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Venetoclax confers synthetic lethality G

to chidamide in preclinical models
with transformed follicular lymphoma

Mengya Zhong'**! Guangchao Pan'#*", Jinshui Tan'*°", Jingwei Yao'?, Yating Liu'?, Jiewen Huang'#*,
Yuelong Jiang'?, Depeng Zhu'?, Jintao Zhao'?", Bing Xu'*" and Jie Zha'*"

Abstract

Transformed follicular lymphoma (t-FL) is an aggressive and heterogeneous hematological malignancy with limited
treatment success; the development of novel therapeutic approaches is urgently needed for patients with t-FL. Here,
we conducted high-throughput screening (HTS) and in vitro experiments using t-FL cell lines and primary samples
to assess the synergistic effects of the histone deacetylase inhibitor chidamide and the BCL-2 inhibitor venetoclax.

In vivo efficacy was further tested in xenograft models. The combination of venetoclax and chidamide significantly
inhibited cell proliferation, induced apoptosis, and arrested the cell cycle in the GO/G1 phase across multiple t-FL cell
lines. Furthermore, the combined therapy effectively reduced tumor burden, extended overall survival in xenograft
models, and synergistically targeted patient samples, while sparing normal PBMCs. Mechanistically, this combination
disrupted mitochondrial membrane potential and modulated the Wnt signaling pathway, as evidenced by decreased
protein expression levels of Wnt3a, Wnt5a/b, -catenin, and phosphorylated GSK3[. Concurrently, the combined regi-
men enhanced their respective anticancer effects by inhibiting the key genes HDAC10 and BCL-xL. Taken together,
venetoclax combined with chidamide presents a potent anticancer strategy in preclinical models of t-FL and merits
further exploration in clinical trials to validate its effectiveness and safety for treating t-FL.
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Introduction

The transformation of follicular lymphoma (FL) into
transformed FL (t-FL), a more aggressive subtype, is
linked to a worse prognosis and limited treatment
options [1]. Clinically, t-FL progresses rapidly, with a
5-year survival rate of only 20-30% [2]. The current ther-
apeutic strategies for t-FL patients who have undergone
previous chemotherapy resemble those for de novo dif-
fuse large B-cell lymphoma (DLBCL) [3]. Notably, the
incidence of t-FL remains unchanged in the era of rituxi-
mab, indicating that the transformation risk is an inher-
ent aspect of progression in FL, resistant to even superior
treatments [1, 4]. Intensive therapy shows limited efficacy
and frequent recurrence, while stem cell transplanta-
tion (SCT) or cellular therapy is suitable only for eligible
patients. These constraints require additional exploration
of alternative and more effective therapeutic approaches
for t-FL.

Histone acetylation, regulated by histone acetyltrans-
ferase (HAT) and histone deacetylase (HDAC), shows
dysregulated expression in B-cell lymphomas, including
FL [5, 6]. Evidence indicates that dysregulation of histone
acetylation contributes to lymphoma pathogenesis [6,
7], positioning HDAC inhibitors (HDACI) as promising
therapeutic agents. Although chidamide monotherapy
has shown some efficacy in t-FL [8], its long-term clini-
cal utility is hampered by drug resistance and cumulative
toxicity. Three HDACI (vorinostat, belinostat, romidep-
sin) have obtained FDA approval for treating peripheral
T-cell lymphomas (PTCL), with common side effects
including nausea, vomiting, fatigue, anemia, and throm-
bocytopenia [9]. The probable reasons for these adverse
effects stem from the widespread presence of Class I and
Class I HDACs in human tissues and the diverse impacts
of simultaneously targeting multiple HDACs [10]. Due to
limited knowledge about the roles of individual HDACs
in normal and cancerous cells, efforts to minimize these
adverse effects rely on reducing monotherapy dosages
and exploring innovative combination approaches.

In the current interdisciplinary drug discovery land-
scape, there is a crucial need to integrate findings across
various fields to enhance the efficacy of targeted thera-
pies and optimize combination regimens. High-through-
put screening (HTS) has been pivotal in identifying
initial candidates for small molecule drug development,
particularly when direct structural information is una-
vailable, thereby bypassing traditional structure-based
approaches [11, 12]. As the identification of cancer tar-
gets continues, HTS has become more prevalent in
assessing target impacts and exploring more effective
approaches, like computation-based drug design. Recog-
nized genetic features of t-FL encompass BCL-2 translo-
cation, alterations in TP53, MYC, CDKN2A/B, alongside
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changes in epigenetic regulators and the tumor micro-
environment [13-16]. Early clinical trials revealed that
pan-HDACi are minimally effective as monotherapies in
DLBCL [17-19], emphasizing the importance of evaluat-
ing target combination therapies using HTS to address
the high-frequency mutations and complex refractory
observed in t-FL.

Previous studies confirm the antitumor activity of chi-
damide monotherapy in t-FL [8], although its efficacy is
restricted. This study screened a potent candidate, the
BCL-2 inhibitor venetoclax, from commonly employed
small molecule inhibitors targeting hematological malig-
nancies, through an HTS platform and a self-constructed
drug matrix. Particularly, the combination of veneto-
clax and chidamide was observed to suppress the prolif-
eration of t-FL cells in in vitro and in vivo models. This
tumor-suppressive effect may be linked to inducing cell
apoptosis by impacting mitochondrial homeostasis and
hindering the cell cycle phase, specifically via the Wnt
signaling pathway. This underscores venetoclax in combi-
nation with chidamide as a promising therapeutic avenue
for t-FL patients, especially those ineligible for autolo-
gous SCT or necessitating alternative therapies due to
restricted choices.

Materials and methods

Cell lines and chemicals

Human t-FL cell lines including RL, DOHH2, SU-DHL4,
and SC-1 were provided by the Institute of Hematology
at Xiamen University School of Medicine. The cell lines
were selected based on their molecular congruence with
t-FL (e.g, MYC/BCL2 alterations, GCB origin), sup-
ported by prior studies [20—30]. These cells were cultured
at 37 °C in a 5% CO, atmosphere using Roswell Park
Memorial Institute 1640 medium (RPMI 1640, Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS, Zeta Life, Menlo Park, CA, USA), 100 U/
mL penicillin, and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA). The absence of mycoplasmas was
confirmed using the Myco-Blue Mycoplasma Detec-
tor Kit (Vazyme Biotech, Nanjing, Jiangsu, China), and
cell line authenticity was verified through short tandem
repeat (STR) testing by Huayan Biological Science Co.,
Ltd. (Wuhan, Hubei, China).

Chemicals including venetoclax (ABT-199, T2119),
ibrutinib (T1835), idelalisib (T1894), GSK-126 (T2079),
5-azacytidine (T1339), decitabine (T1508), and lena-
lidomide (T1642) were sourced from TargetMol (MA,
USA), and chidamide (CS055) was provided by Chip-
screen Biosciences Co., Ltd. (Shenzhen, Guangdong,
China). Z-VAD-FMK was obtained from MedChemEx-
press (Monmouth Junction, NJ, USA). All compounds
were dissolved in dimethyl sulfoxide (DMSO, Sigma,
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St. Louis, MO, USA) to create stock solutions. Chi-
damide was mixed with other agents under the matrix
format that was intended. All drugs screened are either
approved for lymphoid malignancies or under investi-
gation for hematologic cancers. The concentration gra-
dients for these chemicals are detailed in Additional
file 7: Table S1.

High-throughput screening viability and apoptosis assays
Experiments were carried out at the Core Facility of
Biomedical Sciences, Xiamen University (Xiamen,
Fyjian, China), through the plate and handler automated
screening system of PerkinElmer Co., Ltd. (PerkinElmer,
Waltham, MA, USA). At a density of 3000 cells per well,
cells were seeded using a Multidrop Combi dispenser
(Thermo Fisher Scientific, Eugene, OR, USA) into 384
multiwell white polystyrene tissue culture-treated plates
(CLS3570, Corning, Tewksbury, MA, USA) with 25 pL
of growth medium. Afterward, a 384 pin tool was used
to administer 100 nL of compound matrix to individual
wells (six dosages of each compound were evaluated).
Following an overnight incubation period, the plates
were removed and allowed to stand at ambient tem-
perature for half an hour. For proliferation assays, 25 pL
of Cell Titer Glo (G7572, Promega, Madison, W1, USA)
was added to each well, and the plates were incubated
for 15 min at general temperature. For apoptosis induc-
tion assessments, 25 pL of Caspase Glo 3/7 luminescent
apoptosis assay reagent (G8092, Promega) was added,
and the plates were left to incubate for one hour at room
temperature. A multifunction Nivo microplate reader
(PerkinElmer) was used to take luminescence readings.
To determine 100% viability or 0% caspase activation,
the relative luminescence units (RLUs) for each well were
standardized to the median RLUs from the DMSO con-
trol wells. The venetoclax (final concentration 20 pM)
median RLUs were utilized as a positive control for cell
cytotoxicity.

Secondary viability assay

In 96-well plates, 2x 10* cells were seeded per well and
the relevant chemicals were applied to the cells thereaf-
ter. For three days, cells were treated with various drug
dilutions and analyzed using the Cell Counting Kit-8
(CCK-8, Zeta Life, CA, USA) assay on an iMark Micro-
plate Absorbance Reader (Bio-Rad, Hercules, CA, USA).
The Chou-Talalay approach was utilized to compute
the combination index (CI) for the potential synergistic
impact. Combination index values of CI<1 and CI>1.2
with the CompuSyn software suggested synergism and
antagonistic effects.
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Apoptosis and cell cycle assessments

With the use of an Apoptosis Detection kit (556,463,
BD Pharmingen, San Diego, CA, USA), the percentage
of apoptotic cells was determined. In brief, t-FL cells
(2% 10°) were collected and resuspended in a binding
solution containing propidium iodide (PI) and Annexin
V-FITC. The cells were then incubated for 15 min at
room temperature. To evaluate the cell cycle, 2% 10°
cells were fixed with cold 70% ethanol at 4 °C for over-
night. The stained cells were collected and stained with
PI/RNase Staining Buffer (550,825, BD Pharmingen) for
30 min in the dark. The stained cells and cell cycle distri-
butions of these samples were analyzed on the CytoFlex S
flow cytometer (Beckman Coulter, CA, USA) and quanti-
fied using Flow]o software (San Carlos, CA, USA).

JC-1 staining measurement

The JC-1 probe (Signalway Antibody, TX, USA) was
employed to measure the mitochondrial membrane
potential (MMP). The relevant chemicals were applied to
the cells for a day, after which PBS rinsed them. The cells
were then incubated for 30 min in the dark using the JC-1
probe. Flow cytometry (CytoFlex S) was used to assess
fluorescence after the dye was removed. Using the FlowJo
application, the MMP was quantified and green-fluores-
cent cells were identified.

RNA sequencing (RNA-seq) analysis

In brief, 1x10° SU-DHLA4 cells were cultured in a 10-cm
dish and treated with (60 nM) venetoclax and (2 pM) chi-
damide for 24 h; all cells were collected and RNA-seq was
performed by PANOMIX Biomedical Technology Co
(Suzhou, China).

Immunoblotting analysis

Western blot analysis was carried out in accordance
with earlier reports [31]. Following a blocking step in
5% nonfat milk, the membranes were incubated with
the following primary antibodies: PARP (CA9532),
Cleaved PARP (CA5625), Caspase-3 (CA9662), Cleaved
Caspase-3 (CA9661), Caspase-8 (CA4790), Cleaved
Caspase-8 (CA9496), Caspase-9 (CA9502), Cleaved Cas-
pase-9 (CA7237), Mcl-1 (CA4572), Bcl-xL (CA2762),
Cyclin E1 (CA4129), Cyclin DI1(CA2922), c-Myc
(CA9402), CDK2(CA2546), CDK4(CA12790), Wnt3a
(CA2721), Wntba/b (CA2530), p-Catenin (CA84380),
Phospho-p-Catenin (Ser33/37/Thr41, CA9561),
TCF1/TCF7(CA2203), LEF1(C12A5- CA2230), Bid
(CA2002), p21 Wafl/Cipl (CA2947), HDAC1(CA5356),
HDAC2(CA5113), HDAC3(CA3949), antirabbit IgG
(CA7074), antimouse IgG (CA7076) were purchased
from Cell Signaling Technology (CST, Danvers, MA,
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USA). HDAC10 (Cat. ab108934) was obtained from
Abcam (Abcam, Cambridge, UK). As a loading control,
Anti-GAPDH (CA60004-1-Ig, Proteintech, Rosemont,
IL, USA) was employed.

In vivo therapeutic efficacy

To assess the effectiveness of combining venetoclax with
chidamide in vivo, we employed cell line-derived xeno-
graft (CDX) animal models. Six-week-old female NOD-
Prkdc™/~ ILng_/ ~ (NOD/SCID) mice (Xiamen University
Laboratory Animal Center, Fujian, China) were sub-
cutaneously inoculated with SU-DHL4 cells. Specific
pathogen-free (SPF) settings were used for all studies.
Chidamide (5 mg/kg/d), venetoclax (10 mg/kg/d), and
both in CDX models were given to mice daily when
their tumors reached a volume of 100 mm?®. Mice were
weighed, and tumors were measured every two days. The
mice were killed at the end of the trials, and the tumors,
liver, and kidney were histologically investigated. Mouse
eye tissue was aseptically obtained, and the blood was
collected following gentle cardiac compression. After
incubation at 4 °C for one hour to promote coagulation,
the sample was centrifuged to isolate the serum, yielding
mouse peripheral blood serum for liver and kidney injury
assessment. The Laboratory Animal Ethics and Manage-
ment Committee at Xiamen University authorized the
animal procedures.

Histology and immunohistochemistry

For hematoxylin and eosin (H&E) staining and immuno-
histochemistry (IHC), and tissues were embedded in par-
affin after being fixed in 4% formaldehyde. Drug toxicity
was also tested in tissues through H&E staining. Sample
sections underwent deparaffinization, rehydration, and
citrate buffer treatment to retrieve antigens. Follow-
ing overnight incubation at 4 °C with cleaved caspase-3
(CA9664, CST) and Ki-67 antibody (ab16667, Abcam),
sections were then treated with secondary antibody.
Chromogenic reagent DAB (DAB-2032, MXB Biotech-
nologies, Fujian, China) was used to view the findings
under a microscope. Protein levels were determined by
calculating the percentage of positive area using Image-
Pro Plus software (MD, USA), and analysis was per-
formed under a Zeiss AxioScan7 (Zeiss, BW, Germany)
automated digital slide scanner.

Acquisition of primary samples

Samples from B-cell lymphoma patients and healthy
donors were provided by the Department of Hematology,
The First Affiliated Hospital of Xiamen University. All
procedures of the study were under the ethical standards
of the Institutional Research Council and the Helsinki
Declaration, and were reviewed by The Ethical Review
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Committee of the First Affiliated Hospital of Xiamen
University, with the informed consent of all the patients
involved. Lymph node tissue from 15 patients diagnosed
with B-cell lymphoma was obtained, tissues were minced
and ground and then filtered through a 70-mesh cell
strainer (Biosharp, #BS-70-XBS, China). Mononuclear
cells were isolated from peripheral blood from 7 healthy
donors using Ficoll-Hypaque (Cytiva, Uppsala, Sweden)
density gradient centrifugation. All primary cells were
cultured in RPMI-1640 medium for subsequent experi-
ments. The clinical characteristics of these patients are
presented in Table 1.

Statistical analysis

Data were statistically analyzed with GraphPad Prism 9.0
(GraphPad Software, San Diego, CA, USA) and repre-
sented the mean + SD of triplicate experiments. Unpaired
two-tailed Student’s t tests were used to determine the
significance for normally distributed data and compari-
sons between two groups. Ordinary one-way analysis
of variance was used to compare data between three or
more groups (ANOVA). Survival curves were analyzed
using the log-rank test. When the p-value was less than
0.05, differences were deemed statistically significant,
and otherwise not significant (ns).

Results

High-throughput screening for drug-drug combinations
Various screening technologies and computational meth-
ods have been reported for the discovery of combination
therapies [32—34]. Previous research has confirmed that
chidamide monotherapy can induce t-FL cell death [8].
In this study, we evaluated seven agents in combination
with chidamide using 55 dose—response matrix blocks.
Mechanistic redundancy was considered for selected
target classes (e.g., the epidermal growth factor recep-
tor family) because each agent may have unique polyp-
harmacology, leading to distinct activities in combination
studies. To simultaneously detect effects in customiz-
able dose-response matrix blocks for various drug—drug
combinations, we utilized 384-well plate-enabled acous-
tic dispensers. The data were normalized using veneto-
clax as the positive control and DMSO as the negative
control, with DMSO response set at 100% and venetoclax
response at 0% to represent complete cell death. Data
were then constrained to fall within the 0% to 100% range
to prevent conflicting assessments in our analysis.

We first assessed single-agent responses of the com-
pound matrix using cell-based assays such as cell viabil-
ity (CellTiter-Glo) and apoptosis (Caspase Glo 3/7). The
single-agent profiles of the designed matrix indicated
variability in the effectiveness of these antilymphoma
drugs in inhibiting proliferation and inducing apoptosis
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(Additional file 1: Fig. S1). We further screened com-
pounds demonstrating pronounced antitumor efficacy
in t-FL cell lines. Our data revealed that venetoclax
(ABT199) and GSK-126, when combined with chida-
mide, ranked as the top two most effective regimens in
both DOHH2 and RL cells. In contrast, the combination
of venetoclax with 5-Azacytidine exhibited the highest
potency alongside chidamide in SU-DHL-4 cells (Fig. 1).
As venetoclax is the only globally licensed BCL-2 selec-
tive inhibitor and BCL-2 overexpression is closely linked
to FL, we are curious about the combined efficacy of
these two medications.

Venetoclax potentiated the inhibitory effects of chidamide
on cell proliferation

Our screening identified the potent synergistic activ-
ity of chidamide with venetoclax against t-FL cells. We
chose four cell lines (RL, DOHH2, SU-DHL-4, and SC-1)
for secondary validation experiments. Due to variations
in drug sensitivity among cell lines, we treated the four
cell lines with different concentrations for three days
post-change in cell viability. Treatment with chidamide
or venetoclax alone inhibited cell proliferation in a dose-
and time-dependent manner, with combination therapy

A
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exhibiting more pronounced antiproliferative effects
(Fig. 2, Additional file 2: Fig. S2). Importantly, the syn-
ergistic drug interactions of chidamide and venetoclax
were evident with ClIs less than 1; detailed numerical data
were provided in Additional file 8: Table S2. These find-
ings indicated that venetoclax can sensitize t-FL cells to
chidamide.

Activation of the caspase pathway is recognized as
central in the induction of apoptosis [35]. Hence, we
sought to investigate whether Z-VAD-FMK (pan-caspase
inhibitor) could inhibit caspase activation to mitigate
the impacts of the two drugs’ inhibition on proliferation.
While Z-VAD-FMK treatment partially rescued the pro-
liferative inhibition induced by chidamide or venetoclax
monotherapy, the reversal was more pronounced in cells
exposed to the combination of both agents (Additional
file 3: Fig. S3). Collectively, these findings indicated that
the combined use of chidamide and venetoclax inhibits
in vitro cell growth, associated with caspase pathway.

Chidamide and venetoclax induced apoptosis

through a caspase-dependent pathway

We characterized cell apoptosis induced by chidamide
and venetoclax across four t-FL cell lines, elucidating the
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Fig. 1 The compound screening matrix of chidamide in combination with different inhibitors was used to detect the viability and apoptosis in t-FL
celllines. A A combination drug matrix of different concentrations of chidamide and seven small molecule inhibitors was designed, combined
with a high-throughput drug screening system, to find the best combined regimen with chidamide in t-FL cell line to exert an anticancer effect
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Fig. 2 Lower doses of venetoclax enhanced the anticancer activity of chidamide against various t-FL cell lines. A DOHH2 and B SU-DHL-4 cells
were exposed to indicated concentrations of ABT199+CS055 for 24 h, 48 h, or 72 h, after which the inhibition rate of cell viability was measured
using the CCK-8 kit. The Chou-Talalay method was used to calculate the Cl of potential synergies. The combined index values of CI< 1 and CI>1.2
with CompuSyn software indicate synergistic and antagonistic effects; represented values were the mean+SD

broader antioncogenic effects of this therapy. Despite the
rise in apoptosis within the monotherapy groups with
escalating drug concentration and treatment duration,
the combination of chidamide and venetoclax markedly
heightened apoptotic levels compared to monotherapy
alone (Fig. 3, p<0.01 for all cell lines). Particularly, a
substantial increase in apoptosis was observed in the

combination treatment group after 48 h of treatment
(Additional file 4: Fig. S4). To elucidate the apoptotic
pathway initiated by a combined regimen, the expression
levels of caspase family proteins were assessed. The find-
ings indicated that combined regimen triggers caspase-3
cleavage, supported by reduced levels of full-length cas-
pase-3 and increased accumulation of cleaved caspase-3
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Fig. 3 Venetoclax combined with chidamide effectively induced apoptosis in t-FL cells. A Flow cytometry diagram of DOHH2 cell apoptosis.

B DOHH2, C SU-DHL-4, D SC-1, and E RL cells were exposed to indicated concentrations of ABT-199, CS055, and a combination of the two,

and the percentage of apoptotic cells was determined 24 h later using Annexin V/PI double staining for flow cytometry, and the Annexin V-positive
cells were statistically considered to be apoptotic cells. Represented values were the mean +SD, **p <0.01, ***p <0.001, ****p <0.0001 and ns (not

significant) by one-way ANOVA

forms (Fig. 4). Furthermore, modifications in caspase-9,
caspase-8, and PARP were detected, particularly notable
in the cleaved forms of these molecules. Modifications in
PARP and its cleaved forms were observed across all four
cell lines. In the combined group of DOHH2 and SC-1

cells, elevated levels of cleaved caspase-8 and cleaved
caspase-9 were observed alongside decreased levels of
total caspase-8 and caspase-9 proteins (Fig. 4). Z-VAD-
FMK demonstrated a modest protective effect against
apoptosis in the monotherapy group, but notably rescued
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Fig. 4 Venetoclax and chidamide induced apoptosis primarily through a caspase-dependent pathway. A After treating four t-FL cell lines
with the highest concentrations of ABT-199, CS055, as well as a two-drug combination regimen for 24 h, protein samples were harvested

to examine the expression of the cleavage of the apoptotic proteins

apoptosis in all cell lines following chidamide and veneto-
clax treatment (Fig. 5, Additional file 5: Fig. S5, p<0.05),
suggesting that the combination of chidamide and vene-
toclax activated endogenous and exogenous apoptosis,
triggering the caspase-dependent pathway to induce
apoptosis.

The mitochondrial membrane potential in t-FL cells
was assessed by staining mitochondria with JC-1, which
is dependent on membrane potential [36]. Red fluores-
cence indicates regions of high mitochondrial polariza-
tion caused by J-aggregate formation of the concentrated
dye. Green fluorescence of JC-1 monomers signifies
depolarized regions. Mitochondrial potential reduction
is an early indicator of mitochondrial apoptosis. The
combined regimen was observed to reduce mitochon-
drial membrane potential. Subsequently, the ratio of JC-1
monomers was quantified and significantly increased
with higher concentrations (Fig. 6). Overall, our findings
suggested that chidamide and venetoclax induce mito-
chondrial damage and activate apoptosis via the caspase-
dependent pathway in t-FL cells.

The combined treatment induces an arrest of the cell cycle
in GO/G1 phase

To further delineate the effects of chidamide and vene-
toclax on t-FL cells, cell cycle assays were performed to
assess the impact of growth arrest. Cell cycle distribution
in RL, SU-DHL4, and SC-1 cells was analyzed using PI

staining. In Fig. 7, chidamide notably arrested a major-
ity of cells at the GO/G1 phase, decreasing the S phase
population compared to controls. In contrast, venetoclax
minimally affected the cell cycle but elevated the popula-
tion prior to GO/G1 phase, indicating a shift to the sub-
G1 phase suggesting early apoptosis induction, aligning
with earlier apoptosis findings. The combined treatment
group exhibited GO/G1 arrest and sub-G1 phase induc-
tion in all three cells.

The cell cycle regulation hinges on cyclic CDK acti-
vation, modulated by various cyclins. Cyclins undergo
defined cycles of synthesis and degradation in every cell
cycle [37]. Western blot analysis was conducted to iden-
tify GO/G1 checkpoint-related protein markers such as
p53, Cyclin E1, CDK2, Cyclin D1, and CDK4 [38, 39].
The protein expression levels in DOHH2, SU-DHL4,
and SC-1 cells were markedly reduced following com-
bination therapy when compared to control and mono-
therapy, with slight reductions in Cyclin D1 and CDK4
expression in RL cells (Fig. 8). Subsequent analysis
demonstrated that chidamide alone markedly elevated
p21 and p27 protein levels, in line with prior G1 phase
arrest findings. However, following the combination
of both drugs, except for the rise in p21 and p27 pro-
tein expression in RL cells, the expression in the other
three cell lines decreased (Fig. 8). Moreover, combina-
tion therapy was more efficacious than monotherapy in
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Fig. 5 Z-VAD-FMK effectively delayed the apoptosis of venetoclax and chidamide in t-FL cells. A DOHH2, B SU-DHL-4, C RL, and D SC-1 cells
were pretreated with 100 uM pan-caspase inhibitor Z-VAD-FMK for 2 h and treated with the indicated concentrations of ABT199, CS055,

and the combination of the two drugs for 24 h. Data were represented as mean +SD. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 and ns (not
significant) by unpaired t test

reducing the expression level of c-Myc protein (Fig. 8).
The collective findings demonstrated that the combined
use of chidamide and venetoclax could induce GO/G1  therapy in t-FL.

cell cycle arrest and apoptosis in t-FL cell lines, indi-
cating the antiproliferative efficacy of this combination
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Fig. 6 Synthetic lethality of venetoclax/chidamide depends on the activation of mitochondrial pathway. The t-FL cell lines A DOHH2 and B
SU-DHL-4 were exposed to indicated treatment for 48 h, after which mitochondrial membrane potential was measured using a JC-1 kit. Data were
represented as the mean +SD; the corresponding statistics are shown in C-F. ***p <0.001, ****p <0.0001 and ns (not significant) by one-way

ANOVA

Gene set alterations after chidamide and venetoclax

treatments

To comprehend the molecular mechanism underlying the
synergistic impact of chidamide and venetoclax on cell
cycle arrest and apoptosis, global transcriptome analysis

was conducted on SU-DHL4 cells treated with chidamide
or venetoclax individually. Table 2 illustrates the iden-
tification of 63 and 4114 differentially expressed genes
(DEGs) in response to chidamide and venetoclax treat-
ments, respectively, relative to the combined treatment
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Fig. 7 The combination of venetoclax and chidamide alters cell cycle distribution. A, B SC-1, C SU-DHL4, and D RL cells were treated with ABT199,
CS055, or their combination for 48 h, and cell cycle distribution was detected by Pl staining. Data were represented as mean+SD in GO/G1 phase.

*p<0.01,***p <0.0001 and ns (not significant) by one-way ANOVA

group, with the Venn diagram depicting shared genes
across the groups (Fig. 9A).

Given our prior single-agent transcriptome
sequencing on chidamide alone, we examined the
variance in genes and associated signaling pathway
alterations when combining chidamide and venetoclax

in comparison with chidamide monotherapy. The vol-
cano plot in Fig. 9B revealed 22 up-regulated and 41
down-regulated differentially expressed genes com-
pared to chidamide monotherapy. GO enrichment
analysis of these differential genes highlighted the
regulation of the Wnt signaling pathway involved in
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Fig. 8 Venetoclax in combination with chidamide induces t-FL cell
cycle arrest. A DOHH2, SU-DHL4, RL, and SC-1 cells were treated

with ABT-199, CS055, and combined regimen for 24 h, and the effect
of cyclin-regulated protein expression levels was analyzed by western
blotting

Table 2 Statistics on the results of expression differential gene

analysis

Control Experimental Number Number of genes Sum
of genes downregulated
upregulated

Control  ABT199 37 12 49

CS055 Combo 22 41 63

ABT199  Combo 3180 934 4114

Control  CS055 3366 1253 4619

Control ~ Combo 3259 1054 4313

heart development, plasma membrane, cell periphery,
and ion transport by the combination of the two drugs
(Fig. 9C). Similarly, KEGG signaling pathway enrich-
ment analysis demonstrated the impact of the combi-
nation on the Wnt signaling pathway, B-cell receptor
signaling, relaxin signaling pathway, and neuroactive
ligand-receptor interaction (Fig. 9D). Therefore, the
findings proposed that the combination of venetoclax
and chidamide modulates the expression of numerous
transcriptomes in t-FL cells, we selected the common
Wnt signaling pathway as the focal point and pro-
ceeded with the following research steps.

The combination of chidamide and venetoclax inhibits

the Wnt signaling pathway

To validate the RNA-seq findings, we utilized western
blotting to compare differential gene expression in the
Wnt signaling pathway across DOHH2, SU-DHL4, RL,
and SC-1 cell lines. The baseline expression of Wnt3a,
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Wnt5a/b, p-catenin, phosphorylated GSK3p (Ser9),
TCF1/TCF7, and LEF1 in untreated cells is shown in
Fig. 10, whereas c-Myc expression level is specifically
presented in Fig. 8. Upon treatment with venetoclax or
chidamide, the expression levels of these proteins were
partially decreased. Notably, significant reductions in the
protein levels of Wnt signaling were observed post-treat-
ment with venetoclax and chidamide (Fig. 10), aligning
with the RNA-seq findings. This suggested that while chi-
damide alone exhibits anticancer properties, combining
it with low doses of venetoclax can efficiently suppress
the Wnt signaling pathway in t-FL cells, producing a syn-
ergistic lethal effect.

Previous reports have shown that chidamide reduces
venetoclax resistance by lowering BCL-xL and MCL-1
levels [40], and our investigation revealed a significant
decrease in MCL-1 protein levels in SC-1 cells post-
combined treatment. Alongside the RL cell line, BCL-
xL protein expression in the other three cell lines was
markedly suppressed by the combination treatment,
particularly evident in SU-DHL4 cells where chidamide
single treatment decreased BCL-xL expression (Fig. 10),
indicating potential overcoming of venetoclax resistance
through BCL-xL inhibition in the combination regi-
men. Moreover, the pro-apoptotic protein Bid expression
level rose in the combination treatment. Lastly, analysis
of chidamide targets revealed significant reduction in
HDAC1, HDAC2, HDAC3, and HDAC10 protein levels
in four t-FL cells during combination treatment (Fig. 10).
Remarkably, HDAC10 protein expression was reduced in
all cell lines following combination treatment. Altogether,
these two drug effects were not only able to inhibit the
Wnt signaling pathway, but also interacted with each
other to target their key genes to achieve anticancer
effects.

Combination of chidamide and venetoclax inhibits t-FL
progression in vivo

For an improved demonstration of in vivo drug toxicity
testing, we initially evaluated the combination of vene-
toclax and chidamide in healthy wild-type mice. Follow-
ing two weeks of continuous dosing, we recorded the
changes in body weight of mice and collected their hepat-
osplenic tissue and eyewash serum. The weight curve
of mice demonstrated a decrease at day 10, which then
rebounded after day 12, leading to similar body weights
across the four treatment groups by day 14 (Additional
file 6: Fig. S6A). HE staining revealed no evident damage
to the liver and spleen tissues, with normal cell morphol-
ogy observed (Additional file 6: Fig. S6B). Serum analy-
sis revealed no notable hepatorenal toxicity (Additional
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and the results of B volcano map, € GO enrichment, and D KEGG signaling pathway enrichment were compared

file 6: Fig. S6C), suggesting that the combination regimen
fell within acceptable safety limits.

To investigate the inhibitory effects of the chidamide
and venetoclax combination therapy on t-FL progres-
sion, cell line-derived xenografts (CDX) using SU-
DHLA4 cells were established. Tumor imaging revealed
a significant inhibition of t-FL progression with the
chidamide and venetoclax combination therapy, with
individual chidamide or venetoclax showing less

notable effects (Fig. 11A). The combination therapy
resulted in a marked decrease in tumor volume and
weight compared to vehicle control or either chida-
mide or venetoclax monotherapy (Fig. 11B-D). Contin-
uous monitoring revealed no significant body weight
decrease with the chidamide and venetoclax combina-
tion in the t-FL model (Fig. 11E), and less pathologi-
cal damage in the kidney and liver (Fig. 11F), as well
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Fig. 10 Venetoclax combined with chidamide potently inhibits Wnt
signaling pathway activation. A The expression of the Wnt signaling
pathway marker proteins was detected in different groups of t-FL cell
lines

as no significant hepatorenal toxicity in serum tests
(Fig. 11G), suggesting the combination therapy had
minimal toxic effects in CDX mouse models. Consist-
ently, the chidamide and venetoclax combination nota-
bly extended the survival of t-FL mice (Fig. 11H).

Tumor samples underwent IHC staining for Ki-67
and cleaved caspase-3 assay with semi-quantification
to assess the antilymphoma effect. The combination
treatment group exhibited significantly reduced Ki-67
levels but higher cleaved caspase-3 compared to chida-
mide or venetoclax monotherapy groups (Fig. 12). This
suggested inhibition of tumor cell proliferation and
increased apoptosis. Protein samples were extracted
from tumors in each treatment group. Mechanistically,
the chidamide and venetoclax combination notably
reduced the protein expression of Wnt3a, Wnt5a/b,
B-catenin, and c-Myc in t-FL mice tumors (Fig. 12D).
Additionally, caspase-3, PARP, and Bax protein lev-
els significantly decreased in the combination group
(Fig. 12D). Overall, the findings indicated that the chi-
damide and venetoclax combination notably delayed
t-FL tumor progression by targeting the Wnt signaling
pathway with minimal toxicity.

Combination of venetoclax and chidamide selectively
targets primary B-cell ymphoma

Subsequently, we assessed the therapeutic efficacy of the
chidamide and venetoclax drug combination on clini-
cal samples. Peripheral blood samples were collected at
an early stage from patients with clinically diagnosed
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B-cell lymphoma and healthy donors, with relevant clini-
cal details of the B-cell lymphoma patients provided in
Table 1. Chidamide, venetoclax alone, and the combina-
tion were administered for 24 h, and the drug-induced
apoptosis in primary lymphocytes from B-cell lymphoma
patients was evaluated using the Annexin V-FITC/PI
double staining, with healthy donor peripheral blood
mononuclear cells (PBMCs) serving as controls. Chi-
damide or venetoclax monotherapy induced apopto-
sis, whereas the combination therapy notably enhanced
apoptosis of primary lymphocytes (Fig. 13A). Crucially,
the chidamide and venetoclax combination demonstrated
no cytotoxicity in healthy human PBMCs (Fig. 13B). This
selectivity is crucial for reducing side effects and improv-
ing patient outcomes. Taken together, these findings indi-
cated that the combination of chidamide and venetoclax
selectively targets primary lymphoma cells while sparing
normal PBMCs, highlighting the promising clinical util-
ity of this combined therapy.

Discussion

Transformed FL (t-FL) is an aggressive malignancy with
rapid progression and poor prognosis, presenting a chal-
lenge in the treatment of hematological malignancies [1,
4]. Chidamide, a potent inhibitor of HDACI, 2, 3, and
10, has shown potential therapeutic effects for t-FL but
faces limitations common in monotherapy settings [8].
Firstly, cancer cells hijack normal cellular processes to
support their growth and survival, meaning that a single
agent may inadvertently target normal tissues and result
in severe side effects. Secondly, some cancers exhibit spe-
cific signaling networks that can be influenced by recur-
ring mutations or aberrantly active signaling proteins, for
instance, those linked to CD79 mutations in B-cell recep-
tor-dependent lymphomas like CLL/SLL, MCL, and
certain DLBCL [41, 42]. Thus, acquired resistance to anti-
neoplastic drugs is unavoidable in the advanced stages of
cancer treatment, further complicating the therapeutic
process. Theoretically, there are two strategies to over-
come this challenge: combining additional effective com-
pounds for enhanced efficacy. Another approach involves
accurately characterizing resistance mechanisms. This
study aimed to investigate the most effective combina-
tion therapy with chidamide to enhance the therapeutic
outcomes for t-FL, given the challenging and complex
nature of the disease, alongside clinical feasibility.

A HTS platform assesses the sensitivity and toxicity of
various drug combinations. Previous studies have identi-
fied drugs that, in combination with ibrutinib, induce cell
death in ABC-DLBCL cells via combinatorial HTS [43].
Randomly selecting an established anticancer compound
library, we evaluated the synergistic antiproliferative
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Fig. 11 Effect of venetoclax and chidamide induced tumor growth inhibition of xenograft mice. SU-DHL4 cells were used to establish a t-FL
tumor xenograft mouse model, which was administered by gavage every day after tumor formation according to the regimen of ABT-199, CS055,
and the combination (n=8). A The subcutaneous tumor was taken out at the end of the experiment and recorded by photographing. The B tumor
volume and E body weight of the mice were measured daily. The C tumor volume and D weight were compared between the groups to evaluate
the corresponding effect (n=4). F Liver and kidney of mice were fixed and the sections stained with HE (magnification: 200x), and G serum were
detected for hepatorenal toxicity. H Kaplan-Meier overall survival (OS) curves of tumor-bearing xenograft mice (n=4). Data were represented

as the mean+SD, *p<0.05, *p<0.01, **p <0.001 and ****p <0.0001 by one-way ANOVA

impact of this library combined with venetoclax on t-FL
cell lines through HTS technology [44]. In this study, we
developed a drug matrix independently to enhance t-FL
treatment efficacy, leveraging a drug screening platform
for assessing cell viability and apoptosis. Our results
pinpointed venetoclax and chidamide as particularly

effective against t-FL. Venetoclax, a BCL-2 inhibitor,
received approval by the FDA for various leukemias [45].
However, the response of cancer cells to venetoclax is
influenced by cell type (BCL-2 dependency) [46], onco-
genic stress [47], microenvironmental factors [45], and
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Fig. 12 Venetoclax combined with chidamide exerts antitumor effect by inhibiting Wnt signaling pathway. A, B CDX mice tumor samples were
collected, and immunohistochemical staining was used to detect the expression changes of cleaved caspase-3 and Ki-67 (n=3, magnification:
200x, 400x). C Statistical analysis of immunohistochemistry by ImageProPlus software (data were represented as the mean + 5D, *p < 0.05, **p <0.01,
¥ <0.001 and ns (not significant) by one-way ANOVA). D Tumor tissue protein samples were extracted from each group, and the expression
levels of key proteins of Wnt signaling pathway and apoptosis-related proteins were detected by Western blot (n=2)

other stressors (such as DNA-damaging agents) leading
to varied susceptibility of hematologic malignancies to
BCL-2 inhibition in preclinical studies. Notably, FL cells

exhibit elevated and consistent BCL-2 expression levels,
yet the response rate to venetoclax monotherapy is lim-
ited. Venetoclax shows minimal efficacy against DLBCL
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Fig. 13 Venetoclax and chidamide selectively target primary B lymphoma cells while sparing normal PBMCs in vitro. Primary B-cell lymphoma
samples (n=15) and peripheral blood samples from healthy donors (n=7) were collected. Flow cytometry analysis was performed after staining
with the Annexin V/PI kit, the combined treatment of venetoclax and chidamide increased the death level of primary B lymphoma cells (n=15)
while sparing normal PBMCs (n=7). Data were represented as mean +SD. **p <0.01, ****p <0.0001 and ns (not significant) by one-way ANOVA

and does not correlate with a specific BCL-2 expression
pattern [48]. Currently, venetoclax is approved for cer-
tain combined regimens for newly diagnosed AML [49].
Therefore, theoretically, venetoclax could be considered
an option for a combined treatment for t-FL.

The potent efficacy of chidamide when combined with
venetoclax on t-FL cell lines and primary samples indi-
cates a substantial influence on dysregulated signaling
pathways in aggressive B-cell lymphoma. Wnt signaling,
a highly conserved pathway, plays a critical role in pro-
cesses such as cell proliferation, apoptosis, and migra-
tion [50]. Research has demonstrated that FOXP1 and
Wnt/B-catenin pathways drive B-cell lymphoma progres-
sion by enhancing B-catenin transcription through CBP-
mediated protein acetylation, boosting Wnt signaling
[51]. Elevated Wnt signaling and nuclear 3-catenin levels
are linked to unfavorable results in DLBCL patients [52].
Hence, the Wnt/B-catenin signaling pathway significantly
influences the development and survival of lymphoma
cells. Our current research revealed significant inhibition
of Wnt signaling based on transcriptome sequencing and
western blotting analyses. Levels of key proteins linked to
the Wnt pathway were notably decreased. Phosphoryl-
ated B-catenin indicates the active form, and GSK3 is
modulated through autophosphorylation at Tyr216 and
inactivation via phosphorylation at Ser9, affecting down-
stream [-catenin signaling [53]. These findings indicate

that the combination of chidamide and venetoclax exerts
anti-t-FL effects by suppressing the Wnt signaling path-
way. While our findings are mechanistically grounded in
t-FL-relevant models, further validation in larger cohorts
of t-FL is warranted.

The study revealed abnormal activation of the proto-
oncogene MYC in tumors, leading to elevated c-Myc
protein levels that directly control key metabolic enzyme
expression in cancer [54]. Moreover, c-Myc serves as a
downstream target of the Wnt/B-catenin signaling path-
way [55]. Interestingly, the combination treatment sig-
nificantly reduced c-Myc levels in both cells and tumor
tissues. The Wnt/B-catenin signaling pathway con-
trols cell proliferation by managing the cell cycle and is
inhibited by transbin/axin2/axil [56], aligning with the
observed G1 phase arrest induced by the combination
treatment. During the cell cycle, the tumor suppressor
p21 Wafl/Cipl binds to the cyclin D/CDK complex to
halt progression at the G1 phase. Meanwhile, p27 Kipl, a
member of the Cip/Kip cyclin inhibitor family, boosts G1
blockage by inhibiting the CDK2/cyclin E complex [57,
58]. Our research demonstrated that chidamide induces
G1 phase blockage by enhancing p21 and p27 protein
levels; the levels of GO/G1 checkpoint proteins were typi-
cally decreased, providing further evidence of the drug’s
anticancer effects following cell cycle arrest. Increased
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histone acetylation levels hinder tumor cell differentia-
tion, resulting in cell cycle arrest and enhanced apoptosis
[59]. An earlier report indicated that chidamide reduced
venetoclax resistance by suppressing the antiapoptotic
proteins BCL-xL. and MCL-1 [40]. Importantly, the
expression of BCL-xL. and HDACI0 proteins decreased
in all t-FL cell lines following combined treatment, sug-
gesting a mutual interaction between the drugs affecting
their respective critical genes.

In summary, our study introduces an innovative treat-
ment regimen for t-FL, demonstrating notable antitumor
effectiveness in cell-based assays and animal models. Our
in vitro experiments revealed that the HDAC inhibitor
chidamide, when combined with the BCL-2 inhibitor
venetoclax, triggers caspase activation in t-FL cells and
inhibits the Wnt signaling pathway, resulting in cell cycle
arrest, cell death, and reduced mitochondrial membrane
potential. Furthermore, this combined treatment shows
antitumor effects in tumor xenograft models without
affecting mouse body weight, selectively targeting pri-
mary B lymphoma cells, potentially contributing to its
in vivo tolerability. Overall, our results underscore the
effectiveness and safety of the new combination therapy
in preclinical investigations of t-FL, offering promise for
future clinical assessments.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-025-01878-0.

Additional file 1: Fig. S1. Anticancer drug monotherapy exerted different
effects in t-FL cell lines. Chidamide and seven prevalent small molecule
inhibitors in hematological tumors were selected to verify the antitumor
activity of single agents in t-FL cell lines, combined with cell viability and
apoptosis detection.

Additional file 2: Fig. S2. Synergistic anticancer activity of chidamide and
low-dose venetoclax in t-FL cell lines. A SC-1 and B RL cells were treated
with indicated concentrations of ABT-199 +CS055 for 24, 48, or 72 h. Cell
viability was assessed using the CCK-8 assay. Synergy was quantified using
the Chou-Talalay method, with combination index (Cl) values <1 and

>1.2 indicating synergistic and antagonistic effects, respectively. Data are
presented as mean + SD.

Additional file 3: Fig. S3. Z-VAD-FMK pretreatment reversed the ability

of venetoclax and chidamide to inhibit t-FL cell proliferation. The t-FL cell
lines were pretreated with 100 uM Z-VAD-FMK for 2 hours, supplemented
with the indicated concentrations of ABT199 and CS055 for another 24
hours, and then CCK-8 assay was used to detect the proliferation inhibi-
tion effect. Data were represented as mean +SD. *p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001 and ns (not significant) by unpaired t test.

Additional file 4: Fig. S4. Venetoclax and chidamide synergistically
induce apoptosis in t-FL cells. A Representative flow cytometry plots of
DOHH2 cell apoptosis. B-E DOHH2, SU-DHL-4, SC-1, and RL cells were
treated with indicated concentrations of ABT-199, CS055, or their combi-
nation for 48 h. Apoptosis was quantified by Annexin V/PI staining, with
Annexin V-positive cells defined as apoptotic. Data are presented as mean
+ SD; statistical significance was determined by one-way ANOVA (****p <
0.0001; ns, not significant).
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Additional file 5: Fig. S5. Z-VAD-FMK effectively delayed the apoptosis
induced by venetoclax and chidamide in t-FL cells. All cells were pre-
treated with 100 uM pan-caspase inhibitor Z-VAD-FMK, the percentage of
apoptotic cells was measured after the indicated treatment in A DOHH2,
B SU-DHL-4, CRL, and D SC-1 cells, and the apoptosis was detected by
flow cytometry.

Additional file 6: Fig. S6. The toxicity of venetoclax combined with chi-
damide was detected in normal mice. According to ABT199 (10 mg/kg/d),
CS055 (5 mg/kg/d), and the combined regimen, normal wild-type mice
were continuously administered by gavage for two weeks. A The body
weight of mice was recorded daily, B at the end point of the experiment,
the liver and spleen of mice were stained with HE, magnification: 400 x. C
The serum was detected for hepatorenal toxicity (n = 3).

Additional file 7: Table S1. Concentration gradient settings for different
anticancer drugs in a compound library.

Additional file 8: Table S2. Combination index of different concentra-
tions of ABT199 combined with CS055 in t-FL cells.
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