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Introduction

Lymphomas can be divided into B-cell, T-cell, and natural 
killer (NK)-cell lymphomas, in accordance to the origin 
of the lymphocytes. According to the 2016 World Health 

Organization (WHO) reclassification of hematopoietic and 
lymphoid tissue tumors (1), lymphomas of B-cell origin 
account for the majority. Combination of chemotherapy 
and radiotherapy, surgery, hematopoietic stem cell 
transplantation (HSCT), and biological therapy are the 
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main treatments. However, the treatment efficacy and 
prognosis of lymphoma vary widely based on the individual 
differences and the emergence of drug resistance. There 
is presently no cure for B-cell lymphoma, its progress can 
only be slowed down or controlled.

Zinc finger nucleases (ZFNs), transcription activator-
l ike  ef fector  nucleases  (TALENs),  and clustered 
regular ly  interspaced short  pa l indromic  repeats 
(CRISPR)/CRISPRassociated 9 (Cas9) (2-5) have 
emerged successively, with CRISPR/Cas9 being the most 
widely researched on and used. The stunning effects of gene 
editing in Duchenne muscular dystrophy (DMD) (6) and 
sickle cell disease (SCD) (7) have attracted the interest of 
researchers. Since the mechanism of resistance has not been 
clarified, appropriate interventions cannot be proposed. 
In this review, we mainly list the current applications and 
progress of CRISPR/Cas9 technology in B-cell lymphoma 
to screen some potential therapeutic targets for improving 
the treatment and prognosis of patients. We present this 
article in accordance with the Narrative Review reporting 
checklist (available at https://tcr.amegroups.com/article/
view/10.21037/tcr-23-1146/rc).

Methods

A comprehensive, narrative review of literature was 
conducted to determine the application and progress 
of CRISPR/Cas9 gene editing in B-cell lymphoma. 
Studies from 2015 to 2023 were reviewed from PubMed/
MEDLINE using the keywords “CRISPR”, “B-cell 
lymphoma”, “gene editing”, and “CRISPR Screen”.

Articles related to the topic of this study were fully 
reviewed. The search strategy is summarized in Table 1.

Concept and mechanism of CRISPR/Cas9

Discovery of CRISPR/Cas9 gene editing

CRISPR/Cas9, a defense against extraneous virus and 
plasmid DNA invasion, is the product of long-term 
evolution of bacteria and archaea (8,9). It consists of type 1 
(containing I, III, and IV) and type 2 (containing II, V, and 
VI), with multiple subunits and individual large protein as 
effector respectively (10,11). The type II CRISPR system 
is the most familiar, and CRISPR RNA (crRNA)/trans-
activated crRNA (tracRNA) is its special structure that can 
merge small guide RNA (sgRNA) (12-14).

Mechanism of CRISPR/Cas9 gene editing

The sgRNA is designed to base complementary pairing 
with 20 nucleotides (NTs) of the target DNA strand. The 
proximal seed region sequence of guide RNA (gRNA) 
preforms in the A-type conformation, and Cas9 protospacer 
adjacent motif (PAM) interaction structural domain binds 
to the PAM sequence and initiates local DNA strand 
separation (15-17). The Cas9 phosphate lock loop interacts 
with +1 phosphate on the DNA backbone of the adjacent 
PAM target strand, stabilizing the unwound target DNA 
strand and causing the first base to flip toward the gRNA (18).  
PAM proximal end forms the R-loop, and gRNA is 
significantly base-paired with the target DNA, resulting in 
a conformational change in HNH nuclease domain. Cas9 
nuclease is activated and DNA double-strand is dissociated 
to form a heterologous RNA-DNA duplex. And the non-
target strand is directed to the RuvC nuclease domain for 
cleavage (19). Then approximately −3 NTs prior to the 
original PAM sequence generate site-specific double-strand 

Table 1 Search strategy summary

Items Specification

Date of search January 15, 2023 to March 15, 2023

Databases and other sources searched PubMed/MEDLINE

Search terms used “B-cell lymphoma” and (CRISPR, OR “gene editing” OR “CRISPR Screen”)

Timeframe 2015–2023

Inclusion criteria Clinical trial; meta-analysis; randomized controlled trial; review; systematic review; written in 
English language

Selection process Three authors selected studies together

CRISPR, clustered regularly interspaced short palindromic repeats.

https://tcr.amegroups.com/article/view/10.21037/tcr-23-1146/rc
https://tcr.amegroups.com/article/view/10.21037/tcr-23-1146/rc
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breaks (DSBs), inducing error-prone nonhomologous end 
joining (NHEJ) or high-fidelity homology-directed repair 
(HDR) (20). NHEJ directly connects broken ends without 
a template, which may result in the absence of DNA, and 
HDR is a complex and precise progress which uses the 
intact sister chromatid as a template.

CRISPR/Cas9 screening libraries

There are mainly three different categories of functional 
gene screening libraries: complementary DNA (cDNA) 
libraries (21), RNA interference libraries (22), and CRISPR/
Cas9 screen libraries. The latter is further classified into 
CRISPR/Cas9 knockout libraries, CRISPR/deactivated 
Cas9 (dCas9) activation libraries, and CRISPR/dCas9 
interference libraries, with the gene-scale CRISPR/Cas9 
knockout (GeCKO) library being the most widespread (23). 
GeCKO library functions through series of steps (Figure 1)  
to achieve genome screening, identify targets for drugs, 
and study the mechanisms of upstream and downstream 
components of promoter (24-26).

Clinical trial of CRISPR/Cas9 in B-cell lymphoma-
CART therapy

One of the most successful innovations in the area of 
hematology is the CRISPR/Cas9-edited chimeric antigen 
receptor (CAR)-T cell, which has been approved by the 

Food and Drug Administration (FDA) for the treatment 
of leukemia and lymphoma (27,28). Gross et al. first 
suggested structural and functional similarities between 
B-cell antibodies and endogenous αβ T cell receptors 
(TCRs) (29). CAR-T combines the immunoglobulin V and 
TCR C regions, which can recognize target cells carrying 
2,4,6-trinitrophenyl (TNP) semi-antigenic motif. B cells 
specifically express CD19, and CAR-T cells, modified by 
CRISPR/Cas9, can recognize CD19 particularly to kill 
tumor cells, apart from T-lymphocyte cytotoxicity (30,31).

However, a variety of factors influences the efficacy 
of CAR-T therapy, including the type of CAR structure, 
the quality of T cells, tumor heterogeneity and tumor 
microenvironment. Delivery of bound CAR and crRNA 
leads to the injury of TCR and β-2-microglobulin (B2M), 
and the loss of human leukocyte antigen (HLA) type I 
molecules and programmed cell death protein 1 (PD1), 
to avoid graft-versus-host responses (GVHD) and other 
immune responses (29). T cell suppressors [including 
cytotoxic T lymphocyte associate protein-4 (CTLA-4), 
PD1, lymphocyte activation gene-3 (LAG-3)] and T cell 
immunoglobulin domain and mucin domain-3 (TIM-3), 
and Fas receptor/Fas ligand (FasL) induce T cell apoptosis 
(32-35). To improve anti-tumor efficacy, knockout of these 
elements via CRISPR/Cas9 can decrease T cell apoptosis, 
amplify and decorate CAR-T cells. In addition, bispecific 
CAR-T cells, such as anti-CD19/CD22 and anti-CD19/
CD20 are promising options currently in clinical trials (36).

Figure 1 Mechanism of GeCKO. Generated by Figdraw. The main steps are construction and design of sgRNA libraries, lentivirus 
transfection, cell screening (positive/negative screening), and gene analysis. To detect whether the target gene knockout, DNA is extracted and 
primers are designed for amplification for PCR detection or gene sequencing. sgRNA, small guide RNA; PCR, polymerase chain reaction; 
NGS, next-generation sequencing; GeCKO, genome-scale CRISPR/Cas9 knockout; CRISPR/Cas9, clustered regularly interspaced short 
palindromic repeats/CRISPR-associated 9.
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Applications and progress of CRISPR/Cas9 in 

B-cell lymphoma

CRISPR/Cas9 has been used to identify some genes, 

s ignal ing pathways and cytokines  that  af fect  the 
development and prognosis of B-cell lymphoma (as shown 
in Table 2), which may be the potential targets for future 
treatment of B-cell lymphoma.

Table 2 Advances in CRISPR/Cas9 gene editing in B-cell lymphoma

B-cell lymphoma Impact factor Function References

DLBCL BCL6 A core transcription factor of GC and an oncogene in DLBCL (37-39)

LCR The activation of OCT-2, OCA-B, and MEF2B (OCT2→OCA-
B→MEF2B) in BCL6 promoter

(40)

HAT Inhibition of tumor growth via BCL6/SMRT/HDAC3 complex and 
the upregulation of MHCII expression

(41-44)

Apoptosis protein Regulation of pro-apoptotic and anti-apoptotic proteins (45,46)

Avadomide (CC-122) Inhibition of NF-κB pathway to enhance the antitumor activity 
independent of IKZF1/3 degradation

(47,48)

YAP To regulate cell proliferation and cell cycle (49)

S1PR2 A key factor in apoptosis driven by TGF-β/TGF-βR2/SMAD1 axis (50)

SIRT3 To stimulate glutamate and glutamine utilization and promote 
tumor proliferation in ATM deficiency DLBCL

(51-53)

Burkitt lymphoma MYC The key gene to re-enter lysis by repressing the transcription of 
the viral immediate-early gene BZLF1 promoter

(54-58)

CAF1 To maintain Burkitt latency (59)

MLKL The key gene in necrotic apoptosis (60,61)

MCL 5-LOX/ALOX5 To regulate cell migration and adhesion (62,63)

ROS To regulate CSCs subtype and BTZ-induced apoptosis (64)

BTK/SYK To inhibit AKT (also known as PKB), MAPK and NF-κB signaling to 
downregulate BCL-2 family proteins and inhibit apoptosis

(65)

PMBL XPO1 To regulate nuclear export of cargo proteins and RNA (66,67)

Other impact factors JAK-STAT signaling pathway To inhibit ADCP and increase PD-L1 expression (68-71)

CD40 Recruitment of TRAFs to activate NF-κB, MAPK, and PI3K 
pathways

(72)

PIKfyve Regulation of lysosomal homeostasis (73)

CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated 9; DLBCL, diffuse large B-cell lymphoma; 
BCL6, B-cell lymphoma 6; GC, germinal center; LCR, locus control region; OCT-2, organic cation transporter 2; OCA-B, Oct co-activator 
from B cells; MEF2B, myocyte enhancer factor 2B; HAT, histone acetyltransferase; SMRT, silencing mediator of retinoic acid and thyroid 
hormone; HDAC3, histone deacetylase 3; MHCII, major histocompatibility complex class II; NF-κB, nuclear factor kappa B; IKZF1/3, 
IKAROS zinc finger protein 1/3; YAP, yes-associated protein; S1PR2, sphingosine-1-phosphate receptor 2; TGF-β, transforming growth 
factor β; TGF-βR2, TGF-β receptor 2; SMAD1, drosophila mothers against decapentaplegic protein 1; SIRT3, sirtuin-3; ATM, ataxia-
telangiectasia mutated; MCY, mantle cell lymphoma; MYC, myelocytomatosis; CAF1, chromatin assembly factor 1; MLKL, mixed-
spectrum kinase structural domain-like; MCL, mantle cell lymphoma; 5-LOX/ALOX5, 5-lipoxygenase; ROS, reactive oxygen species; 
CSCs, cancer stem cells; BTZ, bortezomib; BTK/SYK, Bruton’s tyrosine kinase/spleen tyrosine kinase; PKB, protein kinase B; MAPK, 
mitogen-activated kinase; PMBL, primary mediastinal B-cell lymphoma; XPO1, export protein 1; JAK-STAT, Janus kinase-signal transducer 
and activator of transcription; ADCP, antibody-dependent cellular phagocytosis; PD-L1, programmed cell death 1 ligand 1; TRAF, tumor 
necrosis factor receptor-associated factor; PI3K, phosphatidylinositol 3 kinase; PIKfyve, phosphatidylinositol-3-phosphate 5-kinase.
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Diffuse large B-cell lymphoma (DLBCL)

B-cell lymphoma 6 (BCL6)
Caeser et al. constructed a CRISPR gRNA library after 
transduction with BCL2, BCL6, and Cas9 cDNAs in primary 
human germinal center (GC) B cells, and found many 
enriched tumor suppressor genes in which inactivating 
mutations of G protein alpha 13 (GNA13) were frequent 
and specific, only seen in lymphomas (37). BCL6 is a 

core transcription factor of GC and an oncogene causing 
DLBCL (38). BCL6 can recruit corepressors to regulate 
cell cycle, proliferation and differentiation, apoptosis, and 
DNA damage (Figure 2). It has been confirmed that BCL6 
knockout significantly inhibits tumor growth (39).

Locus control region (LCR)
GC-specific intergenic region, located 150 kb upstream 

Figure 2 Mechanism of CRISPR/Cas9 in BCL6, corepressors and associated proteins. Generated by Figdraw. MED1 consists of mediator, 
OCT-2, OCA-B, and MEF2B (OCT2→OCA-B→MEF2B) activate LCR to impact BCL6 promoter. In addition, HAT, consist of CREBBP 
and EP300, inhibits the enhancer/super-enhancer network via the BCL6/SMRT/HDAC3 complex to regulate the development of GC B 
cells. The sgRNA is designed to base complementary pairing with 20 NTs of the target DNA strand. Then Cas9 protein recognizes PAM 
sequence and initiates local DNA strand separation, and then cleaves to generate site-specific DSBs, inducing NHEJ or HDR. NHEJ 
directly connects broken ends without a template, which may result in the absence of DNA, and HDR is a complex and precise progress 
which uses the intact sister chromatid as a template. Cas9, CRISPR-associated 9; CRISPR, clustered regularly interspaced short palindromic 
repeats; sgRNA, small guide RNA; PAM, protospacer adjacent motif; NHEJ, nonhomologous end joining; HDR, homology-directed 
repair; LCR, locus control region (GC-specific intergenic region, located 150 kb upstream of BCL6 on chromosome 3q26); GC, germinal 
center; OCT-2, organic cation transporter 2; OCA-B, Oct co-activator from B cells; MEF2B, myocyte enhancer factor 2B; TF, transcription 
factor; Co-R, co-repressor; BCL6, B-cell lymphoma 6; MED1, mediator complex submit 1; NCo-R, nuclear receptor co-repressor; SMRT, 
silencing mediator of retinoic acid and thyroid hormone; HDAC3, histone deacetylase 3; H3K27ac, histone 3 lysine 27 acetylation; EP300, 
E1A-binding protein p300; CREBBP, CREB binding protein; HAT, histone acetyltransferase; NTs, nucleotides; DSB, double-strand break.
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of BCL6 on chromosome 3q26, is suggested to function 
as LCR through interaction with neighboring and distal 
genes including BCL6. Chu et al. observed that OCA-B, 
for Oct co-activator from B cells, could impact BCL6 
promoter through the interaction with mediator complex 
submit 1 (MED1) (40). In addition, the ternary compound 
of organic cation transporter 2 (OCT-2), OCA-B and 
myocyte enhancer factor 2B (MEF2B) (OCT2→OCA-
B→MEF2B) occupy and activate LCR. OCA-B and OCT2 
are required for the activation of constitutive enhancer CE1 
of MEF2B that knockout of OCT2 and OCA-B can decrease 
MEF2B expression. CRISPR interference with gRNA 
targeting OCT2 and OCA-B both significantly reduce BCL6 
messenger RNA (mRNA) levels. Furthermore, BCL6 and 
LCR can function only when they are located on the same 
chromosome, reflecting that LCR is a cis-acting element of 
BCL6 (Figure 2).

Histone acetyltransferase (HAT)
Genes encoding HATs, including CREB binding protein 
(CREBBP) and E1A-binding protein p300 (EP300), have 
repeatedly mutated in DLBCL (41). CREBBP inhibits the 
enhancer/super-enhancer network via the BCL6/silencing 
mediator of retinoic acid and thyroid hormone (SMRT)/
histone deacetylase 3 (HDAC3) complex to regulate the 
development of GC B cells (42,43). Hashwah et al. used 
CRISPR/Cas9 to edit CREBBP and EP300 in the GC 
B-cell compartment of mice and found that tumor growth 
was inhibited (Figure 2). CREBBP deficiency can decrease 
histone H3 acetylation and major histocompatibility 
complex class II (MHCII) expression, causing B-cell 
hyperproliferation and myelocytomatosis (MYC)-driven 
lymphomas, ultimately leading to immune escape (44).

Apoptosis protein
The expression of cellular inhibitor of apoptosis protein 
(cIAP1 and cIAP2) and copy number have been found to 
be increased in primary DLBCL tissues. cIAP degradation 
leads to the activation of noncanonical nuclear factor kappa 
B (NF-κB) signaling and accumulation of NF-κB-inducible 
kinase (NIK) (45). Dietz et al. found second mitochondrial-
derived activator of caspases (Smac) mimetics BV6 
and the proteasome inhibitor carfilzomib (CFZ) could 
antagonize IAP proteins and induce cell death independent 
of noncanonical NF-κB and tumor necrosis factor-α 
(TNF-α) signaling (46). BV6/CFZ-induced cell death is 
mediated primarily via mitochondria and dependent on 
BCL2-associated protein X/K (BAX/BAK). NOXA, the 

proapoptotic BH3-only protein, can stimulate BV6/CFZ-
induced apoptosis by inhibiting myeloid cell leukemia-1 
(MCL-1). N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl 
ketone (zVAD.fmk) can rescue BV6/CFZ-induced caspase-
dependent cell death (46).

Avadomide (CC-122)
Mo et al. found that CC-122 redirected cereblon, the 
substrate receptor of CUL4/DDB1/RBX1/CRBN E3 
ubiquitin ligase complex (CRL4CRBN), to induce IKAROS 
zinc finger protein 1/3 (IKZF1/3) ubiquitination and 
degradation and mediate antiproliferative activity in 
DLBCL. According to genome-wide CRISPR/Cas9 
screen, loss of NF-κB inhibitory genes [including 
cylindromatosis (CYLD), NF-κB inhibitor alpha (NFKBIA), 
and tumor necrosis factor receptor-associated factor 2/3 
(TRAF2/3)], potassium channel tetramerization domain 
containing 5 (KCTD5), regulatory factor X 7 (RFX7) and 
autophagy and beclin 1 regulator 1 (AMBRA1) reduce the 
antitumor activity of CC-122 independent of IKZF1/3 
degradation. Furthermore, depletion of KCTD5 leads to 
the accumulation of the Gβγ subunit GNG5 which inhibits 
response to CC-122 (47,48).

Yes-associated protein (YAP)
Zhou et al. found that YAP expression was up-regulated 
in DLBCL that knockout of YAP by short hairpin RNA 
(shRNA) or CRISPR/Cas9 inhibited cell proliferation and 
induced cell cycle arrest (49). Verteporfin (VP) exerts anti-
tumor effects by disturbing the interaction between YAP 
and transcriptional enhanced associate domain (TEAD) 
transcription factor. PPP, a member of the tyrosine 
molecular class and AG1024, a cyclic ligand alkaloid, 
significantly suppress the phosphorylation of insulin-like 
growth factor 1 receptor (IGF-1R), which downregulates 
MCL-1 expression to promote cell apoptosis. IGF-1R 
inhibitors increase the expression of macrophage stimulating 
1 (MST1), a key protein in Hippo-YAP signaling, which 
confirms IGF-1R may be an upstream regulator of Hippo-
YAP signaling pathway.

Sphingosine-1-phosphate receptor 2 (S1PR2)
S1PR2 and its downstream signaling pathway are repressed 
by the forehead box P1 (FOXP1). The depletion of S1PR2 
can cause over-proliferation of GC B-cell compartment, 
affect the adhesion of B cells and T cells and promote 
the formation of lymphoma. Stelling et al. found that the 
transforming growth factor β (TGF-β)/TGF-β receptor 2 
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(TGF-βR2)/drosophila mothers against decapentaplegic 
protein 1 (SMAD1) axis was involved in the transcriptional 
activation of S1PR2. The expression of SMAD1 and TGF-
βR2 is positively related to S1PR2 expression, and TGF-β 
signaling can regulate S1PR2 expression through TGF-βR2 
and SMAD1. The knockout of either of S1PR2, SMAD1, 
or TGFBR2 leads to tumor cells unresponsive to TGF-β-
induced apoptosis (50).

Sirtuin-3 (SIRT3)
B-cell lymphoma with ataxia-telangiectasia mutated (ATM) null 
phenotype has poor prognosis and is refractory to traditional 
therapies or DNA damaging agents. Bhalla et al. found ATM 
deficiency in DLBCL activated mitochondrial deacetylase 
SIRT3 which disrupted mitochondrial structure and decreased 
tricarboxylic acid (TCA) flux. SIRT3 cannot recover the 
swollen mitochondrial structure, but can promote glutamate 
and glutamine utilization and tumor proliferation (51).  
In the absence of DNA damage response (DDR), ATM is 
activated in response to oxidative stress in mitochondria to 
regulate reactive oxygen species (ROS) (52,53).

Burkitt lymphoma

MYC
Endemic Burkitt lymphoma (eBL) shows high c-MYC 
activity and a lack of NF-κB signaling. The depletion 
of MYC can drive Epstein-Barr virus (EBV) to re-enter 
lysis (54,55). Guo et al. performed a genomic CRISPR/
Cas9 screen in BL cells and identified a MYC-centered 
interaction network in which MYC, cohesins, facilitates 
chromatin transcription (FACT), SPT3-TAF(II)31-
GCN5L acetylase (STAGA) and Mediator collaborated 
to inhibit the transcription of viral immediate-early gene 
BZLF1 promoter, which primarily regulated B-cell lysis (56). 
Knockout of ubiquitin-like PHD and ring finger-containing 
1 (UHRF1) ,  DNA methyltransferase 1 (DNMT1) , 
and polycomb repressor complex 1 (PRC1) reduce the 
expression of Epstein-Barr nuclear antigen (EBNA), latent 
membrane protein (LMP), and BZLF1 (57). Sidorov et al. 
investigated that CD4+ T cells killed pre-eBL cells lacking 
IgH/c-MYC translocation and promoted eBL development 
by inducing EBV transition between latency III and latency 
I, decreasing EBNA2 expression and increasing BCL6 
expression (an important marker of eBL) (58).

Chromatin assembly factor 1 (CAF1)
Zhang et al. found that an essential element in maintaining 

Burkitt latency was CAF1 via a genome-wide human 
CRISPR screen (59). The depletion of CAF1 leads to the 
conversion from latency to lysis, inducing the expression 
of BZLF1 and BMRF1, and the secretion of EBV. The 
occupancy of histone 3 lysine trimethylation at residues 
K9 and K27 (H3K9me3 and H3K27me3) is reduced 
at several regulatory elements of lysis cycle (59). The 
depletion of three CAF1 subunits (CHAF1A, CHAF1B, 
and RBBP4) inhibits the expression of lytic genes. In 
addition, the inactivation of EBV predominantly expressed 
protein EBNA2 reduces CAF1 subunit mRNA. EBNA-LP, 
EBNA3A, EBNA3C, and LMP1-activated NF-κB subunits 
co-occupy the promoter of CAF1 subunits, suggesting that 
they can promote the expression of CAF1.

Mixed lineage kinase domain-like (MLKL)
Koch et al. proposed that the combination therapy of 
Smac mimetic BV6 and TNF-related apoptosis-inducing 
l igand (TRAIL) triggered caspase-non-dependent 
necrotic cell death in a MLKL-dependent manner when 
caspase was blocked with zVAD.fmk (TBZ treatment). 
MLKL expression enhances BL cells’ sensitivity to TBZ 
and knockout of MLKL completely inhibits cell death 
demonstrating that necrotic signaling is heavily depended 
on MLKL (60). Necroptosis execution depends on the 
formation of the necrosome, consisting of MLKL, receptor-
interacting protein kinases 1 and 3 (RIPK1 and RIPK3). 
MLKL is a direct substrate of RIPK3 and its phosphorylation 
transfers MLKL to the plasma membrane, thereby binding 
to the membrane and causing cell death (61).

Mantle cell lymphoma (MCL)

5-lipoxygenase (5-LOX/ALOX5)
Human B lymphocytes express 5-LOX and 5-LOX-
activating protein (FLAP), which convert arachidonic acid 
to leukotrienes. 5-LOX expression is upregulated in B-cell 
chronic lymphocytic leukemia (B-CLL) and MCL, and is 
associated with the progression and recurrence in B-CLL 
patients (62). Xia et al. discovered that knockout of ALOX5 
by CRISPR/Cas9 inhibited the migration of JeKo-1 cells. 
5-LOX and FLAP inhibitors also reduce the adhesion of 
JeKo-1 cells to stromal cells (63). These results suggest that 
inhibition of 5-LOX might be a new therapy for MCL and 
other B-cell lymphomas.

ROS
Luanpitpong et al. first found a subtype of cancer stem 
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cells (CSCs) that was regulated by ROS and negatively 
correlated with the sensitivity of bortezomib (BTZ) in MCL 
and patient-derived primary cells (64). ROS are necessary 
signaling molecules in the tumor microenvironment. 
Superoxide anion (O2

−) has a vast inhibitory impact on CSC 
cells and causes BTZ-induced apoptosis, while H2O2 has the 
opposite impact. MCL-1 is the critical target gene of O2

− 
that knockout of MCL-1 increases BTZ-induced apoptosis, 
suggesting that O2

− inhibits BTZ-induced apoptosis by 
MCL-1. In addition, mitochondrial membrane potential 
is also an important factor to protect the mitochondrial 
antioxidant system on BTZ-induced apoptosis.

Bruton’s tyrosine kinase/spleen tyrosine kinase (BTK/
SYK)
The dual BTK/SYK inhibitor, CG-806 (luxeptinib), 
activates AKT [also known as protein kinase B (PKB)], 
mitogen-activated kinase (MAPK), and NF-κB signaling 
to upregulate pro-survival BCL-2 family proteins and 
then induces apoptosis in MCL cells (65). In addition, 
BCR signaling induces BCL-2 family proteins expression 
via NF-κB. BCL-2 family controls mitochondrial 
outer membrane permeabilization (MOMP) and then 
determines cell fate. Inactivation of type I interferons, 
cell cycle control pathway, as well as Wnt/β-catenin 
and mammalian target of rapamycin (mTOR) signaling 
pathways, promotes CG-806 resistance. Knockout of 
BAX and NFKBIA reduces the sensitivity to CG-806. The 
above results confirm that the NF-κB pathway and BCL-2 
family network play an important role in BTK/SYK dual 
inhibition.

Primary mediastinal B lymphoma (PMBL)

PMBL is characterized by genetic variants that the most 
common is export protein 1 (XPO1) point mutation, which 
mainly manifests as E571K substitution in the hydrophobic 
groove of the protein (the cargo binding site). XPO1 
(E571K) mutation is present in both mRNA and protein, 
exclusively in B cells, and promotes c-MYC and BCL-2 
driven lymphoma (66). The mutation primarily changes 
the subcellular localization of XPO1 and impacts protein 
transport to cytoplasm, lysosomes, and mitochondria. 
XPO1 co-localizes with importin 1 (IPO1) at the nuclear 
membrane that mutant XPO1 specifically binds to IPO1, 
which alters the dynamics of associated cargo’s nuclear 
export and import (67).

Other impact factors and CRISPR/Cas9

Janus kinase-signal transducer and activator of 
transcription (JAK-STAT) signaling pathway
Barbarino et al. found that the combination of BTK 
inhibitor ibrutinib and monoclonal antibody significantly 
reduced JAK. JAK inhibitor or knockout of JAK2 by 
CRISPR/Cas9 enhances macrophages mediated antibody-
dependent cellular phagocytosis (ADCP) and prolongs 
survival (68). The JAK/STAT signaling pathway is involved 
in a variety of important biological processes such as cell 
proliferation, differentiation, apoptosis, and immune 
regulation (69,70). Density regulated re-initiation and 
release factor (DENR) deficiency impairs JAK2 translation 
and the interferon-γ (IFN-γ)-JAK-STAT signaling pathway, 
then reducing programmed cell death 1 ligand 1 (PD-L1) 
expression in tumors (71).

CD40
J iang e t  a l .  d i scovered that  NF-κB,  MAPK,  and 
phosphatidylinositol 3 kinase (PI3K) pathways were 
activated by the recruitment of TRAFs after CD40 
activation (72). Bispecific serine/threonine phosphatase 
dual specificity phosphatase 10 (DUSP10) is enriched in 
the CD40 negative regulator screen, and restricts CD40/
MAPK pathway. Nuclear ubiquitin ligase F-box protein 11 
(FBXO11) induces CD40 expression by targeting BCL6 
and C-terminal binding protein 1 (CTBP1). Knockout 
of CUGBP Elav-like family 1 (CELF1) decreases the 
expression of Fas and the target gene of CD40, intercellular 
cell adhesion molecule-1 (ICAM-1), to impair the classical 
CD40 and non-classical NF-κB pathways. In addition, 
N6-methyladenosine (m6A) writer WTAP component, 
METTL1, decreases Fas and ICAM-1 expression induced 
by CD40L.

Phosphatidylinositol-3-phosphate 5-kinase (PIKfyve)
Gayle et al. found that apilimod was a selective antitumor 
agent in B-cell non-Hodgkin lymphoma (B-NHL), that 
could specifically bind to the phosphatidylinositol-3-
phosphate 5-kinase (PIKfyve) lipid kinase active site to 
exert antibody-dependent cell-mediated cytotoxic (ADCC) 
effects (73). According to the genome-wide CRISPR screen, 
TFEB, a master transcriptional regulator of lysosomal gene 
expression, and endosomal/lysosomal genes, including 
chloride voltage-gated channel 7 (CLCN7), osteopetrosis-
associated transmembrane protein 1 (OSTM1) and sorting 
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nexin 10 (SNX10) are enriched. Knockout of CLCN7 
and OSTM1 results in complete apilimod resistance, 
while knockout of TFEB results in partial resistance. The 
inactivation of PIKfyve causes disruption of endosomal 
and lysosomal membrane trafficking. The results suggest 
that lysosomal homeostasis is disrupted by apilimod which 
inhibits PIKfyve activity.

Conclusions

The treatment of B-cell lymphoma is mostly chemotherapy 
combined with biological therapy but patients are 
susceptible to drug resistance. The researchers have found 
the new technology, CRISPR/Cas9 gene editing, which 
is expected to create new avenues for tumor pathogenesis 
mechanism research, screening of gene targets for drug 
interactions and precision medicine. This review describes 
the current application and progress of CRISPR/Cas9 
technology on B-cell lymphoma. Most studies are primarily 
focused on the regulation of oncogenes, suppressor genes, 
apoptosis, cell proliferation and differentiation, cell 
migration and adhesion, transport of mRNA or protein 
import and export, etc., to influence tumor cell death. 
However, many challenges of CRISPR/Cas9 remain to 
be addressed, such as the survival efficacy of edited cells, 
low transfection efficiency, inefficient delivery methods, 
oncogenicity and off-target effect. In addition, it is 
difficult to carry out in clinical setting because of ethical 
issues and the inevitable effects of gene knockout on 
the function of other systems in the body. However, the 
success of SCD and DMD has also made researchers see 
the tremendous application foreground of the technology. 
Even though there are still some problems to be resolved, 
with the exploration of scientists and the advancement of 
the technology, screening for knockout of suitable genes 
without significantly impairing the function of organism 
will eventually make it possible to treat and alleviate 
clinically intractable diseases.
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