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Abstract 

Due to the rapid development of stem cell technology, there have been tremendous advances in molecular bio-
logical and pathological research, cell therapy as well as organoid technologies over the past decades. Advances 
in genome editing technology, particularly the discovery of clustered regularly interspaced short palindromic repeats 
(CRISPR) and CRISPR-related protein 9 (Cas9), have further facilitated the rapid development of stem cell researches. 
The CRISPR-Cas9 technology now goes beyond creating single gene editing to enable the inhibition or activa-
tion of endogenous gene loci by fusing inhibitory (CRISPRi) or activating (CRISPRa) domains with deactivated Cas9 
proteins (dCas9). These tools have been utilized in genome-scale CRISPRi/a screen to recognize hereditary modi-
fiers that are synergistic or opposing to malady mutations in an orderly and fair manner, thereby identifying illness 
mechanisms and discovering novel restorative targets to accelerate medicinal discovery investigation. However, 
the application of this technique is still relatively rare in stem cell research. There are numerous specialized challenges 
in applying large-scale useful genomics approaches to differentiated stem cell populations. Here, we present the first 
comprehensive review on CRISPR-based functional genomics screening in the field of stem cells, as well as practical 
considerations implemented in a range of scenarios, and exploration of the insights of CRISPR-based screen into cell 
fates, disease mechanisms and cell treatments in stem cell models. This review will broadly benefit scientists, engi-
neers and medical practitioners in the areas of stem cell research.
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Introduction
Over the past decade, with the discovery of induced 
pluripotent stem cells (iPSCs), the research on stem cells 
has been rapidly developed [1]. There is a burgeoning 
interest that specific genes cause phenotypic alterations, 
such as guiding directed differentiation, organoids, apop-
tosis or other programmed modes of death [2, 3]. Next 
generation sequencing (NGS) has emerged as a vital 
tool in stem cell research, offering insights into genomic 
expression changes under various selective pressures or 
conditions [4–6]. However, functional studies that eluci-
date the link between these genetic variations and disease 
pathogenesis have not kept pace with the rapid techno-
logical advancements.

Gene knockout or inhibition has been an important 
way to study the function of certain genes. The advent 
of RNA interference (RNAi) technology has simplified 
the process of targeting RNA for translational repres-
sion, enabling the study of gene functions through len-
tiviral delivery or transient transfection [7]. However, 
it is inefficient to knock out a single gene of interest to 
study its function, which is subsequently applied in sev-
eral organisms worldwide to generate RNAi libraries 
and silence most genes in the genome, so as to achieve 
genome-wide functional loss screening [8]. While the 
potential and application of genome-wide RNAi screen-
ing has attracted many researchers. The RNAi technol-
ogy has some intrinsic technical drawbacks, including the 
inherent incompleteness of protein depletion by RNAi, 
confounding off-target effects and risk of reporting false 
positives [9, 10]. Hence, researchers are beginning to 
explore novel manners that permit direct modification 
of genome instead of manipulating gene expression, such 
as zinc finger nucleases (ZFNs) and naturally occurring 
transcription activater-like effector nucleases (TALENs) 
[11, 12].

The clustered regularly interspaced short palindromic 
repeats (CRISPR) and CRISPR-related Protein 9 (Cas9) 
techniques are among the most flexible and power-
ful genome editing tools found in the immune system 
of bacterial [13]. Cas9 is a capable RNA-directed DNA-
restricted endonuclease that produces double strand 
breaks (DSBs) of DNA for gene function studies and 
therefore plays an critical role within the study of driv-
ing mutations and the development of targeted therapies 
and immunotherapies [14]. Genome-wide CRISPR-based 
screen present new strategy that has been widely used 
in cancer and other diseases [15–18]. It is achieved by 
arranging or merging single guide RNA (sgRNA) libraries 
with Cas nucleases, which enables high-throughput gene 
knockout for targeted gene function exploration [19, 20].

This review summarizes the characteristics, tool 
selection, application scenarios, and strategies of 

CRISPR-based screen techniques in stem cell research. 
In addition, potential applications, future challenges, and 
limitations of this technology in stem cells are presented. 
Specific usage methods and bioinformatics analysis 
methods can be referred to other reports.

CRISPR Cas9 screening and tool selection
The CRISPR technology is an anti-viral defense system 
based on the bacterial immune system, characterized by 
DNA elements called CRISPRs and Cas proteins. CRISPR 
produces RNA that acts with the bacterial Cas protein to 
cut the phage genome after bacterial cell infection. This 
system was later used to cut specific sequences in the 
mammalian genome, and it revolutionized biomedical 
research and the development of gene therapy [21, 22]. 
Scientists also developed multiple CRISPR-based plat-
forms have been developed for the detection of viral 
sequences [23, 24]. The CRISPR-Cas9 system consists of 
two biological components: chimeric sgRNA and RNA-
guided DNA endonuclease Cas9 [13]. Cas9 loaded with 
sgRNA is directed to the 20 bp region of the DNA target 
by base pairing. The target DNA should be immediately 
preceded with the 5 ’NGG sequence (N is any nucleotide) 
for functional gene editing, called the proto-spacer adja-
cent motif (PAM) [14, 25]. Cas9 facilitates genome edit-
ing by redirecting to target regions and inducing DSBs 
at target genomic sites. Then cellular mechanisms repair 
DNA DSBs via Non-homologous end joining (NHEJ) or 
homology-directed repair (HDR) pathways [26]. Variants 
of CRISPR-Cas9-based technologies include gene editing 
and controlling gene expression, with CRISPR interfer-
ence (CRISPRi) and CRISPR activation (CRISPRa) tech-
nologies closely related to CRISPR Screening (Fig. 1A).

CRISPR interference
The transcription suppressor domains (most commonly 
the KRAB domain, epigenetic modifiers, or Krüppel-
associated box,) can be recruited by deactivated Cas9 
protein (dCas9) onto transcription start sites of the 
human genome to inhibit associated gene transcription 
[27]. This method is called CRISPR jamming, or CRIS-
PRi. CRISPRi is capable of achieving rigorous knockout 
levels for both coding and non-coding RNA in human 
cells. It offers a versatile means to study the functional 
implications of gene expression modulation, including 
the examination of partially reduced gene expression lev-
els (Fig. 1B) [28]. Based on flexible ability to control gene 
expression of CRISPRi, it is possible to study the func-
tion of basic genes that cannot be knocked out without 
slaughtering cells, to partially pharmacologically inhibit 
cell function, or to simulate decreased gene expression 
at disease states. CRISPRi can selectively knock out spe-
cific transcripts of genes with multiple transcription start 
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sites, since it operates at the transcription start site level 
[29]. Nevertheless, the use of multiple sgRNAs must be 
approached with caution, as it increases the potential for 
off-target effects. This risk necessitates careful sgRNA 
design and thorough validation to ensure specificity and 
minimize unintended consequences in gene regulation 
studies.

The problem of off-target effects is widespread in 
applications of CRISPRi. Depending on the design of 

constructed sgRNA, the increased number of off-tar-
get binding sites promote the probability of dCas9 off-
target effect (Table  1) [30]. In organisms with genomes 
larger than bacteria, sequence-specific off-target effects 
are more prominent [31, 32]. However, the off-target 
effects of CRISPRi are much lower than the RNA inter-
ference of the previous generation of knockout technolo-
gies [33, 34]. The selection of some bioinformatics tools 
such as E-CRISP [35] and CRISPOR [36] can simplify the 

Fig. 1  CRISPRi and CRISPRa dependent gene regulation. A The progression of the CRISPR/Cas screen systems in stem cell researches 
and applications over time. B CRISPR interference or inhibition (CRISPRi). Under the guidance of gRNA, dCas9-transcription factor fusion protein 
binds to the transcription start site (TSS) or enhancer of the target gene to inhibit transcription initiation and silence the expression of the target 
gene. C CRISPR activation (CRISPRa). dCas9 binds to different transcriptional activators to up-regulate the expression of target genes. In order 
to better improve the level of overexpression, multiple transcriptional activators can be recruited to target gene TSS sites or enhancers to improve 
the activation efficiency
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selection of target sequences to minimize the occurrence 
of mismatch or off-target effects.

CRISPR activation
In a groundbreaking development, synthetic transcrip-
tional activator complexes have been engineered in 
E.  coli, seamlessly integrating activated domains with 
the programmable DNA-binding capabilities of the 
CRISPR-Cas9 system. This innovation has given rise 
to the creation of highly specific custom transcrip-
tion factors (TFs), a technique known as CRISPRa 
[37]. CRISPRa is capable of driving gene expression of 
interest at levels appropriate for metabolic engineer-
ing to assess functional consequences by recruiting 
different transcriptional activation domains to target 
sites of interest [38, 39]. The activation is achieved by 
employing modified guide RNAs that bring the dCas9 
protein—now functioning as an RNA-binding pro-
tein—into play. These sgRNAs are designed to fuse with 
the RNA-binding protein and its activation domain or 
to integrate directly with dCas9 (Fig.  1C) [39, 40]. In 
mammalian cell CRISPRa activation programs usually 
use the second approach, dCas9 is fused into an acti-
vation subdomain, most commonly the tetramer of 
VP16, VP64, which recruits the transcriptionist to the 
genomic site where dCas9/gRNA binds [41, 42]. Several 

additional activation enhancers are used to compensate 
for the relatively low gene activation capacity of dCas9-
VP64, such as SunTag, SAM and VPR [43–45]. Exist-
ing CRISPRa tools are specific positioned to rapidly 
execute combinatorial programs of multigene expres-
sion targeting engineered promoters and to control 
optimal expression conditions for objective production 
[46]. Unlike overexpression based on cDNA transduc-
tion, CRISPRa mainly promotes the expression of tar-
get genes by activating the promoter region of target 
genes, making it more suitable for a wide range of gene 
overexpression screening (Table 1).

Different from CRISPRi, off-target effects of CRISPRa 
are not usually considered a problem with Cas9 activa-
tors [44, 45]. Given the results of previous RNA-seq 
experiments, and the likelihood that Cas9 will have an 
off-target site on the promoter of another gene, thus driv-
ing abnormal transcription, is very low, that is, off-target 
effects are not much of a problem [47]. In order to obtain 
reduced miss efficiency, it can put the promoter of a gene 
into a gRNA finder, such as WU-CRISPR [48] or sgRNA 
scorer 2.0 [49] and selecting the gRNA closest to the 
transcription start site (TSS) [37, 50]. It is recommended 
that the guide be positioned in the upstream area of the 
TSS less than 200 bp for best results, but the area greater 
than 400 bp can also be better results.

Table 1  Functional genomics screening techniques comparison

Functional 
Genomics Screening 
Technique

Toxicity Off-Target Effect Gain/Loss-of- 
Function Type

Reversibility sgRNA Target 
Region

Adaptability

RNAi Relatively low Present, especially 
with poor siRNA 
design

Knock-down Reversible Targeting mRNA 
through small RNA 
molecules

High

CRISPRi Low Present, generally 
lower than CRISPRn

Knock-down Reversible Targeting spe-
cific gene regions 
through gRNA

High

CRISPRn Potentially high Potentially high, 
requires careful gRNA 
design

Knock-out Typically irreversible Targeting regions 
determined by gRNA 
design

High

Base editor Low Present, generally 
lower than CRISPRn

Base change Irreversible Targeting spe-
cific gene sites 
through gRNA

Moderate

cDNA overexpression Can cause cellular 
stress

Low, mainly affecting 
the expression level 
of the target protein

Overexpression Reversible Not applicable High

CRISPRa Low Present, generally 
lower than CRISPRn

Activation Reversible Targeting promoter 
regions of specific 
genes through gRNA

High

ZFNs Potentially high Present, requires 
careful design of zinc-
finger proteins

Knock-out Irreversible Targeting DNA 
through specific DNA-
binding domains

Moderate

TALENs Potentially high Present, can be 
reduced through care-
ful design

Knock-out Irreversible Targeting DNA 
through specific DNA-
binding domains

Moderate
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The whole workflow of CRISPR screening
The flexibility of CRISPRi/a-based manipulation of gene 
expression and the efficiency of CRISPR in generat-
ing gene mutations allow for high-throughput CRISPR 
gene screening [51]. According to the way of screening, 
CRISPR screening is divided into partial interest pooled 
gene screening and genome-wide screening. Because a 
single mutation can be easily identified using the NGS of 
the corresponding gRNA region, depending on the gene 
set of interest, the corresponding gene can be silenced or 
activated, such as related to kinases [52], ubiquitination 
[53] or neural differentiation [54]. Customizing a small 
set of genes of interest is possible. Although genome-
wide CRISPR screening is commonly performed, it’s 
worth noting that it can be both time-consuming and 
costly. Among mammals, human and mouse are the 
most common choices for genome screening. This selec-
tion influences not only the construction of the plasmid 
library but also the bioinformatics analysis methods used 
to process the data.

In general, for non-customized CRISPR screening, 
researchers can purchase the required plasmid librar-
ies at Addgene for a small amount of money, either for 
partial or whole-genome library screening. The coverage 
of these libraries varies from a few hundred to 200,000 
gRNAs and from 3 to 20 gRNAs per gene to maximize 
the chances of identifying screening hits. The library also 
includes non-target guidelines, which are used as internal 
negative controls to evaluate noise in the screen and nor-
malize read counts [55].

Taking genome-wide CRISPR screening as an exam-
ple, the overall workflow is depicted in Fig.  2. Initially, 
the entire plasmid library must be amplified. Electropo-
ration is typically employed for this step, as it enhances 
the efficiency of bacterial transformation compared to 
the heat shock method [56, 57]. The standard CRISPR 
library utilizes a single-vector system for lentiviral cell 
transduction, where each plasmid encodes both the 
sgRNA and the Streptococcus pyogenes Cas9 (SpCas9). 
This library design allows for the transduction of any cell 
type of interest without the need for additional genetic 
manipulation.

For certain cells that need to be CRISPR screened 
in  vivo or screened for cells that cannot be transduced 
by lentiviruses, alternative delivery methods such as 
adeno-associated viruses (AAVs) or retroviruses can be 
utilized [58, 59]. In instances where long-term differen-
tiation studies are necessary, a degron-based strategy can 
be employed to modulate Cas9 activity, which may be 
undesirable during the screening process. This approach 
provides a flexible means to regulate the duration and 
intensity of Cas9 expression, thereby facilitating more 
precise control over the screening procedure [60, 61].

In the case of lentiviral vectors, researchers need to use 
a low multiple infection (MOI) ratio of 0.3–0.6 for trans-
duction, which represents the number of cells infected 
with the virus. For more accurate results, an MOI coef-
ficient of less than 0.4 is usually used to ensure as few 
multiple infections as possible [56]. The uninfected cells 
are then removed by loading them with an overdose of 
antibiotics, thereby ensuring that only the successfully 
modified cells remain. It’s crucial to meticulously con-
trol the concentration and timing of the antibiotic treat-
ment. Additional doses or treatments may kill some 
of the already infected cells while avoiding changes in 
the mutant population unrelated to the phenotype of 
interest.

After sufficient T0 generation cells were collected for 
analysis, the investigator was allowed to use positive or 
negative screening conditions for subsequent study pur-
poses. A negative screening condition usually means leav-
ing the cell in its natural growth state to study which gene 
knockouts/activations would naturally manipulate the 
proliferative state of cells. Large libraries of cell lines have 
been established for researchers to study the effects of 
genes of interest on cell proliferation or survival. Such as 
Depmap (https://​depmap.​org/​portal/), PICKLES (https://​
pickl​es.​hart-​lab.​org), etc. [62, 63]. A positive screening 
condition refers to the study of the genetic response to an 
intervention or insult using conditions that have a signifi-
cant effect on cell proliferation, such as drugs or genetic 
manipulation. Such studies are usually done to figure out 
the important of certain genes for resistance to insult. For 
positive screening of inhibition of cell proliferation, the 

Fig. 2  CRISPRi/a screening strategy. After the introduction of CRISPRi/a libraries, purinomycin was used to obtain stem cells with MOI(0.3–0.4) 
in order to ensure that only a unique lentivirus was infected within each cell. A Natural screening. Without the introduction of pressure, the stem 
cells are obtained by natural selection or induction schemes to induce cell survival/proliferation and then selective pressure is applied to produce 
key genes that enrich or deplete specific GRnas. B Pressure intervention. Appropriate pressure is introduced according to the purpose of the study. 
This stress can be intense and intense, or it can be prolonged and weak (adaptive screening). Can also be induced under conditions if additional 
pressure. C Phenotypic selection. Based on the cell phenotype of gene expression, pool fluorescence-activated cell sorting (FACS)-based screening 
protocols were designed, or single-cell RNA sequencing (RNA-seq) and screening were combined to determine the effect of gene perturbations 
on the high-dimensional transcriptome phenotype. In addition, an ensemble optical screening scheme for genes that distinguish cell phenotypes 
by high-resolution optical microscopy

(See figure on next page.)

https://depmap.org/portal/
https://pickles.hart-lab.org
https://pickles.hart-lab.org


Page 6 of 30Zhou et al. Stem Cell Research & Therapy          (2024) 15:218 

Fig. 2  (See legend on previous page.)
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differentiated cells are sometimes isolated by flow cytom-
etry or other methods, which will also provide some spe-
cific research content, such as organoid studies.

It usually takes three to eight days to collect enough 
cells once they reach a certain number and pass on the 
rest. At the end of the experiment, the collected genomic 
DNA (gDNA) is purified. Using commercial genome iso-
lation kits can greatly speed up the workflow and make 
them more consistent. Sequencing libraries were gener-
ated by amplification of gRNA regions using PCR. PCR 
primers usually contain a link sequence of NGS and a 
label that can be assigned to each gDNA sample, so that 
different amplified samples can be combined for unified 
sequencing. It is important to note that saturation is pre-
vented by controlling the number of cycles. Some unnec-
essary amplification will favor more easily amplified 
gRNA sequences, skew the distribution, and thus lead to 
a large number of false positive readings. Following NGS 
and typical QCS, the original read count can be normal-
ized to a total number to account for bias during library 
expansion.

The results of the NGS yields the initial gRNA counts 
for each sample, providing a foundation for assessing 
gRNA enrichment or depletion. Strategies to pinpoint 
significant hits from CRISPR screens are influenced by 
several factors, including the library size, the selection 
protocol employed, and the desired sensitivity of the 
screen [64]. Since all libraries contain some redundancy, 
there are usually 4–10 gRNAs for each gene, helping to 
circumvent potential off-target activity of gRNAs and 
enhancing the stability of individual gene expression [31, 
65, 66]. For subsequent bioinformatics analysis processes, 
such as MAGeCK (model-based gene essentiality analy-
sis) [67–69], RIGER (RNAi gene enrichment sequenc-
ing) [70], BAGEL (Bayes-based gene essentiality analysis) 
[71], and CARpools (CRISPR analyzers for collection 
screening) [72] are available. These analytical meth-
ods are adept at identifying hits that exhibit significant 
changes in representation—be it amplified or depleted—
across the vast datasets generated by CRISPR screens. 
Moreover, they facilitate enrichment analyses of gene 
sets, enabling researchers to adopt a holistic approach to 
understanding how specific genes influence phenotypes 
[73, 74]. By leveraging these sophisticated tools, the func-
tional genomics landscape can be navigated with greater 
precision, revealing the genetic underpinnings of biologi-
cal processes and disease mechanisms.

Library tools for genome‑scale CRISPR‑Cas9 screening
Genome-wide screening libraries leveraging CRISPRi or 
CRISPRa technologies have evolved through numerous 
iterations. In the pioneering stages of pooled screening, 
a substantial number of single-guide RNAs (sgRNAs) 

were necessary for each gene to counteract the unpre-
dictable variations in gRNA targeting efficacy. The over-
arching goal of optimization in these screens has been 
twofold: to enhance the sensitivity of sgRNAs and to 
minimize off-target effects, thereby increasing the fidel-
ity of the screen. Concurrently, there has been a drive to 
decrease the average number of sgRNAs per gene, which 
helps to reduce the complexity of the cell population and 
simplifies the analysis by focusing on the most effective 
and specific sgRNAs. Common genome-wide CRISPRi 
libraries include GeCKOi/a v2 [44, 75], TKOv3 [76, 77], 
Brie [31], hCRISPRi/a v2 [78], Sabatini/Lander et al. [79]. 
Sometimes a lab goes through repeated optimizations to 
maximize the efficiency of the library. Taking the library 
of the human CRISPR lentivirus developed by Jason Mof-
fat as an example, the first-generation Toronto Knock-
Out library (TKOv1) contains 176,500 guides (12 guides/
genes) targeting 17,661 protein-coding genes [76]. The 
researchers found that decreasing the library size to more 
than four gRNAs per gene usually resulted in a small 
increase in screening sensitivity. Thus, the third-genera-
tion TKOv3 library contains only 70,948 sgRNA-targeted 
18,053 coding genes, which is convenient for genome-
level screening in cell lines while sensitive enough to 
minimize false negatives in well-designed screens [77].

Interestingly, due to the different sensitivities of various 
pools, they are likely to obtain essential genes (EGs) that 
do not exactly overlap. For example, Zeng et  al., using 
TKOv3 Library, found that key genes in gastric cancer 
AGS cell lines did not overlap exactly with Sanger and 
Achilles datasets, A tRNA N7-methylguanosine (m7G) 
methyl-transferase (METTL1) is identified as a potential 
drug target (Fig. 3B) [80]. In particular, for those impor-
tant genes within the core regions, their overlapping cor-
relations decreased significantly.

The information convergence of CRISPRi/a screen
It is important to note that the results of CRISPRi screen 
do not translate directly to a simple reverse interpreta-
tion of CRISPRa screen. That is, CRISPRi-screened neg-
ative-manipulated EGs do not necessarily produce major 
overlap with CRISPRa-screened positive controlled EGs. 
For example, CRISPRi and CRIPSRa screening of human 
pluripotent stem cells (hPSC) respectively showed great 
differences in their essential gene sets (Fig. 3A) [81, 82]. 
Even for some genes, CRISPRa overexpression and CRIS-
PRi knockout will lead to opposite phenotypes, such as 
desensitization and sensitization to anticancer drugs [83] 
or bacterial toxins [33]. There are several possible rea-
sons. First, with CRISPRi, not all proteins in the cell are 
expressed, and some ineffective silencing does not reflect 
the role of these genes in the cell, while CRISPRa can 
cause all genes to be overexpressed. Second, the function 
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of some proteins can be compensated by other genes, and 
even after silencing these genes, the cell can still replicate 
normally, especially for certain protein complexes. Third, 
CRISPRa can promote the overexpression of certain 
cytokines, which has the potential to affect the overall 
cell culture environment, leading to instability in certain 
outcomes.

CRISPRi and CRISPRa technologies offer a wealth of 
information that complements each other in the elucida-
tion of intricate biological pathways. For instance, when 
applied to the screening of key genes in human myeloid 
leukemia cells, CRISPRi screening has identified essen-
tial housekeeping genes, whereas CRISPRa screening has 
uncovered a more intricate biological function mapping 
and the presence of tumor driver genes [33]. In stem cell 
research, CRISPRa can serve as a substitute for CRISPRi, 
enabling the study of gene functions that are not typically 
expressed at specific differentiation times [84]. On the 
contrary, CRISPRi knockout has greater significance than 
CRISPRa in the study of the function of individual genes 
in the protein complex subunit, because overexpres-
sion of a gene alone is not necessarily sufficient to cause 
the phenotype [85]. The nuanced differences between 
CRISPRi and CRISPRa in their applications highlight 
the importance of selecting the appropriate tool for the 
scientific question at hand. Both technologies provide 
researchers with powerful means to dissect complex bio-
logical systems and contribute to a deeper understanding 
of disease mechanisms and stem cell biology.

Strategies, methods and schemes of CRISPR‑based 
screen in stem cells
The preceding section delved into the fundamental prin-
ciples and distinctive features of CRISPR-based screen-
ing technology, offering a comprehensive overview of 
the procedural steps involved. This technology leverages 
the precision of sgRNA programming to target genes of 
interest, enabling the exploration of the entire genomic 
landscape within stem cells across a variety of application 
contexts. Such screenings can encompass a broad sweep 
of the genome or zero in on specific classes of functional 

proteins, thereby elucidating their respective contribu-
tions to the intricate functionalities of diverse stem cell 
types.

Building on this foundation, the subsequent discussion 
aims to encapsulate and articulate the specific applica-
tion scenarios of CRISPR screening, presenting detailed 
examples that highlight the utilization of CRISPR in the 
context of stem cell research. These examples will illus-
trate how CRISPR screening is not only a powerful tool 
for functional genomics but also a versatile platform that 
can be tailored to address complex biological questions 
pertinent to stem cell biology and beyond.

Stem cell research and the role of CRISPR‑based screening
The advent of iPSCs has revolutionized stem cell research 
by providing a means to reprogram adult somatic cells 
into a pluripotent state, offering new avenues for dis-
ease modeling, drug discovery, and personalized medi-
cine [86]. However, the path from understanding stem 
cell biology to harnessing their therapeutic potential is 
fraught with challenges, particularly in discerning the 
molecular cues that guide cell fate decisions and in devel-
oping targeted interventions for various diseases.

CRISPR-based screening techniques have emerged 
as indispensable tools in this quest, offering an unprec-
edented ability to probe the function of genes at a 
genome-wide scale. CRISPR (Clustered Regularly Inter-
spaced Short Palindromic Repeats), coupled with the 
Cas9 nuclease, allows for the precise editing of DNA 
sequences, enabling researchers to perform both loss-of-
function (CRISPRi/Cas9) and gain-of-function (CRIS-
PRa) screens.

These high-throughput screening methods are crucial 
for several reasons:

Functional Genomics: They enable the functional 
annotation of the genome by identifying the roles of spe-
cific genes in cellular processes, including stem cell dif-
ferentiation and maintenance.

Cell Fate Determinants: By systematically disrupting or 
activating genes, researchers can pinpoint determinants 

(See figure on next page.)
Fig. 3  Complementary genetic interpretation for CRISPRi and CRISPRa screen. A Knockdown or overexpression phenotypes and statistical 
significance (two-sided Mann–Whitney U test) for genes targeted in the CRISPRi (left) and CRISPRa (right) screens. Dashed lines show FDR cutoff 
for hit genes (FDR = 0.05) based on the Gene Score. Comparing Gene Scores for hits from CRISPRi and CRISPRa screens. Hit genes with protective 
or toxic phenotypes in either screen are shown in red or blue, respectively. Genes that are hits in both screens are shown in orange. GO term 
enrichment analysis for the top 100 hit genes with protective or toxic phenotypes in CRISPRi (left) and CRISPRa (right) survival screens. Significantly 
enriched biological process terms (FDR < 0.01) are shown. Copyright from Nature. B The comparison of two CRISPR screens datasets in GC cell lines. 
A Circular barplot of pearson’s correlation coefficient for 16 896 common genes, 1969 common essential genes and 525 common pan-cancer 
core fitness genes of Achilles and Sanger datasets. [Copyright from Springer Nature]. C The Venn diagram shows key Genes in Mair et al. 2019, Ihry 
et al. 2019 and Core Essential Genes. These 79 overlapping genes were subsequently analyzed for GO and KEGG enrichment. The Protein–protein 
interaction network and the Molecular Complex Detection were completed
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Fig. 3  (See legend on previous page.)
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of cell fate, which is vital for stem cell differentiation pro-
tocols [87].

Disease Mechanisms: CRISPR screens can reveal genes 
whose mutations contribute to disease pathology, par-
ticularly in the context of complex, multifactorial dis-
eases [88].

Therapeutic Target Identification: Understanding 
the genetic underpinnings of disease through CRISPR 
screens can lead to the identification of novel therapeutic 
targets [89].

Drug Response and Resistance: These screens can also 
illuminate the genetic basis of drug response and resist-
ance, facilitating the development of more effective 
treatments.

Precision Medicine: By elucidating the genetic land-
scape that influences stem cell behavior, CRISPR screens 
contribute to the goal of personalized medicine, where 
treatments are tailored to an individual’s genetic profile.

Screen without insult
The direct application of CRISPR-based screening in 
stem cells involves a straightforward strategy: intro-
ducing a CRISPRi/a library into the stem cells without 
subjecting the cells to any additional stress or selective 
pressures. Following induction, cells are harvested at 
various time points, and the T0 generation cells are com-
pared with the EGs to conduct the analysis (Fig. 2A). The 
objective is to identify genes knockout or overexpression 
can influence the natural growth kinetics of stem cells. 
This approach mirrors the exploration of tumor cells, 
where the deletion or overexpression of certain genes can 
impact the proliferation of various cell types [90, 91]. It 
is essential to filter out these genes in the final bioinfor-
matic analysis to isolate a unique set of EGs that are spe-
cific to the stem cells in question [76, 92].

Identification of essential genes in undifferentiated stem cells 
with natural growth
Essential genes in PSCs and ESCs  In the natural screen-
ing of stem cells by CRISPR screen technology, multipo-
tential stem cells are the mainstream explored (Fig. 2A). 
Both pluripotent stem cells (PSCs) and embryonic stem 
cells (ESCs) are capable to self-renew and be induced to 
differentiation of most known cell types [93, 94]. Despite 
the great potentials, utilizing PSCs and ESCs for genetic 
screening is limited by the expensive and cumbersome 
cell culture requirements [95] and reduces the efficiency 
of gene manipulation [81]. However, these cells receive 
little of the effects of aging on stem cells, they are easier 
to manipulate when CRISPR libraries are infected, and be 
also easier to get high-quality data. Tzelepis et al. firstly 
used CRISPRi to identify all the key genes in mESC. 
Importantly, they applied an optimized sgRNA vector 

with higher knock-out efficiency and lower miss efficiency 
than those using traditional vectors [96]. In 2019, Shohat 
et  al. used another, more frugal, genome-wide CRISPRi 
library to identify all EGs in mESCs. They also compared 
their own results with those of Tzelepis et al., and found 
that their experimental results had a high degree of over-
lap [97]. This suggests that different sgRNA designs or 
lentivirus vectors may produce certain bias in the experi-
mental process and experimental results. Therefore, in 
addition to rational optimization of the CRISPR library, 
repeated experiments on the same stem cells, as well as 
additional experimental validations are necessary. In 
addition, using a small pool of sgRNAs may enable more 
focused screening of a specific type of gene function. The 
self-renewal and pluripotency of ESC states are estab-
lished and maintained by multiple regulatory networks, 
including TFs and epigenetic regulators (ERs). By aggre-
gating sgRNAs for CRISPR-based screen that target 323 
different types of ESC-specific ER and TF genes, two new 
ERs were identified (TAF5L and TAF6L). TAF5/6L tran-
scription activates Oct4 and c-Myc, as well as their cor-
responding CORE and MYC regulatory networks, which 
coordinate gene expression programs to maintain mESC 
status by controlling self-renewal [98].

Human PSCs (hPSCs) have the ability to generate 
multiple disease-associated cell types and the poten-
tial to enhance preclinical translational efficiency 
by simulating disease models. In 2019, two research 
groups simultaneously reported genome-wide CRIS-
PRi screening results for hPSCs. Ihry et  al. have iden-
tified 770 suitable EGs with a 5% false discovery rate, 
of which 405 genes overlapped with 1580 core essen-
tial genes from cancer cell lines in hPSCs after 18 days 
of CRISPR-based library exposure [81]. A total of 1593 
EGs in hPSCs were specifically identified by Mair et al. 
[99] used a modified TKOv3 library CRISPRi screened 
for 12 cultured days. After removing the common core 
genes, they identified a total of 640 hPSCs specific EGs. 
To verify the accuracy of key gene identification of 
hPSCs cells from two different databases, we compared 
the hPSCs specific sets of the two groups and found 
that they overlapped a total of 420 EGs. By removing 
1580 common genes that influence cell proliferative 
activity, 79 genes were left that were hPSCs specific 
to EGs that influence their inventory and proliferation 
(Fig. 3C). After GO and KEGG enrichment analysis of 
these genes, we found that ribosome related genes were 
widely enriched (Fig.  3B). Protein–protein interaction 
(PPI) network analysis suggested that these genes were 
highly correlated, and the core genes included RPL5, 
RPL14, RPL7A, RPL27, RPS16, RPS25, etc. The subse-
quent Molecular Complex Detection (MCODE) analy-
sis revealed that the 79 genes were divided into two 
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main modules (red and blue modules). The red module 
mainly concentrated in formation of a pool of free 40S 
subunits. The blue module focused on mRNA splicing. 
These results suggest that the functions of hPSCs are 
closely related to EGs and ribosome. Importantly, our 
analysis shows that this technique has some reproduci-
bility in stem cell research, but it is not entirely reliable, 
suggesting that second-hit experiments or further vali-
dation of key genes is necessary. Furthermore, Liu et al. 
developed a CRISPRi library targeting 16,401 lncRNA 
loci (10 sgRNAs per TSS) and screened for genes 
required for cell growth and survival in seven human 
cell types including iPSCs. These large-scale screenings, 
combined with extensive validation studies, signifi-
cantly increased the number of lncRNA genes known 
to have biological functions and revealed that lncRNA 
functions are highly cell type specific [100].

Essential genes in  haploid stem cells  Because haploid 
cells contain only one set of chromosomes, these cells 
allow for genetic screening by producing highly enriched 
libraries of hemizygous mutations [101]. Haploid cells 
showed similar characteristics to PSCs in terms of gene 
expression, epigenetic profile, alkaline phosphatase 
activity and colony morphology. Haploid hESCs can 
be induced to differentiate into haploid somatic cells, 
producing cell types that represent the three embry-
onic germ layers. Haploid hPSCs can grow for more 
than 30 generations under standard culture conditions 
while maintaining a normal haploid karyotype [102]. 
Therefore, haploid hPSCs provide an effective CRISPR-
based screening platform for solving some unique gene 
screening problems. Yilmaz et al. used complete CRIS-
PRi screening of haploid hPSC to identify key genes 
and identify the role of the key P53-mTOR signaling 
pathway in the survival of haploid hPSC [103]. Bar et al. 
used CRISPR/Cas9 loss of function screening to iden-
tify key genes in parental imprinting involved in haploid 
and diploid parthenogenetic hESCs, and revealed that 
ATF7IP is an important suppressor of a group of pater-
nal expression genes [104].

Another specific application is to create a unique dip-
loid genome-wide heterozygous deletion library by fus-
ing a genome-wide mutation library of haploid hESCs 
with wild-type hESCs. By constructing a genome-wide 
heterozygous function loss library of hESCs, the aim 
of discovering genes with haploid dysfunction in these 
stem cells. These unique cells were able to discover and 
characterize genes that haploid dysfunction influences 
hESCs activity and growth, identify dose-sensitive cel-
lular compartments and pathways, and elucidate hap-
loid dysfunction effects in human cells [105]. In a study 
of totipotent stem cells (TSCs), the removal of TEAD1, a 

crucial regulator, was found to hinder the cells’ prolifera-
tion and maintenance, as well as their differentiation into 
aggressive EVT lineages. Given that TSCs originate from 
PSCs, a comparison of key genes identified through pre-
vious PSC screenings revealed only a 50% overlap. The 
study also discovered novel regulators in TSCs, including 
ARID5B, TCAF1, and TEAD1, which had not been previ-
ously recognized in this context [106].

Identification of essential genes in stem cells 
under differentiated induction
Stem cells hold a pivotal role due to their remarkable 
ability to be differentiated into specific cell types both 
in  vitro and in  vivo. This characteristic makes them an 
invaluable tool for investigating cell fate transformations 
and for developing models for human diseases. PSCs, 
such as embryonic stem cells (ESCs), have the poten-
tial to differentiate into all cell types of the body, while 
multipotent mesenchymal stem cells (MSCs) are more 
restricted, typically differentiating into a variety of cell 
types within the mesodermal lineage, such as bone, car-
tilage, and fat. Consequently, it is a strategic approach 
to harness stem cells to explore the fate of EGs under 
various conditions of directed differentiation [107, 108]. 
Several studies have delved into the differentiation trajec-
tories of neurons [54, 87, 109, 110], macrophages [111], 
liver cells [112], cardiac cells [113–115] and more using 
CRISPR screening technology. In terms of methodology, 
the prevailing experimental protocols typically involve 
the introduction of CRISPR screening libraries in undif-
ferentiated PSCs or other stem cells, followed by MOI 
manipulation, and collecting the cells at T0 generation 
[116, 117]. The remaining cells were then induced to dif-
ferentiate into specific mature cells, and the EGs of the 
differentiated cells were analyzed by sequencing after one 
or several collection of these cells (T1 to TX) in the dif-
ferentiation process. (Fig. 2A).

Differentiated exploration with  IPSCs  Due to the lim-
ited proliferation capacity of many maturely differentiated 
cells, it is difficult to obtain large numbers of such cells by 
direct culture. The emergence of iPSCs technology allows 
researchers to obtain a large number of relevant mature 
cell types. After inducing four TFs (Oct4, Sox2, c-Myc 
and Klf4) into primary adult cells (such as peripheral 
blood cells or skin fibroblasts), iPSCs can be generated 
[118]. The multidirectional differentiation and near-infi-
nite proliferation characters of iPSCs make them ideal for 
CRISPR-based screen techniques that require large-scale 
cell culture. IPSCs can be amplified and induced to dif-
ferentiate into a range of cell subtypes, such as nerve cells, 
heart muscle cells, liver cells, and even more precise cell 
subtypes. The tissue analogues and organoids with cer-
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tain spatial structure formed by three-dimensional (3D) 
culture in vitro using iPSC, although they are not human 
organs in the true sense, can simulate real organs in struc-
ture and function, can simulate the structure and func-
tion of tissues in vivo to the greatest extent, and can be 
long-term stable subculture [119]. Organoid techniques 
can better simulate the environment in which cells grow 
in vivo, thereby revealing more precisely the factors that 
control selective susceptibility. In uncovering potential 
therapeutic targets for reducing susceptibility, the use of 
CRISPR-based screening needs to be implemented in cel-
lular models of relevant diseases. For example, Murakami 
et al. performed the CRISPR screening using mouse gas-
tric epithelial tissue-like cells, and identify the regulators 
of WNT-driven stem cell-dependent epithelial renewal 
in the gastric organoid [120]. In addition, CRISPR-based 
screening has also been used for EGs screening in the 
colorectal organoid, and TGF-b-mediated growth restric-
tion [121].

Limitation in  differentiated genetic exploration  The 
genetic exploration of the ultimate cell differentiation 
fate, however, has distinct limitations. Initially, when 
PSCs undergo directed differentiation, the expression lev-
els of some genes that may be altered cannot be precisely 
controlled. This is particularly challenging when inducing 
neural differentiation, as the variety of neuronal subtypes 
makes it difficult to ensure that stem cells fully differenti-
ate into a specific type of nerve cell in  vitro. Organoids 
exemplify this complexity, often comprising several to 
many different cell subpopulations in vitro, each with dis-
tinct EGs that govern their development, proliferation, 
and ultimate differentiation fate.

Moreover, maintaining a consistent degree of differen-
tiation during the directed differentiation process is chal-
lenging, and the varying sensitivity of cells at different 
stages to CRISPR screening must be taken into account. 
Furthermore, individual differences among iPSC donors 
can affect their differentiation capacity. This suggests 
that the genetic background of individual donors may 
influence the gene expression profiles of iPSCs or the 
post-translational modification of proteins, potentially 
impacting the accuracy of CRISPR screening [122].

IPSCs are typically derived by reprogramming ordinary 
cells using abnormal activation of four transcription fac-
tors, including the proto-oncogene c-Myc, which endows 
these cells with the ability for unlimited proliferation and 
anti-aging capabilities, but this inevitably affects the gene 
expression profile of the differentiated cells from which 
they originate [123, 124]. To mitigate the bias caused 
by such genetic manipulation, some studies should use 
primary cells for differentiation screening, even though 
these primary cells are much less proliferative than iPSCs 

or ESCs [125, 126]. For example, Yu et al. reprogrammed 
cardiac fibroblasts into cardiac precursor cells in a chem-
ically induced manner and used CRISPRi screening to 
identify Dmap1 as the key regulatory gene in reprogram-
ming [127].

CRISPR screening technique with stress intervening
This represents another typical application strategy for 
CRISPR screening technology, which, in concept, ena-
bles screenings predicated on the sensitivity to induced 
stress conditions. Such a screen design is adept at 
unearthing EGs that confer sensitivity or resistance to 
specific insults, a feature with broad applications in med-
ical-related research. Initially, this strategy was primarily 
employed in cancer studies, facilitating survivor-based 
screenings conducted under conditions that mimic toxic 
damage.

This damage can arise from cytotoxic compounds 
known for their potent cytotoxicity against cancer cells, 
such as anticancer drugs. Genetic modification screen-
ing in this context can elucidate the drugs’ mechanisms 
of action, identify potential biomarkers for patient strati-
fication, and uncover possible avenues of drug resistance. 
Additionally, the damage can be induced by detrimental 
environmental factors like hypoxia or exposure to X-rays 
[128]. Under such conditions, the cytotoxic effect often 
needs to be greater than 50%, a threshold informed by 
previous genetic screening studies and indicative of 
heightened screening sensitivity (Fig. 2B) [129].

Beyond merely discovering novel therapeutic targets 
that sensitize cells to similar insults, these screenings 
are particularly instrumental in unraveling the biologi-
cal mechanisms underlying chemoresistance. They lay 
the groundwork for the concept of synthetic lethality and 
the capacity to delineate and quantify the genetic factors 
contributing to resistance and sensitization.

Severe stress intervening for cell survival exploration
The application of insult screening to stem cell research 
can enrich the research content and obtain more genetic 
information, because it allows the intervention envi-
ronment or the survival state of stem cells to mimic the 
disease, which has important implications for the study 
of the decisive factors of disease progression, counter-
measures and gene modification schemes for stem cell 
transplantation. Under great stress of insult, the studied 
stem cells or mature cells die in large numbers. Only a 
few adversarial genetic manipulations can increase the 
sensitivity of these cells to the environment. In some 
cases, the pressure of screening may not be suitable for 
a long period of time, and after the pressure is removed, 
the retained cells are expanded to maintain the number 
required for sequencing (Fig. 2B). Therefore, the purpose 



Page 13 of 30Zhou et al. Stem Cell Research & Therapy          (2024) 15:218 	

of this screening strategy is more to obtain gene modifi-
cation methods and strategies to resist the harsh survival 
environment, and their positive screening results are 
often more critical.

It is important to note that there must be adequate 
regulation in the implementation of stress, because the 
results of such implementation will be over-extended. 
The response of cell lines to stress depends on the 
genomic condition of the cells, which have many pas-
senger mutations and driver mutations that maintain cell 
growth. Resistance/sensitization screening usually uses a 
fixed injury dose, which is predetermined by cell viabil-
ity tests or the establishment of a dose–response curve. 
Even two cell lines with the same driver mutation do not 
necessarily respond in the same way to drug treatment. 
In order to normalize gene and chromosome replication 
events, copy number correction is often required [130]. 
In addition, consider that cell proliferation is a reading 
that is easily affected by drug dose, medium changes, 
density, and culture length. Therefore, the determination 
of multiple algebras is essential in the screening process 
[131]. The process employs a tiered ranking system to 
pinpoint the most critical genes and signaling pathways, 
which is a strategic approach to distill the most impact-
ful findings from the vast data generated by genome-wide 
screens. Furthermore, downstream validation is an indis-
pensable component of the process, reinforcing the relia-
bility of the initial screen. This can be effectively achieved 
through viral-mediated gene knock-out approaches or via 
the targeted inhibition of suspect pathways or proteins of 
interest using small molecules. To bolster the accuracy of 
the screening results, a multi-faceted validation strategy 
is essential. This includes conducting repeated screen-
ings across multiple analogous cell lines, such as ESCs 
and PSCs. Such an approach helps to control for variabil-
ity and ensures that the findings are not cell line-specific 
anomalies. Additionally, comparing the new results with 
established datasets serves as a crucial step in validating 
the findings. This comparative analysis not only enhances 
confidence in the data analysis but also situates the new 
findings within the broader context of existing scientific 
knowledge.

In a classic example, in order to investigate the role of 
iron overload and ferroptosis in neural cells, Ryan et al. 
used FeSO4 and RSL3, an inhibitor of GPX4, to induce 
iron death in human immortalized microglia cells [132]. 
Another example is the screening of hit genes for neu-
ronal tolerance under dipeptide repeat proteins. Hexanu-
cleotide repeat amplification of the open reading frame 
72 (C9orf72) on chromosome 9 is the most common 
genetic cause of Frontotemporal dementia and amyo-
trophic lateral sclerosis. DPR is the main driving factor 
of C9ORF72-related neuronal toxicity. The IPSC-derived 

DIV79 neurons were treated with PR20 peptide to sim-
ulate DPR toxicity. About 70–80% of the progeny of 
iCas9-iPSC DIV80 neurons died under PR20 treatment. 
Hence, the identification of CRISPR Cas9 screen sug-
gested important hits against tolerance under dipeptide 
repeat proteins. Importantly, downstream experiments 
demonstrated that knock-down of NIMA-related kinase 
6 (NEK6) prevented neuronal toxicity caused by poly(PR) 
[133].

Weak injury stress for cell proliferation and survival
The pathological microenvironment in many diseases is 
characterized by a backdrop of chronic damage, where 
the condition is often one of enduring impairment or 
stress. This can involve the expression of disease-asso-
ciated genes that impact cell survival or the production 
of toxic substances by the disease. Such conditions are 
instrumental in uncovering the cellular pathways that 
govern stress sensitivity or resistance, thereby shedding 
light on toxic mechanisms, genetic modifiers, host factors 
of viruses, or even potential therapeutic targets. Harness-
ing the multipotent capabilities of stem cells, researchers 
can induce a variety of cell types that mimic the sensi-
tive nature of cells under such pathological conditions. 
Human mesenchymal progenitor cell (hMPCs) has been 
used as models of Werner syndrome and Hutchinson-
Gilford progeria syndrome to promote cellular aging and 
performed a CRISPRi-based genome-wide loss of func-
tion screening to try to identify novel pro-aging genes. 
Since a typical feature of cellular senescence is a slow-
down in growth rate, the CRISPR-Cas9 screening plat-
form is well suited to identify senescent-associated EGs. 
Lack of KAT7, a histone acetyltransferase, mitigated cel-
lular aging, and KAT7 was the most popular gene in both 
presenile hMPC models [134]. Interestingly, they used 
the CRISPRa screening platform to identify SOX5 over-
expression as having an important anti-aging effect at the 
same in vitro models [135].

They can give the critical genes of insult a better 
screening environment to get a more accurate gene pool. 
Obviously, this property of stem cells can promote them 
to better simulate the development conditions in patho-
logical states, which is an excellent platform for CRISPR 
Cas9 screening technology (Fig. 2B).

Differentiated cells under insult stress intervening
Many genetic diseases manifest as pathological changes 
that specifically target certain cell types. Consequently, 
when modeling these diseases, it is essential to obtain 
the relevant specific cell subsets. This can be effectively 
achieved through directed differentiation using patient-
derived iPSCs or via insult screening with adult stem 
cells (Fig. 2B). The application of CRISPR Cas9 screening 
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in studying Zika virus (ZIKV) infection has been sig-
nificant, particularly in identifying key host genes. ZIKV 
is known to cause neuropathies and severe fetal brain 
abnormalities when mothers are infected early in preg-
nancy. Human neural progenitor cells are highly sensi-
tive to ZIKV, leading to viral protein accumulation, virion 
release, and cell death. Li et  al. used CRISPR on iPSC-
derived NPs to investigate how ZIKV transmits in nerve 
cells and found protective effects from knocking out 
genes related to heparin sulfation, endosomal-lysosome 
acidification, ER protein complexes, Golgi glycosylation, 
and negative IFN response regulators [136]. A separate 
study with glioblastoma stem cells identified gene targets 
like SSR3, STT3A, MMGT1, SSR2, EMC2, EMC3, and 
EMC6, some of which were also found in iPSC-derived 
NP screenings [137].

In addition, functional gene screening for specific dif-
ferentiated cells under stressful environments is also 
an important application scheme. CD8 + T cells were 
extracted from mice, and after entering the CRISPRi 
screening pool, these T cells were subjected to acute (IL2) 
and chronic (IL2 + αCD3) stimulation to observe gene 
regulatory changes in T cell depletion. These screenings 
also uncovered new genes with a surprising enrichment 
of epigenetic factors involved in chromatin and nucleo-
some remodeling, including the cBAF and INO80 com-
plexes, which in many cases limit T cell persistence to a 
greater extent than previously identified genes [138].

Cell subpopulation scheme
Stem cells are subjected to additional disturbances such 
as differentiation, immune response and stress response, 
and the intracellular gene expression profile is signifi-
cantly altered, which makes it possible to analyze pro-
liferation potential based on certain gene expression 
subtypes when screening for proliferation benefits. Most 
cell subtype functions are attributed to specific changes 
in protein expression or activity, whether by activation 
of gene transcription, translation, or post-translational 
modification processes. Therefore, with appropriate 
labeling, the ideal cell subpopulation can be obtained 
and subsequent analysis can be performed. This screen-
ing scheme relies on a screening strategy that amplifies 
or increases the resolution of these changes enough that 
two or more cell populations can be defined.

Screening scheme based on flow cytometry
Phenotypic screening, facilitated by flow cytometry and 
fluorescence-activated cell sorting (FACS), offers a pow-
erful means to assess the expression of specific cell anti-
gens. Following infection with a CRISPR library, cells 
can be specifically labeled using antibodies conjugated 
to fluorescent markers that target both cell surface and 

intracellular proteins. This approach enables research-
ers to not only track but also quantify the expression 
levels of various proteins. More importantly, it allows 
for the classification of cell populations based on their 
phenotypic profiles as defined by these protein expres-
sions. By leveraging the precision of flow cytometry and 
FACS, scientists can dissect complex cellular responses 
and identify the molecular underpinnings of specific 
phenotypes with unprecedented clarity and efficiency 
(Fig. 2C). The most common application of this method 
in stem cells is the identification of EGs in differentiated 
subpopulations. Since the induced regimen cannot con-
firm all differentiation into one cell type, selective bias 
tends to occur to the final pool gene if further screen-
ing is not performed. For example, iPSC-derived kidney 
organoids, marked by EPCAM, were sorted into epithe-
lial and stromal cells using flow cytometry. CRISPR Cas9 
screening highlighted BMP and WNT pathways’ roles 
and a link to Notch signaling [139]. In neural stem cell 
research, PAX6 + cells were isolated, yielding numerous 
protein-coding and lncRNA genes. Tracking with fluo-
rescent reporters is beneficial for observing extended cel-
lular processes like differentiation and maturation [109]. 
Crucially, the capacity to monitor temporal changes with 
fluorescent reporters offers a distinct advantage over 
endpoint analysis-based fitness screens. This capability is 
invaluable for tracking long-term cellular processes such 
as cellular differentiation or the maturation of immune 
cells.

Single cell sequencing
Chimeric screening protocols that leverage single-cell 
sequencing and CRISPR-pooled screening offer the capa-
bility to identify a greater number of cell subpopulations 
with single-cell resolution. These methods provide a dis-
tinct advantage over FACS and traditional flow cytom-
etry sorting strategies, delivering enhanced flexibility 
and sensitivity, and enabling the simultaneous identifica-
tion of multiple groups. For instance, by assessing tens of 
thousands of individually perturbed single cells that are 
key to developmental and immune response pathways, 
the pivotal roles of Cebpb and Irf8 in governing diverse 
medullary infiltrations have been elucidated [140].

The fusion of single-cell sequencing and CRISPR 
screening technologies paves the way for conducting 
extensive functional genomics research at the single-cell 
level. This powerful combination enables the identifica-
tion of key genes that are pivotal in governing cell fate 
and lineage decisions. In the realm of disease research, 
the synergy of these technologies, when integrated with 
the diverse differentiation capabilities of stem cells, facili-
tates the construction of more precise disease models 
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[141]. It offers insights into the cellular heterogeneity 
underlying diseases and brings to light subpopulations 
of cells associated with the disease phenotypes. Further-
more, this integrated approach allows for the dissection 
of complex cellular interactions, shedding light on their 
roles within intricate biological processes. This includes 
developmental pathways, the dynamics of immune 
responses, and other vital physiological mechanisms. 
This refined strategy not only advances our understand-
ing of cellular heterogeneity but also paves the way for 
more nuanced and targeted therapeutic interventions in 
the future of regenerative medicine and immunology.

Integrated optical screen.
FACS may struggle to identify low-expressed markers, 
and the link between molecular profiles, such as RNA, 
and cell function can often remain elusive. Moreo-
ver, traditional single-cell molecular analyses are typi-
cally destructive, hindering the continuous monitoring 
of individual cells’ dynamics. The optical pool screen-
ing technique circumvents these limitations, employing 
microscopy to phenotype cells initially and then ascer-
taining the molecular disruptions for each cell, thus 
providing a more comprehensive assessment of cellular 
responses over time [142]. The sgRNA expressed in each 
cell was then identified by introducing CRISPR-pooled 
targeted in-situ sequencing. In  situ sequencing uses 
enzymatic amplification to produce high signal levels, 
allowing imaging at low magnification, which allows mil-
lions of cells to be screened from a pooled library. This 
method greatly expands the range of phenotypes suitable 
for large-scale pool perturbation screening in mamma-
lian cells.

Challenges and potential applications 
of CRISPR‑Cas9 screen in stem cell research
The array of genetic exploration techniques including 
CRISPR-Cas9 screening, Genome-Wide Association 
Studies (GWAS), RNA-seq, single-cell RNA sequencing 
(scRNA-seq), and spatial transcriptomics, each brings a 
unique approach to the study of genetics. The demand for 
these technologies is expansive, with a notable impact on 
stem cell research. CRISPR-Cas9 screening technology 
facilitates in-depth gene function analysis, precise gene 
editing, and comprehensive genomic structural profil-
ing. Its high-throughput capabilities allow for the rapid 
identification of links between genetic elements and phe-
notypic outcomes, a notable advantage over traditional 
genomic methods that merely report on gene expres-
sion variations consequent to phenotypic alterations. To 
encapsulate, CRISPR-Cas9 screening is adept at revealing 
a trove of driver genes that are intricately connected to 
specific research goals.

At present, the technology in this area of research 
is still very limited. Most of the researchers focused on 
muti-potent stem cells (PSCs and ESCs) and their differ-
entiation systems, among which Dr. Kampmann’s team 
represented the application of IPSC neural differentia-
tion and explore the key genes that influence pathologi-
cal changes under stress has given brain science a lot of 
inspiration. In addition, they have created CRISPRbrain 
(https://​crisp​rbrain.​org), a public resource for brain 
research based on CRISPR-pooled screen technology, 
which organizes the genetic screening results of differ-
ent research groups for different phenotypes in different 
human cell types. Therefore, promoting the full populari-
zation of this technology in the field of stem cell research 
is conducive to the overall progress of stem cell research. 
Based on our current knowledge, we summarize and pre-
dict the possible role and potential application model of 
CRISPR-based screen technology in stem cell research.

Reveal the essential genes for stem cell maturation 
and differentiation fate
Genetic screening challenges in adult cells
Alvarez-Dominguez and Melton gave a definition of cell 
maturation, suggesting that metazoan cells develop spe-
cialized physiological and morphological characteristics 
in order to function fully as fate dictates and decides. To 
the extent that these features represent a fully mature 
organism or a relatively stable part of its life, this special-
ized cell is called a “mature cell” [143].

Cell maturation is guided by signals from the environ-
ment, which can be divided into chemical (nutrients, 
oxygen, and growth factors) and physical (mechanical, 
spatial, and electrical) triggers. Manipulating these trig-
gers in an in  vitro culture environment can artificially 
induce cell differentiation. In fact, with stem cells, as the 
cells mature, they go from totipotent stem cells to PSCs 
to monopotent stem cells. This causes their gene expres-
sion profile to gradually change. As a result, the genes 
that affect stem cell survival change significantly. Even for 
totipotent stem cells, there are not many key genes that 
overlap. This may be due to the specificity of the cell, but 
it may also be related to the error of each experiment. 
Given these factors, it becomes increasingly important 
to conduct thorough secondary screening and to repli-
cate experiments across different laboratories. Such rig-
orous scientific practices are crucial for identifying the 
truly critical genes that influence stem cell behavior and 
for uncovering any previously overlooked genetic factors 
that may play a role in cell maturation and differentiation.

CRISPR-Cas9 screening in stem cells has predomi-
nantly been applied to pluripotent varieties, such as 
iPSCs and ESCs. The applicability of this technology 
to ASCs has been theoretically constrained by their 

https://crisprbrain.org
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restricted proliferation. Currently, no studies have explic-
itly harnessed CRISPR-Cas9 for ASCs, a gap that merits 
attention. Engaging in such research could elucidate the 
distinct key genes and regulatory pathways of the most 
primitive ASCs, differentiating them from pluripotent 
counterparts. Furthermore, extending CRISPR-Cas9 
screening to ASCs may enhance our understanding of 
genetic diseases with origins in these cells.

The in  vitro differentiation of iPSCs, ESCs, or ASCs 
into specific adult cell types provides critical insights into 
the molecular mechanisms that govern stem cell differ-
entiation under physiological conditions, as well as the 
regulatory factors that influence their maturation pro-
cess [144]. This approach is invaluable for developmen-
tal biology studies. For instance, the knockout of certain 
genes may lead to a swift depletion of the differentiated 
cell type in question, while leaving other stem cells unaf-
fected (Fig.  4A). The important hits that are screened 
are defined as specific genes that affect cell development 
(Fig. 5B). While this type of research is relatively straight-
forward, a significant consideration is that the extent of 
stem cell differentiation induced can significantly impact 
the final analysis. Hence, establishing optimal matura-
tion conditions is essential to ensure that all stem cells 
are effectively guided to differentiate into the desired tar-
get cells [145]. Additionally, employing cell sorting tech-
niques to differentiate between mature and immature cell 
subtypes offers a strategic alternative. This method allows 
for a more refined analysis by isolating specific cell popu-
lations, thereby enhancing the accuracy and reliability of 
the study’s findings.

CRISPR‑based screen in organoids
Organoids mimic living organs in both structure and 
function, which allows researchers to gain a deeper 
understanding of the development, physiology and 
pathology of human organs. There are two approaches 
to building organoids, the first of which involves using 
tissue stem cells/progenitor cells. Hans Clevers and his 
team firstly reported that leucine-rich G-protein-cou-
pled receptor-5 (LGR-5) -positive stem cells containing 

repeats can generate three-dimensional intestinal orga-
noids [146]. Since then, many other organoids, such 
as the liver, kidneys, pancreas, stomach, uterus, pros-
tate, and breast, have been created from their respec-
tive tissues using ASCs [147–150]. The second approach 
involves the use of PSCs, including ESCs and iPSCs. 
PSCs can differentiate into three kinds of germ-layer cells 
through signaling pathways such as WNT, retinoic acid 
(RA), fibroblast growth factors (FGFs), BMPs and trans-
forming growth factors (TGFs). In recent years, orga-
noids of intestine, liver, lung, thyroid, pancreas, brain, 
retina, kidney and other organs have been prepared by 
using PSCs [119].

The advent of organoids has proven to be a more 
sophisticated approach for studying organ develop-
ment and creating disease models in  vitro than tradi-
tional stem cell directed differentiation methods. This is 
because organoids take into account the intricate inter-
actions between different cell groups, thereby providing 
a more holistic representation of organ microenviron-
ments. Hence, cell specificity must be considered when 
conducting organoid screening studies with CRISPR 
Cas9 screening, which obviously affects the final screen-
ing results. Utilizing techniques such as FACS, single-
cell, or optic-based screening schemes can help achieve 
the necessary level of specificity. For example, the basic 
functional unit of the kidney is nephron, which consists 
of the glomerulus, a complex of vascular capillaries and 
podocytes responsible for blood filtration, and a multi-
segment tubular epithelium responsible for reabsorption 
and hormone secretion. Ungricht et al. used EPCAM as a 
universal marker when conducting CRISPR-based screen 
for key hits related to kidney organoid development and 
disease, focusing on stroma and tubular chambers [139]. 
Although this protocol simplifies the experimental pro-
cess, the inevitable shortcoming limits blindness to the 
pattern of podocytes and renal tubules. Other schemes 
will produce organoids with more complex patterns, but 
are costly, or require complex multiplexing techniques 
until they can be applied in a genome-wide manner in 
organoids [151].

Fig. 4  Screen stratedy in stem cells. A Induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs) or adult stem cells (ASCs) are induced 
with CRISPRi/a library. These stem cells can undergo normal passage to identify essential genes stem cells, or be differentiated into mature cells 
or organoids under induced conditions. B For healthy people, mature and differentiated cells can be extracted from somatic cells and induced 
pluripotent stem cells (iPSCs) can be obtained through reprogramming. Embryonic stem cells (ESCs) are obtained from blastocyst. ASCs can be 
obtained from adult organs. After the reintroduction of the CRISPRi/a library, the simulated disease changes were simulated by in vitro stress 
of the disease environment or by the introduction of exogenous genes. For iPSCs, ESCs, or ACSs obtained from the patient itself, no additional 
supplemental stress is required because the cells themselves carry adult-specific mutations and disease intervention information. Disease cells 
acquire phenotypic changes by inducing specific adult cells or organoids. Finally, disease promoting/depleting genes and therapeutic targets are 
detected

(See figure on next page.)



Page 17 of 30Zhou et al. Stem Cell Research & Therapy          (2024) 15:218 	

Fig. 4  (See legend on previous page.)
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The choice of organoid models for CRISPR-based 
screening must be deliberate, taking into account the 
model’s ability to accurately represent organ functions 
and disease states, as well as the developmental pro-
cesses. The practicality of the experimental design is 
equally important, considering the large quantity of 
organoids usually needed. Li et  al. exemplified an effi-
cient strategy by employing a focused CRISPR Cas9 pool, 
targeting only 36 genes, in conjunction with single-cell 
analysis to explore the neurodevelopmental aspects of 
depression in brain organoids. This targeted approach 
minimizes the organoid requirement and, when paired 
with single-cell methodologies, offers detailed insights 
into cellular responses to specific gene knockouts and 
their transcriptional impacts at the single-cell level [152]. 
In the study of CRISPR-Cas9 screening for intestinal 
epithelial maturation regulators, the CRISPR-Cas9 used 
only included 4106 sgRNAs. In addition, double mark-
ers (SCA1, CD117) were used to divide intestinal epithe-
lial cells into 3 subgroups for further exploration, which 
was obviously a great saving amount [121]. However, by 
selecting some gene groups for study, there will inevitably 
be gene omission, which is blind to the functional explo-
ration of the whole genome.

Reveal key genes for disease progression and therapeutic 
targets
CRISPR-based screening technology is adept at uncov-
ering key mechanisms and fostering the development 
of innovative treatment strategies for diseases that are 
linked to an elevated risk due to specific familial inher-
ited conditions or genetic variants. However, the path-
ways through which these genetic variants contribute to 
disease pathogenesis are frequently enigmatic or a matter 
of debate [153]. Gaining a comprehensive understand-
ing of how these disease-associated variations exert their 

effects is an essential first step in the quest to develop 
effective therapeutic interventions.

Disease‑mimicking cells come from patients
Many inherited diseases have a selective susceptibility 
to specific cell types. For example, autosomal dominant 
polycystic kidney disease (ADPKD) is the most common 
inherited kidney disease and is characterized by mul-
tiple renal cysts. PKD1 and PKD2 are the main patho-
genic genes of ADPKD [154]. However, the expression of 
ADPKD risk genes is not limited to kidney tissues, sug-
gesting that specific factors in the environment of kidney 
tissues make them more susceptible to the ADPKD dis-
ease process. There are two primary strategies for estab-
lishing a phenotype linked to the disease (Fig.  4B). The 
first strategy involves reprogramming adult patient cells 
into iPSCs, which carry the natural mutation sites or 
epigenetic modifications. These diseased iPSCs are then 
differentiated into the targeted disease-relevant cells. 
Phenotypic alterations characteristic of the disease would 
not be observed in other types of control cells, provid-
ing a clear distinction. This cell-specific selection of dis-
ease phenotypes should closely reflect the phenotypes 
observed in patients, such as the expression of specific 
proteins or non-coding RNAs, changes in cell function, 
cell death, etc. Ideally, this screening should be performed 
in isogenic cell lines. In the context of ADPKD, cells with 
PKD1 or PKD2 mutations can be sourced from patient 
urine cells, peripheral blood mononuclear cells, or skin 
fibroblasts. These cells can then be reprogrammed into 
iPSCs [155–157]. The cells harboring allelic mutations 
are expected to display phenotypic changes once they are 
induced to differentiate into kidney cells. Subsequently, 
the disease-associated susceptibility genes or gene clus-
ters that promote the disease can be investigated through 
the application of CRISPRi/a-based screen techniques.

(See figure on next page.)
Fig. 5  Public threats to the survival of transplanted stem cells. A Stem cell therapy is currently proven to be effective in animals and clinical 
trials for a variety of diseases, including neurodegeneration, nerve damage, heart disease, liver disease, obesity, and more. However, a common 
problem with stem cell transplants is that the survival rate of stem cells decreases over time. Although different diseases have different etiologies 
and pathological changes, there are some common problems that threaten stem cell survival, including hypoxia, excessive oxidative stress, 
inflammation, nutrient deprivation, angiogenesis disorders, programmed cell death, and immune rejection. Using CRISPR screening technology can 
effectively screen these key genes in the process of stem cell transplantation, so as to find appropriate gene modification programs and treatment 
strategies. B In natural screening, by setting normal passage cells as the control, the induced stem cells can be divided into alleviated phenotypes 
and enhanced phenotypes. The pooled genes are divided into four gene classes. In general, it is necessary to expel common essential genes 
(EGs) and select cell-specific EGs as subsequent targets. Modification strategies for specifying disease mechanisms, therapeutic targets, and stem 
cell transplantation by adding additional insults. It is also necessary to implement screening strategies for more important genes by setting 
up background controls to identify stronger disease-associated phenotypes observed in the context of the disease. This can lead to personalized 
therapeutic targets or gene modification strategies suitable for stem cell transplantation, or to the analysis of important gene enrichment 
that promotes disease progression
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Fig. 5  (See legend on previous page.)
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Additional pressure simulates the pathological 
microenvironment
Another tactic is to add additional insults. For iPSCs from 
normal sources, external physical, chemical or biological 
affection make changes in the surrounding environment, 
which is used to simulate the pathological microenviron-
ment of cells. For example, the brain neurons of Alzhei-
mer’s patients face severe amyloid beta deposition or 
tau entanglement. The use of health iPSCs and the sup-
plement of additional toxic insults, such as Aβs, okadaic 
acid or even homogenate of cerebrum from transgenic 
mouse et  al. [158] can mimic this pathological change 
in vitro, thus exploring the molecular mechanism of neu-
ronal change. It is intriguing to note that the suppres-
sion of genes directly targeted by a drug or those related 
to the function of the cell types affected by the drug can 
enhance the therapeutic efficacy of the drug. This syn-
ergistic effect with drug therapy has been a remarkably 
effective approach in uncovering the mechanisms of drug 
action. Identifying such drug-gene interactions provides 
valuable insights into how drugs exert their effects and 
can guide the development of more targeted treatments. 
Similarly, genetic modifiers that influence the pheno-
types resulting from genetic variations illustrate gene–
gene interactions, such as the synthesis of lethal genes in 
survival screenings. These interactions can shed light on 
the mechanisms by which genetic variations lead to phe-
notypic changes. In the context of building models for 
ADPKD, organoids derived from biallelic mutant iPSCs 
that have been edited using CRISPR-Cas9 targeting 
PKD1 are observed to form cyst-like structures within 
the proximal tubules of the organoids. Furthermore, kid-
ney organoids derived from CRISPR-Cas9 PKD1-edited 
human iPSC cell lines can be induced to form cysts 
when stimulated with cyclic adenosine monophosphate 
(cAMP) [159, 160]. Cyst formation was observed in both 
renin progenitor cells and collection tube tubules in orga-
noids. Other diseases that are not genetically related also 
apply to this model, such as Zika virus damage to neu-
rons [136].

Genome wide association study combined with CRISPR‑based 
screen
CRISPRi/a technologies offer exquisite control over the 
expression levels of specific genes in human cells, mak-
ing them superb tools for deconstructing the intricate 
gene expression changes that precipitate disease states. 
Genome-wide association studies (GWAS) frequently 
identify disease-associated genetic variants located out-
side of protein-coding regions. Among these are expres-
sion quantitative trait loci (eQTLs), a category of genetic 
loci—predominantly single nucleotide polymorphisms 
(SNPs)—that can modulate the level of gene expression, 

consequently influencing the expression of both nearby 
and distant genes. The impact of eQTLs is contingent 
upon cell type specificity and the particular state of the 
cell.

When it comes to a specific disease, even with knowl-
edge of the set of genes whose expression is altered by 
genetic variation, it is not always straightforward to dis-
cern which candidate genes are directly implicated in 
the disease process [161]. For a particular disease, even 
when the expression of a set of genes affected by genetic 
variation is known, it is not always clear which candidate 
genes are associated with the disease.

Thus, by combining CRISPRi/a screen, it is possible 
to determine how disease-associated eQTL operate dis-
ease processes by influencing specific cells. Mutated cells 
of the same origin are induced to differentiate into spe-
cific tissue cells after being infected with the CRISPRi/a 
pool, and the phenotypic consequences of individual 
gene expression changes were evaluated by comparison. 
Future large-scale screening may study eQTL that affect 
the expression of many genes, with the goal of reveal-
ing convergent phenotypes that point to changes in gene 
expression most likely to cause disease, as well as the cell 
types in which they act.

Prediction of therapeutic targets
For the introduction of disease-associated insults, it may 
be more clinically relevant to identify potential thera-
peutic targets of interest, especially for diseases with 
unknown genetic factors, which may be a more robust 
blind screening protocol, such as Amyotrophic Lateral 
Sclerosis (ALS). In fact, only 10% of people with ALS 
are genetically related, and there are currently no effec-
tive treatment strategies [162]. By introducing CRISPRi/a 
screening, some unknown drug targets may be discov-
ered. An important motivation for such cell-based dis-
ease models is their selection in sequencing phenotypic 
small molecular sieves for drug discovery. An alternative 
to pharmacological screening is genetic screening, which 
aims to identify genetic disorders and improve disease-
related phenotypes, thereby pointing to potential thera-
peutic targets.

Genetic screening presents an enticing alternative for 
drug screening, capable of illuminating unknown genetic 
factors that contribute to disease. It offers a direct route 
to identifying key molecular targets and the mechanisms 
at play, thereby facilitating the development of potent 
therapeutic compounds without relying on pre-defined 
molecular insights. While this method can stand alone, 
it can also synergize with traditional drug screening, 
expanding the horizon of potential drug targets. This is 
particularly evident in oncology, where synthetic lethality 
research protocols align with this strategy—anticancer 
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agents are crafted to target the weaknesses arising from 
environmental or genetic perturbations. This dual 
approach not only enriches drug target discovery but also 
provides a robust strategy for deciphering the mecha-
nisms behind compounds identified through phenotypic 
screens [163].

In vitro environmental model of cell transplantation
The survival challenges of stem cell transplantation
Stem cell transplantation is a burgeoning therapeutic 
avenue for treating conditions such as heart failure, kid-
ney failure, and nerve damage that are unresponsive to 
traditional clinical treatments. Enhancing the efficacy 
of these treatments remains a critical area of focus. The 
challenge of stem cell homing is paramount; whether 
administered locally or systemically, a significant num-
ber of transplanted cells may not reach or persist at the 
site of injury (Fig. 5A). Furthermore, a harsh microenvi-
ronment stemming from poor resident cell survival due 
to ischemia, hypoxia, oxidative stress, or inflammation 
is a common denominator across various diseases [164]. 
In some diseases, specific microenvironmental changes 
and pathological changes also limit the use of these stem 
cells. In Alzheimer’s patients, for example, large depos-
its of amyloid beta in the brain not only impair neuronal 
activity, but can also be toxic to transplanted stem cells 
[165]. Although advancements in genetic manipulation 
are beginning to enhance stem cells’ adaptability and 
resilience against such adverse conditions, there is a clear 
need for more sophisticated and comprehensive screen-
ing methods. These protocols would need to address the 
specific microenvironmental challenges to better under-
stand and improve stem cell survival rates and function-
ality, thereby unlocking the full potential of stem cell 
therapies in regenerative medicine [118].

Stress strategy for stem cell transplantation environment 
simulation
Specific experimental setups are ideal for evaluating 
the resilience of differentiated or transplanted cells fac-
ing survival challenges [166], such as those undergo-
ing ferroptosis. For instance, Tian et  al. induced a state 
of chronic oxidative stress in iPSC-derived neurons by 
removing antioxidants from the culture medium, increas-
ing lipid peroxidation and replicating ferroptosis condi-
tions. Through this, they successfully identified crucial 
genes related to anti-ferroptosis and lipid peroxidation 
using comprehensive CRISPRi or CRISPRa screens [167]. 
Another study studied ferroptosis using IPSC-induced 
microglia. An iron-dead environment was created by 
adding iron and RSL3 directly to the medium, and the 
key hit gene SEC24B was identified using genome-
wide CRISPRi technology [132, 168]. In the context of 

neurodegenerative conditions, iPSC-derived neurons 
could be exposed to mutations in the tau protein to emu-
late frontotemporal lobar degeneration. A large-scale 
screen revealed that reducing CUL5 levels positively 
modulates tau levels [169], a discovery that contradicts 
earlier findings in the SH-SY5Y cancer cell line [170]. 
This suggests that different cells have completely opposite 
gene function changes in response to the same pathologi-
cal environment changes. It also shows the importance of 
repeating multiple cells in the same environment.

For these problems in stem cell transplantation, 
CRISPRi/a screening undoubtedly has broad application 
prospects [171, 172]. By introducing CRISPRi/a libraries 
into stem cells, and then simulating the harsh living envi-
ronment in vitro, a series of resistance genes can be accu-
rately obtained. As one example, a major challenge in 
allotransplantation is protecting the graft from immune 
responses. For stem cell-derived islets (SC-islets) trans-
plantation, Sintov et  al. adopted a complementary 
method to implement scRNA-seq and CRISPR-based 
genome-wide screening. They found that the JAK/STAT-
dependent type II interferon pathway plays an important 
role in regulating early and late inflammatory response 
events. Manipulating the activity of the JAK/STAT path-
way reduces the immunogenicity of SC-islets, particu-
larly by depleting chemokine ligand 10 (CXCL10) [173]. 
Other examples are the screening of genes for iron death 
or chronic liposome dependent oxidative stress men-
tioned above, or stress from the toxic effects of C9orf72 
[133].

Although CRISPR-based genetic screening technol-
ogy shows excellent promise for gene tampering in stem 
cell transplants, some concerns must be noted. First, the 
microenvironment of stem cell transplantation in  vivo 
is more complex, and the reduced survival rate of stem 
cells is not due to a single factor. However, it is more dif-
ficult to simulate the combined effect of multiple factors 
in  vitro. Secondly, stem cell transplantation in  vivo will 
be affected by the microenvironment and gradually tend 
to differentiate. Different resistance characteristics of dif-
ferent differentiated cells in the process of gene screening 
will affect the final screening result.

Ethical limitation associated with CRISPR‑based research 
in stem cells
CRISPR-based stem cell research, particularly involving 
hPSCs, presents remarkable opportunities for medical 
breakthroughs. However, it also engenders a multitude 
of ethical dilemmas. A primary concern is the deriva-
tion of hPSCs from embryos, which provokes questions 
regarding the onset of moral status and personhood of 
the embryo [174–176].
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The application of CRISPR technology for germline 
editing introduces the potential for heritable genetic 
modifications within the human genome. This raises 
significant concerns about the possibility of unintended 
genetic alterations being inherited by future genera-
tions [177, 178]. Safety and efficacy are paramount con-
siderations that must be addressed prior to any clinical 
application. The safety and efficacy of CRISPR-based 
interventions require thorough and rigorous testing to 
mitigate the risk of harm to patients. It is crucial to rec-
ognize that the long-term effects of CRISPR-based modi-
fications remain incompletely understood. There is an 
ethical obligation to undertake long-term studies to fully 
comprehend their enduring safety and efficacy.

Equity is another critical ethical challenge. Donors 
must be provided with comprehensive information 
regarding the procedures, potential risks, and the exten-
sive applications of their donated cells. It is imperative 
to ensure equitable access to the benefits of stem cell 
therapies for all individuals, irrespective of their socio-
economic status, to prevent the exacerbation of health 
disparities. The risk of exploitation, particularly in cases 
where stem cell donations may originate from vulnerable 
populations, must be carefully managed.

Addressing these ethical concerns is essential for the 
responsible progression of CRISPR-based stem cell 
research. It necessitates a multidisciplinary approach 
that includes scientists, ethicists, policymakers, and the 
broader public. This collaborative effort is required to 
navigate the intricate ethical landscape and ensure that 
advancements in this field are pursued with the utmost 
consideration for ethical integrity and societal well-being 
(Table 2).

Conclusions and future prospects
CRISPR-based genetic screen has wide and signifi-
cant application strategy in stem cell research, enabling 
researchers to interrogate almost any biological process 
and reveal the genetic basis behind it. This offers great 
potential to identify disease causes and provide potential 
therapeutic targets. However, many challenges remain.

It is important to note that the screening conditions 
are very sensitive and can easily distort the final results. 
As can be seen from our previous summary (Fig.  3), 
even for the same type of cell, without additional insults 
or differentiation conditions, the results from differ-
ent teams have less than half of the hit gene, which may 
depend on different library sources used, different cell 
culture environments, or aging interventions. There-
fore, we must take the results with the necessary skepti-
cism, so as not to interfere with false positive genes. At 

the same time, the necessary repetition of experiments 
from other research groups will further increase the con-
fidence of the results. Another challenge is the limited 
replication background of ASCs. In general, for genome-
wide screening, we need at least 120E6 cells at T0, which 
makes many ASCs difficult to reach before aging. If adult 
cells from different individual origin are used, it is likely 
to interfere with the final screening results by individual 
differences. In addition, the aging of cells is also the main 
source of interference. Under the influence of aging, the 
proliferation of cultured stem cells will be significantly 
weakened after several generations. Although immortal-
ized cell lines can also reflect the final results of screening 
to some extent, changes in gene profiles are also likely to 
affect the screening process. One strategy is to reduce the 
number of libraries, using custom libraries or libraries 
with a specific set of functions can effectively reduce the 
amount of reading. There are also technical challenges. 
Pooling itself, for example, can have a negative impact 
on the results of filtering. This is due to the fact that cells 
cannot grow apart from each other during the screening 
process, so the cell–cell interaction that compensates for 
the harmful mutation leads to artificial enrichment of 
cells carrying that mutation that is not directly related 
to the original selection criteria. Or some transgenes are 
gradually silenced during iPSC differentiation, which may 
prevent CRISPRi/a from continuously perturbing genes.

The summary analysis of the current scope and direc-
tion of CRISPR-Cas9 technology suggests that future 
screening studies will take increasingly sophisticated 
approaches to better simulate the in-situ growth envi-
ronment of stem cells or the complex pathological condi-
tions of disease. For example, organoid models are used 
to simulate the interactions of multiple cells. A more 
accurate cell reading level is obtained through a more 
accurate cell sorting scheme. In conclusion, as described 
in this review, CRISPR-based technologies for extensive 
screening of combined stem cells have the potential to 
clarify tissue and organ processes during development 
and aging, explore important control and therapeutic 
targets for disease progression, and guide modification 
strategies for stem cell therapy.

Footnotes
All statements expressed in this article are solely the 
author’s statements and do not necessarily represent 
statements from affiliated organizations, nor do they nec-
essarily represent statements from publishers, editors, 
and reviewers. Any products that may be evaluated in 
this article, or any claims that their manufacturers may 
make, are not guaranteed or recognized by the publisher.
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Abbreviations
CRISPR	� Clustered regularly interspaced short palindromic repeats
Cas9	� CRISPR-related protein 9
dCas9	� Deactivated Cas9 proteins
RNAi	� RNA interference
ZFNs	� Zinc finger nucleases
TALENs	� Transcription activater-like effector nucleases
DSBs	� Double strand breaks
sgRNA	� Single guide RNA
PAM	� Proto-spacer adjacent motif
NHEJ	� Non-homologous end joining
HDR	� Homology-directed repair
CRISPRi	� CRISPR interference
CRISPRa	� CRISPR activation
TFs	� Transcription factors
TSS	� Transcription start site
NGS	� Next generation sequencing
iPSCs	� Induced pluripotent stem cells
SpCas9	� S. pyogenes Cas9
MOI	� Multiple infection
TKOv1	� Toronto KnockOut library
EGs	� Essential genes
m7G	� N7-methylguanosine
METTL1	� Methyl-transferase
hPSC	� Human pluripotent stem cells
PSCs	� Pluripotent stem cells
ESCs	� Embryonic stem cells
ERs	� Epigenetic regulators
PPI	� Protein–protein interaction
MCODE	� Molecular complex detection
C9orf72	� Open reading frame 72
NEK6	� NIMA-related kinase 6
hMPCs	� Human mesenchymal progenitor cell
ZIKV	� Zika virus
NPs	� Neural progenitor cells
FACS	� Fluorescence activated cell sorting
BMP	� Bone morphogenetic protein
DCs	� Dendritic cells
GWAS	� Genome wide association study
ASCs	� Adult stem cells
LGR-5	� G-protein-coupled receptor-5
RA	� Retinoic acid
FGFs	� Fibroblast growth factors
TGFs	� Transforming growth factors
ADPKD	� Autosomal dominant polycystic kidney disease
cAMP	� Cyclic adenosine phosphate
eQTL	� Expression quantitative trait locus
SNPS	� Single nucleotide polymorphisms
ALS	� Amyotrophic lateral sclerosis
CXCL10	� Chemokine ligand 10
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