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Abstract
Background: Diffuse large B cell lymphoma (DLBCL) is a clinical and genetically heterogeneous lymphoid
malignancy. Although the R-CHOP (rituximab plus cyclophosphamide, vincristine, doxorubicin, and
prednisone) treatment can improve the survival rate of patients with DLBCL. However, more than 30% of
patients exhibit treatment failure, relapse, or refractory disease. Therefore, novel drugs or targeted
therapies are needed to improve the overall survival of patients with DLBCL. The compound DCZ0014 is a
novel chemical similar to berberine, obtained by drug design and organic synthesis.

Methods: The anti-DLBCL activity of DCZ0014 were investigated using assays of colony formation, CCK-
8, TUNEL assay, EdU assay, cell cycle analysis, �ow cytometry analysis, MMP analysis, Western blotting,
immunohistochemistry and xenograft tumour model. Overexpression and knockdown of lyn in DLBCL
cells was constructed with the small interfering RNAs or plasmid. The student's t-test was performed to
the statistical analysis.

Results: We found that DCZ0014 signi�cantly inhibited the proliferation and activity of DLBCL cells,
reduced the formation of their clones, and induced cell apoptosis. Following treatment with DCZ0014,
DLBCL cells accumulated in G0/G1-phase of the cell cycle and showed decreased mitochondrial
membrane potential. Additionally, DCZ0014 signi�cantly inhibited DNA synthesis, enhanced DNA damage
in DLBCL cells, as well as inhibited Lyn/Syk in B cell receptor signaling pathway. Further experiments
demonstrated that DCZ0014 did not signi�cantly affect peripheral blood mononuclear cells. In vivo
analysis showed that DCZ0014 not only signi�cantly inhibited tumor growth but also extended the
survival time of mice in the DCZ0014-treated group.

Conclusions: DCZ0014 showed potential for clinical application in the treatment of patients with DLBCL.

Background
Diffuse large B cell lymphoma (DLBCL) is the most common subtype of non-Hodgkin's lymphoma (NHL).
DLBCL is a heterogeneous, aggressive, malignant non-Hodgkin lymphoma, accounting for 30–40% of all
NHL cases [1]. Based on its gene expression pro�le, the disease is mainly divided into three subtypes:
germinal center B-cell-like DLBCL, activated B-cell-like DLBCL, and primary mediastinal B-cell lymphoma
[2–4]. The International Prognostic Index score (IPI score) is widely used to predict the prognosis of
DLBCL, which provides an important theoretical basis for guiding clinical medication and treatment. After
the discovery of rituximab, a model �rst-line treatment of DLBCL using R-CHOP (rituximab plus
cyclophosphamide, vincristine, doxorubicin, and prednisone) was developed. The 3-year event-free
survival rate of patients with DLBCL is approximately 60%. However, more than 30% of patients exhibit
treatment failure, relapse, or refractory disease [5]. Therefore, novel drugs or targeted therapies are needed
to improve the overall survival of patients with DLBCL.

The B cell receptor (BCR) signaling pathway, which is key to the development and maturation of normal B
cells, is a valuable target for treating B-cell malignancies [6–10]. Activated BCR-mediated signaling is
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involved in the pathogenesis of numerous NHLs, including mantle cell lymphoma (MCL), DLBCL,
follicular lymphoma, gastric mucosa-associated lymphoid tissue lymphoma, and B-cell chronic
lymphocytic leukemia [11–14]. Lyn kinase, a member of the SRC family of kinases, is involved in one of
the earliest events after BCR stimulation [15]. Lyn is thought to be a key regulator of B cell homeostasis
because of its ability to phosphorylate activators and inhibitors downstream of BCR activation. Lyn
directly phosphorylates Syk, which is essential for further signal propagation. Additionally, Lyn activates
phosphatases, which in turn inhibit signal transduction through BCR [7]. Activation of PI3K signaling is
activated mainly by Lyn in the BCR pathway, which promotes cancer cell survival, proliferation, and
invasion, such as in malignant lymphoma cells [16, 17]. For many patients, BCR pathway inhibitors are
rapidly becoming the �rst-choice treatment.

Herein, we report a novel analogue of berberine, DCZ0014 (C21H19NO5), which has potent antitumor
activity in human DLBCL cell lines in vitro and in vivo. We found that DCZ0014 signi�cantly inhibited the
proliferation of DLBCL cells and induced cell apoptosis. DLBCL cells treated with DCZ0014 clearly
accumulated in G0/G1-phase of the cell cycle. We also showed that intraperitoneal injection of DCZ0014
effectively inhibited tumor growth in xenograft mouse models. These results provide a theoretical basis
for the clinical application of DCZ0014 for treating patients with DLBCL.

Materials And Methods

Cells and culture
SUDHL-4 and DB cells were purchased from the American Type Culture Collection (ATCC) (Manassas, VA,
USA). NU-DUL-1 and OCI-LY8 cells were obtained by Professor Xiaoyan Zhou (Department of Pathology,
Fudan University of Shanghai Cancer Center, Shanghai, China). TMD8 and U2932 cells were kindly
provided by Professor Dongsheng Xu (Shanghai Tenth People's Hospital, Tongji University of Medical,
Shanghai, China). And GCB cell lines mainly includes SUDHL-4, DB, OCI-LY1 and OCI-LY8 and the NU-DUL-
1, U2932 and TMD8 are belong to ABC subtypes in the DLBCL cell lines. SUDHL-4, DB, NU-DUL-1, TMD8
and PBMCs were cultured in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) containing 10% FBS (FBS;
Gibco, BRL, USA) and 1% PS (PS; Gibco, Carlsbad, CA, USA). U2932 was cultured in Dulbecco’s Modi�ed
Eagle’s Medium/Low Glucose (Gibco, Carlsbad, CA, USA), supplemented with 10% FBS and 1% PS. OCI-
LY1 and OCI-LY8 were cultured in Iscove’s Modi�ed Dulbecco’s Medium (Gibco, Carlsbad, CA, USA)
containing 10% FBS and 1% PS. All cells were incubated in a humidi�ed atmosphere at 37 °C, 5% carbon-
dioxide.

Reagents
DCZ0014 stock solution was dissolved in dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA) and
stored at − 20 °C. Antibodies for phospho-PI3K, cleaved caspase-3, cleaved Caspase-8, Caspase-9, poly
ADP-ribose polymerase (PARP), Bax, Bad, B cell lymphoma-2 (Bcl-2), Bcl-xl, C-myc, Mcl-1 and β-actin (for
western blot) were purchased from Cell Signaling Technology (Danvers, MA, USA). Lyn, phospho-Lyn, Syk,
phospho-Syk, Akt, phospho-Akt, STAT3, phospho-STAT3, STAT1, phospho-STAT1, ATM, phospho-ATM,
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ATR, phospho-ATR, CHK2, phospho-checkpoint kinase2 (p-CHK2), CHK1, phospho-checkpoint kinase1 (p-
CHK1), cell division cycle 25A (cdc25A), CDK4, CDK6 and cyclinD1 antibodies were obtained from Abcam
(Cambridge, MA, USA). The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan),
the Annexin-V/ propidium iodide (PI) apoptosis detection kit from BD Pharmingen (Franklin Lakes, NJ,
USA) and the JC-1 Kit from Beyotime Institute of Biotechnology (Haimen, China).

Cell viability assay
DLBCL cell lines (SUDHL-4, OCI-LY8, OCI-LY1, NU-DUL-1, TMD8, U2932 and DB) and PBMCs were seeded
into 96-well plates in 95µL complete media at a density of 2 × 105 cells/mL and treated with different
concentrations of DCZ0014 (0, 0.5, 1, 2, 4 and 8 µM) for 48 h. Cell proliferation was evaluated by 10µL of
Cell Counting Kit-8 (CCK8, Dojindo, Kumamoto, Japan) adding into each well of the plate. Half maximal
inhibitory concentration (IC50) values were evaluated by using CalcuSyn software.

Clonogenic assay
OCI-LY8 and NU-DUL-1 cells were seeded in six-well plates at 1000 cells per well and incubated at 37 °C
incubator for 2 weeks. Cell colonies were stained with 0.1% crystal violet for 30 minutes. Colonies with at
least 50 cells were counted.

Analysis of cell cycle
OCI-LY8 and NU-DUL-1 cells were cultured in 12-well plates at a density of 2 × 105 cells/mL and treated
with DCZ0014 (0 and 2 µM) and incubated for 12, 24 or 48 h. Then cells were collected and washed in
PBS and �xed with ice cold 70% ethanol overnight. After washed in PBS, cells were incubated with
propidium iodide (PI) (BD Pharmingen, Franklin Lakes, NJ, USA) at room temperature for 15 min and
analyzed by �ow cytometry.

TUNEL assay
OCI-LY8 and NU-DUL-1 cells were exposed to DCZ0014 for 48 h, collected, �xed in 4% paraformaldehyde
for 20 min, ruptured with 0.1% Triton X-100, stained with DAPI (Sigma-Aldrich, St. Louis, MO, USA) at room
temperature for 15 min and then TUNEL (Roche, Basel, Switzerland)) at 37 °C for 1 h. The cells were
imaged under a �uorescence microscope.

EdU assay
OCI-LY8 and NU-DUL-1 cells were exposed to DCZ0014 and treated with DCZ0014 (0 and 2 µM) for 48 h
and collected. The incorporation of 5-ethynyl-2′-deoxyuridine (EdU) was measured using an EdU kit
(RiboBio, Guangzhou, China) according to the manufacturer's instruction.

Cell apoptosis analysis
OCI-LY8 and NU-DUL-1 cells were cultured in 12-well plates at a density of 2 × 105 cells/mL and treated
with DCZ0014 (0, 1, 2 and 4 µM) and incubated for 12, 24, 36, 48 or 72 h. Then according to the
manufacturer's protocol. Then cells were collected and washed in PBS, and then stained with annexin V-
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FITC and PI (BD Pharmingen, Franklin Lakes, NJ, USA) with room temperature for 15 min incubating to
detect apoptosis by a BD FASCCanto II �ow cytometer (BD BioScience, San Jose, CA, USA).

MMP analysis
OCI-LY8 and NU-DUL-1 cells were cultured in 24-well plates at a density of 2 × 105 cells/mL and treated
with DCZ0014 (0 and 2 µM) and incubated for 48 h, and incubated with 2 µM JC-1 at 37 °C, in 5% CO2 for
20 minutes. Then cells were collected and washed in PBS and analyzed with �ow cytometry.

Western blot analysis
Cells treated with different concentrations of DCZ0014 and Total proteins were extracted with lysis buffer
(100 mM Tris-HCL, PH 6.8, 4% SDS, 20% glycerol). Cytosolic proteins (30 µg per lane) were
electrophoretically separated on a 6% or 15% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE Bio-
Rad, CA, USA) and transferred electrophoretically onto polyvinylidene di�uoride or nitrocellulose
membranes, blocked in 5% non-fat milk or 5% BSA for 1 h, and incubated with the relevant primary
antibodies overnight at 4 °C. Membranes were washed with Phosphate-buffered saline (PBS) containing
0.1% Tween 20 (PBST) three times and incubated with the appropriate secondary antibodies (anti-rabbit
or anti-mouse IgG) for 1 h at room temperature. membranes were subsequently detected by the Odyssey
two-color infrared laser imaging system (LI-COR, Lincoln, NE, USA).

Cell transfection
The small interfering RNAs (siRNAs) targeting human Lyn,the negative control siRNA were designed and
constructed by RiboBio (Guangzhou, China) and the overexpression of Lyn plasmid were transfected into
OCI-LY8 and NU-DUL-1 cells cultured in Opti-MEM (Gibco) by using Lipofectamine 3000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) up to a �nal concentration of 50 nM. The siRNA sequences (5′–3′)
were as follows: GCTGGAGCTTTCCTTATTA.

Tumor xenograft model
2 × 106 OCI-LY8 cells in 100µL serum-free culture medium were inoculated subcutaneously into the
BALB/C nude mice (Shanghai Laboratory Animal Center, Shanghai, China). When the tumors were
measurable, mice were randomly divided into treatment groups receiving 15 mg/kg DCZ0014 or into a
control group receiving vehicle (DMSO and saline). DCZ0014 was dissolved into 200µL of vehicle. Mice
were injected intraperitoneally with vehicle or DCZ0014 for 18 days. Tumor size and the body weight of
mice were measured every other day. Tumor volume was determined as 1/2 ×(width/2)2 × length. At the
end of the experiment, mice were sacri�ced. The tumors underwent hematoxylin-eosin (H&E) staining,
Ki67, cleaved-caspase 3, TUNEL, and immunohistochemical staining. The study protocol was approved
by the Animal Care and Use Committee of The Tenth People's Hospital of Shanghai (ID: SYXK 2014-0026)
and Tongji University (Shanghai, China).

Statistical analysis
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The data were expressed as mean ± standard deviation (SD). Student's t-test was performed as
appropriate using SPSS v20.0 statistical analysis software (IBM, Armonk, NY, USA). p < 0.05 was
considered signi�cant.

Results

DCZ0014 inhibits the growth of diffuse large B cell
lymphoma cells and their clones in vitro
We investigated the effect of DCZ0014 on the proliferation of DLBCL cells (SUDHL-4, DB, OCI-LY8, NU-
DUL-1, TMD8, U2932, and OCI-LY1) using the CCK8 assay. The cell lines were treated with DCZ0014 at
concentrations of 0.5, 1, 2, 4, and 8 µM for 24, 48, and 72 h. The results showed that DCZ0014
signi�cantly inhibited the viability of DLBCL cells. Interestingly, DCZ0014 exhibited dose- and time-
dependent cytotoxicity in DLBCL cell lines (Fig. 1A–G). After treatment with DCZ0014 for 48 h, the half-
maximal inhibitory concentration (IC50) values of DCZ0014 in these cell lines were 2.0 µM (NU-DUL-1),
4.1 µM (U2932), 3.7 µM (TMD8), 3.35 µM (SUDHL-4), 3.9 µM (DB), 0.8 µM (OCI-LY8), and 0.04 µM (OCI-
LY1).

Based on the results described above, we selected two cell lines, OCI-LY8 cells in the germinal center B-
cell-like DLBCL subtype and NU-DUL-1 in the activated B-cell-like DLBCL subtype, for further analysis. We
then examined the effect of DCZ0014 on cloning of the two cell lines. Treatment with 0 and 2 µM of
DCZ0014 in NUDUL-1 and OCI-LY8 cells signi�cantly inhibited the cloning of both cell types (Fig. 1I–J).

DCZ0014 induces cell cycle arrest at G0/G1 phase in DLBCL
cell lines in vitro
To investigate whether inhibition of DLBCL cell proliferation is related to cell cycle arrest, �ow cytometry
and western blotting were performed to determine the effect of DCZ0014 on the DLBCL cell cycle. NU-
DUL-1 and OCI-LY8 cells were treated with different concentrations (0 and 2 µM) of DCZ0014 for 12, 24,
and 48 h. The results showed that DCZ0014 arrested NU-DUL-1 and OCI-LY8 cells in G0/G1 phase in a
time-dependent manner (Fig. 2A–D). Additionally, DCZ0014 signi�cantly reduced the expression levels of
the cell cycle-associated proteins Cdc25A, CDK4/6, and cyclin D1 (Fig. 2E), further illustrating that G0/G1
phase arrest can be mediated by DCZ0014.

DCZ0014 induces apoptosis of DLBCL cells and decreases
MMP levels, but not in normal PBMCs
To determine whether inhibition of the proliferation of DLBCL cells by DCZ0014 was caused by apoptosis
induction, we examined the effect of DCZ0014 on apoptosis in DLBCL cells by using different
concentrations (0, 1, 2 and 4 µM) of DCZ0014 to treat NU-DUL-1 and OCI-LY8 cells for 12, 24, 36, 48, and
72 h. The results of �ow cytometry analysis showed that DCZ0014 signi�cantly promoted the apoptosis
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of NU-DUL-1 and OCI-LY8 cells in a dose-and time-dependent manner (Fig. 3A–B). Additionally, TUNEL-
positive cells increased with increasing DCZ0014 doses in NU-DUL-1 and OCI-LY8 cells (Fig. 3A–B).

After the DLBCL cells were treated with different concentrations (0, 1, 2, and 4 µM) of DCZ0014 for 48 h,
western blotting was performed to detect the levels of apoptosis-related proteins, such as cleaved-
caspase 3 and 8, caspase 9, PARP, Bcl-2, Bcl-xl, Bad, and Bax. The results showed that DCZ0014
signi�cantly increased in the cleaved forms of caspase-3, caspase-8, caspase-9, and PARP and decreased
the expression levels of Bcl-2 and Bcl-xl while up-regulating the expression levels of the proapoptotic
proteins Bad and Bax (Fig. 3C). Thus, DCZ0014 induced apoptosis by activating both the extrinsic and
intrinsic caspase pathways. We also analyzed the mitochondrial membrane potential (MMP), an indicator
of cell apoptosis, in DLBCL cells by �ow cytometry using a JC-1 kit. Notably, relative to the control group,
DCZ0014 reduced the MMP in DLBCL cells (Fig. 3D).

To further con�rm the toxic effects of DCZ0014, we investigated the effect of DCZ0014 on normal human
primary blood mononuclear cells (PBMCs). We used different concentrations (0, 0.5, 1, 2, 4, and 8 µM) of
DCZ0014 to treat normal PBMCs for 48 h. The CCK-8 assay showed that DCZ0014 did not affect normal
PBMCs (Fig. 3E), indicating that DCZ0014 was not toxic towards these cells and thus is a favorable drug
for treating DLBCL.

DCZ0014 inhibits DNA synthesis and aggravates DNA
damage in DLBCL cells in vitro
DCZ0014 was previously shown to inhibit the proliferation of DLBCL cells. We next examined the effect
of DCZ0014 on DNA synthesis by treating DLBCL cells with different concentrations (0 and 2 µM) of
DCZ0014 for 48 h. The EdU incorporation assay showed that DCZ0014 signi�cantly reduced the levels of
EdU in NU-DUL-1 and OCI-LY8 cells (Fig. 4A–B). Additionally, NU-DUL-1 and OCI-LY8 cells were treated
with different concentrations (0, 1, 2, and 4 µM) of DCZ0014 for 48 h. The protein was extracted, and the
expression levels of DNA damage-associated proteins was detected by western blotting. The results
showed that DCZ0014 can activate ATM and ATR and phosphorylate the corresponding downstream
molecules Chk2 and Chk1 (Fig. 4C).

DCZ0014 inhibits Lyn/Syk in BCR signaling pathway
We further assessed the expression patterns of molecules involved in the BCR signaling pathway by
western blotting to determine the mechanism underlying DCZ0014-induced apoptosis. NU-DUL-1 and OCI-
LY8 cells were treated with different concentrations (0, 1, 2, and 4 µM) of DCZ0014 for 48 h. Proteins were
extracted and subjected to western blotting to determine the effects of DCZ0014 on the BCR signaling
pathway-associated protein Lyn/Syk. The results showed that DCZ0014 signi�cantly inhibited the
phosphorylation of Lyn/Syk and the phosphorylation of downstream proteins PI3K, AKT, and Stat1/3, as
well as down-regulated the expression levels of C-myc and Mcl-1. Interestingly, the expression levels of
total proteins Syk, PI3K, AKT, Stat1, and Stat3 did not change signi�cantly (Fig. 5A).



Page 9/23

Then we further overexpress or knock out the Lyn gene and use Western blot to detect the effect of
DCZ0014 on the Lyn/Syk signaling pathway. The results showed that when overexpressing Lyn gene,
DCZ0014 could induce the apoptosis of NU-DUL-1 and OCI-LY8 cells more obviously and when the
expression of Lyn was silenced, DCZ0014 reduced the induction of apoptosis in NU-DUL-1 and OCI-LY8
cells (Fig. 5B-E). And after overexpression or silencing of Lyn, DCZ0014 also has an effect on related
proteins in the Lyn/Syk B cell receptor signaling pathway (Fig. 5D-E), indicating that DCZ0014 can exert
anti-tumor effects by inhibiting the Lyn/Syk signaling pathway.

DCZ0014 inhibits tumor growth in a DLBCL xenograft model
in vivo
We investigated the therapeutic e�cacy of DCZ0014 by establishing a subcutaneous DLBCL xenograft
model in nude mice. Speci�cally, �ve-week-old male BALB/c nude mice were injected with OCI-LY8 cells
(2.5 × 106). We found that the tumor growth and tumor weight in mice treated with DCZ0014 at 15 mg/kg
per day were signi�cantly inhibited compared to in the vehicle-treated group (Fig. 6A–B). By simulating
the tumor survival curve, the results showed that the survival time of mice in the DCZ0014-treated group
was signi�cantly longer than that in the vehicle-treated group (P < 0.001, P value ***) (Fig. 6C). There was
no signi�cant difference in body weight between the two groups (Fig. 6D), indicating that DCZ0014
signi�cantly inhibited tumor growth of the DLBCL xenograft in nude mice and the treatment was well-
tolerated.

Additionally, hematoxylin and eosin staining showed that the necrosis of tumor tissue was signi�cantly
increased in the DCZ0014-treated group compared to in the vehicle-treated group (Fig. 6E). We also found
that the liver and kidney tissues of nude mice in the vehicle-treated group and DCZ0014-treated group
exhibited no signi�cant histological changes (Fig. 6F), further indicating that DCZ0014 does not cause
signi�cant toxicity. Analysis of the expression levels of cleaved-caspase 3 and TUNEL in the DCZ0014-
treated group was signi�cantly increased compared to that in the vehicle-treated group (Fig. 6G),
indicating that DCZ0014 signi�cantly induced tumor cell apoptosis. We also found that the expression
levels of Ki-67 in the DCZ0014 -treated group were signi�cantly reduced (Fig. 6G), indicating that
DCZ0014 inhibits the proliferation of subcutaneous DLBCL xenografts.

Discussion
DLBCL accounts for 30% of lymphoma and is the most common type [1]. Although standard
chemotherapy with the R-CHOP regimen for patients with DLBCL can prolong event-free and overall
survival, this treatment is ineffective or relapse or resistance to treatment is observed in more than 30% of
patients [5]. Therefore, novel drugs or targets therapies that can improve the overall survival of patients
with DLBCL should be developed.

DCZ0014, a novel analogue of berberine, was obtained by drug design and synthesis and was shown to
have pro-apoptotic effects in many hematological tumor cells. In this study, we found that DCZ0014
signi�cantly inhibited proliferation and induced apoptosis of DLBCL cells. Additionally, cells accumulated
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in the G0/G1 phases. Our experiments also showed that DCZ0014 did not signi�cantly affect PBMCs. In
vivo experiments in mice showed that DCZ0014 signi�cantly inhibited tumor growth and that the
treatment was well-tolerated.

In our in vitro study, we found that DCZ0014 markedly induced the growth inhibition of DLBCL cell lines in
a dose- and time-dependent manner in the CCK-8 assay. These results were consistent with those of �ow
cytometric analysis. Caspase is a member of the cysteine protease family and can directly participate in
and perform cell apoptosis. Caspase-8 and caspase-9 are the two key proteins activated in the extrinsic
and intrinsic apoptotic pathways, respectively. Caspase 3 can cleave PARP [18]. Additionally, Bcl-2, Bcl-xl,
Bad, and Bax play important roles in apoptosis [19–21]. Our results showed that DCZ0014 exerted its
anti-tumor effects by inducing cell apoptosis by activating caspases, including by up-regulating the
expression of cleaved-caspase 3, cleaved-caspase 8, cleaved-caspase 9, and PARP, as well as by down-
regulating the protein levels of Bcl-2 and Bcl-xl along with concomitantly increasing the levels of Bax and
Bad in DCZ0014-treated DLBCL cells. We further examined MMP, an indicator of mitochondrial membrane
permeability, which is altered during early intrinsic apoptosis [22]. The mitochondrial pathway (also
known as the endogenous pathway) is the control center for inducing apoptosis, and the stability of the
transmembrane potential is necessary for its function [23]. Interestingly, JC-1 assessment demonstrated
that DCZ0014 regulated the loss of MMP. These data suggest that DCZ0014 induces DLBCL cell
apoptosis via both extrinsic and intrinsic apoptotic pathways through a process regulated by MMP levels
and the caspase-dependent pathway.

Inhibition of cell proliferation is regulated via not only cell apoptosis but also cell cycle arrest [24]. The
mechanism of currently used anti-tumor drugs also involves the cell cycle to inhibit tumor cell
proliferation by arresting this cycle, thereby inhibiting the occurrence and development of tumors [25, 26].
DCZ0014 was also found to induce the cell cycle in DLBCL cell lines. Further analysis showed that
DCZ0014 arrested DLBCL cells in G0/G1 phase, as well as induced DNA damage and inhibited DNA
synthesis. The important complex cyclin D1/CDK4/CDK6 in G0/G1phase plays a key role in regulating the
progression from G0/G1 phase to G2/M phase [27]. Western blot analyses showed that DCZ0014-induced
G0/G1 phase arrest signi�cantly downregulated the protein expression levels of cyclin D1, CDK4, and
CDK6. Our western blot results indicated that DCZ0014 treatment downregulated the expression of
cdc25A and upregulated the levels of p-CHK1 and p-CHK2. CHK2 is an important protein kinase at the
DNA damage checkpoint that can directly regulate cdc25A, which is associated with cell cycle control and
the induction of DNA damage [28–30] During tumor development, an increase in the DNA damage
response can signi�cantly inhibit the development of tumors. ATM/ATR can re�ect the damage to DNA
and transmit signals to its downstream molecules Chk2/Chk1. This eventually results in cell cycle arrest
or apoptosis initiation [25, 31]. Our results suggest that DCZ0014-induced cell cycle arrest is mediated by
the cdc25A-degradation pathway and DNA damage.

We further investigated the molecular mechanisms underlying DCZ0014 lethality in DLBCL. Activated
BCR-mediated signaling is involved in the pathogenesis of a number of NHLs, including diffuse large B-
cell lymphoma (DLBCL) [11–14]. BCR aggregation rapidly activates the Src family kinases Lyn, Blk, and
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Fyn as well as the Syk and Btk tyrosine kinases [32]. Activation of PI3K signaling is activated mainly by
Lyn in the BCR pathway. Activated PI3K/AKT signaling is an important pathway in DLBCL. The Akt
pathway acts upstream of Stat3 phosphorylation, which inhibits cell proliferation and differentiation [33,
34]. Stat3 is a crucial protein in DLBCL whose phosphorylation can regulate multiple genes downstream
that are associated with apoptosis and the cell cycle, such as Bcl-2, Bcl-xL, Mcl-1, and c-Myc [35–37].
Accordingly, we explored whether DCZ0014 affects the BCR signaling pathway. As expected, our data
showed that DCZ0014 inhibited activation of Lyn/Syk by reducing their phosphorylation and by down-
regulating the phosphorylation of PI3K, AKT, and Stat1/3. We then overexpressed or knocked out the Lyn
gene. The results showed that when the Lyn gene was overexpressed, DCZ0014 induced apoptosis of
cells more obviously; when Lyn was silenced, DCZ0014 reduced cell apoptosis. These results
demonstrate that DCZ0014 induces apoptosis in DLBCL cells by decreasing PI3K/AKT activation through
its effects on the Lyn/Syk B-cell receptor signaling pathways (Fig. 7).

To further con�rm the anti-DLBCL activity of DCZ0014, we next examined its effects in vivo by
establishing a DLBCL xenograft mouse model. Our data showed that DCZ0014 not only signi�cantly
inhibited tumor growth, but also caused no obvious toxicity in mice. Immunohistochemical staining of
harvested tumors con�rmed the DCZ0014-induced anti-proliferation and pro-apoptotic effects in DLBCL
cells. Consistent with our in vitro results, these in vivo results demonstrate that DCZ0014 is a potent anti-
tumor agent for treating DLBCL.

Conclusion
In conclusion, we showed that DCZ0014 can inhibit the proliferation of DLBCL cell lines and induce the
apoptosis of DLBCL cells as well as cause cell cycle arrest at the G0/G1 stage in association with reduced
PI3K/AKT activation by regulating the Lyn/Syk B-cell receptor signaling pathways. Consistent with our in
vitro results, DCZ0014 inhibited tumor growth in vivo. This study provides a theoretical basis for the
clinical application of DCZ0014 for treating patients with DLBCL. However, the detailed mechanisms and
clinical effects in DLBCL require further investigation.
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maximal inhibitory concentration; PI: propidium iodide; MMP: mitochondrial membrane potential; EDU: 5-
ethynyl-2′-deoxyuridine; H&E: hematoxylin and eosin; TUNEL: TdT-mediated dUTP Nick-End Labeling.
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Figures

Figure 1

DCZ0014 inhibits the growth of diffuse large B-cell lymphoma cells and their clones in vitro. (A) SUDHL-4
cells were treated with DCZ0014 (0.5, 1, 2, 4, and 8μM) for 24, 48, and 72 h. (B) DB cells were treated with
DCZ0014 (0.5, 1, 2, 4, and 8μM) for 24, 48, and 72 h. (C) OCI-LY8 cells were treated with DCZ0014 (0.5, 1,
2, 4, and 8μM) for 24, 48, and 72 h. (D) NU-DUL-1 cells were treated with DCZ0014 (0.5,1, 2, 4, and 8μM)
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for 24, 48, and 72 h. (E) TMD8 cells were treated with DCZ0014 (0.5, 1, 2, 4, and 8μM) for 24, 48, and 72 h.
(F) U2932 cells were treated with DCZ0014 (0.5, 1, 2, 4, and 8μM) for 24, 48, and 72 h. (G) OCI-LY1 cells
were treated with DCZ0014 (0.5, 1, 2, 4, and 8μM) for 24, 48, and 72 h. Cell viability was measured using a
cell counting kit-8 (CCK-8). (H) Chemical structure of DCZ0014. Colony formation assays demonstrated
the colony-forming ability of the cells and cells treated with DCZ0014 (0, 2μM). NU-DUL-1 (I) and OCI-LY8
(J) cells are shown. **P< 0.01, ***P< 0.001.

Figure 2
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DCZ0014 induces cell cycle arrest at the G0/G1 phase in DLBCL cell lines in vitro. (A) NU-DUL-1 cells were
treated with DCZ0014 (0 and 2μM) for 24 and 48 h while (B) OCI-LY8 cells were treated with DCZ0014 (0
and 2μM) for 12 and 24 h, and the cell cycle was analyzed by propidium iodide staining using �ow
cytometry. The percentage of the NU-DUL-1 cells (C) and OCI-LY8 cells (D) in G0/G1 phase. *P 0.05, **P
0.01, ***P 0.001. (E) Cells were treated with DCZ0014 (0, 1, 2, and 4μM) for 24 h, and western blot
analysis was performed to detect the protein levels of cdc25A, CDK4, CDK6, and cyclin D1.

Figure 3
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DCZ0014 induces the apoptosis of DLBCL cells, but it has no toxicity towards normal PBMCs. NU-DUL-1
cells (A) and OCI-LY8 cells (B) were treated with DCZ0014 (0, 1, 2, and 4μM) for 12, 24, 36, 48, or 72 h, and
then apoptosis was detected by TUNEL assay or Annexin-V/PI staining followed by �ow cytometry; the
percentage of Annexin-V-positive cells is shown. Red indicates TUNEL-positive cells (400× magni�cation).
*P 0.05, **P 0.01, ***P 0.001. (C) Cells were treated with DCZ0014 (0, 1, 2, and 4μM) for 48 h, and
western blot analysis was performed to detect the protein levels of cleaved-caspase 3, 8, caspase 9, PARP,
Bcl-2, Bcl-xl, Bad, and Bax. (D) Cells treated with DCZ0014 (0 and 2μM) after 48 h and were evaluated to
determine the mitochondrial membrane potential (MMP) by JC-1 staining by �ow cytometry. JC-1 showed
change in MMP. ** P 0.01, ***P 0.001. (E) PBMCs from four healthy volunteers were treated with different
concentrations of DCZ0014 (0.5, 1, 2, 4, and 8μM) for 48 h. Cell viability was measured using a cell
counting kit-8 (CCK-8).
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Figure 4

DCZ0014 inhibits DNA synthesis and aggravates DNA damage in DLBCL cells in vitro. (A) NU-DUL-1 cells
and OCI-LY8 cells were treated with DCZ0014 (0 and 2μM) for 48 h, DNA synthesis was measured using
an EDU kit and detected by confocal microscopy. Red indicates EDU-positive cells, (400× magni�cation).
(B) The percentage of EDU-positive cells. ** p 0.01, ***p 0.001. (C) Cells were treated with DCZ0014 (0, 1,
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2 and 4μM) for 48 h, Western blot analysis was detected to the protein levels of ATM, phospho-ATM, ATR,
phospho-ATR, CHK1, phospho-CHK1, CHK2 and phospho-CHK2.

Figure 5

DCZ0014 inhibits Lyn/Syk in B cell receptor signaling pathway. (A) Cells were treated with DCZ0014 (0, 1,
2 and 4μM) for 48 h, Western blot analysis was detected to the protein levels of Lyn, phospho-Lyn, Syk,
phospho-Syk, phospho-PI3K, AKT, phospho-AKT, Stat1, phospho-Stat1, Stat3, phospho-Stat3, C-myc, Mcl-
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1. (B-C) NU-DUL-1 and OCI-LY8 cells were transfected with Lyn siRNA, overexpression (Lyn) lentivirus or
negative-control siRNA, respectively. The protein levels of Lyn and Actin were analyzed by western blot.
And the transfected cells were treated with 2μM DCZ0014 for 48h, apoptosis was detected by Annexin-
V/PI staining followed by �ow cytometry and the percentage of Annexin-V positive cells are shown. *p
0.05, ** p 0.01, ***p 0.001. (D-E) Western blot analysis was detected to the protein levels of Cleaved-
caspase 3, 8, caspase 9, PARP. And the related of proteins levels in the Lyn/Syk B cell receptor signaling
pathway and apoptosis analyzed by TUNEL assay. Red indicates TUNEL-positive cells, (400×
magni�cation).
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Figure 6

DCZ0014 inhibits tumor growth in a DLBCL xenograft model in vivo. Five-week-old male BALB/c nude
mice were injected with OCI-LY8 cells (2.5 × 106). The mice were treated with vehicle or 15 mg/kg
DCZ0014 every day for a total of 18 days via intraperitoneal injection after tumor formation. Tumor size
and mouse body weight were measured every other daygroup;n = 4 mice/group. (A) Tumors sample
appearance. (B) Tumor volume was measured every other day for 18 days, ***P 0.001. The tumor weight
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was measured at 18 days. (C) The survival time of the mice. ***P 0.001. (D) Mouse weight was measured
every other day for 18 days. Hematoxylin and eosin (H&E) staining of tumor tissues (E) and liver/kidney
(F) after DCZ0014 treatment (200× magni�cation). (G) Immunohistochemical staining of Ki-67 and
cleaved-caspase 3 and TUNEL staining to detect cell proliferation and cell apoptosis in vivo after
DCZ0014 treatment (400× magni�cation).

Figure 7

The signal transduction pathway that DCZ0014 induced in cell apoptosis of DLBCL cells.


