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Abstract

B-cell acute lymphoblastic leukemia (B-ALL) remains a hard-to-treat disease with a poor prognosis in adults. Mucosa-asso-
ciated lymphoid tissue lymphoma translocation protein 1 (MALT1) is a para-caspase required for B-cell receptor (BCR)-medi-
ated NF-κB activation. Inhibition of MALT1 in preclinical models has proven efficacious in many B-cell malignancies including 
chronic lymphocytic leukemia, mantle cell lymphoma and diffuse large B-cell lymphoma. We sought to examine the role of 
MALT1 in B-ALL and determine the biological consequences of its inhibition. Targeting MALT1 with both Z-VRPR-fmk and MI-2 
efficiently kills B-ALL cells independent of the cell-of-origin (pro, pre, mature) or the presence of the Philadelphia chromo-
some, and spares normal B cells. The mechanism of cell death was through apoptotic induction, mostly in cycling cells. The 
proteolytic activity of MALT1 can be studied by measuring its ability to cleave its substrates. Surprisingly, with the exception 
of mature B-ALL, we did not detect cleavage of MALT1 substrates at baseline, nor after proteasomal inhibition or following 
activation of pre-BCR. To explore the possibility of a distinct role for MALT1 in B-ALL, independent of signaling through BCR, 
we studied the changes in gene expression profiling following a 24-hour treatment with MI-2 in 12 B-ALL cell lines. Our tran-
scriptome analysis revealed a strong inhibitory effect on MYC-regulated gene signatures, further confirmed by Myc protein 
downregulation, concomitant with an increase in the Myc degrader FBXW7. In conclusion, our evidence suggests a novel role 
for MALT1 in B-ALL through Myc regulation and provides support for clinical testing of MALT1 inhibitors in B-ALL.

Introduction

The dramatic improvement in B-cell acute lymphoblastic 
leukemia (B-ALL) outcomes with intensive therapy in children 
has resulted in a 5-year disease-free survival of 75-80% but 
drops to 25-40% in adults. Moreover, the outcome of patients 
following disease relapse is very poor, with an overall response 
rate (ORR) as low as 25-30% with classic chemotherapy.1,2 
Despite the promising improvement in ORR with the novel 
agents blinatumomab (ORR 44%) and inotuzumab ozogamicin 
(ORR 80.7%), the duration of remission is short, resulting in a 
very short median overall survival of less than eight months 
for both drugs.1,2 Similarly, the chimeric antigen receptor (CAR) 
T-cell therapy tisagenlecleucel resulted in an ORR of 81% in 
children and young adults; however, 50% relapsed within a 
year of therapy.3 In keeping with an improvement in overall 

outcome, compared to classic chemotherapy, blinatumomab, 
inotuzumab ozogamicin, and tisagenlecleucel were granted 
approval by the US Food and Drug Administration (FDA) for 
the treatment of relapsed B-ALL. Thus, identifying alternative 
targets addresses an unmet need in B-ALL.
Elements of the B-cell receptor (BCR) pathway have be-
come viable targets for therapeutic applications using small 
molecule inhibitors. As an example, the Bruton’s tyrosine 
kinase (BTK) inhibitor ibrutinib, which is the most extensively 
studied example to date, has transformed the therapeutic 
approach in a myriad of B-cell malignancies, such as in 
chronic lymphocytic leukemia (CLL), mantle cell lymphoma 
(MCL), marginal zone lymphoma (MZL), and Waldenström’s 
macroglobulinemia (WM). The high rates of clinical response 
to BCR pathway inhibition in CLL match well with genetic and 
functional data on the role of BCR signaling in this disease, 
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and in WM, where the hallmark MYD88 mutation activates 
BTK-dependent signaling.4,5 Similarly, ibrutinib’s clinical ef-
ficacy in MZL is based on antigen-mediated BCR activation 
caused by chronic infections (e.g., hepatitis C virus, Heli-
cobacter pylori), as well as antigen-independent activation 
through acquired genetic alterations (e.g., API2-MALT1 fusion 
and TNFAIP3 loss of function).6,7 In contrast, the response 
in MCL was more surprising.8 However, our data indicate a 
central role for BCR activation in the development and pro-
gression of this lymphoma.9 
While elements of, and signaling through, BCR are well-de-
fined, those of precursor BCR (pre-BCR) remain ill-charac-
terized. In B-ALL, early data suggest that signaling through 
pre-BCR is ongoing, and is likely altered and linked to dis-
ease biology.10 Moreover, we have previously demonstrated 
in B-ALL that targeting PKCβ, a critical element of the pre-
BCR, with the small molecule inhibitor enzastaurin inhibits 
pre-BCR signaling resulting in apoptosis and cell cycle arrest 
through alteration of the WNT/β-catenin pathway.11 Similarly, 
our collaborators demonstrated that ibrutinib suppresses 
proliferation of B-ALL in vitro and in vivo, by targeting two 
components of the pre-BCR signaling pathway, BTK and 
BLK.12 Interestingly, by gene expression analysis, MALT1 was 
found to be up-regulated in primary B-ALL cells compared 
to the normal control, and is coupled with a stronger NF-
κB activity.13 Notably, the chemical compounds MI-2 (C19H-
17Cl3N4O3) and the highly selective MALT1 blocking peptide 
Z-VRPR-fmk  bind to and suppress the protease activity of 
MALT1 through irreversibly inhibiting cleavage of MALT1 sub-
strates in activated B-cell-like diffuse large B-cell lymphoma 
(ABC-DLBCL).14,15 We have recently characterized the efficacy 
and downstream effects of targeting MALT1 with MI-2 in CLL. 
We showed that MALT1 is constitutively active in CLL and 
can be effectively inhibited by MI-2, resulting in reduced 
BCR and NF-κB signaling. Importantly, MI-2 remained highly 
effective against CLL cells harboring mutations conferring 
ibrutinib-resistance.16 
An alternative, less characterized role for MALT1, has been 
proposed through the activation of MYC signaling. Dai and 
colleagues demonstrated that MALT1 pharmacological inhi-
bition and knockout in MCL, resulted in MYC downregulation. 
However, the mechanism by which MALT1 contributes to Myc 
stability remains ill-defined.17   
The possible therapeutic role of MALT1 in ALL has not been 
investigated. We hypothesize that MALT1 is critical for B-ALL 
survival and that its inhibition could have anti-leukemic activ-
ity in ALL. Further, given the emerging role for Myc in B-ALL, 
we hypothesize that MALT1 inhibition could be effective in 
targeting Myc indirectly through effects on Myc stabilizers.18-22

Methods

Patients and samples
Following written informed consent, and in accordance with 

the Declaration of Helsinki and under the oversight of the 
Institutional Review Board at Tulane University (New Orleans, 
LA, USA; N M0600) peripheral blood samples were obtained 
from patients with treatment-naïve or relapsed ALL, as well 
as from patients with various blood cancers presenting with 
a leukemic phase. Peripheral blood mononuclear cells (PB-
MC) were isolated using density gradient centrifugation with 
lymphocyte separation medium (ICN Biomedicals). Fresh 
cells were subjected to CD19 selection using magnetic beads 
yielding purity >96% (Miltenyi Biotec). 
A total of 23 cell lines representing the wide spectrum 
of ALL biology (Online Supplementary Table S1) and TMD8 
controls were kindly provided by Dr. Burger’s group at MD 
Anderson Cancer Center or purchased from ATCC and DSMZ 
and expanded in vitro. All cell lines were authenticated by 
short tandem repeat profiling and tested for mycoplasma 
contamination (Labcorp; Burlington, NC, USA).

Reagents
MI-2 was purchased from MedChemExpress (MCE). The irre-
versible polyamino-acid MALT1 inhibitor Z-VRPR-fmk (Z-Val-
Arg-Pro-DL-Arg-FMK) was purchased from Tocris. Reagents 
were dissolved in their respective solvents (DMSO for MI-2 
or diH2O for Z-VRPR-fmk) and aliquoted in microtubes to be 
then stored at -80°C. 

Cell viability assay
CellTiter 961 AQueous One Solution Reagent (Promega) MTS 
dye reduction assay was used to quantify cell viability. Assay 
details are provided in the Online Supplementary Appendix. 

Immunoblot
Immunoblot experiments were carried out as previously de-
scribed.16 Primary and secondary antibodies used are detailed 
in the Online Supplementary Appendix. 

GloSensor assay
GloSensor assay was used to quantify the enzymatic activity 
of MALT1 as previously described.15,23 In brief, the pGloSensor 
plasmid was custom designed to have 2 luciferase domains 
linked by the MALT1 proteolytic substrate sequence of RelB, 
MALT1-GloSensor reporter (Promega). Cleavage of the linker 
sequence by MALT1 allows conformational changes promoting 
a large increase in luciferase activity. 

Flow cytometry
Cells were stained with anti-Annexin V or with propidium 
iodide (PI) as previously described,11,16 following treatment with 
various concentrations of MI-2 or DMSO (control). Cells were 
then analyzed by flow cytometry as previously described.11,16 
FloJo was used for analysis of flow cytometry results.

RNA sequencing and gene expression analysis
RNA and cDNA were prepared using the High Capacity cDNA 
RT Kit (Applied Biosystems). Total RNA was extracted from 
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MI-2-treated and untreated ALL cell lines using the RNeasy 
kit (Qiagen) then subjected to RNA sequencing as previously 
described.16 RNA sequencing data have been deposited in 
GEO under accession number GSE221273. 

Statistical analysis
Student t test (paired or unpaired), Fisher’s exact test, and 
one-way analysis of variance were used to assess differences 
between groups. All P values were two-sided; P≤0.05 was 
considered statistically significant. Analyses were performed 
using GraphPad Prism (GraphPad Software Inc.) and JMP 
software (SAS Institute).

Results

MALT1 plays a critical role in B-cell acute lymphoblastic 
leukemia cell survival
We obtained freshly collected PBMC from patients with 
various blood cancers presenting with a leukemic phase 
and determined the anti-tumor activity of MALT1 inhibition 
using serial concentrations of MI-2 for 48 hours (h). Samples 
tested were from patients with B-ALL (N=9), CLL (N=24), 
T-prolymphocytic leukemia (T-PLL, N=6), chronic myeloid 
leukemia (CML, N=4), as well as normal B cells collected 
from 6 volunteers. Surprisingly, B-ALL samples showed the 
highest sensitivity to MI-2, followed by CLL. Normal B cells, 
T-PLL and CML, were relatively resistant to cell killing by MI-2 
(Figure 1A). To further confirm the efficacy of MALT1 inhibition 
against ALL, we used the highly selective MALT1 blocking 
peptide Z-VRPR-fmk to treat 3 CD19-selected primary ALL 
cells and 23 ALL cell lines representing the disease spectrum. 
Z-VRPR-fmk at 50 mM resulted in a significant reduction in 
viability of the patient-derived samples following a 96-h sin-
gle treatment (Figure 1B) and in most of our B-ALL cell lines 
following 3 treatments over nine days (Figure 1C). Z-VRPR-fmk 
is a large molecule that requires a high concentration and 
a long incubation time to ensure cell penetration. The con-
centration and incubation times we used are consistent with 
those used across the literature.24 Notably, the cell killing in 
B-ALL was independent of the cell-of-origin (pro, pre, mature), 
or the presence or absence of the Philadelphia chromosome. 
The sensitivity of B-ALL contrasts with that of the T-ALL cell 
lines that were all resistant to MALT1 inhibition (Figure 1C). 
Further, we noted the same pattern of sensitivity when all 
cell lines were treated with MI-2 for 48 h, as demonstrated 
by the statistically significant correlation between the per-
centage of Z-VRPR-fmk-induced growth inhibition and the 
half maximal inhibitory concentration (IC50) of MI-2 (r=0.72, 
P<0.0001) (Figure 1D). 

MALT1-dependent cell lines possess a protease active or 
inactive MALT1 in B-cell acute lymphoblastic leukemia
The proteolytic activity of MALT1 can be studied by mea-
suring its ability to cleave its substrates. Known MALT1 

substrates include CYLD, HOIL, RelB, A20, Bcl10, Roquin, 
and Regnase. In CLL, we found that MALT1 is constitutively 
active through its protease function, likely as part of BCR 
signaling, as evident by the presence of MALT1’s substrate 
cleavage.16 As an example, we measured cleaved CYLD as 
the degree of MALT1 activity.16,25 We used immunoblotting 
with an antibody specific for the C-terminal (C-ter) region 
of CYLD, to detect full length CYLD (120 kDa) and the C-ter 
cleaved product (CYLDC-ter ~70KDa). In B-ALL, we sought to 
determine whether the anti-leukemic effect observed with 
MALT1 inhibition correlates with the proteolytic activity of 
MALT1. Surprisingly, despite the expression of MALT1 in all 
ALL cell lines and primary cells, substrate cleavage was not 
detected in most samples, including the most sensitive to 
MALT1 inhibition (Figure 2A-D). More specifically, none of 
the pro or pre B-ALL cell lines showed active MALT1 prote-
ase activity. This proteolytic activity remained absent after 
proteasomal inhibition (to protect cleaved products from 
proteasomal degradation) or following crosslinking of pre-
BCR with anti-IgM in pre B-ALL (Online Supplementary Figure 
S1). In contrast, mature B-ALL displayed a pattern similar to 
MCL and DLBCL, where two groups were identified: a group 
with active MALT1 protease and sensitive to MALT1 inhibition 
(BALL-1, GA-10, 2F7), and a second group with inactive MALT1 
protease and resistant to MALT1 inhibition (TANOUE, RAJI, 
RAMOS) (Figures 1C, 2C). The effect of MALT1 inhibition on 
substrate cleavage was further confirmed by a reduction 
of the cleaved fractions of the substrates CYLD, RelB and 
Regnase following a 12-h incubation with Z-VRPR-fmk in the 
MALT1-dependent cell line 2F7, contrary to the MALT1 inde-
pendent cell line RAJI where cleavage did not occur (Figure 
2E). We did not observe any proteolytic activity in the tested 
T-ALL cell lines (data not shown), all of which were resistant 
to MALT1 inhibition (Figure 1C). In patient-derived samples, 
we detected a similar pattern in CD19 selected lymphoblasts 
derived from patients with B-ALL where substrate cleavage 
was absent in most samples (Figure 2D). 
The contrast between sensitivity to MALT1 inhibition and 
absence of proteolytic activity suggests either a prote-
ase-independent role for MALT1 or a weak enzymatic ac-
tivity below the immunoblot detection level. To investigate 
a possible ongoing low proteolytic activity for MALT1, we 
used the previously described MALT1-specific GloSensor 
reporter assay in a set of MI-2 sensitive cell lines (RS4;11, 
KASUMI-2, RCH-ACV, NALM-6, KOPN-8 and BALL-1). The 
MALT1 GloSensor assay uses a split luciferase method, in 
which the luciferase activity is triggered by MALT1-induced 
cleavage resulting in luminescence. This luciferase activity 
is highly specific and a surrogate for MALT1 endogenous 
proteolytic function. Unsurprisingly, BALL-1 showed the 
highest activity with more than a 6-fold increase in biolu-
minescence, compared to the rest of the tested cell lines, 
where a low or no activity was detected (Figure 2F). These 
results highly suggest a novel, protease-independent role 
for MALT1 in B-ALL. 
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MYC signaling is activated by MALT1 independently of 
BCR signaling
Our transcriptome analysis in CLL cells treated with MI-2 
revealed the expected downregulation of NF-κB target genes, 
confirmed by decreased levels of nuclear p50, and select 
NF-κB regulated molecules, in particular Bcl-xL.16 On the 
other hand, the high sensitivity of most pro and pre B-ALL 
to MALT1 inhibition contrasts with the absence of a canonical 
substrate cleavage and suggests a potentially novel role for 

this protease in B-ALL. Similarly, the high sensitivity of 2 
ibrutinib-resistant cell lines RS4;11 and 697 (as determined 
by Dr. Burger’s group)12 to Z-VRPR-fmk and MI-2 implicates 
a distinct role for MALT1 in these cell lines, arguably inde-
pendent of BTK and of signaling through BCR. To explore 
this possibility, we used RNA sequencing to determine 
the changes in gene expression profiling (GEP) in 12 cell 
lines (pro and pre B) following an 8-h treatment with MI-
2. Out of 19,428 tested genes, there were 1,036 whose 

Figure 1. Targeting mucosa-associated 
lymphoid tissue lymphoma translocation 
protein 1 efficiently kills B-cell acute lym-
phoblastic leukemia cells. (A) Peripheral 
blood mononuclear cells (PBMC) from pa-
tients with B-cell acute lymphoblastic 
leukemia (B-ALL), T-cell acute lympho-
blastic leukemia (T-ALL), chronic myeloid 
leukemia (CML), chronic lymphocytic leu-
kemia (CLL), or from healthy individuals 
were subjected to treatment with increas-
ing doses of MI-2 for 48 hours (h). Cell 
viability was quantified using an MTS as-
say and is shown as percentage of the 
untreated control. (B) CD19-selected pri-
mary B-ALL cells collected from 3 patients 
were treated with the highly selective mu-
cosa-associated lymphoid tissue lympho-
ma translocation protein 1 (MALT1) inhib-
itor Z-VRPR-fmk at 50 mM for 96 h. Cell 
viability was quantified using an MTS as-
say and is shown as a percentage of un-
treated control. (C) Waterfall plot showing 
percent changes in cell viability from base-
line, quantified using an MTS assay, fol-
lowing a 9-day (9d) treatment with 50 mM 
Z-VRPR-fmk. Cells were split every three 
days. A total of 23 ALL cell lines tested 
representing the disease spectrum. Pos-
itive (TMD8) and negative (K562 and JVM2) 
controls are shown. (D) Correlation be-
tween percent change in cell viability fol-
lowing treatment with Z-VRPR-fmk as 
shown in (C), and the half maximal inhib-
itory concentration (IC50) for MI-2 of B-ALL 
cell lines. T-PLL: T-cell prolymphocytic 
leukemia. *P<0.05. Error bars represent 
Standard Error of Mean. Columns with a 
brick pattern identify Philadelphia chro-
mosome-positive cell lines.
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expression changed ≥2-fold at false detection rate (FDR) 
<0.1 (275 down- and 761 up-regulated) (Figure 3A, Online 
Supplementary Table S2). Gene Set Enrichment Analysis 

(GSEA) identified 13 Oncogenic Signature gene sets at FDR 
<1%, and a normalized enrichment score (NES) ≥1.70, all 
of which were down-regulated by MI-2. Interestingly, BCR 

Figure 2. Mucosa-associated lymphoid tissue lymphoma translocation protein 1 protease activity in B-cell acute lymphoblastic 
leukemia cell lines and primary samples. Immunoblot analysis showing expression of mucosa-associated lymphoid tissue lym-
phoma translocation protein 1 (MALT1) and its substrates (CYLD, HOIL, RelB) in (A) 5 pro B-cell acute lymphoblastic leukemia 
(B-ALL) cell lines; (B) 6 pre-B-ALL cell lines; (C) 6 mature B-ALL cell lines; (D) CD19-selected primary samples representing 6 
B-ALL and one chronic lymphocytic leukemia sample. TMD8 and JURKAT were used as positive and negative controls, respec-
tively, for substrate cleavage. (E) Immunoblot analysis showing inhibition of CYLD, RelB, and Regnase cleavage by MALT1 following 
a 12-h treatment with Z-VRPR-fmk in the mature B-ALL cell line 2F7. RAJI is shown as a negative control. (F) Cell-based report-
er GloSensor assay showing intrinsic MALT1 proteolytic activity in the cell lines is shown. C-ter : cleaved substrates.
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and NF-κB regulated gene signatures were not identified 
by GSEA as being significantly affected by MI-2. Instead, 
MYC-regulated gene signatures were strongly represented 
(5 out of 15 gene sets, including the top 2 affected signa-
tures, strongest at NES of -2.45 and FDR of 0.00) (Figure 
3B, C). Moreover, the MYC gene was found to be more than 
3.5-fold down-regulated by MI-2. Most of the up-regulated 
genes were apoptotic/oxidative stress-related genes or 
pseudogenes such as JUN, CEBP-B and SLAM-7 (Figure 3A). 
In B-ALL, Myc is not a known target for MALT1. To investigate 
whether MALT1 contributes to Myc stability, we measured 
Myc protein expression in whole-cell lysates following 
treatment with increment concentration of MI-2 for 8 h. We 
observed a striking reduction of Myc in the tested sensitive 
cell lines (Z-119, RS4;11, RCH-ACV, SMS-SB, and KOPN-8), 
an unchanged expression in the sensitive mature cell line 
BALL-1 (Online Supplementary Figure S2), and an increase 
in the resistant cell line RAJI (Figure 3D). These findings 
suggest a previously unrevealed effect of MALT1 on Myc 
in pro and pre B-ALL, but not in mature B-ALL. Interest-
ingly, RAJI carries a mutation in Myc at the threonine-58 
residue which prohibits Myc phosphorylation at this site.26 
Phosphorylation of Myc at threonine-58 and serine-62 is 
required for its ubiquitination by FBXW7 and subsequent 
proteasomal degradation.27 FBXW7, with its 3 isoforms α, 
β and γ, is  a component of a ubiquitin ligase complex re-
sponsible for the degradation of a number of oncoproteins 
such as c-Jun, Cyclin E, mTOR and Myc.28 Thus FBXW7 
isoforms were examined by immunoblot in the 2 sensitive 
cell lines RS4;11 and BALL-1 following treatment with 1 mM 
of MI-2 and sampled at regular intervals for immunoblot 
analysis. Our results showed that the expression of all 3 
isoforms of FBXW7 are enhanced following MALT1 inhibition 
with MI-2 (Figure 3E). While the upregulation of FBXW7 in 
the pro B-ALL cell line RS4;11 is concordant with a marked 
downregulation of Myc, we did not observe the same trend 
in mature B-ALL cell line BALL-1, in which Myc expression 
seems to be independent of MALT1 (Figure 3D, E, Online 
Supplementary Figure S2). These results highly suggest that 
FBXW7 is a new potential substrate for MALT1 and link RAJI 
resistance to increased Myc stability, which is shielded from 
MALT1 inhibition through a mutated threonine-58. 
Our transcriptome data showed a marked downregulation 
of MYC mRNA levels in most of the MI-2-treated cell lines 
(Figure 3A, Online Supplementary Figure S3A). Nevertheless, 
3 of the cell lines with available MYC mRNA and protein 
expression data, that showed the least downregulation of 
MYC mRNA following MI-2 treatment (KOPN8, no change; 
SMS-SB, 3-fold change; RCH-ACV, 3.4-fold change) (Online 
Supplementary Figure S3A), showed a near complete de-
pletion of Myc protein following MI-2 treatment (Figure 3D).
Signaling through pre-BCR activates BCL6, which transcrip-
tionally represses MYC.29 While our gene expression data 
show a marked decrease in the pre-BCR component VPREB1 
and BCL6 following treatment with MI-2 (Online Supple-

mentary Figure S3B, C), our analysis for the corresponding 
proteins did not yield significant changes in VPREB1 nor 
BCL6, as measured by flow cytometry and western blot, 
respectively (Online Supplementary Figure S3D, E). 
Collectively, these data suggest a direct effect of MALT1 
on MYC/FBXW7 protein axis, rather than indirectly through 
effects on pre-BCR and BCL6. 

MI-2 restores apoptosis and causes cell cycle arrest in 
B-cell acute lymphoblastic leukemia cells
Finally, we sought to determine the mechanism of cell 
killing with MI-2 in ALL cells. 
To assess cytotoxicity against B-ALL cell lines, we measured 
the cell viability by flow cytometry using Annexin-V following 
exposure to MI-2 for 48 h. We observed a dose-dependent 
increase in apoptosis as evident by the increase in the 
Annexin-V-positive fraction in the MALT1-dependent cell 
lines RS4;11, KOPN-8 and BALL-1, but not in the resistant 
RAJI cell line (Figure 4A). Apoptotic induction was further 
confirmed by the increase in PARP cleavage in the sensitive 
cell lines, but not in RAJI (Figure 4B). 
Next, we assessed the effect of MALT1-inhibition on cell 
cycle progression by PI staining and flow cytometry. The 
results demonstrated a significant inhibition of cell cycle 
progression in the sensitive cell lines RS4;11, KOPN-8 and 
BALL-1 after a 48-h treatment at 0.5 and 1 mM (Figure 4C). 
By comparison, cell cycle progression in RAJI was not af-
fected. Notably, the reduction in the cycling population (S/
G2/M) was associated with an equivalent increase in the 
subG0 fraction, and a nearly unchanged G0/G1 fraction. 
This pattern of cell cycle changes, coupled with a strong 
apoptotic induction, indicate that the mechanism of MI-
2 killing is through induction of apoptosis selectively in 
cycling cells.  

Discussion

Forty percent of patients diagnosed with ALL in 2020 died.30 

Death rate dramatically increases with age, with the majority 
of those older than 65 years succumbing to their disease. 
Thus, novel therapeutic strategies are needed to improve 
survival, particularly in those who suffer a disease relapse. 
The oncogenic role of BCR or its precursor, pre-BCR, in the 
biology of B-ALL has been the subject of intense focus in 
the field.31-34 We and our collaborators have shown that 
targeting elements of the BCR pathway such as BTK, PI3Kδ, 
and PKCb is effective in vitro on a variety of B-ALL cell lines 
and primary samples.11,35,36  While small molecule inhibitors 
of the BCR signaling pathway have transformed the way we 
treat B-cell malignancies, their role in B-ALL remains limited 
without a significant therapeutic application (clinicaltrials.
gov identifiers: NCT02129062, terminated; NCT02404220, 
terminated; NCT01396499, terminated; NCT03267186, ac-
tive; NCT02997761, active; NCT04803123, active). Hence, 
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there is a crucial need to further understand the role of 
this pathway and each of its components in B-ALL biology. 
Here, we show for the first time that MALT1 is critical for 
B-ALL survival, and that its inhibition is highly efficacious 
in killing leukemic cells despite MALT1’s proteolytic activ-
ity being detected only in a small subset of this disease. 
Targeting MALT1 was also equally effective against B-ALL 
cells regardless of the cell of origin or the presence of 

the Philadelphia chromosome. 
In B-cell non-Hodgkin lymphoma (NHL), triggering the 
BCR pathway can be achieved by either antigenic stim-
ulation or through oncogenic mutations that confer an 
antigen-independent NF-κB activation.14,16,17 Within this 
pathway, MALT1 connects signaling through BCR to NF-κB 
activation. We have shown that, in CLL, MALT1 is consti-
tutively activated, likely through antigen stimulation, and 

Figure 3. Mucosa-associated lymphoid tissue lymphoma translocation protein 1  regulates MYC signaling in B-cell acute lymphoblas-
tic leukemia. (A) RNA gene expression analysis of 12 B-cell acute lymphoblastic leukemia (B-ALL) cell lines treated with 2 mM of MI-2 
for 8 hours (h) was performed by RNA sequencing. The heatmap represents 1,036 whose expression changed ≥ 2-fold at FDR < 0.1 (275 
down- and 761 up-regulated). Gene expression is median centered and scaled as indicated. Each column represents a sample, and 
each row represents a gene. Gene symbols highlight select genes. (B) An enrichment plot representing the inhibitory effect of MI-2 on 
the most affected MYC gene set as identified by gene set enrichment analysis. (C) Decrease in the signature score of the MYC gene 
set shown in (B) computed as the average of the mRNA expression level of the leading edge genes of MI-2–treated samples minus the 
corresponding control. The leading edge genes represent the genes of this MYC gene set most significantly differentially expressed in 
the experimental data, as determined by gene set enrichment analysis. (D) Immunoblot showing Myc expression changes in whole cell 
lysates following 0-2 mM MI-2 treatment for 8 h. (E) Quantification of FBXW7 isoforms changes (relative change/Actin) following treat-
ment with 1 mM MI-2 for 1-8 h. FDR: false discovery rate; NES: normalized enrichment score; MALT1: mucosa-associated lymphoid 
tissue lymphoma translocation protein 1.

Figure 4. MI-2 induces apoptosis and 
cell cycle arrest in B-cell acute lym-
phoblastic leukemia cell lines. (A) 
Apoptotic induction quantified by flow 
cytometry using Annexin-V staining in 
the shown cell lines following treat-
ment with 0-1 mM of MI-2 for 48 hours 
(h). (B) Immunoblot showing the change 
in expression of c-PARP in B-cell acute 
lymphoblastic leukemia (B-ALL) cell 
lines following treatment with 0-2 mM 
of MI-2 for 48 h. (C) Changes in cell 
cycle quantified by flow cytometry us-
ing propidium iodide staining in the 
shown cell lines following treatment 
with 0-1 mM of MI-2 for 48 h. *P<0.05, 
**P< 0.01, ***P<0.001. ns: not signifi-
cant. Error bars represent Standard 
Error of Mean. 

A
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is turned off by MI-2.16 In MCL and DLBCL,14,17 two groups 
were identified: a group with active MALT1 protease and 
sensitive to MALT1 inhibition, and a second group with 
inactive MALT1 protease and resistance to MALT1 inhibition. 
We observed a similar pattern of a two-group split based 
on MALT1’s protease activity and sensitivity to inhibition in 
mature B-ALL. Whereas pro and pre B-ALL were sensitive 
to MALT1 inhibition despite an apparent protease-dead 
MALT1. Unlike other B-cell malignancies, where the ca-
nonical activity of MALT1 pivots around NF-κB, the role of 
MALT1 in the biology of pro and pre B-ALL is likely through 
a potentiation of Myc signaling. MALT1 has been shown 
to stabilize Myc in MCL, and that function was found to 

be tightly correlated with MALT1’s protease activity.17 In 
contrast, our data highly suggest that Myc stabilization 
through MALT1 is independent of its protease activity 
in pro and pre B-ALL, and is achieved rather through a 
negative impact on FBXW7. The impact on Myc irrespec-
tive of the proteolytic activity of MALT1 highly suggests 
a non-enzymatic, or scaffolding, non-canonical activity 
of this protease, or to a lesser extent, an unappreciated 
proteolytic activity against a distinct set of substrates 
compared to those identified in B-cell NHL. On the oth-
er hand, the reduction of the classic substrate cleavage 
(CYLD, RelB, and Regnase) in mature B-ALL following MALT1 
inhibition is consistent with current knowledge, and impli-

Figure 5. Canonical and non-canonical mucosa-associated lymphoid tissue lymphoma translocation protein 1-dependent path-
ways in B-cell acute lymphoblastic leukemia. CLL: chronic lymphocytic leukemia; MCL: mantle cell lymphoma; MZL: marginal 
zone lymphoma; ABC-DLBCL: activated B-cell-like diffuse large B-cell lymphoma; WM: Waldenström’s macroglobulinemia; MALT1: 
mucosa-associated lymphoid tissue lymphoma translocation protein 1.
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cates, at least in part, a canonical role for MALT1 in Myc 
regulation in mature B-ALL. Moreover, the discordance 
between pro/pre B-ALL and mature B-ALL regarding the 
effect of MALT1 on Myc highly suggests that a switch in 
MALT1 signaling from non-canonical to canonical occurs 
at the mature B-cell level in which a BCR pathway is ful-
ly differentiated. These findings support the view that a 
canonical MALT1 effect is contingent of a fully developed 
BCR pathway (Figure 5). 
MI-2 is selectively toxic for B-ALL cells, while sparing 
non-malignant B cells. MI-2 is also ineffective against CML, 
T-PLL, and T-ALL underscoring a potential exclusive role 
for MALT1 in B-cell malignancies among blood cancers. The 
observed inefficacy of MI-2 in T-ALL, coupled with the ab-
sence of MALT1 protease activity contrast with a previous 
report where MI-2 resulted in apoptosis and inhibition of 
NF-κB activation in 2 T-ALL cell lines. No further analysis 
was performed on MALT1’s substrates to investigate the 
presence or absence of the proteolytic activity of MALT1.37

In CLL, MI-2 triggers significant apoptosis, which contrasts 
with the mechanism of cell growth inhibition seen with 
BCR inhibitors, particularly ibrutinib where little apop-
tosis is seen even at high concentrations.38-40 Similarly, 
apoptotic induction was the main mechanism of MI-2’s 
cell killing in B-ALL, while ibrutinib’s toxic effects were 
through inhibition of cell proliferation rather than apop-
tosis.12 Interestingly, we noted a relative killing selectivity 
in cycling cells further implicating Myc, a potent driver of 
cell cycle progression, in B-ALL biology and this under-
scores the MALT1-Myc interplay in this disease. 
In conclusion, these data identify MALT1 as a promising 
therapeutic candidate in B-ALL. Akin to NHL (NCT04876092, 
NCT03900598, NCT04859777, NCT05144347), MALT1 inhib-
itors should be investigated in clinical trials for patients 
with B-ALL.
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