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Abstract 

The CRISPR genome editing technology has revolutionized the way gene function is studied. Genome editing can be 
achieved in single genes or for thousands of genes simultaneously in sensitive genetic screens. While conventional 
genetic screens are limited to bulk measurements of cell behavior, recent developments in single-cell technologies 
make it possible to combine CRISPR screening with single-cell profiling. In this way, cell behavior and gene expres-
sion can be monitored simultaneously, with the additional possibility of including data on chromatin accessibility 
and protein levels. Moreover, the availability of various Cas proteins leading to inactivation, activation, or other effects 
on gene function further broadens the scope of such screens. The integration of single-cell multi-omics approaches 
with CRISPR screening open the path to high-content information on the impact of genetic perturbations at single-
cell resolution. Current limitations in cell throughput and data density need to be taken into consideration, but new 
technologies are rapidly evolving and are likely to easily overcome these limitations. In this review, we discuss the use 
of bulk CRISPR screening in hematology research, as well as the emergence of single-cell CRISPR screening and its 
added value to the field.
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Background
The discovery and development of RNA interference 
(RNAi) technology about two decades ago provided a 
new way to study gene function and perform genetic 
screens. However, this method to downregulate the 
expression of a specific gene came with a number of 
limitations, including highly variable knock-down effi-
ciency [1]. The more recent development of CRISPR/
Cas-mediated genome editing tools by Doudna and 
Charpentier [2], who were awarded the Nobel Prize in 
chemistry for this discovery in 2020, has provided a com-
pletely new and effective way to edit the genome directly. 

This genome editing can be performed in cell lines and 
primary cells in vitro and in vivo and has a huge applica-
tion potential ranging from yeast or plant engineering to 
medical applications and also opened the way for many 
new types of genetic screens in bulk or at single-cell level.

CRISPR/Cas9 genome editing
Genome editing is based on the Clustered Regulatory 
Interspaced Short Palindromic Repeats (CRISPR) tech-
nology that uses the RNA-guided endonuclease Cas9 
(CRISPR-Associated protein) for sequence-specific 
cleavage of nucleic acids [2]. A single-guide RNA (sgRNA 
or gRNA) directs the Cas9 protein to a specific target 
site, defined by the sequence of the gRNA and flanked by 
a protospacer adjacent motif (PAM). Cleavage results in a 
double-strand break (DSB), which can either be repaired 
by error-prone non-homologous end-joining, which can 
introduce small insertions or deletions at the target locus, 
or by homology-directed repair (HDR) when a template 
sequence is provided [2]. This is referred to as the type 
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II CRISPR/Cas9 knockout (CRISPRko) system [3], which 
results in efficient inactivation of the target gene via 
introduction of frameshift mutations.

Over the past years, many other variants of the Cas 
protein have been discovered or engineered, which uti-
lize different PAM sequences, have increased on-target 
editing specificity, cleave RNA instead of DNA or have 
no nuclease activity at all. These variants include Cas13 
(cleaves RNA), Cas9 nickase (makes single-strand breaks) 
or Cas12a (generates sticky overhangs instead of blunt 
ends) [4–9]. Alternative applications have been devel-
oped in which the Cas protein is fused to diverse effec-
tor domains to elicit a specific effects at the locus of 
interest. CRISPR interference (CRISPRi) or activation 
(CRISPRa) are methods for transcriptional repression or 
activation, respectively, through fusion of a catalytically 
inactive dead Cas9 (dCas9), with repressive (e.g. KRAB) 
or activating (e.g. VP64) effector domains. Additionally, 
the epigenome can be edited via fusion of Cas9 with epi-
genetic writers or erasers, such as histone or DNA (de)
methylases or acetylases. Several other approaches have 
been developed to introduce specific mutations. This can 
be achieved by fusing dCas9 to AID (activation induced 
cytidine deaminase), or by prime editing, which makes 
use of a reverse transcriptase in combination with a 
prime editing gRNA (pegRNA) containing both the 
target site and the template for the new sequence to be 

introduced [10, 11]. More information about these and 
other CRISPR variants can be found in other excellent 
review articles [12–14].

CRISPR screens
The CRISPR/Cas9 technology makes it possible to screen 
multiple perturbations simultaneously and to identify 
genes that are involved in specific biological processes 
via a forward genetics approach (Fig. 1). CRISPR screens 
can be performed in a pooled manner, where libraries of 
hundreds to thousands of gRNAs are introduced into a 
population of cells by viral transduction, with each cell 
expressing a single gRNA [15, 16]. Such screens are eas-
ily scalable to a large number of perturbations and can be 
applied at a genome-wide scale to interrogate thousands 
of loci. Ideally, libraries contain at least four gRNAs per 
target gene to achieve sufficient editing efficiency and 
are transduced at a low multiplicity of infection (MOI) 
(< 0.3) to ensure single-infected cells [15, 17]. Some of the 
editing events will have an impact on relevant processes, 
such as proliferation, apoptosis, migration, or drug resist-
ance/sensitivity. Enrichment or depletion of gRNAs can 
be monitored by next-generation sequencing (NGS) and 
quantification of gRNA abundance within the cell popu-
lation (Fig.  2) [18–22]. Furthermore, as in  vitro screens 
are unable to capture the full complexity of a live organ-
ism, in  vivo CRISPR screening is possible and can be 

Fig. 1 Evolution of CRISPR screening (top) and single-cell technologies (bottom) over time
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used to study phenotypes in a living organism, preserving 
the native tissue architecture and natural microenviron-
ment [23–25].

Since the publication of the first bulk CRISPR screens 
[19], many studies have used this technology in the field 
of leukemia research. Traditionally, the focus in this 
field has been on kinases, transcription factors (TF), cell 
cycle regulators and signaling pathways. However, recent 
CRISPR studies have aimed their attention toward more 
atypical proteins, such as RNA binding proteins (e.g. 
STAU1) [23], epigenetic regulators (e.g. KAT6A) [26], 
mitochondrial genes (e.g. MTCH2) [27] or post-trans-
lational modifiers (e.g. CMAS, SLC35A1, NANS, and 
GNE, involved in sialylation) [28]. Besides characterizing 
gene function, CRISPR screening forms a powerful tool 
to identify determinants of drug resistance or sensitivity, 
as well as synergistic drug combinations and synthetic 
lethalities. Oshima and colleagues have studied depend-
encies for the most commonly used chemotherapeutics 
(vincristine, 6-MP, LASP, ara-C, methotrexate, daunoru-
bicin and maphosphamide) in acute lymphoblastic leu-
kemia (ALL) [29]. They found common and drug-specific 
pathways  linked to resistance. The protein phosphatase 
PPM1D was shown to be an essential factor for almost 
all of the tested drugs, while vincristine sensitivity was 
more dependent on mitotic factors, DNA damage repair 

genes influenced specifically daunorubicin response, and 
finally HPRT1 and SLC43A3 drove resistance to 6-MP 
[29]. Similarly, a study by Autry and colleagues described 
a genome-wide screen studying prednisolone resistance 
in ALL and found 14 previously unassociated genes. One 
of these genes was CELSR2, encoding a transmembrane 
receptor that upon inactivation caused BCL2 upregula-
tion and induced sensitivity to the BCL2 inhibitor vene-
toclax [30]. These data illustrate that drug combinations 
can be used to overcome resistance development, since 
resistance mechanisms are largely unique to each drug, 
and also identify possible synergy with targeted drugs 
such as venetoclax.

Kinase inhibitors form another attractive group of tar-
geted drugs, but response is often not optimal and devel-
opment of resistance remains a major problem. Several 
studies have investigated the resistance to FLT3 inhibi-
tors in acute myeloid leukemia (AML) and data from 
CRISPR screens has provided a better understanding of 
synergistic partners as well as potential biomarkers. In 
this way, PRMT5, CDK9 and DHODH were identified as 
synthetic lethal partners of the FLT3 inhibitor gilteritinib 
by inhibiting the switch to oxidative phosphorylation 
in FLT3-ITD AML [31]. Two studies identified loss of 
negative regulators of the RAS-MAPK, MTOR or WNT 
signaling pathways as resistance mechanisms to FLT3 

Fig. 2 Overview of CRISPR screening with readout at bulk or single-cell level. After delivery of the gRNA library, transduced cells are enriched 
and undergo CRISPR editing. Perturbed cells are subjected to a selective pressure to reveal enrichment or depletion of certain sequences, which 
are quantified and ranked in bulk CRISPR screening. Alternatively, cells can be subjected to single-cell sequencing, revealing the transcriptomic (or 
multi-omic) signatures per perturbation
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inhibition, and showed promising results for the combi-
nation FLT3 inhibitors with MEK inhibitors [32, 33]. Two 
studies described synergy between the BCL2 inhibitor 
venetoclax and FLT3 inhibitor as well as HSP90 inhibi-
tor [34, 35]. Many other co-dependencies have been dis-
covered, such as asparaginase and BTK inhibition in ALL 
[36], CDK6 and MTORC1 inhibition in adult T cell leu-
kemia/lymphoma [37], nelarabine and DUSP inhibition 
in AML [38], venetoclax and MCL1 inhibition in chronic 
lymphocytic leukemia [39] and many more.

Immunotherapy holds great potential for leukemia 
treatment but is often unsuccessful due to limited knowl-
edge about the regulators and mechanisms involved. NK 
cells display significant anti-cancer activity, but which 
factors influence the susceptibility to NK cell cytotoxic-
ity remains to be elucidated. A CRISPR screen by Zhuang 
et al. found that perturbation of NCR3LG1 had a protec-
tive effect, while interfering with IFN-y signaling sensi-
tized chronic myeloid leukemia to NK cell killing [40]. 
Additionally, CD64 was identified as a predictive bio-
marker for resistance of AML to double-negative T cell 
therapy, while inactivation of SAGA complex members 
had a sensitizing effect [20]. Finally, CRISPR screens have 
identified modulators of CAR-T response in B cell malig-
nancies, including the death-receptor-mediated apopto-
sis pathway as well as NOXA, a BCL2-family protein [41, 
42].

Single‑cell CRISPR screening
A limitation to bulk CRISPR screening is that this 
approach can only provide information on gRNA 
enrichment or depletion but does not allow functional 
characterization of the enriched or depleted cells. 
An attractive alternative strategy is the combination 
of CRISPR screening with single-cell transcriptomic 
or multi-omic read-out, hereafter referred to as sc-
CRISPR. Sc-CRISPR does not only reveal changes in 
gRNA abundance but also profiles the transcriptome 
(or multi-ome) of individual cells, thereby provid-
ing functional insights (Fig.  2, Table  1). In the initial 
sc-CRISPR approaches, originally referred to as Per-
turb-seq [43, 44], CRISP-seq [45], CROP-seq [46] or 
Mosaic-seq [47], both the mRNA and the gRNAs were 
sequenced, which allowed the user to link each per-
turbation with its transcriptional signature (Fig.  1). 
In addition, CRISPRi [43, 47, 48] or CRISPRa [49–51] 
screening can be paired with single-cell sequencing to 
study the consequences of gene silencing or overexpres-
sion. All these approaches generate in-depth data on 
the gene expression changes following perturbation and 
allow transcriptomic fingerprinting of genes involved 
in various cellular processes such as development [48, 
51], immune response [44, 46, 52], differentiation [45, 

53] or pathway activation [54]. An overview of possible 
biological applications is listed in Table 2, with specific 
emphasis on the studies with relevance in the field of 
hematology research.

Single‑cell technology
Single-cell sequencing is a powerful means for reveal-
ing heterogeneity within a cell population and allows 
the study of rare cell types which may remain concealed 
in bulk sequencing studies (Fig. 1). The earliest proto-
cols for single-cell RNA-sequencing (scRNA-seq) were 
based on isolation of single cells in separate wells of a 
microwell plate, each containing lysis buffer and rea-
gents for cDNA synthesis and barcoding (STRT-seq 
[55], SMART-seq [56]). These plate-based techniques 
allow recovery of full-length cDNA by paired-end 
sequencing and do not require any specialized equip-
ment but are labor-intensive with a limited throughput. 
Later, the first fluidics circuits were developed by Flui-
digm to separate single cells in reaction chambers on a 
chip [57].

The advance of high-throughput droplet-based micro-
fluidics technology drastically increased the cell through-
put via encapsulation of single cells in emulsion droplets 
(Drop-seq [58], inDrop [59], 10X Genomics [60]). Such 
technologies evolve rapidly, but currently the commer-
cially available 10X Genomics platform is widely used 
as it outperforms inDrop and Drop-seq in terms of bead 
quality, mRNA capture efficiency and data noise [61]. 
Microfluidics systems have high throughput but have the 
disadvantage that cDNA undergoes single-end sequenc-
ing, which reduces the sensitivity and fails to detect 
single-nucleotide polymorphisms or isoforms. Interest-
ingly, Scifi-seq can facilitate an even higher throughput 
at lower relative cost thanks to multiple rounds of com-
binatorial pre-indexing, pre-labeling each transcriptome 
with a unique combination of barcodes [62, 63]. The fact 
that different transcriptomes can be distinguished based 
on unique barcodes allows overloading of microfluidics 
droplets while still being able to computationally demul-
tiplex individual transcriptomes [64]. More recently, 
well-based approaches are gaining popularity, where sin-
gle cells are partitioned by gravitational sedimentation 
into nanoliter wells [65, 66]. This approach allows single 
cells to gently settle into a well by gravity and therefore 
does not require FACS sorting or microfluidics pressure, 
which can be harsh on the cells and may confound the 
transcriptome by upregulating stress-response genes. 
Finally, a novel scalable method was developed for single-
cell encapsulation without the need for specific resources 
such as microfluidics or nanowells, but simply through 
vortexing with templated emulsification [67].
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gRNA capture approaches
A crucial consideration for sc-CRISPR is the fact that 
gRNAs are typically not poly-adenylated since they are 
transcribed from an RNA polymerase III promoter and 
can therefore not be detected by standard poly-A-based 

mRNA capture. A modified vector, that allows direct 
detection of either the gRNA itself or a coupled barcode 
sequence, is required (Table 1).

Unique barcodes can be linked to a specific gRNA 
and preferentially amplified from the single-cell mRNA 

Table 2 Summary of the biological applications of sc-CRISPR

The list of research studies is subdivided based on their relevance in the field of hematology and/or leukemia

*sc-eVIP is a single-cell screen but does not involve the use of CRISPR gRNAs

Study Biological application

Hematology/leukemia

CROP-seq [46] Studying TCR signaling by perturbation of transcription factors and regulators of TCR signaling in T lymphocytes

Perturb-seq [43, 44] Characterizing the different branches of the unfolded protein response (controlled by IRE1a, ATF6 and PERK) 
after pharmacological UPR induction

Transcriptional response of BMDCs to LPS stimulation
Impact of perturbation of transcription factors and cell cycle regulators on myeloid cell state

CRISP-seq [45] Studying regulators of myeloid development and identifying cell-type-specific functions

sc-Tiling [106] Identification of functional protein domains by tiling the exons of methyltransferase DOTL1 in leukemia

POKI-seq [143] Enhancing T cell fitness and anti-tumor immunity by pooled knock-in in the TCR locus

(bee)STING-seq [107] Mapping GWAS loci in candidate cis-regulatory elements in erythroid cells for their impact on blood traits

CaRPool-seq [104] Studying regulators of myeloid differentiation in the context of AML

TAP-seq [84] Perturbation of active enhancers on chromosome 8 and 11 to map relationships between enhancers and their target 
genes
Distinguishing the different cell types in murine bone marrow cells based on gene expression

Perturb-ATAC [101] Regulation of keratinocyte and B cell fate by transcription factors, epigenetic regulators and non-coding RNAs

CRISPR-sciATAC [124] Perturbation of epigenetic regulators and their impact on chromatin accessibility in myeloid leukemia cells

SPEAR-ATAC [125] Mapping the epigenetic impact of transcription factors in myeloid differentiation

Compressed perturb-seq [103] Analyzing the immune response of monocytic leukemia cells upon LPS stimulation

Norman et al. [49] Studying regulation of erythroid differentiation

Belk et al. [52] Targeting the epigenetic INO80 and BAF complexes to study T cell exhaustion of tumor infiltrating lymphocytes

Giladi et al. [53] Defining the role of myeloid transcription factors in regulation of hematopoietic stem cell differentiation and pro-
genitor cell states

Rothenberg et al. [144] Describing the role of hematopoietic transcription factors during T cell development and commitment

Other models

Direct-seq [73] Establishing a flexible approach for gRNA capture using an 8A8G tag

Direct-capture Perturb-seq [74] Studying genes involved in UPR pathway, cholesterol biosynthesis, DNA repair

Mosaic-seq [47] Characterizing the contribution of enhancer activity to gene expression

sc-eVIP [111]* Analysis of the phenotypic impact (GOF or LOF) of coding variants in TP53 and KRAS in a lung cancer model

Deaminase screening [108] Screening for candidate resistance mutations for vemurafenib in melanoma

Perturb-CITE-seq [132] Identification of resistance mechanisms to immune checkpoint inhibition, such as loss of certain surface markers 
causing immune evasion

ECCITE-seq [131] Resolving different cell types and samples based on hashtags, transcriptomes and surface proteins, with the possibil-
ity to also capture gRNA

Perturb-map [123] Assessing lung cancer growth and tumor microenvironment after perturbation of cytokine signaling and other 
immune pathways

PerturbSci-Kinetics [140] Evaluating transcriptional dynamics regulated by genes involved in transcription initiation, chromatin remodeling, 
DNA replication and RNA processing

In vivo Perturb-seq [113] Perturbing candidate risk genes for autism or neurodevelopmental disorders in the developing brain in utero

Genome-wide Perturb-seq [136] Characterization of uncharacterized genes and describing new gene functions

DoNick-seq [54] Studying mTORC1 regulators in conditions of amino acid starvation

Genga et al. [48] identifying drivers of endoderm differentiation

Tian et al. [50] Validation of hit genes from genome-wide CRISPR screen which are associated with neurodegenerative diseases

Alda-Catalinas et al.[51] Characterizing the processes of zygotic genome activation
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library (Fig.  3a) [43–45, 47]. However, a major issue of 
this approach is uncoupling of the gRNA and its barcode 
due to template switching during viral packaging, result-
ing in a lower number of good-quality cells per target 
gene [43, 44, 47, 68, 69]. Lentiviral recombination can be 
avoided by individual cloning and packaging of each con-
struct with subsequent pooling of the virus [43]. How-
ever, such arrayed packaging is labor-intensive and poses 
limitations when upscaling library size. Another possi-
ble solution could be to perform lentiviral co-packaging 
with a low-homology carrier plasmid to prevent recom-
bination between two gRNA copies in the pseudodiploid 
virion, but this comes at the cost of a severe reduction in 
viral titer [70, 71]. Besides DNA barcodes, combinations 
of antibody-detectable epitopes can be used to create 
protein-based barcodes (ProCodes) (Fig.  3a) [72]. Still, 
protein-level barcoding faces the same issues of barcode 
swapping as the previously described methods.

The issue of uncoupling can be eliminated by directly 
reading out the gRNA instead of a barcode (Fig.  3b, c). 
CROP-seq, as developed by Datlinger and colleagues 
[46], uses a modified vector where a copy of the gRNA 

is placed in the 3′ long terminal repeat (LTR), which gets 
copied to the 5′ LTR during lentiviral integration. The 
cassette in the 3′ LTR is transcribed by RNA polymer-
ase II along with the other viral genes and allows poly-A 
based gRNA detection [46]. An alternative is Direct-seq, 
where an 8A8G capture sequence is incorporated in the 
gRNA scaffold. This sequence is a consecutive stretch 
of adenines mixed with guanines which can efficiently 
pair with a poly-T primer while still retaining sufficient 
editing efficiency [73]. Introducing an extra targeted 
amplification step to enrich for gRNA fragments in the 
single-cell mRNA libraries further increases the rate 
of gRNA assignment [68]. Alternatively, direct-capture 
Perturb-seq allows gRNAs to be directly sequenced 
alongside the transcriptome using gRNA-specific reverse 
transcription (RT) primers that are complementary to a 
capture sequence in the gRNA scaffold [74]. This method 
has a high capture rate and robust gRNA assignment, 
but efficiencies vary between different capture sequence 
configurations (stem loop or 3′ end) and CRISPR appli-
cations [74, 75]. 10X Genomics commercialized this 
method and launched their feature barcoding technology, 

Fig. 3 gRNA capture approaches. Due to the lack of poly-A sequence, specific measures are required for gRNA detection at single-cell level. a 
Each gRNA can be indirectly identified by a coupled DNA- or protein-based barcode. b Alternatively, gRNAs can be modified to include a poly-A 
sequence or other type of capture sequence to allow direct gRNA detection via poly-T priming or via the capture sequence. c After single-cell 
encapsulation, cDNA and gRNAs are captured by oligos on gel beads, with subsequent preparation of sequencing libraries for NGS (hU6 = human 
U6 promoter, EF1a = human elongation factor 1 alpha promoter, WPRE = Woodchuck Hepatitis virus posttranscriptional regulatory element, 
ΔNGFR = truncated nerve growth factor receptor, LTR = long terminal repeat, CS = capture sequence, CBC = cell barcode, UMI = unique molecular 
identifier)
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providing gel beads which carry specific primers that can 
be used to detect gRNAs or other features, such as bar-
coded antibodies, alongside the single-cell transcriptome 
(Fig. 3c) [74].

Data analysis
The main challenges in the analysis of sc-CRISPR data 
lie the sparsity and noise of the data, which complicates 
gRNA assignment as well as the analysis of the impact of 
each perturbation on the transcriptome. In contrast to 
bulk sequencing, single-cell RNA-seq has the inherent 
limitation that not every transcript can be recovered and 
especially lowly expressed genes are difficult to detect 
and are underrepresented. This can be partly corrected 
by in silico expression recovery methods, which estimate 
the actual gene expression based on the transcriptome 
profiles and the gene expression levels across cells [76].

As for all NGS data, analysis starts with mapping of the 
raw sequencing reads to the reference genome and the 
reference gRNA library. Each transcript is labeled with 
a cell barcode (CBC), identifying the cell of origin, and 
a unique molecular identifier (UMI) which enables cor-
rection for amplification artifacts. After read mapping, 
count matrices are generated listing all transcripts per 
cell, along with the assigned gRNA. Next, quality control 
is performed to remove low-quality cells and multiplets, 
based on the number of detected genes and mitochon-
drial transcripts, with optional regression of unwanted 
effects such as cell cycle and batch effects. Generally, 
sc-CRISPR analysis aims to estimate the impact of each 
perturbation on the transcriptome, to ultimately clus-
ter the perturbations and construct complex regulatory 
networks.

Classic methods for differential expression analysis 
can be applied to compare the different perturbations, 
either at single-cell [77] or pseudo-bulk [78] level. The 
latter groups all cells with the same perturbation and 
determines an overall profile for this group of cells. Such 
pseudo-bulk profiles form a richer dataset per perturba-
tion but lose the single-cell aspect. To make sense of the 
complex single-cell data, multiple algorithms have been 
developed, including MIMOSCA [44], Mixscape [79, 
80], SCEPTRE [80], scMAGeCK [81] or MUSIC [82]. 
MIMOSCA uses a regularized linear model with elastic 
net regularization that includes technical and biological 
covariates [44]. Mixscape, as incorporated in the Seurat 
R package by the Satija lab, identifies cells with effective 
perturbations by comparing the signatures of cells with 
a gRNA versus their neighboring non-perturbed cells 
[79]. While this results in more reliable data from the 
highest quality perturbations, many cells are discarded 
due to the stringent filtering criteria. SCEPTRE makes 
use of advanced statistical methods, i.e. the conditional 

randomization test, to infer the impact of each perturba-
tion on the transcriptome [80]. Additionally, ScMAGeCK 
[81] is the single-cell equivalent to the MAGeCK package 
[83], which is commonly used for analysis of bulk CRISPR 
screens. ScMAGeCK consists of two modules: robust 
rank aggregation (RRA) and linear regression (LR). RRA 
focuses on the expression of a single gene and creates a 
ranking based on its enrichment across the perturba-
tions, while LR determines regulatory coefficients for all 
genes across all perturbations using a generalized linear 
model and expectation maximization. Finally, MUSIC is 
an integrated tool where topic modeling is used to study 
the biological functions associated with a particular per-
turbation [82].

An important limitation to the current scRNA-seq 
methods is the sparsity of the data and the inability 
to detect every possible transcript in each cell. Tar-
geted sequencing, where only a limited set of genes is 
sequenced instead of the entire transcriptome, could 
provide a solution if expression data is only needed for 
a specific set of genes [74, 84]. Such enriched libraries 
require lower sequencing depth while providing detailed 
data on the expression of the most relevant genes. This 
drastically decreases the cost and allows sensitive screen-
ing at a larger scale, but with the disadvantage of a biased 
readout as it requires a priori target selection. Multiple 
methods exist for targeted transcript enrichment, such as 
multiplexed PCR [85, 86] (e.g. TAP-seq [84]), hybridiza-
tion baits (e.g. HyPR-seq [87] or biotinylated hybridiza-
tion baits [74]) or custom beads [88].

New developments in single‑cell CRISPR screening
Multiplexed libraries
CRISPR screens are typically performed by perturbing a 
single target per cell. To achieve this, viral delivery of the 
gRNAs is typically performed at low MOI. However, high 
MOI screens may be informative to increase statistical 
power in case of limited cell numbers or more challeng-
ing experimental setups. In that case, multiple gRNAs 
can be delivered to the same cell, causing multiple per-
turbations simultaneously and increasing the number of 
cells per gRNA [89, 90]. Additionally, high MOI screens 
allow assessment of combinatorial perturbations and 
interaction effects. Since such screens generate random 
combinations of gRNAs, the number of combinations 
scales exponentially with increasing number of per-
turbations and an enormous number of cells would be 
required to cover all possible combinations.

A specifically designed multiplexed gRNA library pro-
vides an elegant solution as this allows precise control 
over the combinations of gRNAs that are introduced. 
Multiplexed libraries carry an array of gRNAs and can be 
used to either target the same gene by multiple gRNAs 
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or to target multiple different genes in the same cell 
(Fig.  4a). Targeting the same gene by multiple gRNAs 
results in increased perturbation efficiency compared to 
the use of a single gRNA [74, 91]. DoNick-seq studied 

mTORC1 pathway regulators via a double-nicking system 
with two pairs of gRNAs, increasing knockout efficiency 
by avoiding in-frame repair and reducing off-target 
effects [54]. Alternatively, combinatorial libraries may 

Fig. 4 New applications of scCRISPR. a Different types of gRNA libraries can be used for different purposes. Multiplexed libraries target 
either a single gene by multiple gRNAs for highly efficient targeting, or multiple genes in a single cell to assess combinatorial effects. Base editing 
or tiling screens induce intragenic edits, while overexpression libraries ectopically introduce coding sequences. b Libraries can be delivered in vivo 
or in vitro, with high or low multiplicity of infection. c Multi-omic readouts, including transcriptomic, epigenomic or proteomic signatures, can be 
generated for each single cell (CDS = coding sequence, var = coding variant, HDR = homology directed repair, Tn5 = Tn5 transposase)
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target multiple genes in the same cell, allowing the study 
of synthetic lethal interactions or genetic dependen-
cies [49, 92–100]. Such methods have characterized the 
relationship between the different branches of the UPR 
[43] and identified synergistic and antagonistic genetic 
interactions regulating keratinocyte differentiation [101]. 
Computational tools exist for in silico prediction of 
promising combinations, which makes it possible to pri-
oritize targets without having to screen every pairwise 
combination [102]. Additionally, compressed Perturb-seq 
claims to be able to computationally infer effects of indi-
vidual perturbations based on composite samples con-
taining either multiple perturbations per cell or multiple 
cells per emulsion droplet [103].

A different approach to multiplexing was used in CaR-
Pool-seq. Here, the investigators used the highly efficient 
RNA-cleaving Cas13 for mRNA knockdown, while at the 
same time Cas13 was required to cleave a barcoded array 
of gRNAs into individual gRNAs. This way, CaRPool-seq 
can be used to downregulate the expression of multiple 
transcripts at single-cell resolution [104]. This approach 
was used to characterize the interactions between dif-
ferent regulators of myeloid differentiation in an MLL-
AF9 rearranged AML model. While single perturbation 
of KDM1A caused enhanced expression of CD11b and 
a more differentiated myeloid state, combinatorial per-
turbation of KDM1A with either EP300 or HDAC3 
led to a progenitor state or more differentiated pheno-
type, respectively [104]. The relevance of these data was 
substantiated by work showing improved response to 
KDM1A and HDAC inhibition in AML [105].

Variant screening
Besides perturbing a pool of genes, there is a possibility to 
screen within a single gene to study functional domains 
or disease-relevant single-nucleotide variants (SNVs) 
(Fig. 4a). CRISPR tiling scanned different exons of a gene 
using a high-density gRNA library while simultaneously 
performing single-cell RNA-seq. Intragenic sc-Tiling 
screening revealed a novel regulatory domain of DOTL1 
which impacts the methyltransferase activity as well as 
the response of MLL-AF9 leukemia cells to pharmaco-
logical DOTL1 targeting [106]. Moreover, CRISPR base 
editors can be used to introduce SNVs in a pooled man-
ner [107, 108] and for instance found that vemurafenib 
resistance in melanoma is a consequence of MAP2KA 
and KRAS mutations [108]. Alternatively, pooled intro-
duction of coding sequences can be employed to ectopi-
cally overexpress specific genes or introduce libraries of 
coding variants (Fig. 4a). A TF atlas was built this way by 
overexpressing all TF isoforms in embryonic stem cells 
and performing single-cell profiling to study changes 
in cell state [109]. Similarly, reprogramming of human 

fibroblasts was studied after introducing combinations 
of pro-neuronal TFs [110]. On the other hand, librar-
ies of disease-related coding variants can be introduced 
via sc-eVIP, which was previously used to study TP53 
and KRAS variants in a lung cancer model [111]. Finally, 
PoKI-seq allows pooled CRISPR knock-in screening via 
HDR and was used to study T cell fitness and anti-tumor 
activity after introducing immune-enhancing constructs 
[112].

In vivo and in situ screening
Applying sc-CRISPR in  vivo is an attractive strategy to 
assess complex biological processes and tissue-specific 
phenomena in the native environment of a live organism 
(Fig. 4b). CRISP-seq was used to study regulatory mecha-
nisms of myeloid differentiation and immune response 
in  vivo [45, 53]. Other in  vivo studies used Perturb-seq 
to analyze epigenetic regulators during T cell exhaustion 
or neurological development in utero, either to assess 
autism risk genes or to study neuronal differentiation 
[113]. Even though in vivo screens with single-cell read-
out seem practically feasible, considerable technical chal-
lenges remain. The method and efficiency of delivery of 
the gRNA library can be limiting, as well as its associated 
cytotoxicity. In  vivo studies can involve ex  vivo library 
transduction followed by injection of the transduced cells 
into the animal, which can create bias as the engraft-
ment efficiency may be low or affected by the perturba-
tion. Many animals must be sacrificed, either to reach 
sufficient cell coverage per gRNA or if the cells require 
sequencing at multiple different timepoints. Finally, some 
tissues cannot readily be dissociated and require careful 
optimization or nuclei isolation to extract the mRNA and 
gRNA without significantly perturbing the transcriptome 
[114].

While the in vivo screens, as described above, provide 
transcriptome data at single-cell level, they lack spatial 
information. To solve this, in  situ screening [115, 116] 
can be an interesting alternative to map gRNAs with spa-
tial resolution using either fluorescent probes [117–120] 
or in  situ sequencing-by-synthesis [121, 122]. A combi-
nation of in situ gRNA detection with spatially resolved 
single-cell RNA-seq has been described as Perturb-map, 
where cells were transduced by a gRNA-ProCode [72] 
library and subsequently injected in the target tissue of 
a recipient animal (Fig.  4b). After sacrifice, tissue sec-
tions were stained with ProCode-specific antibodies to 
spatially visualize the gRNA distribution. By integrating 
Perturb-map with the 10X Genomics Visium technol-
ogy, sc-CRISPR can be performed with spatial resolution 
at near-single-cell level, retaining information on both 
tumor architecture and spatial context. In a mouse lung 
cancer model, Perturb-map characterized how each 
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gRNA impacted the tumor itself as well as the tumor 
microenvironment and identified regulators of tumor 
growth as well as T cell infiltration [123].

Multimodal readout of chromatin accessibility or protein
The readout for sc-CRISPR is not limited to RNA-seq but 
can also include epigenetic profiling or protein detection 
to study chromatin architecture or expression of cell sur-
face proteins, respectively (Fig.  4c). Measuring multiple 
modalities in parallel adds additional layers of informa-
tion to the dataset.

Epigenetic approaches (Perturb-ATAC [101], CRISPR–
sciATAC [124] or SPEAR-ATAC [125]) reveal how epige-
netic regulators shape the chromatin landscape. Through 
performing assay for transposase-accessible chromatin 
(ATAC-seq [126]) of single nuclei, open or closed chro-
matin regions can be distinguished. These recently devel-
oped ATAC-based CRISPR screens are exceptionally 
suited to map chromatin accessibility after perturbation 
of transcription factors and epigenetic regulators, which 
are frequently implicated in many disease contexts. Per-
turb-ATAC has been used to target transcription factors, 
epigenetic regulators and non-coding RNAs involved in 
B lymphocyte development. This study clustered the dif-
ferent perturbations based on similarities in ATAC-pro-
files and defined modules with specific functions during 
lymphoid development. Combinatorial perturbations 
revealed previously undescribed cooperative effects, such 
as IRF8 and RELA cooperating with EZH2 to repress a 
stem-like fate [101]. Furthermore, CRISPR sci-ATAC tar-
geted 21 chromatin modifiers often mutated in cancer in 
the myeloid K562 cell line. Inactivation of EZH2 resulted 
in altered accessibility at HOX gene clusters, suggest-
ing a regulatory role for EZH2 in repressing HOX gene 
expression [124]. Additionally, GATA1 was shown to be 
an essential gene in the myeloid lineage and its pertur-
bation initially caused increased accessibility of STAT5 
motifs, while increase of SPI1 motif accessibility had 
longer latency, highlighting time-dependent epigenetic 
dynamics [125]. Furthermore, activation or inactivation 
of non-coding cis-regulatory regions allows the identifi-
cation of relationships between enhancers and the genes 
they regulate, thereby mapping the regulatory landscape 
[47, 89, 107, 127, 128].

Simultaneous transcriptome and protein sequenc-
ing was previously made possible through CITE-seq 
[129] or REAP-seq [130]. Prior to single-cell isolation, 
cells are stained with a cocktail of DNA-barcoded anti-
bodies targeting surface proteins. These barcodes are 
subsequently captured via hybridization to oligos on 
gel beads and are compatible with both 3′ or 5′ end 
sequencing, enabling protein detection in each single 
cell [131, 132]. More importantly, these assays can now 

be combined with detection of CRISPR perturbations. 
Expanded CRISPR-compatible CITE-seq (ECCITE-
seq) [79, 131] or direct-capture Perturb-seq [74] allow 
CRISPR screening with readout of multiple modalities 
in parallel, such as transcriptome, clonotype, gRNA, 
surface protein or cell hashing. This technology is well 
suited to study expression of cell surface proteins which 
can lead to immune evasion in patients treated with 
immunotherapy. PD-L1 is an inhibitory immune check-
point molecule with great therapeutic potential and 
ECCITE-seq has enabled the identification of KEAP1 
and NRF1 as regulators of PD-L1 expression after 
interferon stimulation [79]. Frangieh and colleagues 
applied this technology to study resistance mechanisms 
to immune checkpoint inhibitors in melanoma and 
identified loss of CD58 surface expression as a driver 
of immune evasion [132]. While these screens remain 
limited to detection of surface antigens, implementa-
tion of other methods could include detection of both 
extra- and intracellular (phospho)proteins and thereby 
enable the study of intracellular signal transduction and 
phosphorylation status [133–135].

Genome‑wide single‑cell CRISPR screening
Only one genome-scale Perturb-seq screen has been 
published to date, where thousands of perturbations 
were profiled in over 2.5 million single cells [136]. Sc-
CRISPR at such massive scale using droplet-based tech-
nology remains challenging and expensive due to the 
limited output of the microfluidics chips (about 10000 
cells per lane). A solution to this could come from 
technologies that do not require chips or other special 
equipment. An example of this is the split-pool barcod-
ing technology commercialized by Parse Biosciences 
[63], where cells are fixed, permeabilized and divided 
over multi-well plates in multiple rounds to label the 
transcriptome of each cell with a unique barcode. Such 
technology is scalable and first data show applications 
with up to 1 million cells. Alternatively, bulk genome-
wide CRISPR screens can be a first step to identify 
interesting hits, which can subsequently be validated 
by focused sc-CRISPR. This enables a priori selection of 
potential targets whose transcriptomic signatures can 
subsequently be characterized at single-cell level, hence 
reducing cell numbers, analysis time and sequencing 
costs. Such focused single-cell screens have been used 
to better understand the unfolded protein response 
[43], the response of neurons to oxidative stress in the 
context of neurodegenerative disease [50, 137], to study 
regulators of T cell activation as promising targets for 
immunotherapy [138], as well as factors controlling 
viral life cycle as antiviral drug targets [139].
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Concluding remarks
CRISPR was proven a powerful tool for interrogating 
gene function and has greatly facilitated our understand-
ing of biological processes and diseases. This technology 
has made it possible to perform pooled CRISPR screens 
at single-cell resolution enabling the interrogation of 
sets of genes to elucidate their role in disease develop-
ment, drug resistance and other biological functions. The 
advance of sc-CRISPR does not only enable the discovery 
of genes with either a driving role or a tumor suppres-
sive role but provides additional layers of high-content 
information on the transcriptome, proteome and/or epi-
genome associated with each perturbation.

The earlier publications on sc-CRISPR had a more 
exploratory nature and were focused on technol-
ogy establishment and optimization in terms of gRNA 
capture and depth of read-out. These methods were 
subsequently used to study simple or more challeng-
ing biological questions where the limits of sc-CRISPR 
screens were pushed toward in  vivo screens, multi-
modal readout, spatial resolution or even to a genome-
wide level, with each their own assets and disadvantages 
(Tables  1, 3). These technologies remain under rapid 
development, with new applications such as profiling of 
the nascent transcriptome via PerturbSci-Kinetics, eluci-
dating RNA dynamics [140]. Additionally, Phospho-seq 
enables the combination of scATAC with intracellular 
and intranuclear protein detection, with the possibility 
to integrate scRNA-seq data, combining three modalities 
within a single cell [141]. New single-cell technologies 
are being developed that do not require cell lysis for tran-
scriptome analysis, thus keeping the cells alive and allow-
ing temporal profiling of the same cells and studying 
trajectories [142]. The advent of novel CRISPR systems 
may further broaden the toolkit, increase on-target edit-
ing fidelity and expand the regions that can be targeted 
via Cas protein variants.

This review highlighted the most recent applications of 
bulk CRISPR screening in hematology research and how 
single-cell analysis can provide added value to enhance 
the readout depth and elucidate the transcriptomic, 
epigenomic and/or proteomic signatures for each per-
turbation. Although these methods currently still face 
considerable challenges such as limited throughput and 
high costs, it seems plausible that single-cell screens will 
become an important method of CRISPR screening in 
the future, as it provides high-content functional charac-
terization at single-cell resolution and can take the het-
erogeneity in the hematopoietic system into account.

Abbreviations
ΔNGFR  Truncated nerve growth factor receptor
AID  Activation-induced cytidine deaminase

ALL  Acute lymphoblastic leukemia
AML  Acute myeloid leukemia
ATAC-seq  Assay for transposase-accessible chromatin with 

sequencing
beeSTING-seq  Base editing systematic targeted inhibition of noncoding 

GWAS loci coupled with single-cell sequencing
BMDC  Bone marrow-derived dendritic cell
CAR-T  Chimeric antigen receptor T cells
CaRPool-seq  Cas13 RNA Perturb-seq
Cas  CRISPR associated protein
CBC  Cell barcode
CDS  Coding sequence
CITE-seq  Cellular Indexing of Transcriptomes and Epitopes by 

Sequencing
CRISPR-sciATAC   CRISPR-based single-cell combinatorial indexing assay for 

transposase-accessible chromatin
CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats
CRISPRa  CRISPR activation
CRISPRi  CRISPR interference
CRISPRko  CRISPR knock-out
CROP-seq  CRISPR droplet sequencing
crRNA  CRISPR RNA
CS  Capture sequence
dCAS9  Dead Cas9
DSB  Double-strand break
ECCITE-seq  Expanded CRISPR-compatible cellular indexing of transcrip-

tomes and epitopes by sequencing
EF1a  Human elongation factor 1 alpha promoter
FACS  Fluorescence-activated cell sorting
GOF  Gain-of-function
gRNA  Guide RNA
GWAS  Genome-wide association study
HDAC  Histone deacetylase
HDR  Homology-directed repair
hU6  Human U6 promoter
HyPR-seq  Hybridization of Probes to RNA for sequencing
iPSC  Induced pluripotent stem cell
KRAB  Krüppel-associated box
LOF  Loss-of-function
LR  Linear regression
LSK cells  Lineage negative, c-Kit positive, Sca-1 positive hematopoi-

etic stem cells
LTR  Long terminal repeat
MAPK  Mitogen-activated protein kinase
MARS-seq  Massively parallel RNA single-cell sequencing
MIMOSCA  Multiple input multiple output single-cell data analysis
MOI  Multiplicity of infection
MUSIC  Model-based understanding of single-cell CRISPR 

screening
NGS  Next-generation sequencing
NK cell  Natural killer cell
NT  Non-targeting
PAM  Protospacer adjacent motif
pegRNA  Prime editing gRNA
PoKI-seq  Pooled knockin sequencing
ProCode  Protein barcode
REAP-seq  RNA expression and protein sequencing assay
RNAi  RNA interference
RRA   Robust Rank Aggregation
RT  Reverse transcription
Sc-CRISPR  Single-cell CRISPR screening
Sc-eVIP  Single-cell expression-based variant impact phenotyping
SCEPTRE  Analysis of Single-CEll PerTurbation screens via conditional 

REsampling
Scifi-seq  Single-cell combinatorial fluidic indexing
scMAGeCK  Single-cell Model-based Analysis of Genome-wide CRISPR/

Cas9 Knockout
scRNA-seq  Single-cell RNA sequencing
SMART-seq  Switching mechanism at 5′ end of RNA template 

sequencing
SNV  Single-nucleotide variant



Page 18 of 22Meyers et al. Journal of Hematology & Oncology          (2023) 16:107 

SPEAR-ATAC   Single-cell perturbations with an accessibility read-out 
using scATAC-seq

STING-seq  Systematic targeted inhibition of noncoding GWAS loci 
coupled with single-cell sequencing

STRT-seq  Single-cell tagged reverse transcription sequencing
TAP-seq  Targeted Perturb-seq
TF  Transcription factor
TIL  Tumor-infiltrating lymphocytes
Tn5  Tn5 transposase
UMI  Unique molecular identifier
UPR  Unfolded protein response
WPRE  Woodchuck Hepatitis virus posttranscriptional regulatory 

element

Acknowledgements
Figures were created with BioRender.com.

Author contributions
SM and JC wrote the manuscript; SD critically proofread the manuscript and 
provided advice for the section about data analysis. SM performed the litera-
ture search and generated all tables and figures.

Funding
S.M. is funded by a doctoral fellowship by FWO-Vlaanderen; S.D. is funded by 
a postdoctoral fellowship from Stichting Tegen Kanker; the laboratory of J.C. 
is funded by Stichting Tegen Kanker, Kom op Tegen Kanker, FWO-Vlaanderen, 
VIB and KU Leuven.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 13 July 2023   Accepted: 21 August 2023

References
 1. Mohr S, Bakal C, Perrimon N. Genomic screening with RNAi: results and 

challenges. Annu Rev Biochem. 2010;79:37. https:// doi. org/ 10. 1146/ 
ANNUR EV- BIOCH EM- 060408- 092949.

 2. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 
A programmable dual-RNA–guided DNA endonuclease in adaptive 
bacterial immunity. Science. 1979;2012(337):816–21. https:// doi. org/ 10. 
1126/ scien ce. 12258 29.

 3. Makarova KS, Wolf YI, Iranzo J, Shmakov SA, Alkhnbashi OS, Brouns SJJ, 
et al. Evolutionary classification of CRISPR–Cas systems: a burst of class 
2 and derived variants. Nat Rev Microbiol. 2020;18:67. https:// doi. org/ 
10. 1038/ S41579- 019- 0299-X.

 4. Cox DBT, Gootenberg JS, Abudayyeh OO, Franklin B, Kellner MJ, Joung 
J, et al. RNA editing with CRISPR-Cas13. Science. 2017;358:1019–27. 
https:// doi. org/ 10. 1126/ SCIEN CE. AAQ01 80.

 5. Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, et al. 
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome 
editing specificity. Cell. 2013. https:// doi. org/ 10. 1016/J. CELL. 2013. 08. 
021.

 6. Kleinstiver BP, Sousa AA, Walton RT, Tak YE, Hsu JY, Clement K, et al. Engi-
neered CRISPR-Cas12a variants with increased activities and improved 

targeting ranges for gene, epigenetic and base editing. Nat Biotechnol. 
2019;37:276–82. https:// doi. org/ 10. 1038/ S41587- 018- 0011-0.

 7. Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova KS, 
Essletzbichler P, et al. Cpf1 is a single RNA-guided endonuclease of a 
class 2 CRISPR-Cas system. Cell. 2015;163:759–71. https:// doi. org/ 10. 
1016/J. CELL. 2015. 09. 038.

 8. Kim HK, Lee S, Kim Y, Park J, Min S, Choi JW, et al. High-throughput 
analysis of the activities of xCas9, SpCas9-NG and SpCas9 at matched 
and mismatched target sequences in human cells. Nat Biomed Eng. 
2020. https:// doi. org/ 10. 1038/ s41551- 019- 0505-1.

 9. Shmakov S, Abudayyeh OO, Makarova KS, Wolf YI, Gootenberg JS, 
Semenova E, et al. Discovery and functional characterization of diverse 
class 2 CRISPR-Cas systems. Mol Cell. 2015;60:385–97. https:// doi. org/ 
10. 1016/J. MOLCEL. 2015. 10. 008.

 10. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, 
et al. Search-and-replace genome editing without double-strand 
breaks or donor DNA. Nature. 2019;576:149–57. https:// doi. org/ 10. 
1038/ s41586- 019- 1711-4.

 11. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of 
a target base in genomic DNA without double-stranded DNA cleavage. 
Nature. 2016;533:420–4. https:// doi. org/ 10. 1038/ natur e17946.

 12. Bock C, Datlinger P, Chardon F, Coelho MA, Dong MB, Lawson KA, et al. 
High-content CRISPR screening. Nature Reviews Methods Primers. 
2022;2:1–23. https:// doi. org/ 10. 1038/ s43586- 021- 00093-4.

 13. Anzalone AV, Koblan LW, Liu DR. Genome editing with CRISPR–Cas 
nucleases, base editors, transposases and prime editors. Nat Biotechnol. 
2020;38:824–44. https:// doi. org/ 10. 1038/ s41587- 020- 0561-9.

 14. Pickar-Oliver A, Gersbach CA. The next generation of CRISPR–Cas 
technologies and applications. Nat Rev Mol Cell Biol. 2019;20:490–507. 
https:// doi. org/ 10. 1038/ s41580- 019- 0131-5.

 15. Doench JG. Am I ready for CRISPR? A user’s guide to genetic screens. 
Nat Rev Genet. 2018;19:67–80. https:// doi. org/ 10. 1038/ nrg. 2017. 97.

 16. Joung J, Konermann S, Gootenberg JS, Abudayyeh OO, Platt RJ, 
Brigham MD, et al. Genome-scale CRISPR-Cas9 knockout and transcrip-
tional activation screening. Nat Protoc. 2017;12:828–63. https:// doi. org/ 
10. 1038/ nprot. 2017. 016.

 17. Hart T, Tong AHY, Chan K, van Leeuwen J, Seetharaman A, Aregger M, 
et al. Evaluation and design of genome-wide CRISPR/SpCas9 knockout 
screens. G3 Genes Genomes Genet. 2017;7:2719–27. https:// doi. org/ 10. 
1534/ G3. 117. 04127 7/-/ DC1.

 18. Wang T, Wei JJ, Sabatini DM, Lander ES. Genetic screens in human cells 
using the CRISPR-Cas9 system. Science. 1979;2014(343):80–4. https:// 
doi. org/ 10. 1126/ scien ce. 12469 81.

 19. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, et al. 
Genome-scale CRISPR-Cas9 knockout screening in human cells. Sci-
ence. 2014;343:84–7. https:// doi. org/ 10. 1126/ scien ce. 12470 05.

 20. Soares F, Chen B, Lee JB, Ahmed M, Ly D, Tin E, et al. CRISPR screen iden-
tifies genes that sensitize AML cells to double-negative T-cell therapy. 
Blood. 2021;137:2171–81. https:// doi. org/ 10. 1182/ blood. 20190 04108.

 21. Zou X, Koh GCC, Nanda AS, Degasperi A, Urgo K, Roumeliotis TI, et al. A 
systematic CRISPR screen defines mutational mechanisms under-
pinning signatures caused by replication errors and endogenous 
DNA damage. Nat Cancer. 2021;2:643–57. https:// doi. org/ 10. 1038/ 
s43018- 021- 00200-0.

 22. Wei L, Lee D, Law C-T, Zhang MS, Shen J, Chin DW-C, et al. Genome-
wide CRISPR/Cas9 library screening identified PHGDH as a critical driver 
for Sorafenib resistance in HCC. Nat Commun. 2019;10:4681. https:// doi. 
org/ 10. 1038/ s41467- 019- 12606-7.

 23. Bajaj J, Hamilton M, Shima Y, Chambers K, Spinler K, Van Nostrand EL, 
et al. An in vivo genome-wide CRISPR screen identifies the RNA-binding 
protein Staufen2 as a key regulator of myeloid leukemia. Nat Cancer. 
2020;1:410–22. https:// doi. org/ 10. 1038/ s43018- 020- 0054-2.

 24. Dai M, Yan G, Wang N, Daliah G, Edick AM, Poulet S, et al. In vivo 
genome-wide CRISPR screen reveals breast cancer vulnerabilities and 
synergistic mTOR/Hippo targeted combination therapy. Nat Commun. 
2021;12:3055. https:// doi. org/ 10. 1038/ s41467- 021- 23316-4.

 25. Fu G, Guy CS, Chapman NM, Palacios G, Wei J, Zhou P, et al. Meta-
bolic control of TFH cells and humoral immunity by phosphatidy-
lethanolamine. Nature. 2021;595:724–9. https:// doi. org/ 10. 1038/ 
s41586- 021- 03692-z.

https://doi.org/10.1146/ANNUREV-BIOCHEM-060408-092949
https://doi.org/10.1146/ANNUREV-BIOCHEM-060408-092949
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/S41579-019-0299-X
https://doi.org/10.1038/S41579-019-0299-X
https://doi.org/10.1126/SCIENCE.AAQ0180
https://doi.org/10.1016/J.CELL.2013.08.021
https://doi.org/10.1016/J.CELL.2013.08.021
https://doi.org/10.1038/S41587-018-0011-0
https://doi.org/10.1016/J.CELL.2015.09.038
https://doi.org/10.1016/J.CELL.2015.09.038
https://doi.org/10.1038/s41551-019-0505-1
https://doi.org/10.1016/J.MOLCEL.2015.10.008
https://doi.org/10.1016/J.MOLCEL.2015.10.008
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/s43586-021-00093-4
https://doi.org/10.1038/s41587-020-0561-9
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1038/nrg.2017.97
https://doi.org/10.1038/nprot.2017.016
https://doi.org/10.1038/nprot.2017.016
https://doi.org/10.1534/G3.117.041277/-/DC1
https://doi.org/10.1534/G3.117.041277/-/DC1
https://doi.org/10.1126/science.1246981
https://doi.org/10.1126/science.1246981
https://doi.org/10.1126/science.1247005
https://doi.org/10.1182/blood.2019004108
https://doi.org/10.1038/s43018-021-00200-0
https://doi.org/10.1038/s43018-021-00200-0
https://doi.org/10.1038/s41467-019-12606-7
https://doi.org/10.1038/s41467-019-12606-7
https://doi.org/10.1038/s43018-020-0054-2
https://doi.org/10.1038/s41467-021-23316-4
https://doi.org/10.1038/s41586-021-03692-z
https://doi.org/10.1038/s41586-021-03692-z


Page 19 of 22Meyers et al. Journal of Hematology & Oncology          (2023) 16:107  

 26. Yan F, Li J, Milosevic J, Petroni R, Liu S, Shi Z, et al. KAT6A and ENL form 
an epigenetic transcriptional control module to drive critical leuke-
mogenic gene-expression programs. Cancer Discov. 2022;12:792–811. 
https:// doi. org/ 10. 1158/ 2159- 8290. CD- 20- 1459.

 27. Khan DH, Mullokandov M, Wu Y, Voisin V, Gronda M, Hurren R, et al. 
Mitochondrial carrier homolog 2 is necessary for AML survival. Blood. 
2020;136:81–92. https:// doi. org/ 10. 1182/ BLOOD. 20190 00106/ 454408/ 
MITOC HONDR IAL- CARRI ER- HOMOL OG-2- MTCH2- IS- NECES SARY.

 28. Lee D, Kang S-H, Choi D, Ko M, Choi E, Ahn H, et al. Genome wide 
CRISPR screening reveals a role for sialylation in the tumorigenesis 
and chemoresistance of acute myeloid leukemia cells. Cancer Lett. 
2021;510:37–47. https:// doi. org/ 10. 1016/j. canlet. 2021. 04. 006.

 29. Oshima K, Zhao J, Pérez-Durán P, Brown JA, Patiño-Galindo JA, Chu T, 
et al. Mutational and functional genetics mapping of chemotherapy 
resistance mechanisms in relapsed acute lymphoblastic leukemia. Nat 
Cancer. 2020;1:1113–27. https:// doi. org/ 10. 1038/ s43018- 020- 00124-1.

 30. Autry RJ, Paugh SW, Carter R, Shi L, Liu J, Ferguson DC, et al. Integrative 
genomic analyses reveal mechanisms of glucocorticoid resistance in 
acute lymphoblastic leukemia. Nat Cancer. 2020;1:329. https:// doi. org/ 
10. 1038/ S43018- 020- 0037-3.

 31. Zhang P, Brinton LT, Gharghabi M, Sher S, Williams K, Cannon M, et al. 
Targeting OXPHOS de novo purine synthesis as the nexus of FLT3 inhib-
itor–mediated synergistic antileukemic actions. Sci Adv. 2022;8:9005. 
https:// doi. org/ 10. 1126/ SCIADV. ABP90 05/ SUPPL_ FILE/ SCIADV. ABP90 
05_ DATA_ FILES_ S1_ TO_ S6. ZIP.

 32. Damnernsawad A, Bottomly D, Kurtz SE, Eide CA, McWeeney SK, Tyner 
JW, et al. A genome-wide CRISPR screen identifies regulators of MAPK 
and MTOR pathways that mediate resistance to sorafenib in acute 
myeloid leukemia. Haematologica. 2022;107:77–85. https:// doi. org/ 10. 
3324/ HAEMA TOL. 2020. 257964.

 33. Hou P, Wu C, Wang Y, Qi R, Bhavanasi D, Zuo Z, et al. A genome-wide 
CRISPR screen identifies genes critical for resistance to FLT3 inhibitor 
AC220. Cancer Res. 2017;77:4402–13. https:// doi. org/ 10. 1158/ 0008- 
5472. CAN- 16- 1627.

 34. Beeharry N, Landrette S, Gayle S, Hernandez M, Grotzke JE, Young PR, 
et al. LAM-003, a new drug for treatment of tyrosine kinase inhibitor–
resistant FLT3-ITD–positive AML. Blood Adv. 2019;3:3661–73. https:// 
doi. org/ 10. 1182/ BLOOD ADVAN CES. 20190 01068.

 35. Brinton LT, Zhang P, Williams K, Canfield D, Orwick S, Sher S, et al. Syner-
gistic effect of BCL2 and FLT3 co-inhibition in acute myeloid leukemia. 
J Hematol Oncol. 2020;13:1–10. https:// doi. org/ 10. 1186/ S13045- 020- 
00973-4/ FIGUR ES/4.

 36. Butler M, van Ingen Schenau DS, Yu J, Jenni S, Dobay MP, Hagelaar 
R, et al. BTK inhibition sensitizes acute lymphoblastic leukemia to 
asparaginase by suppressing the amino acid response pathway. Blood. 
2021;138:2383–95. https:// doi. org/ 10. 1182/ BLOOD. 20210 11787.

 37. Ishio T, Kumar S, Shimono J, Daenthanasanmak A, Dubois S, Lin Y, et al. 
Genome-wide CRISPR screen identifies CDK6 as a therapeutic target in 
adult T-cell leukemia/lymphoma. Blood. 2022;139:1541–56. https:// doi. 
org/ 10. 1182/ BLOOD. 20210 12734.

 38. Wang H, He X, Zhang L, Dong H, Huang F, Xian J, et al. Disruption of 
dNTP homeostasis by ribonucleotide reductase hyperactivation over-
comes AML differentiation blockade. Blood. 2022;139:3752–70. https:// 
doi. org/ 10. 1182/ BLOOD. 20210 15108.

 39. Guièze R, Liu VM, Rosebrock D, Jourdain AA, Hernández-Sánchez 
M, Martinez Zurita A, et al. Mitochondrial reprogramming underlies 
resistance to BCL-2 inhibition in lymphoid Malignancies. Cancer Cell. 
2019;36:369. https:// doi. org/ 10. 1016/J. CCELL. 2019. 08. 005.

 40. Zhuang X, Veltri DP, Long EO. Genome-wide CRISPR screen reveals 
cancer cell resistance to NK cells induced by NK-derived IFN-γ. Front 
Immunol. 2019;10:2879. https:// doi. org/ 10. 3389/ FIMMU. 2019. 02879/ 
BIBTEX.

 41. Yan X, Chen D, Wang Y, Guo Y, Tong C, Wei J, et al. Identification of 
NOXA as a pivotal regulator of resistance to CAR T-cell therapy in B-cell 
malignancies. Signal Transduct Target Ther. 2022;7:98. https:// doi. org/ 
10. 1038/ s41392- 022- 00915-1.

 42. Dufva O, Koski J, Maliniemi P, Ianevski A, Klievink J, Leitner J, et al. Inte-
grated drug profiling and CRISPR screening identify essential pathways 
for CAR T-cell cytotoxicity. Blood. 2020;135:597–609. https:// doi. org/ 10. 
1182/ BLOOD. 20190 02121.

 43. Adamson B, Norman TM, Jost M, Cho MY, Nuñez JK, Chen Y, et al. A 
multiplexed single-cell CRISPR screening platform enables systematic 
dissection of the unfolded protein response. Cell. 2016;167:1867-1882.
e21. https:// doi. org/ 10. 1016/j. cell. 2016. 11. 048.

 44. Dixit A, Parnas O, Li B, Chen J, Fulco CP, Jerby-Arnon L, et al. Perturb-Seq: 
dissecting molecular circuits with scalable single-cell RNA profiling of 
pooled genetic screens. Cell. 2016;167:1853-1866.e17. https:// doi. org/ 
10. 1016/j. cell. 2016. 11. 038.

 45. Jaitin DA, Weiner A, Yofe I, Lara-Astiaso D, Keren-Shaul H, David E, et al. 
Dissecting immune circuits by linking CRISPR-pooled screens with 
single-cell RNA-Seq. Cell. 2016;167:1883-1896.e15. https:// doi. org/ 10. 
1016/j. cell. 2016. 11. 039.

 46. Datlinger P, Rendeiro AF, Schmidl C, Krausgruber T, Traxler P, Klugham-
mer J, et al. Pooled CRISPR screening with single-cell transcriptome 
readout. Nat Methods. 2017;14:297–301. https:// doi. org/ 10. 1038/ 
nmeth. 4177.

 47. Xie S, Duan J, Li B, Zhou P, Hon GC. Multiplexed engineering and 
analysis of combinatorial enhancer activity in single cells. Mol Cell. 
2017;66:285–99. https:// doi. org/ 10. 1016/j. molcel. 2017. 03. 007.

 48. Genga RMJ, Kernfeld EM, Parsi KM, Parsons TJ, Ziller MJ, Maehr R. Single-
cell RNA-sequencing-based CRISPRi screening resolves molecular driv-
ers of early human endoderm development. Cell Rep. 2019;27:708-718.
e10. https:// doi. org/ 10. 1016/j. celrep. 2019. 03. 076.

 49. Norman TM, Horlbeck MA, Replogle JM, Ge AY, Xu A, Jost M, et al. 
Exploring genetic interaction manifolds constructed from rich single-
cell phenotypes. Science. 1979;2019(365):786–93. https:// doi. org/ 10. 
1126/ scien ce. aax44 38.

 50. Tian R, Abarientos A, Hong J, Hashemi SH, Yan R, Dräger N, et al. 
Genome-wide CRISPRi/a screens in human neurons link lysosomal 
failure to ferroptosis. Nat Neurosci. 2021;24:1020–34. https:// doi. org/ 10. 
1038/ s41593- 021- 00862-0.

 51. Alda-Catalinas C, Bredikhin D, Hernando-Herraez I, Santos F, Kubinyecz 
O, Eckersley-Maslin MA, et al. A single-cell transcriptomics CRISPR-acti-
vation screen identifies epigenetic regulators of the zygotic genome 
activation program. Cell Syst. 2020;11:25. https:// doi. org/ 10. 1016/J. 
CELS. 2020. 06. 004.

 52. Belk JA, Yao W, Ly N, Freitas KA, Chen Y-T, Shi Q, et al. Genome-wide 
CRISPR screens of T cell exhaustion identify chromatin remodeling 
factors that limit T cell persistence. Cancer Cell. 2022;40:768-786.e7. 
https:// doi. org/ 10. 1016/j. ccell. 2022. 06. 001.

 53. Giladi A, Paul F, Herzog Y, Lubling Y, Weiner A, Yofe I, et al. Single-cell 
characterization of haematopoietic progenitors and their trajectories in 
homeostasis and perturbed haematopoiesis. Nat Cell Biol. 2018;20:836–
46. https:// doi. org/ 10. 1038/ s41556- 018- 0121-4.

 54. Tang Y, Liao S, Liu G, Xiong X, Liu H, Li F, et al. Advanced single-cell 
pooled CRISPR screening identifies C19orf53 required for cell prolifera-
tion based on mTORC1 regulators. Cell Biol Toxicol. 2022;38:43–68. 
https:// doi. org/ 10. 1007/ s10565- 021- 09586-0.

 55. Islam S, Kjällquist U, Moliner A, Zajac P, Fan JB, Lönnerberg P, et al. 
Characterization of the single-cell transcriptional landscape by highly 
multiplex RNA-seq. Genome Res. 2011;21:1160–7. https:// doi. org/ 10. 
1101/ GR. 110882. 110.

 56. Ramsköld D, Luo S, Wang Y-C, Li R, Deng Q, Faridani OR, et al. Full-length 
mRNA-Seq from single-cell levels of RNA and individual circulating 
tumor cells. Nat Biotechnol. 2012;30:777–82. https:// doi. org/ 10. 1038/ 
nbt. 2282.

 57. Pollen AA, Nowakowski TJ, Shuga J, Wang X, Leyrat AA, Lui JH, et al. 
Low-coverage single-cell mRNA sequencing reveals cellular heteroge-
neity and activated signaling pathways in developing cerebral cortex. 
Nat Biotechnol. 2014;32:1053–8. https:// doi. org/ 10. 1038/ nbt. 2967.

 58. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. 
Highly parallel genome-wide expression profiling of individual cells 
using nanoliter droplets. Cell. 2015;161:1202–14. https:// doi. org/ 10. 
1016/j. cell. 2015. 05. 002.

 59. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, et al. Drop-
let barcoding for single cell transcriptomics applied to embryonic stem 
cells. Cell. 2015;161:1187. https:// doi. org/ 10. 1016/J. CELL. 2015. 04. 044.

 60. Zheng GXY, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. 
Massively parallel digital transcriptional profiling of single cells. Nat 
Commun. 2017;8:14049. https:// doi. org/ 10. 1038/ ncomm s14049.

https://doi.org/10.1158/2159-8290.CD-20-1459
https://doi.org/10.1182/BLOOD.2019000106/454408/MITOCHONDRIAL-CARRIER-HOMOLOG-2-MTCH2-IS-NECESSARY
https://doi.org/10.1182/BLOOD.2019000106/454408/MITOCHONDRIAL-CARRIER-HOMOLOG-2-MTCH2-IS-NECESSARY
https://doi.org/10.1016/j.canlet.2021.04.006
https://doi.org/10.1038/s43018-020-00124-1
https://doi.org/10.1038/S43018-020-0037-3
https://doi.org/10.1038/S43018-020-0037-3
https://doi.org/10.1126/SCIADV.ABP9005/SUPPL_FILE/SCIADV.ABP9005_DATA_FILES_S1_TO_S6.ZIP
https://doi.org/10.1126/SCIADV.ABP9005/SUPPL_FILE/SCIADV.ABP9005_DATA_FILES_S1_TO_S6.ZIP
https://doi.org/10.3324/HAEMATOL.2020.257964
https://doi.org/10.3324/HAEMATOL.2020.257964
https://doi.org/10.1158/0008-5472.CAN-16-1627
https://doi.org/10.1158/0008-5472.CAN-16-1627
https://doi.org/10.1182/BLOODADVANCES.2019001068
https://doi.org/10.1182/BLOODADVANCES.2019001068
https://doi.org/10.1186/S13045-020-00973-4/FIGURES/4
https://doi.org/10.1186/S13045-020-00973-4/FIGURES/4
https://doi.org/10.1182/BLOOD.2021011787
https://doi.org/10.1182/BLOOD.2021012734
https://doi.org/10.1182/BLOOD.2021012734
https://doi.org/10.1182/BLOOD.2021015108
https://doi.org/10.1182/BLOOD.2021015108
https://doi.org/10.1016/J.CCELL.2019.08.005
https://doi.org/10.3389/FIMMU.2019.02879/BIBTEX
https://doi.org/10.3389/FIMMU.2019.02879/BIBTEX
https://doi.org/10.1038/s41392-022-00915-1
https://doi.org/10.1038/s41392-022-00915-1
https://doi.org/10.1182/BLOOD.2019002121
https://doi.org/10.1182/BLOOD.2019002121
https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1016/j.cell.2016.11.038
https://doi.org/10.1016/j.cell.2016.11.038
https://doi.org/10.1016/j.cell.2016.11.039
https://doi.org/10.1016/j.cell.2016.11.039
https://doi.org/10.1038/nmeth.4177
https://doi.org/10.1038/nmeth.4177
https://doi.org/10.1016/j.molcel.2017.03.007
https://doi.org/10.1016/j.celrep.2019.03.076
https://doi.org/10.1126/science.aax4438
https://doi.org/10.1126/science.aax4438
https://doi.org/10.1038/s41593-021-00862-0
https://doi.org/10.1038/s41593-021-00862-0
https://doi.org/10.1016/J.CELS.2020.06.004
https://doi.org/10.1016/J.CELS.2020.06.004
https://doi.org/10.1016/j.ccell.2022.06.001
https://doi.org/10.1038/s41556-018-0121-4
https://doi.org/10.1007/s10565-021-09586-0
https://doi.org/10.1101/GR.110882.110
https://doi.org/10.1101/GR.110882.110
https://doi.org/10.1038/nbt.2282
https://doi.org/10.1038/nbt.2282
https://doi.org/10.1038/nbt.2967
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/J.CELL.2015.04.044
https://doi.org/10.1038/ncomms14049


Page 20 of 22Meyers et al. Journal of Hematology & Oncology          (2023) 16:107 

 61. Zhang X, Li T, Liu F, Chen Y, Yao J, Li Z, et al. Comparative analysis of 
droplet-based ultra-high-throughput single-cell RNA-Seq systems. Mol 
Cell. 2019;73:130-142.e5. https:// doi. org/ 10. 1016/j. molcel. 2018. 10. 020.

 62. Cao J, Packer JS, Ramani V, Cusanovich DA, Huynh C, Daza R, et al. 
Comprehensive single-cell transcriptional profiling of a multicellular 
organism. Science. 1979;2017(357):661–7. https:// doi. org/ 10. 1126/ 
SCIEN CE. AAM89 40/ SUPPL_ FILE/ AAM89 40_ CAO_ SM_ TABLES_ S1_ TO_ 
S14. XLSX.

 63. Rosenberg AB, Roco CM, Muscat RA, Kuchina A, Sample P, Yao Z, et al. 
Single-cell profiling of the developing mouse brain and spinal cord 
with split-pool barcoding. Science. 1979;2018(360):176–82. https:// doi. 
org/ 10. 1126/ SCIEN CE. AAM89 99/ SUPPL_ FILE/ PAPV2. PDF.

 64. Datlinger P, Rendeiro AF, Boenke T, Senekowitsch M, Krausgruber T, 
Barreca D, et al. Ultra-high-throughput single-cell RNA sequencing 
and perturbation screening with combinatorial fluidic indexing. Nat 
Methods. 2021;18:635–42. https:// doi. org/ 10. 1038/ s41592- 021- 01153-z.

 65. Aicher TP, Carroll S, Raddi G, Gierahn T, Wadsworth MH, Hughes TK, et al. 
Seq-Well: a sample-efficient, portable picowell platform for massively 
parallel single-cell RNA-sequencing. Methods Mol Biol. 2019;1979:111. 
https:// doi. org/ 10. 1007/ 978-1- 4939- 9240-9_8.

 66. Fan HC, Fu GK, Fodor SPA. Expression profiling. Combinatorial 
labeling of single cells for gene expression cytometry. Science. 
2015;347:1258367. https:// doi. org/ 10. 1126/ scien ce. 12583 67.

 67. Clark IC, Fontanez KM, Meltzer RH, Xue Y, Hayford C, May-Zhang A, et al. 
Microfluidics-free single-cell genomics with templated emulsification. 
Nat Biotechnol. 2023. https:// doi. org/ 10. 1038/ s41587- 023- 01685-z.

 68. Hill AJ, McFaline-Figueroa JL, Starita LM, Gasperini MJ, Matreyek KA, 
Packer J, et al. On the design of CRISPR-based single-cell molecular 
screens. Nat Methods. 2018;15:271–4. https:// doi. org/ 10. 1038/ nmeth. 
4604.

 69. Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul F, Zaretsky I, et al. 
Massively parallel single-cell RNA-seq for marker-free decomposition of 
tissues into cell types. Science. 2014;343:776–9. https:// doi. org/ 10. 1126/ 
scien ce. 12476 51.

 70. Feldman D, Singh A, Garrity A, Blainey P. Lentiviral co-packaging 
mitigates the effects of intermolecular recombination and multiple 
integrations in pooled genetic screens. BioRxiv. 2018. https:// doi. org/ 10. 
1101/ 262121.

 71. Adamson B, Norman TM, Jost M, Weissman JS. Approaches to maximize 
sgRNA-barcode coupling in Perturb-seq screens. BioRxiv. 2018. https:// 
doi. org/ 10. 1101/ 298349.

 72. Wroblewska A, Dhainaut M, Ben-Zvi B, Rose SA, Park ES, Amir EAD, et al. 
Protein barcodes enable high-dimensional single-cell CRISPR screens. 
Cell. 2018;175:1141-1155.e16. https:// doi. org/ 10. 1016/j. cell. 2018. 09. 022.

 73. Song Q, Ni K, Liu M, Li Y, Wang L, Wang Y, et al. Direct-seq: programmed 
gRNA scaffold for streamlined scRNA-seq in CRISPR screen. Genome 
Biol. 2020;21:136. https:// doi. org/ 10. 1186/ s13059- 020- 02044-w.

 74. Replogle JM, Norman TM, Xu A, Hussmann JA, Chen J, Cogan JZ, et al. 
Combinatorial single-cell CRISPR screens by direct guide RNA capture 
and targeted sequencing. Nat Biotechnol. 2020;38:954–61. https:// doi. 
org/ 10. 1038/ s41587- 020- 0470-y.

 75. Choo XY, Lim YM, Katwadi K, Yap L, Tryggvason K, Sun AX, et al. Evaluat-
ing capture sequence performance for single-cell CRISPR activation 
experiments. ACS Synth Biol. 2021;10:640–5. https:// doi. org/ 10. 1021/ 
acssy nbio. 0c004 99.

 76. Huang M, Wang J, Torre E, Dueck H, Shaffer S, Bonasio R, et al. SAVER: 
gene expression recovery for single-cell RNA sequencing. Nat Methods. 
2018;15:539–42. https:// doi. org/ 10. 1038/ s41592- 018- 0033-z.

 77. Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, et al. MAST: 
A flexible statistical framework for assessing transcriptional changes 
and characterizing heterogeneity in single-cell RNA sequencing data. 
Genome Biol. 2015;16:1–13. https:// doi. org/ 10. 1186/ S13059- 015- 0844-
5/ FIGUR ES/6.

 78. Murphy AE, Skene NG. A balanced measure shows superior per-
formance of pseudobulk methods in single-cell RNA-sequencing 
analysis. Nat Commun. 2022;13:7851. https:// doi. org/ 10. 1038/ 
s41467- 022- 35519-4.

 79. Papalexi E, Mimitou EP, Butler AW, Foster S, Bracken B, Mauck WM, et al. 
Characterizing the molecular regulation of inhibitory immune check-
points with multimodal single-cell screens. Nat Genet. 2021;53:322–31. 
https:// doi. org/ 10. 1038/ s41588- 021- 00778-2.

 80. Barry T, Wang X, Morris JA, Roeder K, Katsevich E. SCEPTRE improves 
calibration and sensitivity in single-cell CRISPR screen analysis. Genome 
Biol. 2021;22:1–19. https:// doi. org/ 10. 1186/ S13059- 021- 02545-2/ FIGUR 
ES/5.

 81. Yang L, Zhu Y, Yu H, Cheng X, Chen S, Chu Y, et al. scMAGeCK links geno-
types with multiple phenotypes in single-cell CRISPR screens. Genome 
Biol. 2020;21:19. https:// doi. org/ 10. 1186/ s13059- 020- 1928-4.

 82. Duan B, Zhou C, Zhu C, Yu Y, Li G, Zhang S, et al. Model-based under-
standing of single-cell CRISPR screening. Nat Commun. 2019. https:// 
doi. org/ 10. 1038/ s41467- 019- 10216-x.

 83. Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, et al. MAGeCK enables 
robust identification of essential genes from genome-scale CRISPR/
Cas9 knockout screens. Genome Biol. 2014;15:554. https:// doi. org/ 10. 
1186/ S13059- 014- 0554-4/ TABLES/2.

 84. Schraivogel D, Gschwind AR, Milbank JH, Leonce DR, Jakob P, Mathur 
L, et al. Targeted Perturb-seq enables genome-scale genetic screens 
in single cells. Nat Methods. 2020;17:629–35. https:// doi. org/ 10. 1038/ 
s41592- 020- 0837-5.

 85. Rodriguez-Meira A, O’Sullivan J, Rahman H, Mead AJ. TARGET-Seq: A 
Protocol for High-Sensitivity Single-Cell Mutational Analysis and Parallel 
RNA Sequencing. STAR Protoc. 2020;1:100125. https:// doi. org/ 10. 1016/j. 
xpro. 2020. 100125.

 86. Uzbas F, Opperer F, Sönmezer C, Shaposhnikov D, Sass S, Krendl C, et al. 
BART-Seq: cost-effective massively parallelized targeted sequencing 
for genomics, transcriptomics, and single-cell analysis. Genome Biol. 
2019;20:155. https:// doi. org/ 10. 1186/ s13059- 019- 1748-6.

 87. Marshall JL, Doughty BR, Subramanian V, Guckelberger P, Wang Q, 
Chen LM, et al. HyPR-seq: single-cell quantification of chosen RNAs 
via hybridization and sequencing of DNA probes. Proc Natl Acad Sci. 
2020;117:33404–13. https:// doi. org/ 10. 1073/ PNAS. 20107 38117.

 88. Saikia M, Burnham P, Keshavjee SH, Wang MFZ, Heyang M, Moral-Lopez 
P, et al. Simultaneous multiplexed amplicon sequencing and transcrip-
tome profiling in single cells. Nat Methods. 2019;16:59–62. https:// doi. 
org/ 10. 1038/ s41592- 018- 0259-9.

 89. Gasperini M, Hill AJ, McFaline-Figueroa JL, Martin B, Kim S, Zhang MD, 
et al. A genome-wide framework for mapping gene regulation via 
cellular genetic screens. Cell. 2019;176:377-390.e19. https:// doi. org/ 10. 
1016/J. CELL. 2018. 11. 029.

 90. Zhu S, Cao Z, Liu Z, He Y, Wang Y, Yuan P, et al. Guide RNAs with embed-
ded barcodes boost CRISPR-pooled screens. Genome Biol. 2019;20:1–
12. https:// doi. org/ 10. 1186/ S13059- 019- 1628-0/ FIGUR ES/4.

 91. Ran FA, Hsu PD, Lin C-Y, Gootenberg JS, Konermann S, Trevino AE, et al. 
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome 
editing specificity. Cell. 2013;154:1380–9. https:// doi. org/ 10. 1016/J. 
CELL. 2013. 08. 021.

 92. Stockman VB, Ghamsari L, Lasso G, Honig B, Shapira SD, Wang HH. A 
high-throughput strategy for dissecting mammalian genetic interac-
tions. PLoS ONE. 2016;11:e0167617. https:// doi. org/ 10. 1371/ journ al. 
pone. 01676 17.

 93. Wong ASL, Choi GCG, Cheng AA, Purcell O, Lu TK. Massively parallel 
high-order combinatorial genetics in human cells. Nat Biotechnol. 
2015;33:952–61. https:// doi. org/ 10. 1038/ nbt. 3326.

 94. Zhou P, Chan BKC, Wan YK, Yuen CTL, Choi GCG, Li X, et al. A three-way 
combinatorial CRISPR screen for analyzing interactions among drugga-
ble targets. Cell Rep. 2020;32:108020. https:// doi. org/ 10. 1016/J. CELREP. 
2020. 108020.

 95. Wong ASL, Choi GCG, Cui CH, Pregernig G, Milani P, Adam M, et al. Mul-
tiplexed barcoded CRISPR-Cas9 screening enabled by CombiGEM. Proc 
Natl Acad Sci. 2016;113:2544–9. https:// doi. org/ 10. 1073/ PNAS. 15178 
83113.

 96. Kyuho H, Edwin EJ, Gaelen TH, David WM, Amy L, Michael CB. Syner-
gistic drug combinations for cancer identified in a CRISPR screen for 
pairwise genetic interactions. Nat Biotechnol. 2017;35:463–74. https:// 
doi. org/ 10. 1038/ nbt. 3834.

 97. John Paul S, Dongxin Z, Roman S, Jens L, Amanda B, Ana B-G, et al. 
Combinatorial CRISPR–Cas9 screens for de novo mapping of genetic 
interactions. Nat Methods. 2017;14:573–6. https:// doi. org/ 10. 1038/ 
nmeth. 4225.

 98. Thompson NA, Ranzani M, van der Weyden L, Iyer V, Offord V, Droop 
A, et al. Combinatorial CRISPR screen identifies fitness effects of gene 

https://doi.org/10.1016/j.molcel.2018.10.020
https://doi.org/10.1126/SCIENCE.AAM8940/SUPPL_FILE/AAM8940_CAO_SM_TABLES_S1_TO_S14.XLSX
https://doi.org/10.1126/SCIENCE.AAM8940/SUPPL_FILE/AAM8940_CAO_SM_TABLES_S1_TO_S14.XLSX
https://doi.org/10.1126/SCIENCE.AAM8940/SUPPL_FILE/AAM8940_CAO_SM_TABLES_S1_TO_S14.XLSX
https://doi.org/10.1126/SCIENCE.AAM8999/SUPPL_FILE/PAPV2.PDF
https://doi.org/10.1126/SCIENCE.AAM8999/SUPPL_FILE/PAPV2.PDF
https://doi.org/10.1038/s41592-021-01153-z
https://doi.org/10.1007/978-1-4939-9240-9_8
https://doi.org/10.1126/science.1258367
https://doi.org/10.1038/s41587-023-01685-z
https://doi.org/10.1038/nmeth.4604
https://doi.org/10.1038/nmeth.4604
https://doi.org/10.1126/science.1247651
https://doi.org/10.1126/science.1247651
https://doi.org/10.1101/262121
https://doi.org/10.1101/262121
https://doi.org/10.1101/298349
https://doi.org/10.1101/298349
https://doi.org/10.1016/j.cell.2018.09.022
https://doi.org/10.1186/s13059-020-02044-w
https://doi.org/10.1038/s41587-020-0470-y
https://doi.org/10.1038/s41587-020-0470-y
https://doi.org/10.1021/acssynbio.0c00499
https://doi.org/10.1021/acssynbio.0c00499
https://doi.org/10.1038/s41592-018-0033-z
https://doi.org/10.1186/S13059-015-0844-5/FIGURES/6
https://doi.org/10.1186/S13059-015-0844-5/FIGURES/6
https://doi.org/10.1038/s41467-022-35519-4
https://doi.org/10.1038/s41467-022-35519-4
https://doi.org/10.1038/s41588-021-00778-2
https://doi.org/10.1186/S13059-021-02545-2/FIGURES/5
https://doi.org/10.1186/S13059-021-02545-2/FIGURES/5
https://doi.org/10.1186/s13059-020-1928-4
https://doi.org/10.1038/s41467-019-10216-x
https://doi.org/10.1038/s41467-019-10216-x
https://doi.org/10.1186/S13059-014-0554-4/TABLES/2
https://doi.org/10.1186/S13059-014-0554-4/TABLES/2
https://doi.org/10.1038/s41592-020-0837-5
https://doi.org/10.1038/s41592-020-0837-5
https://doi.org/10.1016/j.xpro.2020.100125
https://doi.org/10.1016/j.xpro.2020.100125
https://doi.org/10.1186/s13059-019-1748-6
https://doi.org/10.1073/PNAS.2010738117
https://doi.org/10.1038/s41592-018-0259-9
https://doi.org/10.1038/s41592-018-0259-9
https://doi.org/10.1016/J.CELL.2018.11.029
https://doi.org/10.1016/J.CELL.2018.11.029
https://doi.org/10.1186/S13059-019-1628-0/FIGURES/4
https://doi.org/10.1016/J.CELL.2013.08.021
https://doi.org/10.1016/J.CELL.2013.08.021
https://doi.org/10.1371/journal.pone.0167617
https://doi.org/10.1371/journal.pone.0167617
https://doi.org/10.1038/nbt.3326
https://doi.org/10.1016/J.CELREP.2020.108020
https://doi.org/10.1016/J.CELREP.2020.108020
https://doi.org/10.1073/PNAS.1517883113
https://doi.org/10.1073/PNAS.1517883113
https://doi.org/10.1038/nbt.3834
https://doi.org/10.1038/nbt.3834
https://doi.org/10.1038/nmeth.4225
https://doi.org/10.1038/nmeth.4225


Page 21 of 22Meyers et al. Journal of Hematology & Oncology          (2023) 16:107  

paralogues. Nat Commun. 2021;12:1302. https:// doi. org/ 10. 1038/ 
s41467- 021- 21478-9.

 99. Liao C, Ttofali F, Slotkowski RA, Denny SR, Cecil TD, Leenay RT, et al. 
Modular one-pot assembly of CRISPR arrays enables library genera-
tion and reveals factors influencing crRNA biogenesis. Nat Commun. 
2019;10:2948. https:// doi. org/ 10. 1038/ s41467- 019- 10747-3.

 100. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multi-
plex genome engineering using CRISPR/Cas systems. Science. 
1979;2013(339):819–23. https:// doi. org/ 10. 1126/ scien ce. 12311 43.

 101. Rubin AJ, Parker KR, Satpathy AT, Qi Y, Wu B, Ong AJ, et al. Coupled 
single-cell CRISPR screening and epigenomic profiling reveals causal 
gene regulatory networks. Cell. 2019;176:361-376.e17. https:// doi. 
org/ 10. 1016/j. cell. 2018. 11. 022.

 102. Lotfollahi M, Klimovskaia Susmelj A, De Donno C, Hetzel L, Ji Y, Ibarra 
IL, et al. Predicting cellular responses to complex perturbations in 
high-throughput screens. Mol Syst Biol. 2023. https:// doi. org/ 10. 
15252/ msb. 20221 1517.

 103. Yao D, Binan L, Bezney J, Simonton B, Freedman J, Frangieh CJ, et al. 
Compressed Perturb-seq: highly efficient screens for regulatory cir-
cuits using random composite perturbations. BioRxiv. 2023. https:// 
doi. org/ 10. 1101/ 2023. 01. 23. 525200.

 104. Wessels H-H, Méndez-Mancilla A, Hao Y, Papalexi E, Mauck WM, Lu 
L, et al. Efficient combinatorial targeting of RNA transcripts in single 
cells with Cas13 RNA Perturb-seq. Nat Methods. 2023;20:86–94. 
https:// doi. org/ 10. 1038/ s41592- 022- 01705-x.

 105. Fiskus W, Sharma S, Shah B, Portier BP, Devaraj SGT, Liu K, et al. 
Highly effective combination of LSD1 (KDM1A) antagonist and pan-
histone deacetylase inhibitor against human AML cells. Leukemia. 
2014;28:2155–64. https:// doi. org/ 10. 1038/ leu. 2014. 119.

 106. Yang L, Chan AKN, Miyashita K, Delaney CD, Wang X, Li H, et al. High-
resolution characterization of gene function using single-cell CRISPR 
tiling screen. Nat Commun. 2021;12:4063. https:// doi. org/ 10. 1038/ 
s41467- 021- 24324-0.

 107. Morris JA, Caragine C, Daniloski Z, Domingo J, Barry T, Lu L, et al. Dis-
covery of target genes and pathways at GWAS loci by pooled single-
cell CRISPR screens. Science (1979). 2023;380:eadh7699. https:// doi. 
org/ 10. 1126/ scien ce. adh76 99.

 108. Jun S, Lim H, Chun H, Lee JH, Bang D. Single-cell analysis of a 
mutant library generated using CRISPR-guided deaminase in human 
melanoma cells. Commun Biol. 2020;3:154. https:// doi. org/ 10. 1038/ 
s42003- 020- 0888-2.

 109. Joung J, Ma S, Tay T, Geiger-Schuller KR, Kirchgatterer PC, Verdine 
VK, et al. A transcription factor atlas of directed differentiation. Cell. 
2023;186:209-229.e26. https:// doi. org/ 10. 1016/J. CELL. 2022. 11. 026.

 110. Luginbühl J, Kouno T, Nakano R, Chater TE, Sivaraman DM, Kishima 
M, et al. Decoding neuronal diversification by multiplexed single-cell 
RNA-Seq. Stem Cell Rep. 2021;16:810–24. https:// doi. org/ 10. 1016/j. 
stemcr. 2021. 02. 006.

 111. Ursu O, Neal JT, Shea E, Thakore PI, Jerby-Arnon L, Nguyen L, et al. 
Massively parallel phenotyping of coding variants in cancer with 
Perturb-seq. Nat Biotechnol. 2022;40:896–905. https:// doi. org/ 10. 
1038/ s41587- 021- 01160-7.

 112. Roth TL, Li PJ, Blaeschke F, Nies JF, Apathy R, Mowery C, et al. Pooled 
knock-in targeting for genome engineering of cellular immunothera-
pies. Cell. 2020;181:728. https:// doi. org/ 10. 1016/J. CELL. 2020. 03. 039.

 113. Jin X, Simmons SK, Guo A, Shetty AS, Ko M, Nguyen L, et al. In vivo 
Perturb-Seq reveals neuronal and glial abnormalities associated with 
autism risk genes. Science (1979). 2020;370:eaaz6063. https:// doi. org/ 
10. 1126/ scien ce. aaz60 63.

 114. Kuhn M, Santinha AJ, Platt RJ. Moving from in vitro to in vivo CRISPR 
screens. Gene Genome Editing. 2021;2:100008. https:// doi. org/ 10. 
1016/j. ggedit. 2021. 100008.

 115. Feldman D, Singh A, Schmid-Burgk JL, Carlson RJ, Mezger A, Garrity 
AJ, et al. Optical pooled screens in human cells. Cell. 2019;179:787-
799.e17. https:// doi. org/ 10. 1016/J. CELL. 2019. 09. 016.

 116. Feldman D, Funk L, Le A, Carlson RJ, Leiken MD, Tsai F, et al. 
Pooled genetic perturbation screens with image-based phe-
notypes. Nat Protoc. 2022;17:476–512. https:// doi. org/ 10. 1038/ 
s41596- 021- 00653-8.

 117. Eng CHL, Lawson M, Zhu Q, Dries R, Koulena N, Takei Y, et al. Tran-
scriptome-scale super-resolved imaging in tissues by RNA seqFISH. 
Nature. 2019;568:235–9. https:// doi. org/ 10. 1038/ S41586- 019- 1049-Y.

 118. Chen KH, Boettiger AN, Moffitt JR, Wang S, Zhuang X. Spatially 
resolved, highly multiplexed RNA profiling in single cells. Science. 
2015;348:aaa6090. https:// doi. org/ 10. 1126/ SCIEN CE. AAA60 90.

 119. Lubeck E, Coskun AF, Zhiyentayev T, Ahmad M, Cai L. Single-cell in situ 
RNA profiling by sequential hybridization. Nat Methods. 2014;11:360–1. 
https:// doi. org/ 10. 1038/ nmeth. 2892.

 120. Femino AM, Fay FS, Fogarty K, Singer RH. Visualization of single RNA 
transcripts in situ. Science. 1998;280:585–90. https:// doi. org/ 10. 1126/ 
SCIEN CE. 280. 5363. 585.

 121. Lee JH, Daugharthy ER, Scheiman J, Kalhor R, Ferrante TC, Terry R, et al. 
Fluorescent in situ sequencing (FISSEQ) of RNA for gene expression 
profiling in intact cells and tissues. Nat Protoc. 2015;10:442. https:// doi. 
org/ 10. 1038/ NPROT. 2014. 191.

 122. Wang X, Allen WE, Wright MA, Sylwestrak EL, Samusik N, Vesuna S, et al. 
Three-dimensional intact-tissue sequencing of single-cell transcrip-
tional states. Science. 1979;2018:361. https:// doi. org/ 10. 1126/ scien ce. 
aat56 91.

 123. Dhainaut M, Rose SA, Akturk G, Wroblewska A, Nielsen SR, Park ES, et al. 
Spatial CRISPR genomics identifies regulators of the tumor microenvi-
ronment. Cell. 2022;185:1223-1239.e20. https:// doi. org/ 10. 1016/J. CELL. 
2022. 02. 015.

 124. Liscovitch-Brauer N, Montalbano A, Deng J, Méndez-Mancilla A, Wessels 
H-H, Moss NG, et al. Profiling the genetic determinants of chromatin 
accessibility with scalable single-cell CRISPR screens. Nat Biotechnol. 
2021;39:1270–7. https:// doi. org/ 10. 1038/ s41587- 021- 00902-x.

 125. Pierce SE, Granja JM, Greenleaf WJ. High-throughput single-cell chro-
matin accessibility CRISPR screens enable unbiased identification of 
regulatory networks in cancer. Nat Commun. 2021;12:2969. https:// doi. 
org/ 10. 1038/ s41467- 021- 23213-w.

 126. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposi-
tion of native chromatin for fast and sensitive epigenomic profiling of 
open chromatin, DNA-binding proteins and nucleosome position. Nat 
Methods. 2013;10:1213–8. https:// doi. org/ 10. 1038/ nmeth. 2688.

 127. Klann TS, Barrera A, Ettyreddy AR, Rickels RA, Bryois J, Jiang S, et al. 
Genome-wide annotation of gene regulatory elements linked to cell 
fitness. BioRxiv. 2021. https:// doi. org/ 10. 1101/ 2021. 03. 08. 434470.

 128. Chardon FM, McDiarmid TA, Page NF, Martin B, Domcke S, Regalado 
SG, et al. Multiplex, single-cell CRISPRa screening for cell type specific 
regulatory elements. BioRxiv. 2023. https:// doi. org/ 10. 1101/ 2023. 03. 28. 
534017.

 129. Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis B, Chatto-
padhyay PK, Swerdlow H, et al. Simultaneous epitope and transcrip-
tome measurement in single cells. Nat Methods. 2017;14:865–8. https:// 
doi. org/ 10. 1038/ nmeth. 4380.

 130. Peterson VM, Zhang KX, Kumar N, Wong J, Li L, Wilson DC, et al. Mul-
tiplexed quantification of proteins and transcripts in single cells. Nat 
Biotechnol. 2017;35:936–9. https:// doi. org/ 10. 1038/ nbt. 3973.

 131. Mimitou EP, Cheng A, Montalbano A, Hao S, Stoeckius M, Legut M, 
et al. Multiplexed detection of proteins, transcriptomes, clonotypes 
and CRISPR perturbations in single cells. Nat Methods. 2019;16:409–12. 
https:// doi. org/ 10. 1038/ s41592- 019- 0392-0.

 132. Frangieh CJ, Melms JC, Thakore PI, Geiger-Schuller KR, Ho P, Luoma 
AM, et al. Multimodal pooled Perturb-CITE-seq screens in patient 
models define mechanisms of cancer immune evasion. Nat Genet. 
2021;53:332–41. https:// doi. org/ 10. 1038/ s41588- 021- 00779-1.

 133. Rivello F, van Buijtenen E, Matuła K, van Buggenum JAGL, Vink P, van 
Eenennaam H, et al. Single-cell intracellular epitope and transcript 
detection reveals signal transduction dynamics. Cell Rep Methods. 
2021;1:100070. https:// doi. org/ 10. 1016/j. crmeth. 2021. 100070.

 134. Katzenelenbogen Y, Sheban F, Yalin A, Yofe I, Svetlichnyy D, Jaitin DA, 
et al. Coupled scRNA-Seq and intracellular protein activity reveal an 
immunosuppressive role of TREM2 in cancer. Cell. 2020;182:872-885.
e19. https:// doi. org/ 10. 1016/J. CELL. 2020. 06. 032.

 135. Chung H, Parkhurst CN, Magee EM, Phillips D, Habibi E, Chen F, 
et al. Joint single-cell measurements of nuclear proteins and RNA 
in vivo. Nat Methods. 2021;18:1204–12. https:// doi. org/ 10. 1038/ 
s41592- 021- 01278-1.

https://doi.org/10.1038/s41467-021-21478-9
https://doi.org/10.1038/s41467-021-21478-9
https://doi.org/10.1038/s41467-019-10747-3
https://doi.org/10.1126/science.1231143
https://doi.org/10.1016/j.cell.2018.11.022
https://doi.org/10.1016/j.cell.2018.11.022
https://doi.org/10.15252/msb.202211517
https://doi.org/10.15252/msb.202211517
https://doi.org/10.1101/2023.01.23.525200
https://doi.org/10.1101/2023.01.23.525200
https://doi.org/10.1038/s41592-022-01705-x
https://doi.org/10.1038/leu.2014.119
https://doi.org/10.1038/s41467-021-24324-0
https://doi.org/10.1038/s41467-021-24324-0
https://doi.org/10.1126/science.adh7699
https://doi.org/10.1126/science.adh7699
https://doi.org/10.1038/s42003-020-0888-2
https://doi.org/10.1038/s42003-020-0888-2
https://doi.org/10.1016/J.CELL.2022.11.026
https://doi.org/10.1016/j.stemcr.2021.02.006
https://doi.org/10.1016/j.stemcr.2021.02.006
https://doi.org/10.1038/s41587-021-01160-7
https://doi.org/10.1038/s41587-021-01160-7
https://doi.org/10.1016/J.CELL.2020.03.039
https://doi.org/10.1126/science.aaz6063
https://doi.org/10.1126/science.aaz6063
https://doi.org/10.1016/j.ggedit.2021.100008
https://doi.org/10.1016/j.ggedit.2021.100008
https://doi.org/10.1016/J.CELL.2019.09.016
https://doi.org/10.1038/s41596-021-00653-8
https://doi.org/10.1038/s41596-021-00653-8
https://doi.org/10.1038/S41586-019-1049-Y
https://doi.org/10.1126/SCIENCE.AAA6090
https://doi.org/10.1038/nmeth.2892
https://doi.org/10.1126/SCIENCE.280.5363.585
https://doi.org/10.1126/SCIENCE.280.5363.585
https://doi.org/10.1038/NPROT.2014.191
https://doi.org/10.1038/NPROT.2014.191
https://doi.org/10.1126/science.aat5691
https://doi.org/10.1126/science.aat5691
https://doi.org/10.1016/J.CELL.2022.02.015
https://doi.org/10.1016/J.CELL.2022.02.015
https://doi.org/10.1038/s41587-021-00902-x
https://doi.org/10.1038/s41467-021-23213-w
https://doi.org/10.1038/s41467-021-23213-w
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1101/2021.03.08.434470
https://doi.org/10.1101/2023.03.28.534017
https://doi.org/10.1101/2023.03.28.534017
https://doi.org/10.1038/nmeth.4380
https://doi.org/10.1038/nmeth.4380
https://doi.org/10.1038/nbt.3973
https://doi.org/10.1038/s41592-019-0392-0
https://doi.org/10.1038/s41588-021-00779-1
https://doi.org/10.1016/j.crmeth.2021.100070
https://doi.org/10.1016/J.CELL.2020.06.032
https://doi.org/10.1038/s41592-021-01278-1
https://doi.org/10.1038/s41592-021-01278-1


Page 22 of 22Meyers et al. Journal of Hematology & Oncology          (2023) 16:107 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 136. Replogle JM, Saunders RA, Pogson AN, Hussmann JA, Lenail A, Guna A, 
et al. Mapping information-rich genotype-phenotype landscapes with 
genome-scale Perturb-seq. Cell. 2022;185:2559-2575.e28. https:// doi. 
org/ 10. 1016/j. cell. 2022. 05. 013.

 137. Tian R, Gachechiladze MA, Ludwig CH, Laurie MT, Hong JY, Nathaniel 
D, et al. CRISPR Interference-based platform for multimodal genetic 
screens in human iPSC-derived neurons. Neuron. 2019;104:239-255.e12. 
https:// doi. org/ 10. 1016/j. neuron. 2019. 07. 014.

 138. Shifrut E, Carnevale J, Tobin V, Roth TL, Woo JM, Bui CT, et al. Genome-
wide CRISPR screens in primary human T cells reveal key regulators of 
immune function. Cell. 2018;175:1958-1971.e15. https:// doi. org/ 10. 
1016/j. cell. 2018. 10. 024.

 139. Hein MY, Weissman JS. Functional single-cell genomics of human 
cytomegalovirus infection. Nat Biotechnol. 2022;40:391–401. https:// 
doi. org/ 10. 1038/ s41587- 021- 01059-3.

 140. Xu Z, Sziraki A, Lee J, Zhou W, Cao J. PerturbSci-Kinetics: Dissecting key 
regulators of transcriptome kinetics through scalable single-cell RNA 
profiling of pooled CRISPR screens. BioRxiv. 2023. https:// doi. org/ 10. 
1101/ 2023. 01. 29. 526143.

 141. Blair JD, Hartman A, Zenk F, Dalgarno C, Treutlein B, Satija R. Phospho-
seq: Integrated, multi-modal profiling of intracellular protein dynamics 
in single cells. BioRxiv. 2023. https:// doi. org/ 10. 1101/ 2023. 03. 27. 534442.

 142. Chen W, Guillaume-Gentil O, Rainer PY, Gäbelein CG, Saelens W, 
Gardeux V, et al. Live-seq enables temporal transcriptomic record-
ing of single cells. Nature. 2022;608:733–40. https:// doi. org/ 10. 1038/ 
s41586- 022- 05046-9.

 143. Roth TL, Li PJ, Blaeschke F, Nies JF, Apathy R, Mowery C, et al. Pooled 
knockin targeting for genome engineering of cellular immunothera-
pies. Cell. 2020;181:728-744.e21. https:// doi. org/ 10. 1016/j. cell. 2020. 03. 
039.

 144. Zhou W, Gao F, Romero-Wolf M, Jo S, Rothenberg EV. Single-cell dele-
tion analyses show control of pro-T cell developmental speed and 
pathways by Tcf7, Spi1, Gata3, Bcl11a, Erg, and Bcl11b. Sci Immunol. 
2022;7:5. https:// doi. org/ 10. 1126/ SCIIM MUNOL. ABM19 20/ SUPPL_ FILE/ 
SCIIM MUNOL. ABM19 20_ TABLES_ S1_ TO_ S12. ZIP.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.cell.2022.05.013
https://doi.org/10.1016/j.cell.2022.05.013
https://doi.org/10.1016/j.neuron.2019.07.014
https://doi.org/10.1016/j.cell.2018.10.024
https://doi.org/10.1016/j.cell.2018.10.024
https://doi.org/10.1038/s41587-021-01059-3
https://doi.org/10.1038/s41587-021-01059-3
https://doi.org/10.1101/2023.01.29.526143
https://doi.org/10.1101/2023.01.29.526143
https://doi.org/10.1101/2023.03.27.534442
https://doi.org/10.1038/s41586-022-05046-9
https://doi.org/10.1038/s41586-022-05046-9
https://doi.org/10.1016/j.cell.2020.03.039
https://doi.org/10.1016/j.cell.2020.03.039
https://doi.org/10.1126/SCIIMMUNOL.ABM1920/SUPPL_FILE/SCIIMMUNOL.ABM1920_TABLES_S1_TO_S12.ZIP
https://doi.org/10.1126/SCIIMMUNOL.ABM1920/SUPPL_FILE/SCIIMMUNOL.ABM1920_TABLES_S1_TO_S12.ZIP

	CRISPR screening in hematology research: from bulk to single-cell level
	Abstract 
	Background
	CRISPRCas9 genome editing
	CRISPR screens
	Single-cell CRISPR screening
	Single-cell technology
	gRNA capture approaches
	Data analysis

	New developments in single-cell CRISPR screening
	Multiplexed libraries
	Variant screening
	In vivo and in situ screening
	Multimodal readout of chromatin accessibility or protein
	Genome-wide single-cell CRISPR screening

	Concluding remarks
	Acknowledgements
	References


