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The high-performance technology CRISPR/Cas9 improves knowledge and 
management of acute myeloid leukemia

Romeo Gabriel Mihailaa,b, Diana Topirceanb

Knowledge on acute myeloid leukemia pathogenesis and treatment has progressed recently, but not enough to 
provide ideal management. Improving the prognosis of acute myeloid leukemia patients depends on advances in 
molecular biology for the detection of new therapeutic targets and the production of effective drugs. The CRISPR/Cas9 
technology allows gene insertions and deletions and it is the first step in investigating the function of their encoded 
proteins. Thus, new experimental models have been developed and progress has been made in understanding pro-
tein metabolism, antitumor activity, leukemic cell maintenance, differentiation, growth, apoptosis, and self-renewal, 
the combined pathogenetic mechanisms involved in leukemogenesis. The CRISPR/Cas9 system is used to understand 
drug resistance and find solutions to overcome it. The therapeutic progress achieved using the CRISPR/Cas9 system is 
remarkable. FST gene removal inhibited acute myeloid leukemia cell growth. Lysine acetyltransferase gene deletion 
contributed to decreased proliferation rate, increased apoptosis, and favored differentiation of acute myelid leukemia 
cells carrying MLL-X gene fusions. The removal of CD38 gene from NK cells decreased NK fratricidal cells contributing 
to increased efficacy of new CD38 CAR-NK cells to target leukemic blasts. BCL2 knockout has synergistic effects with 
FLT3 inhibitors. Exportin 1 knockout is synergistic with midostaurin treatment in acute myeloid leukemia with FLT3-ITD 
mutation. Using the results of CRISPR/Cas9 libraries and technology application will allow us to get closer to achieving 
the goal of curing acute myeloid leukemia in the coming decades.
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INTRODUCTION

Acute myeloid leukemia (AML) is an aggressive ma-
lignant hemopathy. Its prognosis continues to be poor 
with the current standard of care, as in many patients, the 
disease relapses or becomes refractory1. It is unanimously 
accepted that new therapies are needed to improve AML 
patients survival2.

Clustered regularly interspaced short palindromic re-
peats (CRISPR) / CRISPR-associated protein 9 (Cas9) 
is one of the new technologies in molecular biology that 
together with the engineering techniques of humanized 
physiologically relevant animal models are the founda-
tion of a new genomics era that allows the expansion of a 
previously unsuspected magnitude of knowledge about the 
pathophysiology of AML. New knowledge of descriptive 
and functional genomics are the prerequisites that will 
increasingly contribute to achieving the goal of curing 
AML in the coming decades3. 

The CRISPR-Cas9 system has been used in recent 
years for gene insertions or deletions into the genome 
of eukaryotic cells. The technique consists of design-
ing specific "single guide RNAs" (sgRNAs) that aim to 
 recognize specific genomic sequences known as PAM 

sites (Fig. 1). When both Cas9 proteins and sgRNA are 
introduced into a cell, small deletions occur adjacent to 
the PAM site through doublestranded DNA breaks. This 
technique has been conceived to inhibit the expression 
of single or multiple genetic loci wherein it removes spe-
cific DNA sequences. The result is a nonfunctional gene4. 
The small nucleotide insertions or deletions obtained us-
ing the CRISPR-Cas9 technique do not always produce 
a nonfunctional gene, but one that encodes a function-
ally active protein. This can reduce the therapeutic effi-
ciency. An improvement in the outcome of gene therapy 
can be achieved with an sgRNA-targeting splicing site5. 
The CRISPR/Cas9 technology can be optimized, as it has 
been quite recently introduced in practice4.

CRISPR/Cas9 libraries were used to identify effector 
genes whose role was not known in AML. These AML-
related genes are involved in various cellular pathogenetic 
mechanisms, such as signaling transduction, energy me-
tabolism, transcriptional regulation, and epigenetics. This 
high-performance technology allows the identification of 
genes that may be candidates for pharmaceutical target-
ing6.
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EXPERIMENTAL MODELS

Oncogenesis is the result of somatic mutations that 
occur sequentially and produce successive clonal popu-
lations. Such a clonal evolution model of AML was ob-
tained using induced pluripotent stem cells (iPSC) and 
CRISPR/Cas9 technology. After three driver mutations 
were introduced step by step, iPSC lines were obtained. 
After hematopoietic differentiation occurred, cells showed 
distinct premalignant stages, such as clonal hematopoiesis 
and myelodysplastic syndrome, culminating in a leukemia 
which could be transplanted. An early and persistent event 
in the process of leukemogenesis was a dysregulation of 
inflammatory signaling, which was cell-autonomous. It 
could serve as a therapeutic target7. Using CRISPR/Cas9 
system it has been established that loss of the FBXO11 
protein, which is part of the SCF ubiquitin ligase complex, 
produces cytokine independent growth of MDS-L cells. 
In addition, FBXO11 expression is decreased in patients 
with secondary AML. It can be concluded that loss of 
FBXO11 allows the progression of MDS to AML (ref.8).

N-terminally truncated short form of GATA1 is the 
result of a mutation in the gene encoding the GATA1 in 
children with Down syndrome in whom AML occurs. 
CRISPR/Cas9 technology was used to introduce GATA1 
mutation in some induced pluripotent stem cell lines. The 
presence of short form of GATA1, without full-length 
GATA1, decreased the erythropoiesis, whereas megacari-
opoiesis and granulopoiesis increased, characters of tran-
sient abnormal myelopoiesis, which presents pre-leukemic 
characteristics9.

Mixed lineage leukemia (MLL)-AF9 (MA9) chromo-
somal rearrangements were induced in murine hematopoi-
etic stem cells using CRISPR/Cas9 system. The result was 

higher rate of clonogenicity, enrichment of c-Kit-positive 
leukemic stem cells and higher expression of MA9 target 
gene. This is a novel cellular model of MA9 leukemia 
obtained in an experimental model and progenitor cells10. 
The same technology was used to create a model of MLL 
KMT2A rearrangements (KMT2Ar) in hematopoietic 
stem and progenitor cells (HSPCs) obtained from hu-
man cord blood (huCB). The genome-edited KMT2Ar 
cells obtained from infant and adult showed indefinite 
growth potential except for MLL-AF4 huBM cells whose 
proliferation stopped after 80 days. FFAR2 (an epigenetic 
tumor suppressor) could be responsible for the failure 
of MLL-AF4 to immortalize adult cells under myeloid 
conditions11.

The effects of gene deletion obtained by CRISPR/
Cas9 technology on AML cell metabolism are presented 
in Table 1.

PROTEIN METABOLISM

Ubiquitylation consists of an enzymatic post-transla-
tional modification by which a ubiquitin protein is at-
tached to a protein substrate. Ubiquitination is involved 
in protein metabolism, including by regulating the degra-
dation of proteins. TAK-243 is an inhibitor of ubiquitin-
like modifier activating enzyme 1, involved in ubiquitin 
activation. A CRISPR/Cas9 knockout screen was used 
to find genes essential for TAK-243 action in AML cells. 
Thus, BEN domain-containing protein 3 (BEND3) has 
been identified, which represses transcription and regu-
lates chromatin organization. Knockout of these gene 
produces resistance to TAK-243 both in vitro and in vivo. 
The mechanism of resistance to TAK-243: BEND3 knock-

Fig. 1. The components of the CRISPR/Cas9 system. Guide RNA attaches specifically to the DNA fragment. Cas9 (CRISPR-
associated protein 9) is an endonuclease that can cut the double-stranded DNA. This process requires PAM (protospacer adjacent 
motif) – a specific sequence of DNA located at the 3’ end of the RNA guide. DNA repair after sectioning can be done through 
two pathways: non-homologous end joining (which leads to a random insertion / deletion of DNA), or homology directed repair 
(which produces a precise editing of the genome).
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out upregulated the ATP-binding cassette super-family G 
member 2 (ABCG2) and decreased the intracellular levels 
of TAK-243. Thus, ABCG2 expression could be a predic-
tor of TAK-243 sensitivity12.

CC-90009 is a novel cerebellar E3 ligase modulator, 
with action on AML blasts and leukemia stem cells. Using 
CRISPR-Cas9 technology, it was discovered that the ILF2 
and ILF3 heterodimeric complex is a novel regulator of 
cereblon expression. Knockout of ILF2 / ILF3 reduces 
the production of full-length cereblon protein, and de-
creases the response to CC-90009. Hyperactivation of 
the mTOR mechanism had a protective role against the 
growth inhibitory effect of CC-90009 (ref.13).

ANTITUMOR IMMUNITY

The resistance against surveillance provided by endog-
enous immune cells, including natural killer (NK) cells 
is an issue of interest. Lymphocyte activity is negatively 
regulated by ubiquitin ligase Casitas B-lineage lympho-
ma pro-oncogene-b (CBLB) on placental CD34+ cell-
derived NK (PNK) cell. CBLB gene was knocked out in 
placenta-derived CD34+ hematopoietic stem cells using 

the CRISPR/Cas9 system. Then, stem cells differentiated 
into PNK cells. The antitumor effect of CBLB knockout 
PNK cells was further studied in an AML (HL-60) tumor 
model in mice. These genetically modified PNK cells had 
a higher proliferative capacity and effector function14.

MAINTAINING LEUKEMIC STATUS

AML cells can have innate or adaptive resistance to 
the action of bromodomain and extra-terminal (BET) pro-
tein inhibitors15. The regulation of CCCTC-binding factor 
(CTCF) and the expression of HOX gene are involved in 
regulating maintenance of leukemic stem cells (LSCs) 
that are resistant to BET inhibitors (BETi). CRISPR-Cas9 
technology was used to delete 47 base pairs of the CTCF 
binding motif (CBS7/9). This dowregulated HOXA9 and 
sensitized the BETi treatment reaction16. 

CELL DIFFERENTIATION

A cell surface-based CRISPR platform was used to 
assess genes involved in maintaining the undifferentiated 

Table 1. The effects of gene deletion obtained by CRISPR/Cas9 technology on AML cell metabolism.

No Gene deleted The result of the knockout of the gene Ref.

1 FBXO11 allows the progression of MDS to AML 8
2 BEND3 resistance to TAK-243 (an inhibitor of ubiquitin-like modifier activat-

ing enzyme 1)
12

3 ILF2 / ILF3 reduces the production of full-length cereblon protein, and decreases 
the response to CC-90009 (a modulator of cereblon)

13

4 CBLB stem cells differentiate into PNK cells 14
5 deletion of 47 base pairs of the CBS7/9 dowregulates the HOXA9 and sensitizes the BETi treatment reaction 16
6 IRF-1 upregulates the p47phox expression required for mature-cell ROS pro-

duction in granulocyte metabolism
18

7 CBFA2T3 spontaneous and ATRA-induced activation of myeloid genes involved 
in myeloid differentiation

19

8 KLF4 reduce cell growth and increase apoptosis in two cell lines: NB4 and 
MonoMac-6

1

9 LKB1 / STK11 suppression of the progression of myeloproliferative neoplasms 21
10 CXCR-4 eradicates AML cells 24
11 TRPM2 inhibition of leukemic proliferation and survival and increased sensitiv-

ity to doxorubicin
26

12 MTCH2 reduced growth and engraftment potential of stem cells, and increased 
differentiation

27

13 DNMT3b promoter hypomethylation and high expression of HOTAIRM1 29
14 MYH8 higher migration capacity, epithelial-to-mesenchymal transition, cell 

migration and a repression of the Raf / MAPK mechanism
31

15 MN1 decreases the transcription of HOXA9 and HOXA10 genes, and their 
target genes such as BCL2, MCL1 and Survivin

32

AML - acute myeloid leukemia; BCL2 - B-cell lymphoma 2; BEND3 - BEN domain-containing protein 3; BETi - bromodomain and extra-terminal 
BET protein inhibitors; CBFA2T3 - core-binding factor, runt domain, alpha subunit 2, translocated to 3; CBLB - Casitas B-lineage lymphoma 
pro-oncogene-b; CBS7/9 - CTCF binding motif; CXCR-4 - α-chemokine receptor specific for stromal-derived-factor-1; DNMT3b - DNA methyl-
transferase 3β; HOTAIRM1 - HOXA transcript antisense RNA, myeloid-specific 1; HOXA9 - homeobox protein Hox-A9; HOXA10 - homeobox 
protein Hox-A10; ILF2 - Interleukin enhancer-binding factor 2; ILF3 - Interleukin enhancer-binding factor 3; IRF-1 - interferon regulatory factor-1; 
KLF4 - Kruppel like factor 4; MCL1 - induced myeloid leukemia cell differentiation protein Mcl-1; MDS - myelodysplastic syndrome; MN1 - me-
ningioma 1; MTCH2 - mitochondrial carrier homolog 2; MYH8 - myosin heavy chain 8; PNK - placental CD34+ cell-derived NK; ROS - reactive 
oxygen species; TRPM2 - transient receptor potential cation channel, subfamily M, member 2
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state of leukemia cells. So, such a gene was found: RNA-
binding protein ZFP36L2. It induces the mRNA of key 
myeloid maturation genes degradation, including the 
ZFP36 paralogs, and prevents terminal myeloid cell dif-
ferentiation. The genetic inhibition of the ZFP36L2 gene 
contributes to the restoration of the mRNA stability of 
these targeted transcripts and constitutes triggers for my-
eloid differentiation in leukemia cells. But epigenomic 
studies done in patients with AML have found enhancer 
modules near ZFP36L2 that are associated with distinct 
AML cell states. Thus, there are coordinated epigenetic 
and post-transcriptional mechanisms involved in leukemic 
differentiation17.

CRISPR/Cas9 technology allowed the excision of 
the interferon regulatory factor-1 (IRF-1) gene from HL-
60 cells. Thus, it was found that IRF-1 is not essential 
for differentiation induced by all-transretinoic acid or 
1,25-Dihydroxyvitamin D3, but is involved in the upregu-
lation of p47phox expression required for mature-cell ROS 
production in granulocyte metabolism18.

CBFA2T3 is involved in maintaining the leukemic 
status of the stem cell and in AML relapse. It acts by re-
pressing retinoic acid receptor (RAR) target gene expres-
sion and inhibits the AML cell differentiation induced by 
all-trans-retinoic acid (ATRA). CBFA2T3 gene removal 
using CRISPR/Cas9 system has led to spontaneous and 
ATRA-induced activation of myeloid genes involved in 
myeloid differentiation. CBFA2T3 inhibits the early step 
of RAR target gene transcription and could be a new 
target to improve AML cell differentiation induced by 
ATRA  (ref.19).

CELL GROWTH AND APOPTOSIS

The deletion of KLF4 gene using CRISPR/Cas9 
technology was able to reduce cell growth and increase 
apoptosis in two cell lines: NB4 and MonoMac-6. 
Transplantation of NB4 and MonoMac-6 cells after ge-
netically engineered modification into NSG mice resulted 
in prolonged overall survival. KLF4 gene loss did not de-
crease the sensitivity of leukemic cells to chemotherapy 
with products such as cytarabine and daunorubicin1.

CRISPR/Cas9 knockout library screenings have made 
it possible to discover and establish that SNORD42A (a 
small nucleolar RNA) is an important modulator for 
AML cell survival and proliferation in various human leu-
kemia cell lines. Leukemic cell survival and growth needs 
both high-level expression of SNORD42A and U116 18S 
2'-O-methylation rRNA (ref.20).

SELF-RENEWAL

The depletion of the gene encoding liver kinase B1 
also known as serine/threonine kinase 11 (LKB1/STK11) 
obtained using CRISPR/Cas9 system produced in vitro 
self-renewal increase of murine myeloproliferative neo-
plasm cells. In addition, downregulation of LKB1 gene 
was observed in the blast phase of human myeloprolifera-
tive neoplasms. These observations lead to the conclusion 
that STK11 has a tumor suppressor role in  myeloprolif-
erative neoplasms21.

Table 2. The contribution of CRISPR/Cas9 technology to understanding the mechanisms of drug resistance of AML cels and 
overcoming them.

No CRISPR/Cas9 
contribution

Gene involved The mechanism of drug 
resistance

Solutions for overcoming it Ref.

1 genome-wide 
screen

LZTR1, NF1, TSC1 and TSC2 
- negative regulators of the 
MAPK and MTOR mechanisms

resistance to some FLT3 
inhibitors 

combining FLT3 inhibitors with 
those of MEK

33

2 genome-wide 
screen

genes that sensitize AML 
cells to double negative T cell 
therapy

resistance to double negative 
T cell-mediated cytotoxicity

CD64 is a predictive marker for 
response

2

3 gene deletion IL-6 BMSCs promote resistance 
to chemotherapy through the 
activation of the IL-6/STAT3/
OXPHOS pathway

IL-6 knockout decreased the 
ability of a line of stromal cells to 
activate STAT3

34

4 gene editing P-selectin E-selectin-mediated chemo-
resistance in vitro

the absence of P-selectin 35

5 gene deletion JMJD6 or TCF7L2 BETi-persister / resistance knockout of both genes or the 
treatment against multiple targets 
of the β-catenin-TCF7L2-JMJD6-
c-Myc axis

15

BETi  - bromodomain and extra-terminal BET protein inhibitors; BMSCs - bone marrow stromal cells; FLT3 - fms-like tyrosine kinase 3; IL-6 - 
interleukin 6; MAPK - MEK - mitogen-activated protein kinases; MTOR - mechanistic target of rapamycin; TCF7L2 - transcription factor 7 - like 
2; JMJD6 - bifunctional arginine demethylase and lysyl-hydroxylase JMJD6
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COMBINED PATHOPHYSIOLOGICAL 
MECHANISMS

Alternative splicing (AS) events were studied in AML 
patients and a 15 AS event-based prognostic signature 
was elaborated. CRISPR-based data validated that over-
expression of genes encoding RNA-binding protein 39 
was involved in the higher exon inclusion of SETD5 and 
contributed to a poor outcome22.

The suppression of the gene encoding LIM kinase 1 
obtained using CRISPR/Cas9 technology and its pharma-
cologic inhibition and those of its homolog LIM kinase 
2 was able to diminish colony formation and prolifera-
tion rate of some AML cell lines. In addition, morpho-
logical changes suggestive of myeloid differentiation 
were observed. The anti-leukemic phenotype is the result 
of upregulation of several tumor suppressor genes and 
downregulation of HOXA9 targets and genes involved in 
mitosis23.

The CRISPR/Cas9 screen was used to study cell 
surface genes in a syngeneic MLL-AF9 AML murine 
model. Thus, it has been found that CXCR-4 (an alpha-
chemokine receptor specific for stromal-derived-factor-1) 
is an important surface regulator of AML cell growth and 
survival. Removal of the gene that encodes it eradicated 
AML cells in vivo without affecting their bone marrow 
homing. The CXCR4 signaling system is fundamental for 
maintaining leukemic cell status. Loss of this signaling 
system results in oxidative stress and differentiation of 
leukemic cells in vivo24.

CRISPR activation library was used in order to better 
understand the regulatory mechanism of MYC expression. 
It allowed the identification of a new regulator - M1AP, 
involved in a higher induced MYC expression25.

Removal of the gene encoding transient receptor po-
tential cation channel, subfamily M, member 2 (TRPM2) 
protein was performed in U937 cells (an AML model) 
using CRISPR/Cas9 technology. The result was inhibi-
tion of leukemic proliferation and survival and increased 
sensitivity to doxorubicin. The mechanisms involved were: 
reduced mitochondrial function, impaired cellular bio-
energetic processes, decreased antioxidant response, au-
tophagy inhibition and destabilization of ULK1 protein26.

CRISPR screen was used to find a mitochondrial gene 
involved in the growth of AML cells - mitochondrial out-
er membrane protein mitochondrial carrier homolog 2 
(MTCH2). Removal of MTCH2 gene has led to reduced 
growth and engraftment potential of stem cells, and in-
creased differentiation. The mechanism involved was: 
increased nuclear pyruvate and pyruvate dehydrogenase, 
which has led to histone acetylation and then AML cell 
differentiation27.

CRISPR/Cas9 knockout screens in AML cells al-
lowed the identification of PRC2-NSD2/3-mediated MYC 
regulatory axis as a drug-induced antagonistic pleiotropy 
mechanism. It was found that acquisition of resistance to 
bromodomain inhibition obtained through this mecha-
nism leads to hypersensitivity to BCL-2 inhibition28.

HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) is a long non-coding RNA gene with an 

important role in the occurrence of AML. Long term ex-
posure to hydroquinone (a benzene metabolite) was able 
to induce malignant transformation of TK6 cells (HQ-MT 
cells). The DNMT3b knockout HQ-MT cells obtained 
using CRISPR/Cas9 system had promoter hypomethyl-
ation and high expression of HOTAIRM1. Long exposure 
to hydroquinone or benzene may increase DNMT3b ex-
pression and the promoter hypermethylation; the result is 
the silencing of HOTAIRM1 expression, a possible tumor-
suppressor29.

MiR-708 is upregulated in Hoxa9/Meis1 AML induc-
ing cell lines and in samples obtained from AML patients. 
Knockout of miR-708 obtained using CRISPR/Cas9 in 
this AML cell model allowed to establish that miR-708 is 
a regulator of the Hoxa9. It is an important antagonist of 
the Hoxa9 phenotype but also an effector of transforma-
tion in Hoxa9/Meis1 (ref.30).

Genome editing using CRISPR-Cas9 allowed to obtain 
knock-in AML cell lines with MYH8 tail truncation muta-
tion, R1292X. These cells had higher migration capacity, 
epithelial-to-mesenchymal transition, cell migration and 
a repression of the Raf / MAPK mechanism - indicators 
of a poor prognosis31.

Meningioma 1 (MN1), a co-factor of HOXA9 and 
MEIS1, could be removed from mixed leukemia-rear-
ranged AML cells using CRISR-Cas9 technology. Thus 
it was found that MN1 is involved in the transcription 
of HOXA9 and HOXA10 genes (which are important for 
MLL-AML), and their target genes such as BCL2, MCL1 
and Survivin. Thus, MN1 could be a new target for this 
type of AML (ref.32).

THERAPEUTIC RESISTANCE

The contribution of CRISPR/Cas9 technology to un-
derstanding the mechanisms of drug resistance of AML 
cels and overcoming them is presented in Table 2.

About a quarter of patients with AML who are car-
riers of internal tandem duplication of Fms-like tyrosine 
kinase 3 (FLT3)-ITD or FLT3-TKD mutations develop 
resistance to FLT3 inhibitors. Mediators of sorafenib re-
sistance could be identified starting from a genome-wide 
CRISPR screen. They are encoded by the LZTR1, NF1, 
TSC1 or TSC2 genes, and are negative regulators of the 
MAPK and MTOR mechanisms. The activity of these 
pathways was upregulated in AML cells, which showed 
resistance to some FLT3 inhibitors, including sorafenib. 
Therapeutic efficacy could be increased by combining 
FLT3 inhibitors with those of MEK (ref.33).

A double negative T cell  bears  the αβ T cell receptor 
but lacks CD4, CD8, and markers of NK cell differentia-
tion. It was observed that blasts obtained from about 30% 
of AML patients are resistant to double negative T cell-
mediated cytotoxicity. A targeted CRISPR/Cas9 screen 
was used to find genes responsible for the susceptibility 
of AML cells to double negative T cell therapy. The level 
of CD64 expression showed an important correlation 
with the sensitivity of AML cells to double negative T 
cell therapy. In addition, the ectopic expression of CD64 
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was able to overcome AML resistance to this therapy both 
in vitro and in vivo2.

Bone marrow stromal cells (BMSC) are also involved 
in the development of resistance to chemotherapy in 
AML cells. Such a human BMSC line is HS-5. IL-6 knock-
out in HS-5 cells (obtained using CRISPR/Cas9 technol-
ogy) decreased their ability to activate STAT3, to increase 
mitochondrial oxidative phosphorylation, or to induce 
chemoresistance in AML cells. BMSCs promoted resis-
tance to chemotherapy in these leukemic cells through 
the activation of the IL-6/STAT3/OXPHOS mechanism34. 
CRISPR-Cas9 gene editing technology also helped to esta-
bilish that P-selectin (CD162), but not CD44, is involved 
in E-selectin-mediated chemo-resistance in vitro. The onset 
of AML occurs later when DC162 is absent from the cell 
surface, and sensitivity to in vivo chemotherapy is higher35.

Knockout of JMJD6 gene or of that encoding tran-
scription factor 7-like 2 (TCF7L2), obtained using 
CRISPR/Cas9 was able to reverse BETi-persister / re-
sistance. Knockout of both genes produced AML blasts 
death. Treatment against multiple targets of the β-catenin-
TCF7L2-JMJD6-c-Myc axis may reverse adaptive and 
innate BETi resistance, according to the results of pre-
clinical studies that used human post-myeloproliferative 
neoplasm secondary AML cells15.

THERAPEUTIC ADVANCES

CD38 antigen could be a target for the treatment of 
AML cells. Unfortunately, it is present not only on leuke-
mic cells, but also on NK cells, which creates difficulties 
regarding CD38 chimeric antigen receptor (CAR)-NK 
cell therapy. Using CRISPR/Cas9 system it was possible 
to remove CD38 gene from NK cells during expansion, 
which led to a mean knockdown efficiency of 84%. Thus, 
the process of NK cells fratricide decreased and the abil-
ity of new CD38 CAR-NK cells to target leukemic blasts 
increased36.

The presence of the FLT3-ITD or FLT3-TKD mu-
tation predisposes AML to relapse. Unfortunately, not 
all patients respond to approved FLT3 inhibitors (mi-
dostaurin and gilteritinib), and the recurrence rate under 
this treatment is high. Using CRISPR technology, BCL2 
knockout was performed. This has synergistic effects 
with an approved FLT3 inhibitor. The combination be-
tween a FLT3 inhibitor and venetoclax in vitro and in vivo 
has validated therapeutic effect against various models 
of FLT3-ITD-driven AML (ref.37). The same technology 
was used to obtain exportin 1 (XPO1) knockout. It was 
found that the absence of this gene encoding a protein in-
volved in protein transport is synergistic with midostau-
rin treatment in AML with FLT3-ITD mutation. The 
finding was validated using selinexor (a reversible XPO1 
inhibitor) in combination with midostaurin and gilteri-
tinib in FLT3-ITD AML cell lines and primary samples 
obtained from patients. This combined treatment was 
able to improve survival in an aggressive experimental 
AML model38.

An increased expression of follistatin (fst) was ob-

served in human FLT3/ITD AML cells. FST gene removal 
using CRISPR/Cas9 inhibited AML cell growth in vitro 
and in vivo. Serum fst levels correlated with clinical re-
sponse to quizartinib in AML patients carrying FLT3/
ITD mutations. Thus, FST could be a new target for the 
treatment of these patients39.

Genes that could be therapeutic targets in AML 
have been identified using data from a lentiviral-based 
genome-wide pooled CRISPR-Cas9 library along with 
gene knockout (KO) dependency scores in some AML 
cell lines. Thus, 94 genes of interest were selected. Forty-
four of them had an already-approved medicine against 
the protein encoded by them. But there is no drug in 
development for the other 50 genes. These results can be 
considered a testable compendium of AML drug targets, 
useful for researchers in the field of drug production40. 
Lysine acetyltransferase KAT7 is involved in acetyla-
tion and transcriptional regulation. Using genome-wide 
CRISPR-Cas9 screens it was established that KAT7 loss 
contributed to decreased proliferation rate, increased 
apoptosis, and favored differentiation of AML cells car-
rying MLL-X gene fusions. Therefore, KAT7 could be a 
therapeutic target for this subtype of AML, whose prog-
nosis is unfavorable41.

Aberrant DNA hypermethylation and overexpression 
of B-cell lymphoma 2 (BCL-2) gene are mechanisms that 
may explain treatment resistance. Combined treatment 
with 5-azacitidine (5-Aza) and venetoclax allowed to 
obtain an overall response rate of 67% in elderly AML 
patients. The removal of the gene encoding phorbol-
12-myristate-13-acetate-induced protein 1 (PMAIP1) and 
BCL2 binding component 3 in AML cell lines was ob-
tained using CRISPR/Cas9 technology. This model al-
lowed to establish that the two drugs act synergistically. 
AML cell apoptosis induced by Aza occurs through 
transcriptional induction of the proapoptotic protein 
PMAIP1. This induction was made by the integrated 
stress response mechanism42.

Enasidenib is an isocitrate dehydrogenase 2 (IDH2) 
mutant-specific inhibitor that reduces the transfusion 
requirement of anemic AML patients, as it increases hu-
man erythroid differentiation. This was observed in IDH2-
deficient AML cells, obtained using CRISPR technology. 
The action of enasidenib was mediated by protoporphy-
rin accumulation, stimulating heme production and in-
creasing erythroid differentiation in CD71+ progenitors. 
Enasidenib coud decrease anemia severity and reduce the 
transfusion need43.

Lysine-specific demethylase 1 (LSD1) could be an-
other target for AML treatment, especially in forms car-
rying the MLL mutation. Knockdown of genes encoding 
mTORC1 components obtained using CRISPR/Cas9 
technology, or concomitant pharmacological inhibition of 
mTORC1 and LSD1 leads to a higher cell differentiation 
both in vitro and in vivo. Thus, a synergistic upregulation 
of a set of genes encoding transcription factor and termi-
nal monocytic lineage differentiation was observed. This 
dual pharmacological inhibition could be investigated in 
early phase clinical trials44.
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CONCLUSION

Progress in understanding  the pathogenesis of AML 
is dependent on advanced methods of molecular biology. 
CRISPR/Cas9 technology allows DNA modification 
through gene insertions and deletions. Thus, the function 
of each gene can be verified and potential new therapeutic 
targets can be obtained.

Some notable therapeutic outcomes are: improvement 
in the therapeutic efficacy of sorafenib could be obtained 
by combining FLT3 inhibitors with those of MEK; the 
combination between a FLT3 inhibitor and venetoclax 
is synergistic against various models of FLT3-ITD-driven 
AML; selinexor in combination with midostaurin and 
gilteritinib was able to improve survival in an aggressive 
experimental AML model; the removal of CD38 gene 
from NK cells decreased the process of fratricide and 
increased the ability of new CD38 CAR-NK cells to target 
leukemic blasts; 5-Aza and venetoclax act synergistically 
and allowed to improve overall response rate in elderly 
AML patients; enasidenib could decrease anemia severity 
and reduce the transfusion need.

New therapeutic targets could be: FST gene (its remov-
al inhibited AML cell growth), lysine acetyltransferase 
KAT7 (its deletion decreased proliferation rate, increased 
apoptosis, and favored differentiation of AML cells carry-
ing MLL-X gene fusions), and LSD1 (concomitant phar-
macological inhibition of mTORC1 and LSD1 leads to a 
higher cell differentiation).

Search strategy and selection criteria
Strategy research aimed at analyzing the contribution 

of CRISPR/Cas9 technology to  improving knowledge of  
the pathogenesis of acute myeloid leukemia and finding 
new therapeutic targets. Scientific articles published in 
PubMed and Web of Science databases in the last five 
years, prior to 31.03.2021 were searched, using the terms 
“acute myeloid leukemia” and “CRISPR”. 

ABBREVIATIONS

AML, acute myeloid leukemia; ATRA, all-trans-reti-
noic acid; AS, alternative splicing; ABCG2, ATP-binding 
cassette super-family G member 2; 5-Aza, 5-azacitidine; 
BCL-2, B-cell lymphoma 2; BEND3, BEN domain-con-
taining protein 3; BET, bromodomain and extra-termi-
nal; BETi, BET inhibitors; BMSC, bone marrow stromal 
cells; CBLB, Casitas B-lineage lymphoma pro-oncogene-b; 
CTCF, CCCTC-binding factor; CAR, chimeric antigen 
receptor; CRISPR, clustered regularly interspaced short 
palindromic repeats; Cas9, CRISPR-associated protein 9; 
CBS7/9, CTCF binding motif; XPO1, exportin 1; FLT3, 
Fms-like tyrosine kinase 3; fst, follistatin; HSPCs, hema-
topoietic stem and progenitor cells; HOTAIRM1, HOXA 
transcript antisense RNA, myeloid-specific 1; huCB, hu-
man cord blood; iPSC, induced pluripotent stem cells; 
IDH2, isocitrate dehydrogenase 2; KMT2Ar, KMT2A 
rearrangements; KO, knockout; LSCs, leukemic stem 
cells; LSD1, lysine-specific demethylase 1; HQ-MT cells, 

malignant transformation of TK6 cells; MTCH2, mem-
brane protein mitochondrial carrier homolog 2; MN1, 
meningioma 1; MLL, mixed lineage leukemia; MA9, 
mixed lineage leukemia-AF9; NK, natural killer; PMAIP1, 
phorbol-12-myristate-13-acetate-induced protein 1; PNK, 
placental CD34+ cell-derived NK; CD162, P-selectin; 
RAR, retinoic acid receptor; LKB1/Stk11, serine/threo-
nine kinase 11; sgRNAs, "single guide RNAs"; TCF7L2, 
transcription factor 7-like 2; TRPM2, transient receptor 
potential cation channel, subfamily M, member 2.
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