test was performed between the lncRNA ASO

knockdown and the NC ASO, assuming equal variance.

For the global analysis of cellular phenotype from the same-target ASOs, one-way ANOVA test was carried out on the 200 lncRNAs

targets from 679 ASOs, with 2–10 successful ASOs per target, using the normalized growth rate for each ASO.

Enrichment of lncRNA target properties was performed by either Fisher’s Exact or Wilcoxon depends on the target properties

shown as continuous or discrete values. All tests are performed as one-tail for the p values.

For MARA, the comparison was done by 2 knockdown libraries per ASO versus 47 libraries of NC ASOs by using theWilcoxon test

for the p value, which was adjusted by the Benjamini-Hochberg method. The motifs showing FDR <0.1 were considered significant.

For differential expression, FDR was obtained by using the Benjamini-Hochberg method from the p value calculated by edgeR.

Across sample Z score was calculated from the log2FC of each gene across the 317 ASO knockdown samples. The genes showing

FDR <0.1 and |Z score| > 1.645 were considered as significant changes.

For gene set enrichment assay, each pathway was tested using genes ranked by -log10(p value) 3 sign(log2FC) derived from the

edgeR. Analysis was performed separately for each set of pathways and each ASO knockdown using ‘fgsea’ (1.8.0)64 with the

following parameters: minSize = 15, maxSize = 1000, nperm = 10000, nproc = 1. The Z score was obtained by NES dividing into pos-

itive values and negative values from the 317 ASO samples. Pathway was considered significant if adjusted p value <0.05 and |Z

score| > 1.645.

For the degree of transcriptome change, ASO knockdown profiles from edgeR were compared with the NC ASO-background by

their -log10(p value) of all the 10,868 genes. The ASOs were paired if targeting the same lncRNA. The calculated distances of the two
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ASOs were compared with distances of 47 NC ASOs by the Wilcoxon test. The p values from the tests were adjusted by the

Benjamini-Hochberg method across all the ASO-pairs for FDR. Same-target-ASO-pairs with FDR <0.05 and distance >99.9%

were considered as significantly concordant.

For the reciprocal enrichment test, we rank the knockdown profile for each ASO using -log10(p value)3 sign(log2FC) derived from

edgeR. The top and bottom 25, 50, 75, 100, 125, 150, 175 and 200 genes were taken as genesets. These genesets for all the 317

ASOs were tested for enrichment against all the knockdown profiles of the 317 ASOs by ‘fgsea’ (1.8.0) where each geneset size

was tested separately for the adjusted p values. The NES values of the different-target-ASO-pairs were scaled for a normalized back-

ground distribution. A same-target-ASO-pair was considered significant if both the forward test and the reverse test adjusted p

values <0.05 with |NES Z score| > 1.645. Either positive or negative enrichment was considered as a hit.

For the cell type enrichment analysis, the top 25, 50, 75, 100, 125, 150, 175 and 200 genes ranked by the Gini index were taken for

each cell type. These genesets for 71 cell types were tested for enrichment against all the knockdown profiles of the 317 ASOs by

‘fgsea’ (1.8.0) where each geneset size was tested separately for the adjusted p values. The NES values across the 317 ASOs were

scaled and cross-samples Z-scores were obtained. LncRNA targets having at least 2 ASOs with adjusted p value <0.05 and |Z

score| > 1.645 toward a cell type were considered significant. A list of significant lncRNA targets was obtained from the union of

the 8 geneset sizes.

Concordant knockdown response between HDF and iPS cells was determined by reciprocal enrichment analysis. Significant

concordant pair was defined as both forward and reverse enrichment adjusted p values <0.05 while both forward and reverse |

different-target different-cell ASO-pairs background Z score| > 1.645.

ADDITIONAL RESOURCES

https://fantom.gsc.riken.jp/6/suppl/Yip_et_al_2022/.
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