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Abstract 

Background Aggressive B-cell non-Hodgkin’s lymphoma (B-NHL) patients often develop drug resistance and tumor 
recurrence after conventional immunochemotherapy, for which new treatments are needed.

Methods We investigated the antitumor effects of CBL0137. In vitro, cell proliferation was assessed by CCK-8 and 
colony formation assay. Flow cytometry was performed to analyze cell cycle progression, apoptosis, mitochondrial 
depolarization, and reactive oxygen species (ROS) production. Autophagy was detected by transmission electron 
microscopy and mGFP-RFP-LC3 assay, while western blotting was employed to detect proteins involved in apoptosis 
and autophagy. RNA-sequencing was conducted to analyze the transcription perturbation after CBL0137 treatment in 
B-NHL cell lines. Finally, the efficacy and safety of CBL0137, rituximab, and their combination were tested in vivo.

Results CBL0137, a small molecule anticancer agent that has significant antitumor effects in B-NHL. CBL0137 seques-
ters the FACT (facilitates chromatin transcription) complex from chromatin to produce cytotoxic effects in B-NHL cells. 
In addition, we discovered novel anticancer mechanisms of CBL0137. CBL0137 inhibited human B-NHL cell prolifera-
tion by inducing cell cycle arrest in S phase via the c-MYC/p53/p21 pathway. Furthermore, CBL0137 triggers ROS gen-
eration and induces apoptosis and autophagy in B-NHL cells through the ROS-mediated PI3K/Akt/mTOR and MAPK 
signaling pathways. Notably, a combination of CBL0137 and rituximab significantly suppressed B-NHL tumor growth 
in subcutaneous models, consistent with results at the cellular level in vitro.

Conclusions CBL0137 has potential as a novel approach for aggressive B-NHL, and its combination with rituximab 
can provide new therapeutic options for patients with aggressive B-NHL.
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Background
Non-Hodgkin’s lymphoma (NHL) is a heterogeneous dis-
ease caused by the malignant transformation of lympho-
cytes, 60–80% of which originate from B cells. Aggressive 
B-cell NHL (B-NHL) is the most common subtype of 
NHL and mainly includes diffuse large B-cell lymphoma 
(DLBCL), Burkitt lymphoma (BL), and mantle cell lym-
phoma (MCL) [1, 2]. Current standard treatment options 
for B-NHL include anti-CD20 antibody rituximab (R-) 
plus CHOP (cyclophosphamide, doxorubicin, vincristine, 
and prednisone) chemotherapy, hematopoietic stem cell 
transplantation, and chimeric antigen receptor (CAR) 
T-cell therapy. However, despite this intensive multi-
modal regime, 30% to 50% of B-NHL patients are still 
resistant to treatment, leading to disease recurrence and 
progression [3, 4]. Moreover, CAR-T therapies are asso-
ciated with an increased risk of infection and acute and 
chronic severe physical impairment [5]. Therefore, the 
development of more efficacious and safer new drugs 
for relapsed/refractory B-NHL patients is still a highly 
unmet need.

CBL0137 is a novel nongenotoxic anticancer drug 
belonging to a family of small molecules called curaxins 
[6], which exhibits antitumor activity by targeting FACT 
(facilitates chromatin transcription), a histone chaperone 
that is highly expressed and associated with increased 
aggressiveness, stemness, and poor prognosis in a vari-
ety of cancer types [6–18]. FACT is composed of 2 sub-
units, structure-specific recognition protein 1 (SSRP1) 
and suppressor of Ty-16 (SPT16), which promotes tran-
scriptional elongation by facilitating nucleosome disas-
sembly and reassembly and is involved in the regulation 
of DNA replication and DNA damage repair [19, 20]. 
Chromatin trapping induced by CBL0137 exhausts cel-
lular FACT, thereby mediating a series of downstream 
effects, including p53 activation and NF-κB inhibition [6, 
11]. In addition, CBL0137 also inhibits the self-renewal of 
cancer stem cells or tumor-initiating cells via NOTCH1 
activation [16]. Currently, CBL0137 is undergoing sev-
eral clinical trials for hematological cancers and solid 
tumors (ClinicalTrials.gov Identifier: NCT01905228, 
NCT02931110, and NCT03727789). Therefore, CBL0137 
can be considered a candidate for monotherapy while 
also exerting advantages in combination therapy, which 
provides the effectiveness of chemotherapy and the ben-
efits of targeted therapy, giving it more significant poten-
tial and clinical significance.

Rituximab is a chimeric monoclonal antibody targeted 
against the pan-B-cell marker CD20. Immunotherapy 
represented by rituximab has a positive efficacy in treat-
ing B-NHL patients, but its primary or acquired resist-
ance seriously affects the long-term survival benefits 
[21, 22]. In modern medicine, it is urgent to explore the 

“one plus one is greater than two” combination therapy 
of novel biologics and targeted therapies, which can 
enhance efficacy over what has been shown with mono-
therapy and further improve the prognosis.

In this study, firstly, we have shown that CBL0137 has 
a significant inhibitory effect on B-NHL tumor growth 
mainly by inducing apoptosis and autophagy. Addition-
ally, we also demonstrated that CBL0137 combined with 
rituximab enhances tumor growth inhibition in vitro and 
in vivo, and this combination regimen may have clinical 
benefits for B-NHL patients.

Materials and methods
Cell lines and cell culture
The B-NHL cell lines SU-DHL-4, Farage, Raji, and Jeko-1 
were purchased from American Type Culture Collec-
tion (ATCC). All cell lines were cultured in RPMI-1640 
medium (Thermo Fisher Scientific, USA) supplemented 
with 10% heat-inactivated fetal bovine serum (Gibco, 
USA) at 37 °C in a 5%  CO2 humidified incubator. All cell 
lines were authenticated and routinely tested for myco-
plasma contamination.

Reagents and antibodies
Reagents and antibodies are detailed in the Supplemental 
Methods (Additional file 1: Table S1 and S2).

Cell proliferation assay figures
Cell proliferation was measured by cell counting kit-8 
(CCK-8) assays (APE × BIO, USA) according to the 
manufacturer’s instructions. The calculation methods for 
the  IC50 and synergy scores based on the Bliss assay are 
detailed in the Additional file 1: Methods.

Cytotoxicity assay
The cytotoxicity under different treatments was assessed 
by using a lactate dehydrogenase (LDH) release kit (Bey-
otime, China). The studies were carried out in accord-
ance with the instructions provided by the supplier.

Colony formation assay
B-NHL cells were mixed with an equal volume of methyl-
cellulose colony assay medium (Stem Cell Technologies, 
Canada), plated in 12-well plates, and incubated for two 
weeks. Colonies with a diameter of more than 0.1  mm 
were calculated.

Cell cycle and apoptosis analysis
For cell cycle analysis, B-NHL cells were treated with 
CBL0137 (0.5 μM, 1.0 μM, 1.5 μM, and 2.0 μM) for 24 h 
and stained with PI/RNase (KeyGEN BioTECH, China) 
for 30  min. An Annexin V-FITC/PI Apoptosis Kit from 
Vazyme was used for apoptosis analysis. Flow cytometry 
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was used for detection, and the data were analyzed by 
FlowJo software.

Analysis of reactive oxygen species (ROS) 
and mitochondrial membrane (Δψm) levels by flow 
cytometry in B‑NHL cells
ROS were determined by the Reactive Oxygen Species 
Assay Kit (Solarbio, China). The Δψm was determined 
using a JC-1 Staining Dye Assay Kit (Solarbio, China) 
according to the manufacturer’s instructions. Briefly, 
the cells were observed by fluorescence microscopy and 
analyzed by flow cytometry. The experimental details are 
provided in the Supplemental Methods.

DNA fragmentation analysis
The formation of DNA fragments during apoptosis can 
be detected with a DNA Ladder Extraction Kit with Spin 
Column (Beyotime, China). DNA fragments were finally 
detected by 1.5% agarose gel electrophoresis.

Western blotting
B-NHL cells were lysed in RIPA lysis buffer (Beyotime, 
China) after CBL0137 treatment. Cytoplasmic and 
nuclear proteins were prepared using a Nuclear and 
Cytoplasmic Protein Extraction Kit (Beyotime, China). 
Equal amounts of protein extracts were separated by 
SDS-PAGE (GenScript ProBio, USA) and transferred 
to nitrocellulose membranes (Cytiva, Germany). The 
protein bands were visualized by enhanced chemilumi-
nescence (Millipore, USA) and analyzed using ImageJ 
software. The experimental details are provided in the 
Supplemental Methods.

Transmission electron microscopy
SU-DHL-4, Raji, and Jeko-1 cells were treated with 
CBL0137 (2.0 μM) for 24 h. Cells were collected and then 
fixed, dehydrated, embedded, sectioned, and stained as 
previously described [23]. Finally, the cell morphology 
was observed under a JEM-1200 transmission electron 
microscopy (JEOL, Japan).

Autophagic flux analysis by immunofluorescence staining 
(RFP‑GFP‑LC3 assay)
To observe autophagosomes and autolysosomes and to 
analyze autophagic flux, mRFP-GFP-LC3B adenovirus 
(HANBIO, China) was used for transduction according 
to the instructions. Twenty-four hours after transduc-
tion, the cells were cultured for 24  h with or without 
CBL0137 (1.0 μM or 2.0 μM) and then scanned by fluo-
rescence microscopy. The red fluorescence spots (mRFP 
alone) indicated autolysosomes, and yellow fluorescence 

spots (overlay of mRFP and GFP) indicated early 
autophagosomes.

RNA extraction, real‑time quantitative polymerase chain 
reaction (PCR), and RNA sequencing
The primers used for these experimental assays are listed 
in Additional file 1: Table S3, and details are available in 
the Supplemental Methods.

Mouse studies
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Nanjing Medi-
cal University (approval no. IACUC-2106022) and were 
conducted following the guidelines of this committee. 
The subcutaneous injection model and evaluation of the 
anticancer effects of CBL0137 are described in the Sup-
plemental Methods.

Statistical analysis
We performed all experiments in triplicate. GraphPad 
Prism 8.0 and SPSS 25.0 software were used for statisti-
cal analyses. All data are expressed as the mean ± stand-
ard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 were considered statistically significant.

Results

FACT is a therapeutic target in B‑NHL
To evaluate the potential role of FACT in B-NHL, we 
first examined the transcript level of FACT complex 
subunits in the TCGA database. As shown in Additional 
file 1: Fig. S1A, SSRP1 and SUPT16H mRNA levels were 
significantly upregulated in DLBCL compared with nor-
mal tissue (NT), and SSRP1 and SPT16 were signifi-
cantly correlated (R = 0.73, P = 4.2e-09) (Additional file 1: 
Fig. S1B). At the protein level, the expression of SSRP 
and SUPT16H were both increased in B-NHL cell lines 
compared with the healthy donor (Additional file 1: Fig. 
S1C). To understand the functional significance of high 
FACT expression, we compared the sensitivity of differ-
ent B-NHL cell lines to FACT inhibition with CBL0137 
treatment. Cell proliferation assays showed that CBL0137 
significantly inhibited B-NHL cell proliferation in a con-
centration and time-dependent manner. The  IC50 values 
of CBL0137 among B-NHL cell lines were different due 
to the heterogeneity among cell lines. (Fig.  1A, B and 
Additional file 1: Fig. S1D–F). The colony formation abil-
ity of B-NHL cells was also inhibited after CBL0137 treat-
ment (Fig. 1C, Additional file 1: Fig. S1G). These results 
indicate that CBL0137 can effectively inhibit B-NHL cell 
proliferation in a certain range of drug concentrations.
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Western blotting showed that increasing concentra-
tions of CBL0137 induced relocalization of the FACT 
subunits SSRP1 and SUPT16H from the cytosol (soluble 
fraction) to the chromatin-containing fraction (pellet) of 
treated cells (Additional file 1: Fig. S1H). p53 and phos-
phor (p)-p53 were significantly activated in a CBL0137-
dose-dependent manner, while NF-κB-mediated 
transcriptional activity was inhibited (Additional file  1: 
Fig. S1I). Thus, the established anticancer mechanism of 
CBL0137 also applies to B-NHL.

CBL0137 induces B‑NHL cell cycle arrest in S phase 
by regulating the c‑MYC/p53/21 pathway
Cell proliferation inhibition is usually accompanied by 
changes in cell cycle progression. RNA-seq data showed 
that the cell cycle signaling pathway was significantly 
altered after CBL0137 treatment in B-NHL cells (Addi-
tional file  1: Fig. S2A). Moreover, the flow cytometry 
results showed that with increasing concentration, the 
cell population in G0/G1 phase was decreased, accom-
panied by an increase in the population in S phase in 
B-NHL cells, while there was no significant change in G2 
phase (Fig. 1D, Additional file 1: Fig. S2B). The cell cycle 
is precisely regulated by a variety of proteins, includ-
ing cyclins and cyclin-dependent kinases (CDKs) [24]. 
We further assessed the expression of proteins involved 
in the cell cycle by western blotting (Fig. 1E); cyclin D1, 
CDK1, and CDK2 expression was significantly decreased, 
and cyclin E1, cyclin B2, and cyclin A2 expression was 
upregulated to varying degrees after treatment with 
CBL0137 for 24  h in B-NHL cells. These results sug-
gested that CBL0137 not only induces significant S phase 
arrest but also regulates the expression of G1/S phase-
associated proteins.

c-MYC has been shown to play a critical role in the 
cell cycle by regulating the activation of p53 and p21 [25, 
26]. Our results further confirmed that CBL0137 could 
inhibit c-MYC expression and promote the upregula-
tion of p53 and p21, thus regulating the expression of cell 
cycle-related proteins (Fig. 1E).

CBL0137 promotes cell apoptosis in B‑NHL cells 
by activating extrinsic and intrinsic apoptotic pathways
We next investigated whether there were other poten-
tial mechanisms by which CBL0137 inhibits B-NHL cell 
growth. Flow cytometry analysis showed that CBL0137 
induced a significant increase in both early (located in 
quadrant Q3) and late apoptotic (located in quadrant 
Q2) cell subsets in a concentration-dependent man-
ner for B-NHL cell lines. In particular, 2.0 μM CBL0137 
induced apoptosis in approximately 60% of SU-DHL-4 
cells (Fig.  1F). The terminal stage of apoptosis is char-
acterized by nucleosomal DNA fragmentation [27], and 
our results were also observed in the 1.5 μM and 2.0 μM 
groups (Fig. 1G).

Studies have shown that apoptosis can be mediated 
either by extrinsic or intrinsic pathways [28, 29]. We 
further investigated the molecular pathways involved 
in CBL0137-induced apoptosis by western blotting. 
Our results showed that the expression levels of cleaved 
caspase-8 and its downstream targets, caspase-3, cas-
pase-7, and PARP, as well as DR5, were elevated (Fig. 1H). 
Moreover, the opposite expression patterns of DFF45 
and DFF40 promoted DNA fragmentation (a hallmark 
of apoptosis), suggesting that CBL0137 induces extrin-
sic apoptotic pathways. In addition, we also detected 
changes in the expression of the Bcl-2 family and mito-
chondrial damage-related proteins (Fig.  1I). The results 
showed that cleaved caspase-9, the proapoptotic pro-
teins Bax and PUMA, and cytochrome C were increased, 
whereas the antiapoptotic protein Bcl-xL was decreased. 
Similar results were also found in a time-dependent man-
ner (Additional file  1: Fig. S2C). All the above results 
suggest that CBL0137 activates both caspase-dependent 
extrinsic and intrinsic apoptotic pathways in B-NHL 
cells.

CBL0137 induces autophagy in B‑NHL cells
According to previous studies, autophagy has been 
reported to be closely related to apoptosis, thereby deter-
mining cell survival and death [30, 31]. Our RNA-seq 

Fig. 1 CBL0137 inhibits B-NHL cell proliferation by inducing cell cycle arrest and promoting apoptosis. A Cell viability of B-NHL cells treated with 
various concentrations of CBL0137 for 24 h was measured by CCK-8 assay. B B-NHL cells were treated with 0.5 μM, 1.0 μM, 1.5 μM, 2.0 μM CBL0137, 
and 2.0 μM doxorubicin for 24 h, 48 h, and 72 h. The absorbance values at 450 nm were determined. C Cell proliferation was detected by colony 
formation assay after 24 h treatment with CBL0137 (1.0 μM). D The cell cycle was determined by flow cytometry. The percentages of cell cycle 
phases were shown in the bar chart. CBL0137 induced a significant increase in the proportion of B-NHL cells in S phase. E The expression of cyclins, 
CDKs, c-MYC, p21, and p53 was detected by western blotting in B-NHL cells treated with CBL0137. F Four B-NHL cells (SU-DHL-4, Farage, Raji, and 
Jeko-1) were treated with specified concentrations of CBL0137 for 24 h. Cell apoptosis was assessed by the Annexin V-FITC Apoptosis Detection 
Kit and flow cytometry. Representative results are shown on the left and statistical results are shown on the right. G B-NHL cells were treated 
with different concentrations of CBL0137 for 24 h and then were collected, and chromosomal DNA was isolated and purified using DNA Ladder 
Detection Kit according to manufacturer’s instructions to explore the effect of CBL0137 on DNA fragmentation in B-NHL cells. H, I Representative 
proteins expression in four B-NHL cells treated with different concentrations of CBL0137 and vehicle control (DMSO) for 24 h to evaluate the status 
of apoptotic cascade and mitochondrial apoptosis. The data are representative and taken from one of three independent experiments. The data 
results are expressed as mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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data showed that autophagy-related pathways in Jeko-1 
cells were significantly upregulated after CBL0137 treat-
ment (Additional file 1: Fig. S3A). Therefore, we first ana-
lyzed the ultrastructure of B-NHL cell lines treated with 
2.0  μM CBL0137 by transmission electron microscopy 
(TEM) and showed that more double-membrane struc-
tures could be observed in the cytoplasm in the treated 
group than in the control group (Fig. 2A). Autophagy is 
a dynamic process. To explore whether CBL0137 could 
increase autophagic flux in B-NHL cell lines, we trans-
duced B-NHL cells with mRFP-GFP-LC3B adenovirus 
particles and monitored autophagy. According to the 
operating instructions and technical principles, the LC3-
positive autolysosomes were marked with red puncta, 
and autophagosomes were marked with yellow puncta 
[32]. After incubating with CBL0137 for 24  h, images 
were obtained by fluorescence microscopy. As shown in 
Fig.  2B, GFP-RFP-LC3 positive autophagosomes were 
significantly increased in B-NHL cells with CBL0137 
treatment in the merged pictures and increased with 
increasing concentration, suggesting that CBL0137 
induced autophagosome-lysosome fusion in B-NHL 
cells. Western blotting further verified the levels of 
LC3, SQSTM1/p62, Atg14, and Beclin-1 in B-NHL cells 
treated with CBL0137 (Fig.  2C, Additional file  1: Fig. 
S3B, C). Taken together, these findings demonstrated 
that CBL0137 is an effective autophagy inducer in human 
B-NHL cells.

Inhibition of autophagy promoted CBL0137‑induced 
apoptosis in B‑NHL cells
Activation of apoptosis is a common event in tumor cells 
in response to autophagy induction [33, 34]. To investi-
gate whether there was a causal relationship between 
CBL0137-induced autophagy and apoptosis, we used 
chloroquine (CQ) and 3-methyladenine (3-MA) to block 
autophagy in CBL0137-treated B-NHL cells. Our data 
showed that in the presence of CQ, cell viability after 
CBL0137 treatment was significantly reduced (Fig.  2D, 
Additional file  1: Fig. S3D). The flow cytometry results 
indicated that the apoptosis rates of B-NHL cells were 
significantly higher in the CQ combined with CBL0137 
B-NHL cells than in the CBL0137 single treatment group 

(Fig.  2E). We used CCK-8 and flow cytometry assays, 
and both results suggested that CBL0137 in combina-
tion with autophagy inhibitors could further promote cell 
death. Further western blotting confirmed the enhanced 
CBL0137-induced accumulation of LC3II and decreased 
degradation of SQSTM1/p62 and Atg14 after CQ block-
ade. Notably, CQ-pretreated SU-DHL-4 and Raji cells 
increased CBL0137-mediated cleavage of PARP and 
caspase-9 (Fig.  2F). Moreover, 3-MA pretreatment not 
only inhibited autophagy in B-NHL cells but also further 
promoted apoptosis (Fig.  2G). Collectively, these find-
ings suggest that the inhibition of autophagy enhances 
CBL0137-induced apoptosis in B-NHL cells.

To further verify the relationship between apopto-
sis and autophagy. We used an irreversible pan-caspase 
inhibitor, Z-VAD-FMK (Fig. 2H). Z-VAD-FMK in combi-
nation with CBL0137 significantly decreased the cleaved 
forms of PARP, caspase-3, caspase-7, and caspase-8 in 
four B-NHL cell lines and reversed the reduced expres-
sion of Bcl-xL induced by CBL0137 alone in Farage cells. 
These results indicated that CBL0137-induced apopto-
sis was caspase-dependent. Furthermore, we found that 
the combination of Z-VAD-FMK and CBL0137 signifi-
cantly increased the accumulation of LC3II, and the con-
sumption of p62 was further increased, suggesting that 
inhibition of apoptosis promoted autophagy. CBL0137-
induced autophagy is a cell survival mechanism; blocking 
autophagy increases cell death, while inhibiting apoptosis 
promotes the survival of B-NHL cells.

CBL0137‑induced apoptosis and autophagy are dependent 
on mitochondrial ROS generation
Aberrant production of ROS is usually involved in apop-
tosis and/or autophagy initiation [35, 36]. Mitochondria 
are the major cellular sites for ROS production [37]. First, 
we measured the mitochondrial membrane potential 
(MMP) with the fluorescence probe JC-1 and observed 
a decrease in red fluorescence (aggregated JC-1) and an 
increase in green fluorescence (monomeric JC-1). Flow 
cytometry further demonstrated a sharp decrease in the 
red/green fluorescence ratio (Fig.  3A, B). This finding 
led us to hypothesize that CBL0137 might trigger ROS 
release from mitochondria. Next, we used the fluorescent 

(See figure on next page.)
Fig. 2 CBL0137 induces protective autophagy in B-NHL cells. A Autophagosomes in SU-DHL-4, Raji, and Jeko-1 cells treated with or without 2.0 μM 
CBL0137 were observed by TEM. The arrow indicates the autophagosome. Scale bars = 2 μm. B The expression of GFP + /mRFP + (yellow) and 
GFP-/mRFP + (red) LC3 puncta was observed by fluorescence microscopy in B-NHL cells treated with or without 1.0 μM or 2.0 μM CBL0137 for 24 h. 
Representative images and quantitative analysis of fluorescent LC3 puncta were shown. Scale bars = 30 μm. C Expression of autophagy-related 
proteins was detected by western blotting in B-NHL cells treated with CBL0137 or DMSO. D–F Effect of chloroquine (CQ) on CBL0137-mediated 
autophagy, cell viability, and apoptosis. Cells were pretreated with 50 μM CQ for 1 h and then exposed to 1.0 μM CBL0137. D Cell viability was 
determined by CCK-8. E Apoptosis was measured by flow cytometry. F Conversions of LC3I to LC3II, p62, Atg14, and PARP were examined by 
western blotting. G B-NHL cells were pretreated with 2.5 mM 3-methyladenine (3-MA) for 1 h and then exposed to 2.0 μM CBL0137. The expression 
of PARP, p62, LC3, Bcl-xL was detected by western blotting. H 50 μM Z-VAD-FMK was pretreated for 1 h and then exposed to 2.0 μM CBL0137. 
Caspase-related proteins and autophagy-related proteins were detected by using western blotting
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Fig. 2 (See legend on previous page.)
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probe DCFH-DA to measure ROS levels by flow cytom-
etry. As shown in Fig.  3C, CBL0137 dose-dependently 
increased ROS generation in SU-DHL-4 cells compared 
with untreated cells. Increased ROS generation was 
observed in Jeko-1 cells after 2.0 μM CBL0137 treatment 
but not significantly in Raji cells. Moreover, CBL0137-
induced ROS overproduction was effectively blocked 
by pretreatment of the cells with the antioxidant agent 
N-acetylcysteine (NAC) (Fig. 3D). Subsequently, we ana-
lyzed the role of ROS in CBL0137-induced apoptosis 
and autophagy in the presence of NAC. Flow cytometry 
analysis showed that NAC significantly attenuated the 
CBL0137-induced apoptosis of B-NHL cells (Fig.  3E). 
Western blotting also demonstrated that NAC signifi-
cantly inhibited CBL0137-induced activation of cleaved 
PARP. Furthermore, NAC markedly suppressed the 
increased expression of LC3II and consumption of p62 
induced by CBL0137 (Fig.  3F). The above results indi-
cated that ROS plays an important role in CBL0137-
induced apoptosis and autophagy in B-NHL cells.

CBL0137 induces apoptosis and autophagy in B‑NHL cells 
via the ROS‑mediated inhibition of the PI3K/Akt/mTOR 
and MAPK signaling pathways
To further explore the potential mechanisms involved in 
the antitumor effects of CBL0137 in B-NHL, we applied 
RNA-seq to assess the transcriptional changes mediated 
by CBL0137. A total of 2283 and 927 genes were upreg-
ulated and downregulated in SU-DHL-4 cells, 1987 and 
1234 genes were upregulated and downregulated in Raji 
cells, and 2405 and 1924 genes were upregulated and 
downregulated in Jeko-1 cells, respectively (Additional 
file 1: Fig. S4). Interestingly, KEGG pathway enrichment 
analysis showed that the PI3K/Akt and MAPK signaling 
pathways were significantly enriched (Fig. 4A). Previous 
studies have shown that the PI3K/Akt and MAPK signal-
ing pathways play a pivotal role in mediating the crosstalk 
between tumor cell apoptosis and autophagy [38–42]. 
Therefore, we further verified the protein expression lev-
els associated with these two pathways by western blot-
ting (Fig. 4B, C) and found decreased levels of the related 
proteins. Together, these data suggested that CBL0137 

inhibited the activation of the PI3K/Akt/mTOR and 
MAPK signaling pathways.

To investigate whether CBL0137-induced apopto-
sis and autophagy are associated with the PI3K/Akt/
mTOR and MAPK signaling pathways, we exposed cells 
to LY294002 (a PI3K/Akt inhibitor) and U0126 (an ERK 
inhibitor) for 2 h and then treated them with or without 
2.0  μM CBL0137 for 24  h. As shown in Fig.  4D, U0126 
alone or in combination with CBL0137 significantly 
inhibited the phosphorylation level of ERK1/2 in B-NHL 
cells, indicating that U0126 could effectively target 
ERK1/2 expression in B-NHL cells. LY294002 strongly 
blocked mTOR phosphorylation in the presence of 
CBL0137. Meanwhile, we observed that in the presence 
of both a pathway inhibitor (U0126 or LY294002) and 
CBL0137, compared with CBL0137 alone, the expression 
of cleaved PARP increased more significantly in Jeko-1 
cells, Bcl-xL expression decreased more significantly in 
SU-DHL-4 and Farage cells, and p62 consumption and 
LC3 conversion were more significantly in SU-DHL-4, 
Farage, and Jeko-1 cells. Based on these results, we fur-
ther investigated the changes in apoptosis and autophagy 
of B-NHL cells after simultaneously blocking PI3K and 
MAPK pathways. Surprisingly, in all four B-NHL cell 
lines, we observed that CBL0137 combined with path-
ways double inhibition induced more significant apop-
tosis and autophagy than CBL0137 alone (Fig.  4E). In 
addition, to further elucidate the order in which the 
molecular effects occur, we conducted detailed time-
course experiments from 0 to 24 h. Our results showed 
that a significant reduction in ERK1/2 phosphoryla-
tion was observed as early as 1 h during CBL0137 treat-
ment. The phosphorylation status of PI3K decreased 
from 1 h after treatment, and the phosphorylation status 
of its downstream molecules Akt and mTOR decreased 
almost simultaneously or sequentially. Importantly, obvi-
ous apoptosis-specific PARP cleavage was not observed 
until 3  h of CBL0137 treatment, followed by induction 
of the conversion of LC3I to autophagosome-associ-
ated LC3II from 12 to 24 h (Fig. 4F). These results indi-
cate that CBL0137-induced inhibition of the PI3K/Akt/
mTOR and MAPK pathways occurs before apoptosis and 

Fig. 3 CBL0137-induced apoptosis and autophagy are dependent on mitochondrial ROS generation. A Jeko-1 cells treated with 1.0 μM or 2.0 μM 
CBL0137 were stained with the fluorescent mitochondrial probe JC-1, and the mitochondrial membrane potential (MMP) of the cells was observed 
by fluorescence microscope (40×, magnification). The quantitative results were analyzed. B The MMP stained with JC-1 probe was measured by 
flow cytometry. The histogram showed the percentage of JC-1 aggregate monomer. The data were expressed as mean ± SD (n = 3). C B-NHL 
cells were treated with different concentrations of CBL0137 for 24 h and then incubated with 10 μM DCFH-DA at 37 °C in the dark for 20 min, the 
fluorescent intensity was detected by flow cytometry. The mean fluorescence intensity of ROS was shown in histograms. The data were expressed 
as mean ± SD (n = 3). D B-NHL cells were preincubated with 2.5 mM NAC for 2 h and then treated with 2.0 μM CBL0137 for 24 h. The fluorescence 
intensity was detected by flow cytometry. E B-NHL cells were preincubated with 2.5 mM NAC for 2 h and then treated with 1.0 μM CBL0137 for 
24 h. The changes in cell apoptosis rates were measured by flow cytometry. F In the presence or absence of NAC preincubation, the changes 
of apoptosis and autophagy-related proteins expression in B-NHL cells after CBL0137 treatment were detected by western blotting. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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autophagy. In conclusion, CBL0137-induced apoptosis 
and autophagy of B-NHL cells are mediated by inhibiting 
the PI3K/Akt/mTOR and MAPK signaling pathways.

Next, we evaluated the effects of ROS generation 
on the PI3K/Akt/mTOR and MAPK pathways. The 
results showed that compared with CBL0137 treatment 
alone, the combined treatment with CBL0137 and NAC 
increased the phosphorylation of mTOR in SU-DHL-4 
cell line, reversing the phosphorylation inhibitory effect 
induced by CBL0137 treatment alone. The reversal of 
p-ERK1/2 was observed in all three B-NHL cell lines 
(Fig.  4G). In summary, CBL0137 induces apoptosis and 
autophagy in B-NHL cells through the ROS-mediated 
inhibition of the PI3K/Akt/mTOR and MAPK signaling 
pathways.

CBL0137 targets NOTCH signaling in B‑NHL cells
Previous studies have reported that the FACT inhibitor 
CBL0137 mediates small-cell lung cancer (SCLC) cell 
death by targeting NOTCH1 [16]. The RNA-seq results of 
the three B-NHL cell lines treated with CBL0137 showed 
that only SU-DHL-4 cells were significantly enriched in 
the NOTCH pathway (Fig.  4A). Many genes associated 
with the NOTCH signaling pathway were upregulated, 
such as NOTCH1, HES1, and p21 (Additional file 1: Fig. 
S5A).

Furthermore, western blotting showed that NOTCH1 
was activated and that the expression of SP3 (negative 
regulator) decreased gradually with CBL0137 treatment 
(Additional file  1: Fig. S5B). Subsequently, the qRT‒
PCR results showed that the mRNA expression levels of 
NOTCH1, HEY1, HES1, p21, and PUMA in four B-NHL 
cell lines were increased to varying degrees after treat-
ment with CBL0137 (Additional file 1: Fig. S5C–E). These 
results indicate that CBL0137 could effectively target 
NOTCH signaling molecules in B-NHL and significantly 
activate NOTCH1 expression.

CBL0137 in combination with rituximab enhances B‑NHL 
cell death by promoting apoptosis and autophagy
Rituximab is usually used to treat B-NHL patients 
either alone or in combination with chemotherapy as 

part of initial therapy or a second-line regimen. It has 
been reported that rituximab induces apoptosis in lym-
phoma cells by inhibiting various antiapoptotic constitu-
tively activated signaling pathways, such as NF-κB, p38 
MAPK, ERK1/2, AKT, Bcl-2, and Bcl-xL [43]. Therefore, 
to determine whether CBL0137 increases the sensitivity 
of B-NHL to rituximab, we treated B-NHL cells with 0.5, 
1.0, 1.5, and 2.0  μM CBL0137 alone or in combination 
with 10, 20, 30, 40 μg/mL rituximab for 24 h. The over-
all conclusions about synergy, additivity, or antagonism 
for a drug combination between CBL0137 and rituximab 
are based on Bliss independence models (Fig.  5A). The 
CBL0137/rituximab drug pair yields summary synergy 
scores of 2.873 (SU-DHL-4), 2.089 (Farage), and 6.631 
(Raji), indicating an overall additive effect on inhibiting 
B-NHL cell growth. The synergy score is from −  10 to 
10: the interaction between two drugs is considered addi-
tive [44]. A cytotoxicity assay was performed to further 
verify the enhancement effect of the combination of the 
two drugs on tumor cell death in  vitro. Increased LDH 
release was observed by the LDH release assay in B-NHL 
cells treated with CBL0137 or rituximab, and LDH 
release was more significant in the combination group 
(Fig. 5B), indicating that the combination treatment sig-
nificantly increased the cell death effect. The percentage 
of early and late apoptotic cells in the combination treat-
ment group (78.70%) was significantly higher than that of 
either 1.0  μM CBL0137 (37.00%) or rituximab (33.60%) 
in SU-DHL-4 cells (Fig.  5C). Further western blotting 
showed that cleaved caspase-3, cleaved-PARP, and Bax 
expression levels were higher in the combination groups 
than in the monotherapy groups, and the expression lev-
els of Bcl-2 and Bcl-xL were decreased to varying degrees 
(Fig.  5D). Evidence suggests that rituximab-containing 
antibody‒drug conjugates (ADCs) induce effective anti-
tumor efficacy by activating autophagy in ADC-based 
B-NHL therapy [45]. Our results found that although 
LC3 transformation was not obvious in the rituximab-
treated groups, a more significant accumulation of LC3II 
was observed in the combination groups than in the 
CBL0137-treated groups. It was also proven that p62 
consumption was more significant in the combination 

(See figure on next page.)
Fig. 4 Effect of the PI3K/Akt/mTOR and MAPK signaling pathways on CBL0137-induced apoptosis and autophagy. A Singal pathway enrichment 
analysis of CBL0137 2.0 μM treated and untreated groups by RNA-seq in SU-DHL-4, Raji, and Jeko-1 cells (P < 0.05). B B-NHL cells were incubated 
with CBL0137 (0.5–2.0 μM) for 24 h, after which levels of PI3K, AKT, mTOR, and their phosphorylated forms were determined by western blotting. 
C Western blotting was used to detect the expression changes of related downstream molecules in the MAPK signaling pathway after CBL0137 
(0.5–2.0 μM) treatment, including ERK1/2, p38 MAPK, p-p38 MAPK, GSK3β, and their phosphorylated forms. D B-NHL cells were pretreated with 
10 μM U0126 or 10 μM LY294002 for 2 h followed by exposed to 2.0 μM CBL0137 for 24 h, respectively. Western blotting was used to detect the 
expression of apoptotic and autophagic marker proteins, and GAPDH was used as an internal control. E The expression level of cleaved PARP and 
the conversion of LC3 were analyzed by western blotting when 10 μM U0126 and 10 μM LY294002 were used together. F B-NHL cells were treated 
with 2.0 μM CBL0137 from 0 to 24 h. Western blotting was used to analyze the expression of key molecules involved in apoptosis and autophagy, 
as well as changes in the phosphorylation status of PI3K, Akt, mTOR, and ERK1/2. G B-NHL cells were treated with CBL0137 or in combination with 
NAC. The expression of p-PI3K, p-AKT, p-mTOR, and p-ERK1/2 was detected by western blotting in B-NHL cells
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groups (Fig.  5E). All the above results suggest that 
CBL0137 combined with rituximab exerts a more signifi-
cant antitumor effect in B-NHL cells by enhancing apop-
tosis and autophagy.

CBL0137 and rituximab have enhanced antitumor effects 
in B‑NHL models
To further validate the antitumor effects in  vivo, two 
tumor-bearing xenografts of B-NHL subtypes were 
constructed (Fig.  5F). We found that treatment with 
CBL0137 or rituximab alone significantly reduced 
DLBCL tumor volumes and tumor weight compared 
with those of the vehicle group, but the combination 
with both CBL0137 and rituximab showed a maximum 
inhibitory effect on tumor growth (Fig.  5G–I). To fur-
ther elucidate the mechanisms of the antitumor effects 
in  vivo, we performed immunohistochemical analyses 
of tumor tissues. As shown in Fig. 5J, compared with the 
other groups, the cotreatment group demonstrated an 
increase in the tumor tissue necrotic area, as well as the 
most significantly decreased Ki67 expression level and 
the most significant increase in cleaved caspase-3 and 
LC3B expression. During the whole experiment, the body 
weight of the mice increased steadily in each group, and 
no significant difference was observed (Fig.  5K). H&E 
staining showed no evident damage to the major organs 
(heart, liver, spleen, lung, and kidney) of mice treated 
with CBL0137 and/or rituximab (Fig. 5L). On the other 
hand, the established BL model obtained similar results 
(Fig. 5M, N and Additional file 1: Fig. S6). Thus, CBL0137 
combined with rituximab exhibited significant enhance-
ment of the antitumor effects by inducing apoptosis and 
autophagy in vivo.

Discussion
Chemoimmunotherapy is the standard for first- and 
second-line treatment in aggressive B-NHL patients. 
High-dose chemotherapy plus ASCT did not improve 
outcomes in patients with high-risk aggressive B-cell 
lymphoma and showed significant toxicity, accord-
ing to the results of a new phase 3 trial with 10  years 
of follow-up [46]. Therefore, there is an urgent need to 
identify safer and cancer-selective multimodal therapies 
for aggressive B-NHL patients. Herein, we report on a 
novel combination of the anticancer drug CBL0137 and 
rituximab, focusing on the unique antitumor efficacy and 
mechanism of CBL0137 in multiple types of B-NHL cells.

CBL0137, as a second-generation curaxin, has been 
reported to have antitumor activity in many types of can-
cer, with high efficacy and minimal side effects [47, 48]. 
This study is the first to report the efficacy of CBL0137 
in lymphoma and provides preclinical evidence of a novel 
combinatorial therapy with rituximab. CBL0137 exerts 
antitumor effects by targeting the FACT complex, dis-
rupting DNA damage repair, and promoting chromatin 
depolymerization [49, 50]. The two subunits of the FACT 
complex, namely, SSRP1 and SUPT16H, interact and reg-
ulate each other [15]. FACT overexpression in multiple 
types of tumors is associated with poor prognosis [9, 11–
13, 15]. Therefore, targeting FACT is an attractive target 
for cancer therapy. In this research, we demonstrated 
that FACT is a potential therapeutic target for B-NHL, 
and both SSRP1 and SUPT16H are significantly overex-
pressed in DLBCL tumor tissues and are closely related. 
Mechanistically, our data further showed that CBL0137 
has tumor-suppressive effects in B-NHL cells by inhibit-
ing the NF-κB pathway, activating the p53 pathway, and 
inducing chromatin trapping of FACT (Additional file 1: 
Fig. S1), which is the classical antitumor mechanism of 
CBL0137.

Fig. 5 The combination of CBL0137 and rituximab exerted enhanced effects on B-NHL tumors in vitro and in vivo. A The synergy scores of 
CBL0137 and rituximab were calculated using the Bliss analysis. The concentration gradients of CBL0137 were 0.5, 1.0, 1.5, and 2.0 μM, and the 
concentration gradients of rituximab were 10, 20, 30, and 40 μg/mL. The combination responses of the two drugs were observed through the 
dose–response matrix. The 2D and 3D synergy maps above and below highlighted synergistic and antagonistic dose regions in red and green 
color respectively and showed the summary synergy scores of two drug combinations in three B-NHL cell lines. B LDH release assay of B-NHL 
cells treated with the indicated concentration of CBL0137 or rituximab and the combination of the two drugs for 24 h. C The Annexin V-FITC/PI 
staining results were shown on the left, which was that CBL0137 combined with rituximab has enhanced apoptotic effects on SU-DHL-4 and Raji 
cells. Statistical results of apoptosis assay were shown on the right, representing three independent experiments. (*P < 0.05, **P < 0.01, ***P < 0.001, 
Student’s t-test). D, E Representative western blotting results of B-NHL cells treated with the single or combination treatment for 24 h to determine 
changes in apoptosis-related proteins D and autophagy-related proteins E expression. F Experimental protocol of xenograft model of DLBCL. 
G SU-DHL-4 cells were subcutaneously implanted into male nude mice, and the mice were sacrificed after the treatment. The mice and their 
corresponding xenograft tumor specimens were photographed with a high-definition digital camera. H Tumor volume was measured every three 
days and tumor growth curves were plotted. ***P < 0.001, ****P < 0.0001. I Tumor weight in each group was measured and presented at the end of 
treatment. **P < 0.01, ***P < 0.001, ****P < 0.0001. J The body weight of mice in four groups (n = 8) was recorded weekly. K Histological examination 
of vital organs was performed by H&E staining. Scale bars = 50 μm. L Representative immunohistochemical images of Ki67, cleaved caspase-3, 
and LC3B were performed in the four groups of tumor samples. Scale bars = 50 μm. M, N Establishment of BL xenograft tumors. Raji cells were 
subcutaneously implanted into female nude mice, and the mice were sacrificed after the treatment. M Quantified results of tumor volume. N 
Quantified results of tumor weight

(See figure on next page.)
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CBL0137 can also inhibit SCLC cell growth by activat-
ing NOTCH1 signaling [13]. Multiple studies have shown 
that changes in NOTCH signaling are closely related to 
the development of lymphoma. Targeting NOTCH sign-
aling can not only improve lymphoma treatment but can 
also prevent lymphoma-to-myeloid tumor conversion 
[51–54]. It was pleasantly surprised to find in our study 
that CBL0137 induces NOTCH pathway activation and 
changes in transcription, proliferation, and cycle-related 
target genes in B-NHL cells (Additional file  1: Fig. S5). 
Therefore, we hypothesized that CBL0137 might mediate 
B-NHL cell death by targeting the NOTCH pathway and 
its target genes.

Dysregulation of the cell cycle and intense proliferation 
are essential characteristics of malignant tumor cells. We 
found a significant increase in the number of B-NHL cells 
in S phase after treatment with CBL0137. From a molec-
ular perspective, CDKs and cyclins play an important 
role in controlling cell cycle progression [55]. Evidence 
suggests that cyclins could interact with the CDK family 
and sequentially induce upregulation and downregula-
tion expression changes, thereby significantly increasing 
the percentage of cells in S phase [56–58]. Correspond-
ingly, we found that cyclin A2, B1, and E1 were upregu-
lated. In addition, cyclin D1, another indicator of S phase 
arrest, which is inhibited only in the S phase [59], was 
also consistent with our results. Moreover, we also found 
that the expression levels of cell cycle-related regulatory 
genes (cyclin A2, cyclin B1, cyclin D1, cyclin E1, CDK1, 
and CDK2) were regulated by upregulating the p53/p21 
genes and reducing c-MYC. Collectively, our results 
confirmed that S phase arrest in B-NHL cells is mainly 
driven by a synergistic mechanism, which sequentially 
changes the expression of CDKs and cyclins by modulat-
ing the c-MYC/p53/p21 pathway (Fig. 1D, E).

Apoptosis and autophagy are the two main mechanisms 
leading to programmed cell death. Unlike apoptosis, the 
role of autophagy in cancer is complex [30, 60]. Under 
certain stress conditions, upregulation of autophagy may 
lead to cell death. Along with the selective degradation 
of cellular components, autophagy also provides a cell-
survival pathway by recycling selective intracellular orga-
nelles and proteins [61]. Previous reports have shown 
that apoptosis and autophagy can collectively trigger cell 
death through synergistic, complementary, or alternative 
mechanisms [31]. Inhibition of autophagy could enhance 
apoptosis in oral cancer cells [62], and autophagy pro-
motes apoptosis in acute myeloid leukemia cells [23]. In 
our present study, we demonstrated that CBL0137 causes 
cell death mainly through the induction of apoptosis, 
accompanied by the generation of autophagy. Further 
inhibition of autophagy promoted CBL0137-induced cell 
death (Fig. 2D–G), suggesting that CBL0137 promotes a 

survival feedback loop by inducing autophagy. Moreover, 
some evidence has demonstrated that ROS can induce 
apoptosis and/or activate autophagy, depending on the 
cellular components [35, 36]. It is worth noting in our 
study that CBL0137 increased the generation of ROS. 
In addition, the ROS inhibitor NAC significantly inhib-
ited apoptosis and autophagy, further suggesting that 
CBL0137 induced ROS generation, which contributed to 
cell death (Fig. 3). Furthermore, apoptosis and autophagy 
share many signaling pathways, such as the PI3K/Akt/
mTOR and MAPK signaling pathways [39, 40, 42]. How-
ever, the molecular mechanisms of ROS-mediated apop-
tosis and autophagy with CBL0137 treatment are still 
not clear. Therefore, we used pathway inhibitors, such 
as LY294002 and U0126, to further confirm the related 
signaling pathways (Fig. 4). Hence, these results indicated 
that CBL0137 induces ROS-mediated apoptosis and 
autophagy by triggering the PI3K/Akt/mTOR and MAPK 
signaling pathways.

Based on our results, we found that CBL0137 exerts 
multiple antitumor effects in aggressive B-NHL 
tumors. Mechanistically, we proposed a model in which 
CBL0137 could induce cell cycle arrest by regulating 
the c-MYC/p53/p21 pathway and inhibiting NF-κB 
transcription of FACT, resulting in direct inhibition of 
cancer cell growth. Most importantly, CBL0137 could 
also induce cell apoptosis and protective autophagy 
through caspase-dependent pathways and depended on 
the ROS-mediated PI3K/Akt/mTOR and MAPK path-
ways. A parallel pathway boosts an enhanced response 
against B-NHL tumor progression. These anticancer 
mechanisms are interconnected, ultimately resulting in 
tumor cell death. Our study found that CBL0137 could 
induce cell cycle arrest by inhibiting c-MYC and FACT 
expression. Consistently, a study indicated that MYC 
expression was significantly suppressed after FACT 
subunit knockout to maintain the latency of Epstein‒
Barr virus (EBV)-infected Burkitt lymphoma (BL) [63]. 
When FACT was silenced, c-MYC expression was 
reduced, and tumor cells were prevented from re-enter-
ing the cell cycle [64]. Moreover, the use of CBL0137 
inhibited the FACT/MYC positive feedback loop and 
increased apoptosis in neuroblastoma tumors [11]. 
These results strongly suggest that FACT-driven MYC 
expression is a druggable target in malignant tumors. In 
addition, CBL0137 induces apoptosis and autophagy in 
human B-NHL cells via the ROS-mediated PI3K/Akt/
mTOR and MAPK signaling pathways, which is the 
main mechanism of its antitumor effect and the first 
reported mechanism thus far. Inhibition of autophagy 
with chloroquine enhanced the ability of tumor cells to 
undergo apoptosis in the MYC-induced model of lym-
phoma [65], and this protective autophagy ability is also 
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reflected in our results. Another study proposed that 
c-MYC inhibition sensitizes acute lymphoblastic leuke-
mia (ALL) to chemotherapy by altering caspase-3-de-
pendent apoptosis and autophagy by targeting the PI3K 
pathway [66]. Recently, some researchers have also 
proposed that inhibition of FACT subunits by SSRP1 
silencing enhanced apoptosis of cancer cells upon cis-
platin treatment [67–70]. Our study also found that 
NOTCH1 was activated as a tumor suppressor after 
treatment with CBL0137. It is now widely recognized 
that the MYC transcription factor is a dominant onco-
genic driver in a majority of human T-ALL and is often 
activated downstream of NOTCH1 [71], and target-
ing the NOTCH/MYC pathway can lead to cell death 
by increasing the apoptosis of tumor cells. In summary, 
the anticancer mechanisms of CBL0137 that we have 
shown are interrelated.

To our knowledge, we are the first group to demon-
strate that CBL0137 enhances rituximab antitumor activ-
ity in  vitro and in  vivo (Fig.  5). Based on in  vitro data, 
the mouse model further strongly proved the significant 
efficacy of the cotreatment therapy. Importantly, using 
in  vivo xenograft models, we demonstrated that while 
rituximab or CBL0137 treatment alone had a moderate 
effect on the suppression of B-NHL, the combination of 
rituximab and CBL0137 significantly suppressed B-NHL 
growth in  vivo. Further immunohistochemical assays 
showed that the expression levels of cleaved caspase-3 
and LC3 were significantly upregulated after CBL0137 
treatment, providing evidence that CBL0137 inhibited 
B-NHL tumor growth by cell apoptosis and autophagy in 
a xenograft model.

Conclusions

In conclusion, we report that CBL0137 induces apoptosis 
and autophagy in human B-NHL cells via the ROS-medi-
ated PI3K/Akt/mTOR and MAPK signaling pathways 
and reveals a significant enhancing effect with the com-
bination of rituximab. This work provides credible pre-
clinical evidence for pending and ongoing clinical trials 
of CBL0137. Furthermore, this new combination therapy 
may provide more options for the treatment of aggressive 
B-NHL patients in the future.
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