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Introductory Paragraph 

Identification of novel functional domains and characterization of detailed regulatory mechanisms 

in cancer-driving genes is critical for advanced cancer therapy1. To date, CRISPR (clustered, regularly 

interspaced, short palindromic repeats) gene editing has primarily been applied to defining the role of 

individual genes2,3. Recently, high-density mutagenesis via CRISPR tiling of gene-coding exons has been 5 

demonstrated to identify functional regions in genes4-8. Furthermore, breakthroughs in combining CRISPR 

library screens with single-cell droplet RNA sequencing (sc-RNAseq) platforms have revealed the capacity 

to monitor gene expression changes upon genetic perturbations at single-cell resolution (e.g., Perturb-seq, 

CRISP-seq, CROP-seq)9-11. Here, we present “sc-Tiling,” which integrates a CRISPR gene-tiling screen 

with single-cell transcriptomic and protein structural analyses. Distinct from other reported single-cell 10 

CRISPR screens focused on observing gene function and gene-to-gene/enhancer-to-gene regulation11-16, sc-

Tiling enables the capacity to identify regulatory mechanisms within a gene-coding region that dictate gene 

activity and therapeutic response.  

 

Main Text 15 

Recent achievements in cancer epigenetics include discovery of a central role for the histone 3 

lysine 79 (H3K79) methyltransferase DOT1L in maintaining mixed lineage leukemia gene-rearranged 

(MLL-r) leukemia, an aggressive malignancy recognized in 5–10% of human acute leukemia cases17,18. A 

selective DOT1L-inhibitor, EPZ5676 (Pinometostat)19, has demonstrated proof-of-principle clinical 

benefits via induction of differentiation of MLL-r leukemic cells in a Phase I clinical trial20. However, the 20 

variable responses of patients with MLL-r in this trial underscore the need for novel mechanistic insights 

into functional regions of DOT1L to improve therapeutic efficacy and trial designs for DOT1L-targeted 

therapy. 

To achieve high-resolution characterization of DOT1L’s function, we developed a single-cell 

CRISPR gene-tiling approach named sc-Tiling, which utilizes a capture sequence (CS1: 5’-25 

GCTTTAAGGCCGGTCCTAGCA-3’) at the end of each single guide RNA (sgRNA) for direct-capture by 
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the Chromium Next GEM Single Cell 3ʹ Kit v3.1 (Fig. 1a and S1a-c)21. We cloned a pool of 602 sgRNAs 

that target most of the “NGG” protospacer adjacent motifs (PAM) within the mouse Dot1l coding exons 

(average targeting density 7.7 bp per sgRNA; Fig. S2a,b and S3). We then delivered this CRISPR library 

into Cas9-expressing mouse MLL-AF9 transduced leukemic cells (MLL-AF9-Cas9+; Fig. S2c,d), a well-

established murine leukemia model that mimics human MLL-r conditions22,23. Three days after transduction, 5 

the cells carrying library constructs were subjected to droplet single-cell barcoding and mRNA/sgRNA 

library preparation using the 10X Chromium workflow (Fig. 1a). Subsequent single-cell transcriptomic 

analysis revealed an average of 26,350 reads per cell and a median of 2,935 genes detected per cell (Fig. 

S4). To avoid contamination by doublets and multi-sgRNA infected cells, we filtered out any single cells 

carrying more than one sgRNA sequence. Finally, 88.2% of single cells (4,362 out of 4,943) passed the 10 

quality control (QC) filter (Fig. 1b), giving an average library coverage of 7.1 cells per sgRNA. 

Single-cell projections using Uniform Manifold Approximation and Projection (UMAP)24 of 

DOT1L-dependent genes23 identified seven cell clusters (Fig. 1c). Gene expression annotation revealed 

distinct distributions of cells expressing leukemia-associated genes (Meis1, Hoxa9, Myc; clustered toward 

the right) vs. myeloid-differentiation markers (Cd11b, Gr1, Ltf; clustered toward the left) (Fig. 1d). Cells 15 

expressing sgRNAs targeting the functionally essential lysine methyltransferase (KMT) core (residues 

M127–P332; total 56 sgRNA) of DOT1L25,26 clustered to regions that overlap with the differentiated 

myeloid population (Fig. 1e). On the contrary, the sgRNAs targeting a non-essential region of DOT1L (the 

C-terminal end 100 amino acids of DOT1L; total 54 sgRNA) behaved similarly to spiked-in negative 

control sgRNAs (targeting Firefly luciferase [Luc], Renilla luciferase [Ren], Green fluorescent protein 20 

[GFP], Red fluorescent protein [RFP], and Rosa26 coding sequences; Fig. S3), with both cluster to the 

region representing undifferentiated leukemia (Fig. S5a). Trajectory analysis (pseudo-time)27 correlated 

closely with the expression of these marker genes, with leukemia-associated genes being gradually reduced 

while myeloid-differentiation markers increased along the pseudo-time trajectory (Fig. 1f, right to left; and 

S5b). These results indicate efficient CRISPR editing of DOT1L in cells expressing the CS1 direct-25 

capturable sgRNA library. 



 

4 

 

To evaluate the resolution of sc-Tiling for detecting functional elements within a protein domain, 

we summarized the overall behavior of neighboring sgRNAs using a local-smoothing strategy6 (Fig. 1g), 

and mapped the smoothened pseudo-time score to a cryo-electron microscopy (EM) structure of the DOT1L 

KMT core in an “active state” interacting with a histone H2B-ubiquitinylated nucleosome (Fig. 1h) 28,29. 

Our results revealed that within the KMT core domain, the resolution of sc-Tiling allowed recognition of 5 

all the amino acid residues that directly contacted the enzymatic substrate S-adenosyl methionine (SAM) 

(Fig. S6a), including the D1 loop (residues P133–T139)26. This method also detected the critical regions 

within the KMT core domain that mediate its chromatin interaction. These include the W22–D32 loop (Fig. 

S6b; interacts with histone H4 tail), R282 loop (Fig. S6c; interacts with the histone H2A/H2B acidic patch), 

and T320–K330 helix (Fig. S6d; interacts with the ubiquitin conjugated to histone H2BK120)28,29. Taken 10 

together, sc-Tiling clearly distinguished the functional regions of KMT from the non-essential region 

(residues A33–T100) that is not involved in substrate/ligand interaction, revealing the capacity of single-

cell CRISPR gene-tiling to pinpoint functional elements at a sub-domain resolution. 

To identify novel functional elements that modulate DOT1L activity, we utilized the top 100 genes 

affected by DOT1L inhibitor23 to develop a high-resolution transcriptomic correlation heatmap across 15 

DOT1L protein (Fig 2a). This method revealed two functionally distinct segments of DOT1L, i.e., the N-

module (residues M1–T900) and the C-module (residues P901–N1537). The strong correlation of the 

sgRNAs targeting the C-module with the negative control sgRNAs (Fig S5a) indicates a lack of essential 

components in the C-terminal portion of DOT1L. On the other hand, we observed several functional regions 

of DOT1L within the N-module, including the KMT core (black dashed triangle)26,28,29 and the AF9-binding 20 

motif (green dashed box; residues T863–T900)30. Whereas the AF9-binding motif showed a moderate 

correlation (Pearson score ~0.75) with the KMT core, we identified a novel region (cyan dashed box; 

designated as the “R domain”) located in the center of the N-module that exhibited a higher correlation 

(Pearson score > 0.8) with the KMT core in the transcriptional signature. Based on this observation, we 

presumed that disrupting the function of the R domain would impair the survival of MLL-AF9 leukemia 25 

cells, similar to inhibition of the KMT core. To test this, we utilized the DOT1L-tiling CRISPR library to 
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perform pooled survival screens5,7 in MLL-AF9-Cas9+ cells and examined the cell survival by comparing 

the frequencies of each integrated sgRNA sequence before vs. after 3-, 6-, 9-, or 12-day cultures using high-

throughput sequencing (Fig. 2b). Our results revealed a progressive depletion of clusters of sgRNAs (and 

smoothed CRISPR scan scores) targeting the KMT core, AF9-binding motif, and the first half of the R 

domain (designated as the “R1 element;” residues F460–G555). To confirm these results, we chose three 5 

sgRNAs each targeting the KMT core, AF9-binding motif, and the R1 element for functional validation 

(guide sequence shown in Fig. S7). Using an RFP flow cytometric growth competition assay (Fig. S8)4 and 

immunoblotting, we observed that comparing to the sgRNAs targeting AF9-binding motif, expression of 

sgRNAs targeting the R1 element resulted in a more drastic suppression of cell proliferation (Fig. 2c) and 

impaired histone H3K79 methyltransferase activity (Fig. 2d), resembling the effects of sgRNAs targeting 10 

the KMT core. In addition to a similar UMAP distribution between cells expressing sgRNAs targeting the 

KMT core and the R1 element (Fig. 2e), sc-RNAseq revealed significantly overlapped gene regulation 

between these two sgRNA-targeted populations (Fig. 2f,g). These results indicate functional coordination 

between the DOT1L KMT core and R1 element for histone modification.  

To investigate whether the R domain mediates the response of MLL-AF9 leukemia cells to 15 

DOT1L-inhibitory treatment, we compared a pair of pooled survival tiling screens conducted under control 

(DMSO) vs. DOT1L-inhibited (1 uM EPZ5676) conditions (Fig. 3a). Consistent with the results of the sc-

Tiling, we observed that a cluster of 27 sgRNAs targeting the R1 region (residues F460–G555) sensitized 

the MLL-AF9-Cas9+ cells to DOT1L inhibition (Fig. 3b and S9). By contrast, a cluster of 36 sgRNAs 

targeting the residues A558–C662 (designated as the “R2 element”) exhibited a significantly increased 20 

CRISPR score only in the DOT1L-inhibited condition (Fig. 3a,b). The expression of individual sgRNAs 

targeting the R2 element exhibited minimal impact on the proliferation of MLL-AF9-Cas9+ cells (Fig. 3c) 

but increased the resistance index to the DOT1L inhibitor (Fig. 3d and S9), confirming the EPZ5676-

resistant phenotype we observed in the CRISPR gene body scans. Computational modeling of the R domain 

(residues F460–C662) revealed a consensus “coiled-coil” structure consisting of four alpha-helixes (Fig. 25 

3e), which is capable of interacting with the KMT core domain of DOT1L (Fig. 3f). Within the R domain, 
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the R1 element (consisting of CC0 and CC1) overlaps with an area previously reported to interact with 

AF1031,32, a co-activator of DOT1L required for methyltransferase activation. On the other hand, the R2 

element (consisting of CC2 and CC3) is predicted to interact with the DOT1L KMT core and masks the 

R282 loop (Fig. 3f), thereby interrupting the DOT1L-nucleosome interaction and methyltransferase activity 

of the KMT core. This model suggests the R domain mediates the transition from a “closed” to an “open” 5 

state of DOT1L (Fig. 3g; left to right), which is required before the engagement of the KMT core with 

nucleosomes for H3K79 methylation (Fig. 3g; blue area summarized in Fig. 1h).  

To evaluate the impact of this novel self-regulatory mechanism on DOT1L-targeted therapy, we 

queried the cBioPortal database33 and focused on the R2 element (residues A558–C662) that exerted a 

robust EPZ5676-resistant phenotype in the CRISPR scan. Out of a total of 54,510 patient samples, we found 10 

nineteen DOT1L variant alleles to exist in this 105-amino acid region (Fig. S10a). Compared to expression 

of wild-type-DOT1L, expression of several mutant-DOT1L constructs (each harbors a single amino acid 

missense mutation) in MLL-AF9 cells resulted in an increased resistance to EPZ5676 treatment (Fig. 3h 

and S10b). We then focused on the top three drug-resistant variants (Q584P, L626P, and C637G) and found 

that these mutant-DOT1L led to an elevated H3K79me2 and required a higher dosage of EPZ5676 to 15 

suppress their activity compared to wild-type-DOT1L (Fig. 3i,j). Computational modeling of these drug-

resistant variants indicates that mutations at these residues may destabilize alpha-helix bundles and lead to 

dissociation of the R domain from the KMT core, resulting in increased kinetic activity and tolerance to 

DOT1L-inhibitory therapy (Fig S11).  

 20 

Discussion 

The integration of CRISPR with next-generation sequencing technology for high-throughput 

genetic screens has been established as a powerful tool for discovering novel functional genes in various 

cellular contexts2,3. In contrast, the potential of CRISPR technology to investigate gene function at a sub-

gene (i.e., protein domain or sub-domain) resolution has not been fully explored. Furthermore, traditional 25 
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pooled CRISPR screens limit the ability to identify functional elements associated with cell 

killing/proliferation phenotypes (i.e., by observing the depletion or enrichment of specific sgRNA). The 

requirement for significant changes in cell number in survival CRISPR screens (which typically take 2-4 

weeks of culture) prohibits the determination of causal mechanisms induced by CRISPR perturbation.  

To overcome this obstacle, our study integrated a CRISPR gene-tiling screen with a recently 5 

available direct-capture Perturb-seq workflow21 to develop the single-cell CRISPR gene body-scan pipeline 

sc-Tiling. Using this approach, we provide the first high-resolution transcriptomic correlation map across 

DOT1L, an epigenetic therapeutic candidate essential to MLL-r leukemia17,23,25. Although the limitations 

of CRISPR genome editing (e.g., variable cutting efficiency, potential for off-targeting, and the mosaic 

effect [i.e., generation of random mutations]) remain concerns in the CRISPR sc-Tiling approach, by 10 

considering multiple sgRNAs clustered in a peptide region via a local-smoothing strategy, we significantly 

increased the statistical confidence and minimized the impact of noise associated with individual sgRNAs. 

Importantly, the use of single-cell transcriptional profiling in sc-Tiling could predict functional elements 

and corresponding gene regulations that led to a cellular survival phenotype after prolonged culture, and 

provided superior resolution in detecting sub-domain functional elements than survival CRISPR gene-tiling 15 

screens using pooled sequencing (i.e., Fig 1g vs. 2b; KMT core). Furthermore, when we coupled sc-Tiling 

with three-dimensional structural modeling, we discovered a previously unrecognized self-regulatory R 

domain in DOT1L that modulates chromatin interaction, enzymatic activation, and therapeutic sensitivity 

in MLL-r leukemia. To our knowledge, this is the first characterization of an intragenic regulatory module 

that mediates switching between a “closed” and an “open” state of an epigenetic enzyme. 20 

Finally, our study demonstrates the utility of combining sc-Tiling with consortium genomic 

databases (e.g., cBioPortal) for de novo identification of therapeutically relevant alleles in the human 

population (Fig. 3h). We propose that single-cell CRISPR gene tiling may complement the rapidly growing 

multi-omics databases to provide new insights that bridge functional genomics, structural biology, and 

clinical investigation. We envision this approach will accelerate the recognition of clinically impactful 25 
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variants within the human genome and has the potential to direct more precise clinical trials and therapeutic 

decisions.  
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Figure 1. Single-cell CRISPR gene tiling of DOT1L. (a) Schematic outline of sc-Tiling library 

construction and screening in MLL-AF9-Cas9+ cells. (b) Assignment rates for direct-capture sgRNA. The 

total number of cells and fraction of cells assigned a single guide, two guides, or more than two guides are 

indicated. (c) Two-dimensional projection (UMAP) of cell clusters based on sc-RNAseq of DOT1L-

dependent genes. The transcriptionally distinguishable cell populations (1 to 7) are color labelled. (d) 5 

Annotation of leukemia-associated (Meis1, Hoxa9, Myc) and myeloid-differentiation (Cd11b, Gr1, Ltf) 

gene expression on UMAP. (e-f) Annotation of (e) cells harboring sgRNAs targeting the DOT1L KMT 

core (red) and (f) pseudo-time value (purple gradient) on UMAP. (g) Median pseudo-time of each sgRNA 

construct (dots) and the smoothed pseudo-time score (line) of the KMT core. (h) Three-dimensional 

annotation of smoothed pseudo-time score relative to a cryo-EM structural model of “active state” DOT1L 10 

(residues M1–P332) bound to a ubiquitylated nucleosome (PDB ID: 6NQA; and a simplified scheme shown 

on the bottom-left)28. Histones (gold; including H2A, H2B, H3 and H4), DNA (grey), ubiquitin (purple; 

conjugated to histone H2BK120; DOT1L contact points on ubiquitin are labeled as purple spheres), histone 

H4 N-terminal tail (cyan spheres), the enzymatic substrate SAM (colored sticks), histone H3K79 (orange 

spheres), and an H2A/H2B acidic patch (green spheres) are shown. Enlarged images shown in Fig. S6. 15 
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Figure 2. sc-Tiling pinpoints novel functional elements in DOT1L. (a) Heatmap depicts Pearson 

correlations between sgRNAs targeting different positions across the DOTL1 protein. The curved lines 

indicate highly correlative (Pearson score > 0.8) residue pairs in the N-module of DOT1L. (b) CRISPR 

scan score of each sgRNA (dots) and smoothed score (line) of the DOT1L-tiling survival screen in MLL-

AF9-Cas9+ leukemia at indicated number of days in culture. (c) Effect of individual sgRNAs targeting the 5 

KMT core (black), AF9-binding motif (green), or R1 element (red) of DOT1L on the proliferation of MLL-

AF9-Cas9+ leukemia. Data represent mean ± 95% confidence interval of a quadruplicate experiment. **P 

< 0.001 by two-sided Student’s t-test compared to an sgRNA targeting Luciferase (sg-Luc; grey). (d) 

Western blot of H3K79me2 and total histone H3 in MLL-AF9-Cas9+ cells expressing indicated sgRNAs. 

(e) Annotation of cells harboring sgRNAs targeting the KMT core (red) or R1 element (pink) on UMAP. 10 

(f) Correlation of gene expression changes induced by sgRNAs targeting the KMT core (x-axis) and R1 

element (y-axis) summarized from the sc-Tiling of DOT1L. (g) Overlap of differentially expressed genes 

in cells harboring sgRNAs targeting the KMT core (orange) and R1 element (green), including the known 

DOT1L-driven leukemia genes Hoxa7, Hoxa9, and Hoxa10. 

  15 
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Figure 3. sc-Tiling identifies noncanonical EPZ5676-resistant alleles in human population. (a) 

Normalized CRISPR score (NCS) of each sgRNA construct (dots) and the smoothed score (line) of the 

pooled DOT1L-tiling survival screen before vs. after 12 days of treatment in control (red) or 1 µM 

EPZ5676-treated (blue) MLL-AF9-Cas9+ leukemia cells. Data represent the average of a triplicate 5 
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experiment. (b) Violin dot plots showing the NCS of each sgRNA targeting the R1 (red; 27 sgRNAs) and 

R2 (blue; 36 sgRNAs) elements in control (DMSO) or 1 µM EPZ5676-treated MLL-AF9-Cas9+ leukemia 

cells. **P < 0.001 by two-sided Student’s t-test. (c) Heatmap showing the effect of individual sgRNAs 

targeting the indicated areas of DOT1L (Fig. S7) on the proliferation of MLL-AF9-Cas9+ leukemia cells 

on days 3, 6, 9, and 12. Data represent the observed values of a quadruplicate experiment. *Significantly 5 

(P < 0.01 by two-sided Student’s t-test) more depletion compared to the sgRNA targeting a non-essential 

N’ region (sg-N’) on day 12. (d) Heatmap showing EPZ5676 resistance index of MLL-AF9-Cas9+ leukemia 

cells transduced with sgRNAs targeting the indicated areas of DOT1L (Fig. S7). Data represent the 

observed values of a quadruplicate experiment. *Significantly (P < 0.01 by two-sided Student’s t-test) 

higher resistance compared to sg-N’ at 0.5 µM EPZ5676. (e) Peptide sequence alignment of the R domain 10 

(residues F460–C662) in human DOT1L. The predicted alpha-helixes in this coiled-coil domain are 

designated CC0–CC3 and the consensus residues between the helixes are noted. (f) Computationally 

modeled structure of the human DOT1L R1 (red) and R2 (blue) coiled-coil domains interacting with the 

KMT core domain (grey; PDB ID: 3UWP)44. (g) Cartoon representation of the R1/R2 self-regulatory 

module mediating the closed (left) vs. open (right) states of DOT1L. (h) Heatmap showing EPZ5676 15 

resistance index of MLL-AF9 leukemia cells transduced with human DOT1L cDNA harboring clinically 

observed variants (from cBioPortal database) in the R2 element. Data represent the averaged values of a 

quadruplicate experiment. *Significantly (P < 0.01 by two-sided Student’s t-test) higher resistance 

compared to wild-type at 0.5 µM EPZ5676. (i) Western blot images of H3K79me2 (green) and b-Actin 

(red) and (j) quantitative measurement of relative H3K79me2 level (normalized to b-Actin) in MLL-AF9 20 

leukemia cells transduced with wild-type (WT; black), Q584P (blue), L626P (green), or C637G (red) 

human DOT1L cDNA. Cells were treated with EPZ5676 for three days.  

 

 

  25 
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Online Methods 

Cas9-expressing MLL-AF9 leukemic cell culture 

Mouse MLL-AF9 leukemic cells were generated by transformation of mouse bone marrow Lin−Sca1+cKit+ 

(LSK) cells with a MIG (MSCV-IRES-GFP) retrovirus expressing the MLL-AF9 fusion protein and 

transplanted into sublethally irradiated recipient mice as described previously22. Leukemic blasts were 5 

subsequently harvested from the diseased mice and cultured in vitro in Iscove's Modified Dulbecco's 

Medium (IMDM; Gibco) plus 15% FBS (Gibco) supplemented with 20 ng/ml mouse SCF (PeproTech), 10 

ng/ml mouse IL-3 (PeproTech), 10 ng/ml mouse IL-6 (PeproTech), penicillin (100 units/ml; Gibco), 

streptomycin (100 μg/ml; Gibco), and plasmocin (5 μg/ml; InvivoGen). Cas9-expressing MLL-AF9 cells 

were established through lentiviral transduction of LentiCas9-Blast (Addgene)45 followed by Blasticidin S 10 

(10 mg/ml; Gibco) selection, single-cell cloning, and CRISPR editing efficiency test (Fig. S2C,D). 

 

CRISPR gene-tiling screens 

sgRNA sequences targeting the coding regions of mouse Dot1l (Fig. S3) were designed using the Genetic 

Perturbation Platform (Broad Institute)34. Briefly, sgRNA oligonucleotides were synthesized via microarray 15 

(CustomArray) and cloned into the pUCS1EPR lentiviral sgRNA vector (Fig. S1A) using BsmBI (NEB)34. 

The sgRNA library was packaged by HEK293 cells (ATCC) co-transfected with psPAX2 (Addgene) and 

pMD2.G (Addgene) to produce lentiviral particles, and pre-titrated to obtain 10–20% infection (monitored 

by flow cytometry for red fluorescent protein [tagRFP] expression) in the MLL-AF9-Cas9+ cells. Each 

screen culture was calculated to maintain at least 1,000x the number of constructs in each library. For sc-20 

Tiling, library transduced cultures were selected using puromycin (2.5 µg/ml; Gibco) for 3 days and 

subjected to single-cell separation and barcoding using a Chromium Controller (10X Genomics). For 

survival CRISPR gene tiling, the sgRNA library-transduced cells were subcultured every 3 days for a total 

of 12 days. At each designated time point, the number of cells from cultures that covered at least 1,000x 

the number of constructs in the library were collected for analysis.  25 
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Single-cell CRISPR gene tiling (sc-Tiling) data analysis 

Using the Next GEM Single Cell 3’ Kit v3.1 and a Chromium Controller (10X Genomics), CS1-captured 

sgRNA and the poly(dT)-captured mRNA from each single cell were converted to next-generation 

sequencing libraries (Fig. S1C), and sequenced (paired-end 150 base pair) using Illumina HiSeqX 

(Novogene Inc.). Sequencing QC and data preprocessing were performed using Seurat v3.024. Low-quality 5 

single cells with abnormal gene numbers (less than 200 or more than 4,500) or significant mitochondrial 

RNA contamination (greater than 10% reads) were removed (Fig. S4A). The normalized expression data 

from selected single cells then underwent dimensionality reduction by PCA and UMAP embeddings for 

visualization and clustering. Cells were clustered based on the poly(dT)-captured transcriptome information 

and simultaneously annotated by CS1-captured sgRNA. Single cells with more than one detected sgRNA 10 

sequence (due to multiple sgRNA transductions or multiple cells in a single-cell droplet) were excluded. 

Pseudo-time trajectory analysis of the DOT1L inhibitor-affected genes was performed on single-cell 

transcriptomic data using Monocle27. Position-ordered Pearson correlation matrix across the Dot1l gene 

body was calculated based on the top 100 genes affected by DOT1L inhibition. 

 15 

Three-dimensional protein structural annotation of sc-Tiling 

First, the median value pseudo-time projection generated from sc-Tiling was summarized for each sgRNA. 

To depict the pseudo-time score over regions with no sgRNA coverage, we interpolated the signal via 

Gaussian kernel smoothing in R35. The bandwidth was defined by the maximum gap length of the non-

covered regions for local smoothing due to regional uneven sgRNA densities. To map the smoothed pseudo-20 

time score to peptide positions, the average pseudo-time score over the trinucleotide codons was calculated 

for each peptide position. Pairwise alignments of primary amino acid sequences were performed using CLC 

Main Workbench version 8.1 (QIAGEN) to ensure functional annotations of the smoothed pseudo-time 

scores of mouse Dot1l sc-Tiling data onto human DOT1L protein structures. Atomic data of 

macromolecular structures were retrieved from the Research Collaboratory for Structural Bioinformatics 25 

Protein Data Bank (RCSB PDB at https://www.rcsb.org)43 in Protein Data Bank (PDB) file format. The 
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PDB files were visualized and analyzed using UCSF Chimera (version 1.14 build 42000)42. Subsequently, 

the smoothed pseudo-time scores were mapped onto three-dimensional protein structures using the 

“Defined Attribute” and “Render by Attribute” functionalities in UCSF Chimera42.  

 

Survival CRISPR gene tiling data analysis 5 

Genomic DNA from survival screen cell pellets was harvested, PCR-amplified (NEBNext Ultra II Q5; 

NEB) using primers DCF01 5’-CTTGTGGAAAGGACGAAACACCG-3’ and CS1_R01 5’-

TGCTAGGACCGGCCTTAAAGC-3’ (Fig. S1A), and subjected to high-throughput sequencing 

(NextSeq550, Illumina). To quantify sgRNA reads in the library, we first extracted 20-nucleotide sequences 

that matched the sgRNA backbone structure (5’ prime CACCG and 3’ prime GTTT) from raw fastq reads. 10 

Extracted reads were then mapped to a reference database built from corresponding sgRNA library 

sequences using Bowtie236. Only reads that perfectly matched to the reference database were counted. The 

frequency for individual sgRNAs was calculated as the read counts of each sgRNA divided by the total 

read counts matched to the library. Individual sgRNAs with read counts less than 5% of the expected 

frequency were excluded from downstream analysis. A CRISPR score was defined as a log10-fold change 15 

in the frequency of individual sgRNAs between early (day 0) and late (defined time points) of the screened 

samples, calculated using the edgeR R package37 based on the negative binomial distribution of sgRNA 

read count data. To obtain a CRISPR scan score over regions with no sgRNA coverage, we interpolated the 

signal via Gaussian kernel smoothing in R35. Bandwidth was defined as the maximum gap length of the 

non-covered regions for local smoothing due to regional uneven sgRNA densities. To map CRISPR scan 20 

scores to peptide positions, the average CRISPR scan score over the trinucleotide codons was calculated 

for each peptide position. To compare survival screens performed in different culture conditions (e.g., 

control vs. EPZ5676-treated), the smoothed CRISPR scan score was further normalized by the median 

CRISPR score of the negative control sgRNA (defined as 0.00; sgRNA targeting Luc, Ren, GFP, RFP and 

Rosa26) and the median CRISPR score of the positive control sgRNA (defined as -1.00; sgRNA targeting 25 

mRpa3)4 within the screen data.  
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Computational structural modeling 

Four helices (CC0–CC3) of the R domain were predicted using the PSIPRED v3.3 server38. Sequence 

alignment of the helical regions (Fig. 3E) was produced using the MultAlin v5.4.1 server39. The model of 

the coiled-coil domain was predicted using the I-TASSER server40. The complex model of the R domain 5 

and KMT core domain (PDB ID: 3UWP)44 was picked from 5,000 complex models generated using 

ZDOCK v3.0.2 software41. The best model (Fig. 3F) was selected based on the largest number of 

hydrophobic contact residue pairs between the KMT core and R domain. The structures were visualized 

using PyMOL v1.8.6 software (Schrödinger, LLC.) and UCSF Chimera42. 

 10 

Generation of human DOT1L variant cDNA expression constructs 

A MIY (MSCV-IRES-YFP) retroviral construct expressing wild-type human DOT1L and yellow 

fluorescent protein (YFP) was obtained from Dr. Yi Zhang26. The initial wild-type human DOT1L cDNA 

(MIY-DOT1L-WT) was then point-mutated to obtain 19 clinically observed DOT1L variants (Fig. S10) 

using the Q5 Site-Directed Mutagenesis Kit (NEB). The mutated DOT1L cDNA fragments were confirmed 15 

using Sanger sequencing (Eton Bioscience). 

 

Western blotting 

Cells were harvested and lysed in LDS sample buffer (Invitrogen) at 5x106 cells/mL, separated 

electrophoretically using Bolt 4–12% Bis-Tris plus gels (Invitrogen), and transferred onto PVDF 20 

membranes (0.2 µm pore size, low fluorescence) using PVDF Mini Stacks and iBlot 2 (Invitrogen). 

Membranes were probed with rabbit anti-H3K79me2 antibody (D15E8, Cell Signaling Technology; 

1:1,000), rabbit anti-histone H3 (ab1791, Abcam; 1:10,000) and mouse anti-b Actin antibody (ab8226, 

Abcam; 1:1,000) at 4°C overnight. After washing, the membranes were incubated with HRP-linked goat 

anti-rabbit IgG antibody (CST7074, Cell Signaling Technology; 1:10,000), donkey anti-rabbit IgG antibody 25 

conjugated with Alexa Fluor 488 (ab150061, Abcam; 1:10,000) or donkey anti-mouse IgG antibody 
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conjugated with Cy3 (AP192C, Sigma-Aldrich; 1:10,000) at room temperature for 1 hour. 

Chemiluminescent signals were developed using the SuperSignal West Femto Substrate (Cat# 34095, 

ThermoFisher). The chemiluminescent and fluorescent signals on Western blot membranes were detected 

using a ChemiDoc imaging system (Bio-Rad). Signal intensity from image files was analyzed using ImageJ 

software (National Institutes of Health). 5 

 

Growth competition assay 

Cas9-expressing MLL-AF9 cells were virally transduced with the designated constructs (RFP+ ipUSEPR 

lentiviral sgRNA constructs listed in Fig. S7; YFP+ MIY retroviral DOT1L variant cDNA constructs listed 

in Fig. S10) in 96-well plates at ~50% infection and monitored using flow cytometry for RFP or YFP (FP). 10 

At each time point, live cell counts and the percentage of FP+ cells (FP%) were obtained by high-throughput 

flow cytometry and 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) dye exclusion using an Attune NxT 

flow cytometer with an autosampler (ThermoFisher).  

The Relative Proliferation (RP) of FP+ (sgRNA- or DOT1L cDNA-expressing) vs. FP- (non-

transduced) cells was defined as: 15 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛	(𝑅𝑃) =
[𝑁(𝑡) 	× 	𝐹𝑃%(𝑡)] 	×	 8𝑁(𝑑3)	×	;100 − 𝐹𝑃%(𝑑3)?@
[𝑁(𝑑3) 	× 	𝐹𝑃%(𝑑3)] 	×	8𝑁(𝑡) 	×	;100 − 𝐹𝑃%(𝑡)?@

 

where N(t) and FP%(t) are the observed live cell number and FP+% at time point t; d3 denotes the day-3 

time point.  

The Resistance Index was defined as: 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝐼𝑛𝑑𝑒𝑥 =
𝑅𝑃(𝑥,𝑚)
𝑅𝑃(𝑐𝑜𝑛,𝑚)

	× 	100% 20 

where RP(x,m) is the RP of cells expressing sgRNA or DOT1L cDNA variant x under m µM of EPZ5676 

(Selleck Chemicals) on day-9; con denotes the sg-Luc or wild-type DOT1L cDNA. 
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Supplemental Information: 

 

Figure S1. Schematic outline of the single-cell CRISPR screen system. (a) Sequence map of the 

pUCS1EPR vector expressing a CS1-capturable sgRNA together with a puromycin-resistant gene (PuroR) 

and a TagRFP fluorescent protein. Primers for Sanger (hU6_seq) and Illumina (DCF01 and CS1_R03) 5 

sequencing are listed. (b) Validation of CRISPR editing efficiency of the CS1-capturable sgRNA in Cas9-

expressing cells using an RFP inactivation assay. (c) Cartoon illustration of the CS1 and poly(dT) capture 

mechanisms for single-cell CRISPR and mRNA sequencing. 
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Figure S2. CRISPR gene tiling screen in MLL-AF9 leukemia cells. (a) Specifications of the DOT1L-

tiling CRISPR library targeting the coding exons of mouse Dot1l. (b) Distribution of individual sgRNA 

frequencies (reads per million reads; RPMR) in the DOT1L-tiling CRISPR library. 98.6 % of sgRNA 

passed the QC by exhibiting greater than 100 RPMR. (c) Establishment of monoclonal Cas9-expressing 5 

MLL-AF9 leukemia cells with high CRISPR editing efficiency. The sgRNA targeting Rosa26 (green; 

negative control) and Rpa3 (red; positive control) were reported by Shi et al.4 (Fig. S3). 

 

 

 10 
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Figure S3. Sequence of individual sgRNAs in the DOT1L-tiling CRISPR library. sgRNAs are named 

as “sg_mDot1l_(cut position in cDNA)_(sense/antisense)”.  
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Figure S4. Summary of sequencing specifications of sc-Tiling mouse Dot1l gene. Single-cell sequencing 

QC report of (a) poly(dT)-captured mRNA library and (b) CS1-captured sgRNA library.  
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Figure S5. Distribution and gene expression pattern of sc-Tiling single cells. (a) Distribution of single 

cells harboring sgRNAs targeting the KMT core (red; 56 sgRNAs), C-terminus (green; 54 sgRNAs), or 

negative controls (blue; 5 sgRNAs) on UMAP. Peptide sequence homology was analyzed using PRALINE 

multiple sequence alignment46 at http://www.ibi.vu.nl/programs/pralinewww. (b) Association of the 5 

pseudo-time projection with the progressive reduction of leukemia-associated genes (Meis1, Hoxa9, Myc) 

or induction of myeloid-differentiation genes (Cd11b, Gr1, Ltf). Colored dots indicate single cells in each 

cell cluster (1–7) identified on UMAP (upper-right). Annotation of pseudo-time projection (bottom-right; 

purple gradient) indicates clustering of the leukemic (right) vs. myeloid (left) cells on UMAP. 



 

27 

 

 

Figure S6. Three-dimensional annotation of DOT1L sc-Tiling. Mapping of smoothed pseudo-time score 

to a cryo-EM structural model of “active state” DOT1L (residues M1–P332) bound to a ubiquitylated 

nucleosome (PDB ID: 6NQA)28, as shown in Fig. 1H. (a) DOT1L catalytic pocket nearby histone H3K79 

(orange spheres; methylation target of DOT1L) including the DOT1L residues directly interacting with the 5 

enzymatic substrate SAM (colored sticks). (b) DOT1L W22–D33 loop stabilizes the interaction with 

histone H4 N-terminal tail (cyan spheres; H4 residues A15–R19 are labeled). (c) DOT1L R282 loop 

interacts with an H2A/H2B acidic patch (green spheres; histone H2A E56/E61/E64 and H2B E113). (d) 

DOT1L T320–K330 helix (L322 and F326) and nearby residues (L284 and I290) interact with H2BK120 



 

28 

 

conjugated to ubiquitin (purple). The DOT1L contact points I36/L71/L73 on ubiquitin are labeled as purple 

spheres. Histones (gold; including H2A, H2B, H3, and H4) and DNA (grey) are shown. 
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Figure S7. Individual sgRNAs targeting mouse Dot1l coding regions for functional validation. (a) 

Schematic outline of the mouse DOT1L protein domains, peptide homology (by PRALINE multiple 

sequence alignment), and select sgRNA targeting positions. (b) Specifications of individual sgRNAs 

targeting indicated regions of mouse Dot1l and Firefly luciferase. 5 
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Figure S8. Schematic outline of the RFP flow cytometric growth competition assay.  
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Figure S9. Effect of individual sgRNAs targeting the R1 or R2 elements of DOT1L in response to 

EPZ5676 in MLL-AF9-Cas9+ leukemia cells. Number of RFP+ (sgRNA transduced) and RFP- (non-

transduced) cells were measured by flow cytometer (Attune NxT, ThermoFisher). Data represent the 

observed values and mean ± 95% confidence interval (n = 4). 5 
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Figure S10. Clinically observed DOT1L variant alleles in the R2 element. (a) A total of 779 missense 

DOT1L variants were identified in cBioPortal database (missense mutations labeled as green in the 

lolliplot). Table shows a total of 19 missense variants observed in the R2 element (residues A558–C662). 

(b) Mutation of DOT1L cDNAs and schematic outline of the YFP flow cytometric growth competition 5 

assay. 



 

33 

 

 

Figure S11. Binding model of the DOT1L R domain with the KMT domain and drug-resistant 

mutations. (a) The DOT1L KMT domain (residues M1–P332; PDB ID 3QOW) is shown as surface with 

hydrophobic residues colored in red. The enzymatic substrate SAM is displayed as spheres. The R domain 

is depicted as a cartoon shown with CC0 (blue), CC1 (purple-blue), CC2 (green), and CC3 (cyan) helices. 5 

The residues identified as drug-resistant mutations (Q584P, L626P, and C637G) in the R2 element (CC2 

and CC3) are shown as colored sticks and their contact residues are displayed as lines. (b) Q584 is located 
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in the center of a hydrophilic patch (dashed-line box) on both CC2 (Q576, Q577, R579, E580, Q581, E583, 

Q587, D588, N589) and CC3 (Q634, Q641) helices. Q584 stabilizes the CC2 helical structure via 

hydrophilic interactions with its neighboring residues E580 and Q587. Mutation of Q584 to a hydrophobic 

proline (Q584P), which will either break or kink the helix, will destabilize the CC2 helix structure and 

weaken the interaction between CC2 and CC3. (c) L626 is located in the middle of the CC3 helix and is a 5 

key residue by which the R domain interacts with the KMT domain (F243 and W305; shown as a pink 

patch) via hydrophobic interaction. It also stabilizes the CC3 helix by hydrophobic interaction with I630. 

As proline tends to break helical structures, the L626P mutation may disrupt the CC3 helical structure and 

weaken the interaction between the R domain and KMT domain. (d) C637 is located in the center of a 

hydrophilic patch composed of Q634/C637/Q641 in CC3 and R579/E583/E586 in CC2 (dashed-line box) 10 

that stabilizes the helical structure and establishes the CC2/CC3 interaction. Mutation of C637 to a glycine 

(C637G) may disrupt the CC3 helical structure (due to the high conformational flexibility of glycine) and 

the interaction between CC2 and CC3. (e) Cartoon representation of the missense mutations (green) in the 

DOT1L R2 element, which favor the transition from a closed (left) to an open (right) state of the DOT1L 

KMT domain, thereby facilitating DOT1L-to-nucleosome interactions and H3K79 methylation. 15 
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Figures

Figure 1

Single-cell CRISPR gene tiling of DOT1L. (a) Schematic outline of sc-Tiling library construction and
screening in MLL-AF9-Cas9+ cells. (b) Assignment rates for direct-capture sgRNA. The total number of
cells and fraction of cells assigned a single guide, two guides, or more than two guides are indicated. (c)



Two-dimensional projection (UMAP) of cell clusters based on sc-RNAseq of DOT1L-dependent genes. The
transcriptionally distinguishable cell populations (1 to 7) are color labelled. (d) Annotation of leukemia-
associated (Meis1, Hoxa9, Myc) and myeloid-differentiation (Cd11b, Gr1, Ltf) gene expression on UMAP.
(e-f) Annotation of (e) cells harboring sgRNAs targeting the DOT1L KMT core (red) and (f) pseudo-time
value (purple gradient) on UMAP. (g) Median pseudo-time of each sgRNA construct (dots) and the
smoothed pseudo-time score (line) of the KMT core. (h) Three-dimensional annotation of smoothed
pseudo-time score relative to a cryo-EM structural model of “active state” DOT1L (residues M1–P332)
bound to a ubiquitylated nucleosome (PDB ID: 6NQA; and a simpli�ed scheme shown on the bottom-
left)28. Histones (gold; including H2A, H2B, H3 and H4), DNA (grey), ubiquitin (purple; conjugated to
histone H2BK120; DOT1L contact points on ubiquitin are labeled as purple spheres), histone H4 N-
terminal tail (cyan spheres), the enzymatic substrate SAM (colored sticks), histone H3K79 (orange
spheres), and an H2A/H2B acidic patch (green spheres) are shown. Enlarged images shown in Fig. S6.



Figure 2

sc-Tiling pinpoints novel functional elements in DOT1L. (a) Heatmap depicts Pearson correlations
between sgRNAs targeting different positions across the DOTL1 protein. The curved lines indicate highly
correlative (Pearson score > 0.8) residue pairs in the N-module of DOT1L. (b) CRISPR scan score of each
sgRNA (dots) and smoothed score (line) of the DOT1L-tiling survival screen in MLL-AF9-Cas9+ leukemia
at indicated number of days in culture. (c) Effect of individual sgRNAs targeting the KMT core (black),



AF9-binding motif (green), or R1 element (red) of DOT1L on the proliferation of MLL-AF9-Cas9+ leukemia.
Data represent mean ± 95% con�dence interval of a quadruplicate experiment. **P < 0.001 by two-sided
Student’s t-test compared to an sgRNA targeting Luciferase (sg-Luc; grey). (d) Western blot of H3K79me2
and total histone H3 in MLL-AF9-Cas9+ cells expressing indicated sgRNAs. (e) Annotation of cells
harboring sgRNAs targeting the KMT core (red) or R1 element (pink) on UMAP. (f) Correlation of gene
expression changes induced by sgRNAs targeting the KMT core (x-axis) and R1 element (y-axis)
summarized from the sc-Tiling of DOT1L. (g) Overlap of differentially expressed genes in cells harboring
sgRNAs targeting the KMT core (orange) and R1 element (green), including the known DOT1L-driven
leukemia genes Hoxa7, Hoxa9, and Hoxa10.



Figure 3

sc-Tiling identi�es noncanonical EPZ5676-resistant alleles in human population. (a) Normalized CRISPR
score (NCS) of each sgRNA construct (dots) and the smoothed score (line) of the pooled DOT1L-tiling
survival screen before vs. after 12 days of treatment in control (red) or 1 µM EPZ5676-treated (blue) MLL-
AF9-Cas9+ leukemia cells. Data represent the average of a triplicate experiment. (b) Violin dot plots
showing the NCS of each sgRNA targeting the R1 (red; 27 sgRNAs) and R2 (blue; 36 sgRNAs) elements in



control (DMSO) or 1 µM EPZ5676-treated MLL-AF9-Cas9+ leukemia cells. **P < 0.001 by two-sided
Student’s t-test. (c) Heatmap showing the effect of individual sgRNAs targeting the indicated areas of
DOT1L (Fig. S7) on the proliferation of MLL-AF9-Cas9+ leukemia cells on days 3, 6, 9, and 12. Data
represent the observed values of a quadruplicate experiment. *Signi�cantly (P < 0.01 by two-sided
Student’s t-test) more depletion compared to the sgRNA targeting a non-essential N’ region (sg-N’) on day
12. (d) Heatmap showing EPZ5676 resistance index of MLL-AF9-Cas9+ leukemia cells transduced with
sgRNAs targeting the indicated areas of DOT1L (Fig. S7). Data represent the observed values of a
quadruplicate experiment. *Signi�cantly (P < 0.01 by two-sided Student’s t-test) higher resistance
compared to sg-N’ at 0.5 µM EPZ5676. (e) Peptide sequence alignment of the R domain (residues F460–
C662) in human DOT1L. The predicted alpha-helixes in this coiled-coil domain are designated CC0–CC3
and the consensus residues between the helixes are noted. (f) Computationally modeled structure of the
human DOT1L R1 (red) and R2 (blue) coiled-coil domains interacting with the KMT core domain (grey;
PDB ID: 3UWP)44. (g) Cartoon representation of the R1/R2 self-regulatory module mediating the closed
(left) vs. open (right) states of DOT1L. (h) Heatmap showing EPZ5676 resistance index of MLL-AF9
leukemia cells transduced with human DOT1L cDNA harboring clinically observed variants (from
cBioPortal database) in the R2 element. Data represent the averaged values of a quadruplicate
experiment. *Signi�cantly (P < 0.01 by two-sided Student’s t-test) higher resistance compared to wild-type
at 0.5 µM EPZ5676. (i) Western blot images of H3K79me2 (green) and b-Actin (red) and (j) quantitative
measurement of relative H3K79me2 level (normalized to b-Actin) in MLL-AF9 leukemia cells transduced
with wild-type (WT; black), Q584P (blue), L626P (green), or C637G (red) human DOT1L cDNA. Cells were
treated with EPZ5676 for three days.


