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Supplemental methods 

Lentiviral vectors 

Individual single guide RNAs (sgRNAs) were designed using CCTop1 (https://cctop.cos.uni-

heidelberg.de/), and cloned via BsmBI into the SGL40C.EFS.dTomato (Addgene 89395) or 

SGL40C.EFS.E2Crimson (100894) backbone. Dual sgRNA vectors were generated by in-

serting a second promoter-sgRNA cassette into an existing sgRNA vector via EcoRI/XhoI. 

Short hairpin RNAs (shRNAs) were designed using the Adams et al. miR-N tool2 (https://fe-

lixfadams.shinyapps.io/miRN/) and cloned via BsmBI into the SIN40C.SFFV.eGFP.miR30n 

(169278) backbone. Non-targeting sgRNAs and shRNAs were designed against firefly lucif-

erase. MYNRL15 cDNAs were expressed from the bidirectional LBid.lnc.GFP3,4 vector. The 

L40C-CRISPR.EFS.mNeon (170483) all-in-one system was used on primary cells for in vitro 

assays. Stable cell lines were generated using either pLKO5d.SFFV.dCas9-KRAB.P2A.BSD 

(90332) or pLKO5d.EFS.SpCas9.P2A.BSD (57821). Stable patient-derived xenografts were 

generated using SIN40C.SFFV.dCas9-KRAB.P2A.mNeon (170482). The sgRNA libraries 

used in this study were expressed from the following backbones: SGL40C.EFS.dTomato 

(89395; CRISPRi lncRNA and MYNRL15 tiling), SGL.EFS.tBFP (173915; gained chromatin 

interaction region), and SGL.EFS.dTomato.P2A.PAC (173914; CTCF-enriched lncRNA loci). 

Lentiviruses 

Lentiviral particles were produced by co-transfecting the expression vector and the packag-

ing plasmids pMD2.G and psPAX2 (Addgene 12259 and 12260 respectively) into HEK293T 

cells using polyethylenimine (PEI). Viral particles were concentrated via ultracentrifugation, 

and in the case of all-in-one constructs, were further concentrated using Lenti-X™ Concen-

trator reagent (TaKaRa). Transductions were performed in normal cell culture media, in the 

presence of Polybrene (Sigma-Aldrich). 

https://cctop.cos.uni-heidelberg.de/
https://cctop.cos.uni-heidelberg.de/
https://felixfadams.shinyapps.io/miRN/
https://felixfadams.shinyapps.io/miRN/
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LNA-GapmeRs 

Custom- antisense LNA-GapmeRs targeting the MYNRL15 transcript were obtained from Qi-

agen through their in-house design tool. Negative control B (Qiagen 339515) was used as a 

non-targeting control. Cells were cultured in media containing 2.5 µM LNA-GapmeR for de-

livery by unassisted uptake5. Fresh LNA-GapmeR was added every 2 days to maintain its 

concentration in the culture media. LNA-GapmeR sequences can be found in Supplemental 

Table 7. 

CRISPR library design 

Guides for the CRISPRi-based targeting of HSPC/AML lncRNAs were designed using the 

standalone version of CCTop1 (https://cctop.cos.uni-heidelberg.de/). In brief, the lncRNA 

genes were annotated using GENCODE v25 (release 03/2016)6, LNCipedia 4.0 (release 

05/2016)7, and NONCODE v4 (release 01/2014)8 as previously described9, and sgRNAs 

were selected 0 bp to 250 bp downstream of transcription start sites (TSSs)10. Three to nine 

sgRNAs were selected per gene, depending on the number of different TSSs present in the 

transcript isoforms and the distance between them. Genes with a single TSS, or with multi-

ple TSSs with high transcript-level support (TSL 1 or 2, according to Ensembl annotations) 

spaced more than 300 bp apart, were targeted using three sgRNAs per TSS in a 0-150 bp 

window downstream of the respective TSS. Genes with multiple TSSs in close proximity to 

each other (spaced ≤150 bp apart) were targeted using five sgRNAs in a 0-250 bp window 

downstream of the first TSS. Guides were prioritized for low off-target binding – a criterion 

that is built-in to the CCTop tool. 

Guides tiling the MYNRL15 locus were designed by inputting 15 kb of DNA sequence (hg38) 

symmetrically centered on MYNRL15 into the CRISPOR11 (http://crispor.tefor.net/) saturating 

mutagenesis assistant. To maintain dense tiling of the region (mean coverage: 0.11 sgRNAs 

per bp), only guides with an MIT specificity score of 0 were excluded. 

https://cctop.cos.uni-heidelberg.de/
http://crispor.tefor.net/
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Guides targeting the 29 protein-coding genes located in the gained distal chromatin interac-

tion region were designed using CCTop1 (https://cctop.cos.uni-heidelberg.de/). Coding se-

quences (CDS) from Ensembl v102 (release 11/2020) were used as inputs, and where pos-

sible, sgRNAs were selected to target most, if not all, protein-coding isoforms. Guides were 

prioritized for low off-target binding, and those with low predicted on-target efficacies (CRIS-

PRater12 score<0.4) were excluded. 

Guides targeting CTCF sites in CTCF-enriched lncRNA loci were selected from GuideScan13 

(http://www.guidescan.com/) and CRISPick14,15 (formerly the Broad GPP sgRNA design tool; 

https://portals.broadinstitute.org/gppx/crispick/public). CTCF binding sites were determined 

using ENCODE ChIP-seq peak calling data, and sgRNAs were selected to tile CTCF motifs 

and/or point-source(s) within the peaks. If both features were within 50 bp of each other, the 

target region was defined as a 150 bp region centered on the midpoint between the two. If 

the CTCF motif and point-source were within 100 bp of each other, a 300 bp target region 

was used. Otherwise, two 80 bp target regions were used for sgRNA selection, centered on 

the motif and point-source, respectively. Guides located in these target regions were first se-

lected from GuideScan, then topped up from CRISPick in cases where a coverage of 0.15 

sgRNAs per bp was not met. 

Due to our usage of SGL40C vectors for lentiviral sgRNA delivery, in which sgRNA transcrip-

tion is driven from a human U6 promoter, guides containing polyT stretches (4 or more) were 

excluded from all libraries, to avoid premature termination of sgRNA transcription mediated 

by RNA polymerase III. Guides directed against luciferase and the neomycin resistance cas-

sette were used as non-targeting controls; guides targeting PPP1R12C and SLC22A13 were 

used as nonessential cutting controls; guides against MYC, MYB, ACTB, U2AF1, RPL9, and 

POL2RA were used as positive depletion controls. The sgRNA spacer sequences of the four 

CRISPR libraries used in this study are provided in Supplemental Tables 1-3 and 5. 

https://cctop.cos.uni-heidelberg.de/
http://www.guidescan.com/
https://portals.broadinstitute.org/gppx/crispick/public
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CRISPR library cloning and screening 

Library spacer sequences were purchased from Integrated DNA Technologies, pooled, and 

cloned via BsmBI into one of the following vectors: SGL40C.EFS.dTomato (Addgene 89395; 

CRISPRi lncRNA and MYNRL15 tiling), SGL.EFS.tBFP (173915; gained chromatin interac-

tion region), and SGL.EFS.dTomato.P2A.PAC (173914; CTCF-enriched loci). XL1-Blue su-

percompetent cells (Agilent 200236) were used for transformation, and subsequently plated 

on 15 cm LB agar plates containing ampicillin. Colonies were counted from 1 cm2 areas to 

ensure sufficient library representation, and then harvested and prepped for plasmid DNA 

using the QIAGEN Plasmid Maxi Kit. Lentiviral particles were produced as outlined above. 

Stable dCas9-KRAB- or Cas9-expressing cell lines were transduced with the sgRNA librar-

ies at an MOI of 0.3, and maintained at 1000-fold representation of the library for 16-18 pop-

ulation doublings. The screens were counted every 2-3 days and split accordingly. Samples 

were taken at the beginning and end of the screen, to determine differences in sgRNA abun-

dance over time and thereby identify essential genes or regions. Genomic DNA was isolated 

from these samples via the QIAmp DNA Blood Mini Kit (Qiagen), and the sgRNA cassettes 

were PCR amplified using the NEBNext® High-Fidelity 2x PCR Master Mix (New England 

Biolabs) and barcoded primers containing the Illumina P5 and P7 adapter sequences as 

overhangs. The sgRNA amplicons (~300 bp) were gel purified using the GeneJET Gel Ex-

traction Kit (Thermo Fisher Scientific) and sequenced on an Illumina HiSeq 2000 (50 bp sin-

gle-end reads).  

We applied the MAGeCK (model-based analysis of genome-wide CRISPR-Cas9 knockout)16 

pipeline to process raw reads and call AML dependency genes from the CRISPRi lncRNA, 

gained chromatin interaction region, and CTCF-enriched loci screens. The MYNRL15 tiling 

screens were analysed in R, using DESeq217 (Bioconductor) to combine replicates and per-

form pan-cell line analysis.  
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Fluorescence-based proliferation assays 

Individual proliferation assays were conducted in stable dCas9-KRAB- or Cas9-expressing 

cell lines for CRISPR/Cas9 experiments, and in wild-type lines for RNAi experiments. Cells 

were transduced with individual sgRNA or shRNA perturbation constructs at an efficiency of 

40-80%, to attain a mixed population allowing for direct competition between transduced and 

untransduced cells. These cultures were maintained for up to 20 days, during which fluores-

cence was tracked every 2-3 days via flow cytometry. Depletion curves were generated by 

normalizing the percentage of fluorescent (i.e. transduced) cells at each time point to both 

the initial fluorescence (day 0) and the non-targeting control (sgLUC / shLUC) (gating strat-

egy provided in Supplemental Information). For the rescue experiment involving MYNRL15 

cDNAs, sgRNA-expressing cells were transduced a second time with the cDNA expression 

constructs. The double-positive population was then tracked by flow cytometry. 

CRISPR-Cas9 indel and excision validation 

PCR-based methods were used to validate CRISPR-Cas9 mediated insertions and deletions 

(indels; to knock out protein-coding genes) and MYNRL15 excision via paired sgRNAs. Cells 

were harvested between days 3 and 5 post-transduction, and genomic DNA was isolated us-

ing the Quick-DNATM Miniprep Kit (Zymo Research). We relied on TIDE18 (tracking of indels 

by decomposition) to assess knockout efficiency; thus, we PCR amplified ~700 bp genomic 

regions centered on the corresponding sgRNA target sites from knockout and control (wild 

type) samples. The resulting products were subjected to Sanger sequencing, and knockout 

and wild type sequences were compared in the TIDE online tool (http://shinyapps.datacura-

tors.nl/tide/). To validate MYNRL15 excision, we performed PCR using primers flanking the 

region to be excised, thereby allowing us to ascertain deletion based on the size of the PCR 

product. All PCR primer sequences can be found in Supplemental Table 7. 

Flow cytometry and cell sorting 

Flow cytometry data were collected on a CytoFLEX B4-R3-V5 or CytoFLEX S V4-B2-Y4-R3 

using CytExpert software (Beckman Coulter). Cell sorting was performed on a FACSAria™ II 

http://shinyapps.datacurators.nl/tide/
http://shinyapps.datacurators.nl/tide/
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using FACSDivaTM software, or on a FACSMelody™ using FACSChorusTM software (BD Bio-

sciences). An anti-human CD45 FITC (Beckman Coulter) antibody was used to analyze xen-

otransplantation experiments. Kaluza 2.1 (Beckman Coulter) or FlowJo™ v10.6 (BD Biosci-

ences) software was used for data analysis.  

Quantitative real-time PCR 

RNA was isolated from cells using the Quick-RNATM Microprep or Miniprep Kits (Zymo Re-

search), between days 3 to 5 post-transduction. RNA fractionation was performed as previ-

ously described19, except that we directly lysed the nuclear pellet instead of isolating the nu-

clear-soluble and chromatin-associated fractions separately. B2M and XIST were utilized as 

cytoplasmic and nuclear controls, respectively. The TURBO DNA-freeTM Kit (Invitrogen) was 

used for DNase treatment. Total cDNA was synthesized using the High-Capacity cDNA Re-

verse Transcription Kit, and gene expression was quantified by real-time PCR using SYBR™ 

Select Master Mix and gene-specific primers on a StepOnePlusTM Real-Time PCR cycler (all 

products from Applied Biosystems). B2M was used as a housekeeping control. Primers for 

qRT-PCR can be found in Supplemental Table 7. QuantiTect® primer assays were used to 

detect WDR61 and IMP3 (Qiagen QT00083776 and QT00232330).  

Animal experiments 

Two-color in vivo competition experiments were performed in murine xenograft models of 

AML as previously described3,20. In brief, stable dCas9-KRAB cell lines or in vivo expanded 

patient-derived AML cells (PDXs) were transduced with E2Crimson or dTomato sgRNA vec-

tors, mixed 1:1, and injected via tail vein into irradiated (2.5 Gy), 8-10 week old NOD.Cg-Prk-

dcscid Il2rgtm1Wjl/SzJ (NSG) recipients. One to two million cells were injected per mouse, and 

tracked via flow cytometry on peripheral blood samples every 4 weeks. The mice were sacri-

ficed upon leukemia onset, at which point cells were isolated from the bone marrow, spleen, 

and liver, and analyzed by flow cytometry. An anti-human CD45 antibody was used to track 

AML cell lines, due to the absence of a fluorescent reporter in the dCas9-KRAB construct 
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(Addgene 90332). The dCas9-KRAB PDXs were generated using a mNeon-containing con-

struct (170482); thus, fluorescence-based tracking was sufficient. In both cases, the E2Crim-

son and dTomato cell populations were compared to determine relative proliferation in direct 

competition. All mice were housed under a 12 hour light / 12 hour dark cycle in a pathogen-

free environment at the Martin Luther University Halle-Wittenberg. All animal procedures 

were approved by the local state authorities (Landesverwaltungsamt Sachsen-Anhalt).  

RNA sequencing 

RNA was isolated from cells using the Quick-RNATM Miniprep Kit (Zymo Research) on days 

3 and 6 or 7 post-transduction (for ML-2 and K562, respectively; the late time point was se-

lected based on depletion kinetics, see Fig. 2c). PolyA-enriched total cellular RNA sequenc-

ing was performed by Novogene Company, Ltd. on an Illumina NovaSeq 6000 using 150 bp 

paired-end chemistry. The raw sequence data were processed by Novogene using a stand-

ard pipeline. In brief, reads were filtered using in-house scripts and mapped to human refer-

ence genome hg38 using HISAT221, and gene expression was quantified using the feature-

Counts22 function in R. Differential expression analysis was conducted in R using DESeq217 

(Bioconductor). Gene sets from MSigDB v7.2 (H1, C2, C3, C6), custom hematopoietic9 and 

chromosome 15 gene sets, and PAF1c-knockout expression signatures23 were checked for 

enrichment in the Broad GSEA software24. Custom positional gene sets were generated by 

walking a 1 Mb or 5 Mb window along chromosome 15. Gene ontology analysis was done 

using the DAVID25 functional annotation tool (https://david.ncifcrf.gov/summary.jsp).  

NG Capture-C 

Chromatin conformation capture with selective enrichment for MYNRL15-interacting se-

quences was performed using next generation (NG) Capture-C as previously described26, 

with the following modifications: (1) 5-10 million cells were harvested per sample and the 

DpnII digestion reactions were scaled down accordingly. (2) DNA was sheared to 200 bp 

fragments using a Branson 450 Digital Sonifier (Marshall Scientific) (time 18 s, amplitude 

20%, pulse 0.5 s, pause 1.5 s; repeat 5x). (3) All material from the first capture was used as 

https://david.ncifcrf.gov/summary.jsp
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input for the second capture. (4) The libraries were sequenced by Novogene Company, Ltd. 

on an Illumina NovaSeq 6000 (150 bp paired-end reads).  

Biotinylated oligonucleotides for library capture were designed using CapSequm227 (refer to 

Supplemental Table 7 for sequences) and purchased from Integrated DNA Technologies. 

These probes capture a viewpoint corresponding to the candidate cis-regulatory region C1. 

Two biological replicates were prepared per sample and pooled for oligonucleotide capture 

(multliplexed library capture26). The raw sequence data were processed with the capC-MAP 

package28 using default settings. Normalized pileups (RPMs; binstep=3000, window=6000) 

were capped at the 99th percentile and scaled to the highest signal within the sample, such 

that cross-sample comparisons could be made on a 0 to 1 scale. The tracks were viewed in 

the UCSC Genome Browser29 using a smoothing window of 2 pixels, alongside CTCF ChIP-

seq data from K562 cells (ENCODE accession no. ENCFF519CXF) and Knight-Ruiz matrix-

balanced30 Micro-C31 data from H1-hESC cells. Hi-C data from Rao et al.32 were also used to 

confirm the presence of specific 3D chromatin structures in other cell lines.  

ATAC-seq 

We performed assay for transposase accessible chromatin sequencing (ATAC-seq) as pre-

viously described33,34. On day 3 post-transduction, 50,000 cells were sorted and processed 

using the Illumina Tagment DNA Enzyme and Buffer Kit (20034197). The resulting libraries 

were sequenced by Novogene Company, Ltd. on an Illumina NovaSeq 6000 (150 bp paired-

end reads). The data processing was also performed by Novogene: In brief, raw reads were 

trimmed and filtered using Skewer35 and clean reads were aligned to hg19 with BWA36. Mito-

chondrial reads were removed prior to subsequent analysis. Normalized pileups were gener-

ated using deepTools37 and viewed in the Integrated Genomics Viewer (IGV)38. 

CTCF CUT&RUN 

We performed CUT&RUN as previously described39,40. On day 3 post-transduction, 400,000 

cells were sorted and incubated with the following antibodies: rabbit anti-human CTCF (1:50; 
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Diagenode C15410210), and rabbit IgG (Diagenode C15410206). The pAG/MNase nuclease 

(Addgene 123461) was produced and purified as previously described40, after removal of the 

HA tag. Illumina libraries were constructed from cleaved DNA and sequenced by Novogene 

Company, Ltd. on an Illumina NovaSeq 6000 (150 bp paired-end reads). For processing the 

raw data, we used Trimmomatic41 to remove adapter sequences, followed by Kseq42 to trim 

reads containing ≤6 bp of adapter sequence, which are not effectively handled by Trimmo-

matic. Trimmed reads were aligned to hg38 using bowtie243. The resulting SAM files were 

converted into BAM format and sorted and indexed using Samtools44. Normalized bigWig 

tracks were generated using bamCoverage from deepTools37. The processed data were 

viewed in the Integrated Genomics Viewer (IGV)38. 

Dual luciferase assays 

Dual luciferase assays were performed using the Dual-Luciferase® Reporter Assay System 

(Promega). The candidate cis-regulatory regions C1 and C2 were cloned alone or in combi-

nation upstream of the minimal promoter in the pGL4.23 firefly luciferase reporter construct 

(Promega E8411). A pGL4.7 Renilla luciferase reporter construct (Promega E6881) driven 

from the EF1α promoter was used as a background control. The firefly and Renilla vectors 

were co-transfected into K562 cells at a 20:1 ratio via nucleoporation, using the Lonza 4D-

NucleofectorTM and SF Cell Line X Kit S. 24 h post-transfection, cells were harvested and 

measured on a GloMax® 96 Luminometer (Promega). 

CTCF-enriched lncRNA loci 

To identify CTCF-bound genic loci, we overlapped ENCODE CTCF ChIP-seq peaks with 

gene annotations from GENCODE v23 (release 07/2015)6 using the findOverlaps function 

from the IRanges package in R (Bioconductor). We confirmed the presence of CTCF motifs 

in the ChIP-seq peaks using GimmeMotifs45. CTCF density was determined by counting the 

number of CTCF binding sites and normalizing by gene length. Log10-transformed values of 

this metric followed an approximately normal distribution; thus, we defined elevated CTCF 

density as greater than 2 standard deviations above the median. Our analysis focused on 
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loci that produce long coding or noncoding transcripts (>200 nt) and included the following 

biotypes: protein coding, lncRNA, lincRNA, processed transcript, and pseudogene. Refer to 

Supplemental Table 6 for a catalog of CTCF-enriched lncRNA loci (C-LNC) across 18 differ-

ent cell lines and primary cell types. 

For the analysis of C-LNCs in the context of AML, gene expression values were obtained 

from the TCGA46 and NCI-TARGET47 AML patient cohorts. C-LNCs were deemed clinically 

significant if 1) stratifying patients based on their expression yielded a significant difference 

in event-free or overall survival (P<0.05, log-rank test), or 2) their expression significantly dif-

fered in cases harboring any of the following genetic abnormalities compared to cases with-

out: complex karyotype, t(8:21), inv(16), PML-RARA or BCR-ABL translocation, KMT2A re-

arrangement, FLT3-ITD, or mutations in CEBPA, NPM1, DNMT3A, TP53, cKIT, or WT1 

(P<0.05, two-sided t-test). 

TCGA/TARGET survival analysis 

Event-free survival was defined as the time elapsed between diagnosis and the first event or 

last follow-up. An event was defined as death from any cause, failure to achieve remission, 

relapse, and secondary malignancy. Failure to achieve remission was considered an event 

on day 0. Overall survival was defined as time elapsed between diagnosis and death from 

any cause or last follow-up. We used the Kaplan-Meier method of estimating survival rates 

and two-sided log-rank tests to compare differences in survival, as implemented in the sur-

vival48 and survminer49 packages (base R). DESeq217 (Bioconductor) was used to normalize 

and variance-stabilize read count data17 from the TCGA46 and NCI-TARGET47 AML cohorts. 

The NCI-TARGET dataset also required batch correction, for which we used sva50 (Biocon-

ductor). Normalized (and batch corrected) gene expression values were used for all subse-

quent analyses. For patient stratification, optimal cut-offs were determined via maximally se-

lected log-rank statistics as implemented in the maxstat package51 (base R). Unsupervised 

clustering was performed using Rtsne52 (base R). 
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Supplemental tables 

Supplemental Table 1: CRISPRi lncRNA library sgRNA spacer sequences and screening 
results. 

Supplemental Table 2: MYNRL15 tiling library sgRNA spacer sequences and screening re-
sults. 

Supplemental Table 3: Capture-C gained region library sgRNA spacer sequences and 
screening results. 

Supplemental Table 4: Patient sample characteristics. 

Supplemental Table 5: C-LNC library sgRNA spacer sequences and screening results. 

Supplemental Table 6: Catalog of C-LNCs in 18 cell lines and primary cell types. 

Supplemental Table 7: Sequences of individual sgRNAs, shRNAs, LNA-gapmeRs, Cap-
ture-C probes, and (qRT-)PCR primers. 
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Supplemental figures 

 

Supplemental Figure 1: Identification and validation of MYNRL15 dependency in six 
myeloid leukemia cell lines. 

a, MAGeCK essentiality scores from the CRISPRi screen of HSPC/AML lncRNAs. Results 
from the individual cell lines are shown (n=2 biological replicates each). MYNRL15 (orange) 
is highlighted, along with the positive control genes, MYC (green) and MYB (turquoise). b, 
Fluorescence-based proliferation assays using individual guides targeting MYNRL15 (n=2 
biological replicates, mean ± s.e.m.). The data are normalized to day 0 and to the non-tar-
geting control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s. not significant (two-tailed, 
unpaired t-test). 
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Supplemental Figure 2: Further validation of MYNRL15 and perturbation approaches.  
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a, Expression of MYNRL15 compared to bona fide lncRNAs in the NCI-TARGET pediatric 
AML cohort47 (n=258; zeros omitted). Midline, median; box limits, lower and upper quartiles; 
whiskers, 10% and 90% quantiles. b, Subcellular localization of MYNRL15 compared to the 
control transcripts XIST (nuclear) and B2M (cytoplasmic), determined via fractionated qRT-
PCR (n=2 biological replicates, mean ± s.e.m.). c, Expression of MYNRL15 and its flanking 
coding genes after targeting the CRISPRi system to the MYNRL15 TSS, as determined us-
ing qRT-PCR (n=3 biological replicates, mean ± s.e.m.; data are normalized to the non-tar-
geting control). d, Endpoint depletion values from fluorescence-based proliferation assays 
using different perturbation strategies in K562 (left) and M-07E (right) cells. Each point repre-
sents one vector that was used for perturbation (mean of n=3 biological replicates; data are 
normalized to day 0 and to the non-targeting control). e, qRT-PCR validations of MYNRL15 
knockdown using RNAi (left) and LNA-gapmeRs (center), and of CRISPRi mediated HDDC3 
knockdown (right) (n=3 biological replicates, mean ± s.e.m.; data are normalized to the non-
targeting control). f, PCR validation of MYNRL15 excision, using bulk genomic DNA isolated 
from cells transduced with dual sgRNA vectors, and primers flanking the desired deletion. g, 
Representative TIDE analyses showing the cutting efficiencies of guides targeting UNC45A 
and HDDC3.  
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Supplemental Figure 3: MYNRL15 tiling screen and dual luciferase assay of candidate 
cis-regulatory regions.  

a, Results of tiling screens using complementary CRISPRi (top) and CRISPR-Cas9 based 
(bottom) strategies to interrogate the MYNRL15 locus. The four tested cell lines are overlaid 
in different colors (mean of n=2 biological replicates per cell line). b, Relative luminescence 
measured in dual luciferase assays in K562 cells, using reporter constructs containing the 
C1 and/or C2 sequences cloned upstream of a minimal promoter (n=4 biological replicates, 
mean ± s.e.m.). The data are normalized to the empty minimal promoter control. 
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Supplemental Figure 4: Global gene expression profiling following MYNRL15 pertur-
bation.  

a, Volcano plots showing gene expression changes following MYNRL15 perturbation in 
K562 (left) and ML-2 (right) cells. Adjusted P values were calculated using DESeq2. Up- 
(pink) and downregulated (purple), and chromosome 15 genes (navy) are highlighted. b, 
Overlap of up- and downregulated genes in K562 and ML-2 cells. c, Combined differential 
expression analysis across K562 and ML-2 cells (left), and enriched gene ontology terms in 
the differentially expressed gene lists (right; P values calculated using DAVID). d, Selection 
of the most strongly downregulated cancer dependency gene sets from GSEA. A combined 
analysis of K562 and ML-2 cells is shown. e, Chromosome 15 gene sets that are not com-
monly deregulated across K562 and ML-2 cells. The MYNRL15 locus is indicated with a 
black arrow. d-e, Nominal P-values were calculated using GSEA. All analyses compare 
MYNRL15 perturbation (via 4 guides, two per cCRE; “sgMYNRL15”) to the non-targeting 
control (“sgLUC”; n=2 biological replicates per guide) across early (day 3) and late (day 6 or 
7) time points. 
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Supplemental Figure 5: Hi-C maps of the MYNRL15 locus and gained interaction re-
gion in multiple cell types.  

a-b, Hi-C maps from 7 different cell lines32 including K562s. Knight-Ruiz matrix-balanced val-
ues are shown. a, Chromatin contacts in the gained distal interaction region. The interaction 
denoting the hierarchical loop is indicated with a black arrow. b, Local chromatin interactions 
around the MYNRL15 locus. Contact domains are indicated with black arrows. 
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Supplemental Figure 6: Additional data from the mechanistic delineation of MYNRL15 
perturbation.  

a, Chromosome 15 NG Capture-C interaction profiles from in vitro expanded CD34+ HSPCs 
(n=2 biological replicates; viewpoint in C1; smoothing window 2 pixels). The track from K562 
sgC1.1 (MYNRL15 perturbation) is shown for reference. b, CUT&RUN tracks showing other 
examples of altered CTCF binding downstream of MYNRL15 (left), and in the area between 
the gained distal interactions and MYNRL15 (center and right). Decreases upon MYNRL15 
perturbation are shaded in blue; increases in red. c, ATAC-seq tracks showing a wide view 
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of chromatin accessibility in the gained distal interaction region (left; note the track disconti-
nuity), and in the region around the MYNRL15 locus (right). Increases are shaded in red. d, 
MAGeCK essentiality scores for the 29 coding genes from the gained chromatin interaction 
region, which were targeted in CRISPR-Cas9 knockout screens in K562 and ML-2 cells (n=3 
biological replicates per cell line). WDR61 (green) and IMP3 (lilac) are highlighted, as are the 
positive controls U2AF1, POL2RA, and RPL9 (turquoise). e, qRT-PCR validation of WDR61 
and IMP3 downregulation upon MYNRL15 perturbation using sgRNA C1.1 (n=3 biological 
replicates, mean ± s.e.m.; data normalized to the non-targeting control). f, PAF1c loss-asso-
ciated gene sets23 detected upon MYNRL15 perturbation. Nominal P-values were calculated 
by GSEA. g, Fluorescence-based proliferation assays validating the depletion of K562 and 
ML-2 cells by WDR61 and IMP3 knockout (4 guides per cell line; n=4 biological replicates, 
mean ± s.e.m.; data are normalized to day 0 and to the non-targeting control). MYNRL15 
perturbation using sgRNA C1.1 is shown alongside for comparison. ****P<0.0001 (two-
tailed, unpaired t-test); all conditions shared the same P-value. 
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Supplemental Figure 7: MYNRL15 perturbation in primary CD34+ HSPCs and patient-
derived AML cells.  

a, Colony counts following MYNRL15 perturbation in CD34+ HSPCs from healthy donors 
(n=3 biological replicates; mean ± s.e.m.). Replating capacity (left) and differentiation (right) 
were evaluated in parallel. b, Colony counts following MYNRL15 perturbation in two patient-
derived AML samples (n=4 biological replicates; mean ± s.e.m.). c, Results from two-color in 
vivo competition assays using CRISPRi based MYNRL15 perturbation in two AML cell lines. 
The data are displayed as ratios of dTomato+ (dTom) to E2Crimson+ (E2C) cells in the bone 
marrow (bm), spleens (spl), and livers (li) of the recipient mice (n=5 mice per group, mean ± 
s.e.m.). a-c, P values were calculated using two-tailed, unpaired t-tests. d, Representative 
flow cytometry data from the two-color competitive xenotransplantation assays.  
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Supplemental Figure 8: Exploration of CTCF density metrics and CTCF-enriched 
lncRNA loci (C-LNCs).  
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a, Distribution of log10-transformed values for the CTCF density metric (number of CTCF 
sites per kb of gene length) in K562 cells. The dashed line indicates the cut-off defined (i.e. 
median + 2 s.d.) for elevated CTCF binding. b, Proportions of coding and noncoding genes 
in different sections of the ranked list of CTCF-bound loci. c, Box plots illustrating predictive 
features of other loci like MYNRL15. From left to right: CTCF density, normalized expression 
in the TCGA AML46 and NCI-TARGET AML47 cohorts, gene length. b-c, Graphs compare the 
top (n=654) CTCF-bound loci to the rest (n=14243) or bottom (< median - 2 s.d., n=654) of 
the ranked list. Midline, median; box limits, lower and upper quartiles; whiskers, 10% and 
90% quantiles. d, Unsupervised clustering of the TCGA AML46 cohort reveals molecular sub-
types (left), several of which associate with MYNRL15 expression (i.e. PML, inv16, KMT2Ar) 
(right). e, Breakdown of CTCF-enriched loci based on their association with clinical aspects 
like cytogenetics, mutations, and survival in the NCI-TARGET AML cohort (left). f, MAGeCK 
essentiality scores of CTCF-enriched lncRNA loci (C-LNCs), from CRISPR-Cas9 screens in 
K562 (left) and ML-2 (right) cells (n=2 biological replicates per cell line; the gene ranks are 
normalized to library size). The C-LNC screening results (orange) are displayed alongside 
our initial CRISPRi library (grey) and of Liu et al.’s53 CRISPRi genome-wide lncRNA library 
(blue). The positions of the positive controls MYC and MYB are indicated. 
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Supplemental Figure 9: Example of a myeloid leukemia vulnerability identified from C-
LNC screen.  

a, Fluorescence-based proliferation assays validating depletion of K562 and ML-2 cells fol-
lowing CRISPR-Cas9 mediated perturbation of CTCF sites in RP11-69L16.5 (n=3 biological 
replicates per guide, mean ± s.e.m.; data are normalized to day 0 and the non-targeting con-
trol). **P<0.01, ***P<0.001, ****P<0.0001 (two-tailed, unpaired t-tests); where only one set of 
asterisks are shown, all conditions share the same P value. b, Expression of RP11-69L16.5 
and its neighboring coding genes following perturbation, as determined via qRT-PCR (n=3 
biological replicates, mean ± s.e.m.; data normalized to the non-targeting control). c, Unsu-
pervised clustering of the NCI-TARGET AML47 cohort with samples colored according to mo-
lecular subtype (left) and RP11-69L16.5 expression (right). d, Kaplan-Meier survival curves 
showing patients with high (n=74) vs low (n=184) expression of RP11-69L16.5 in the NCI-
TARGET AML47 cohort (survival probability ± 95% C.I.). Five-year event-free survival: 47.2% 
vs 28.5%. The depicted P value was calculated using a two-sided log-rank test. 
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Supplemental Figure 10: Catalog of C-LNCs in 18 cell lines and primary cell types.  

a, Distributions of log10-transformed values for the CTCF density metric (number of CTCF 
sites per kb of gene length) across 18 cell lines and primary cell types from ENCODE. Mid-
line, median; dotted lines, lower and upper quartiles. Red lines indicate the cut-off defined 
(median + 2 s.d.) for elevated CTCF binding in each cell type. b, Proportion of noncoding 
genes in the top (≥ cut-off) and rest (< cut-off) of CTCF-bound loci. c, Box plots illustrating 
gene length distributions between the top (n=654) and rest (n=14243) of CTCF-bound loci. 
Midline, median; box limits, lower and upper quartiles; whiskers, 10% and 90% quantiles.  
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