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Abstract: Double expressor lymphoma (DEL), characterized by high expressions of both MYC and BCL-2, displays 
poor prognosis after current therapies. The HDAC inhibitor chidamide has been approved for treatment of T cell lym-
phoma, but its efficacy on B cell lymphoma is unclear. Here, by combining inhibition screening and transcriptomic 
analyses, we found that the sensitivity of B lymphoma cells to chidamide was positively correlated with the expres-
sion levels of MYC. Chidamide treatment reduced MYC protein levels and repressed MYC pathway in B lymphoma 
cells with high MYC expressions. Ectopic expression of MYC in chidamide-insensitive B lymphoma cells increased 
their response to chidamide. Thus, we proposed that adding chidamide into R-CHOP (CR-CHOP) might be effective 
for DEL, and retrospectively analyzed 185 DEL patients treated in West China Hospital. 80% of patients showed 
response to CR-CHOP treatment. In the median follow-up of 42 months, CR-CHOP significantly improve the survival 
for DEL patients with R-IPI ≤2. Totally 35 patients underwent autologous stem cell transplantation (ASCT) in remis-
sion and demonstrated a trend for better survival. Combining CR-CHOP with ASCT resulted in the most superior PFS 
and OS above all. For response patients, CR-CHOP reduced relapse with better PFS than R-CHOP-like regimens with 
or without ASCT. Taken together, our data indicated that chidamide repressed the MYC pathway in B lymphoma and 
is potentially efficacious to treat DEL.
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Introduction

Diffuse large B cell lymphoma (DLBCL) is a 
highly heterogeneous disease with various clin-
ical-pathological subtypes and molecular sub-
sets, leading to different clinical outcomes [1, 
2]. MYC is a transcription factor that has been 
recognized as an oncogene in many different 
kinds of tumors. Overexpression of MYC has 
been identified in one-third of DLBCL, suggest-
ing an important role of MYC in the develop-
ment of DLBCL [3]. Among them, co-overex-
pression of MYC and BCL-2 identifies a specific 
subtype of DLBCL, termed double-expressor 
lymphoma (DEL) [4], which demonstrated to 
have an inferior survival under current stan-

dard R-CHOP (rituximab, cyclophosphamide, 
doxorubicin, vincristine, and prednisone) treat-
ment [5-7]. Previous research reported that  
the 3-year progression-free survival (PFS) and 
overall survival (OS) is 39% and 43% in DEL 
patients, compared to 75% PFS and 86% OS in 
the patients without MYC/BCL-2 dual overex-
pression [5]. Intensive treatment like etopo- 
side plus R-CHOP (R-EPOCH) or R plus dose-
adjusted EPOCH (R-DA-EPOCH) is suggested  
for DEL patients. However, these intensive 
strategies turn out to be more toxic and didn’t 
improve survival for DEL patients compare with 
R-CHOP in multiple studies [8, 9], except one 
retrospective article demonstrated better PFS 
and OS for young patients under 65 years old 
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[10]. Combining novel agents (venetoclax, ibru-
tinib, lenalidomide, and vorinostat) with R-CHOP 
have been investigated, but the supporting evi-
dence from these reports are limited [11-14]. 
Therefore, developing more potential drugs and 
strategies for patients with DEL is urgent.

Histone deacetylases (HDACs), a family of 
enzymes that deacetylate the acetyl group 
from lysine, play important roles in cancer biol-
ogy by regulating histone modification, chroma-
tin opening, and gene expression. Inhibition of 
HDACs has shown great promise in cancer  
therapy [15]. Vorinostat is the first FDA (Food 
and Drug Administration)-approved HDAC in- 
hibitor to treat cutaneous T cell lymphoma. 
After that, three other HDAC inhibitors (romi- 
depsin, belinostat, panobinostat) were licensed 
or underwent important development [16]. 
Later, a new oral HDAC inhibitor chidamide has 
been approved for relapsed or refractory 
peripheral T cell lymphoma as a single agent in 
China [17]. Chidamide inhibits the activity of 
HDAC 1, 2, 3 and 10, resulting in cell growth 
arrest and apoptosis [18]. Despite its efficacy 
for T cell lymphomas, the effect of HDAC in- 
hibitors in B-cell lymphomas is uncertain [17, 
19-22]. Considering the high heterogeneity of B 
cell lymphomas, it is better to evaluate the drug 
effects in a more specific subtype.

In this study, we explored the potential efficacy 
of chidamide on B cell lymphoma through inhi-
bition screening and molecular mechanism 
analysis. We found that the sensitivity of B lym-
phoma cells to chidamide was positively corre-
lated with the expression levels of MYC. Thus, 
we proposed the application of adding chidam-
ide to R-CHOP regimen (CR-CHOP) for DEL 
patients, and retrospectively analyzed the clini-
cal outcomes of chidamide treatment on DEL 
patients.

Material and methods

Cell culture

The lymphoma cell lines used in the study 
included Granta-519 (RRID:CVCL_1818), Na- 
malwa (RRID:CVCL_0067), and Raji (RRID: 
CVCL_0511) purchased from ATCC, Karpas- 
299 (RRID:CVCL_1324) and JeKo-1 (RRID: 
CVCL_1865) kindly provided by Pro. SY Yang, 
and CA46 (RRID:CVCL_1101), Daudi (RRID: 
CVCL_0008), SU-DHL-6 (RRID:CVCL_0597), 

and Ramos (RRID:CVCL_0597) kindly provid- 
ed by Pro. YL Zhao. The lymphoma cell lines 
were cultured in RPMI1640 medium (Thermo 
Fisher Scientific) supplemented with 10% or 
20% (SU-DHL-6 and Daudi) FBS (Gibco) and  
1% P/S. 293T cells were cultured in DMEM  
supplemented with 10% FBS and 1% P/S. 3T3 
cells were cultured in DMEM medium with 10% 
NCS and 1% P/S. All experiments were per-
formed with mycoplasma-free cells. All human 
cell lines have been authenticated using STR 
(or SNP) profiling within the last three years.

MYC overexpression based on retrovirus

The cDNA overexpression plasmid backbone 
was pMSCV-cDNA-IRES-GFP. Human MYC pro-
tein-coding sequence was obtained by PCR 
from the genome of Raji cells and cloned into 
the plasmid by BglII and EcoRI endonuclease 
(New England BioLabs), with empty vector as 
the negative control. The 293T cells were 
1:2~1:2.5 passaged the day before the virus 
package. 20 μg plasmid, pcleo, vsvg were used 
to package retrovirus by calcium phosphate-
DNA co-precipitation. Viruses were collected to 
infect Karpas299 cells 24-48 hours after 
transfection.

Cell growth inhibition assay

Lymphoma cells were seeded into 96-well 
plates at the concentration of 104 per well for 
chidamide sensitivity analyses. Chidamide was 
dissolved in DMSO diluted with a 2-fold gradi-
ent for lymphoma cell inhibition assay. The Cell 
density of each cell line was counted by flow 
cytometer after treated with chidamide for 48 
and 72 hours.

Gene expression level detection

RNA: Lymphoma cells were collected pre- and 
post-treatment with chidamide. RNA was iso-
lated with Trizol (Thermo Fisher Scientific), 
cDNA was synthesized with HiScript-III RT 
SuperMix kit (Vazyme R323-01), Fast SYBR 
Green Mastermix (Vazyme Q711-02/03) was 
used and qPCR was performed and analyzed 
on a StepOne Real-Time PCR System (Applied 
Biosystems Q3). The sequence of human MYC 
RT-PCR primer from 5’ to 3’ is “TTCTCTCCG- 
TCCTCGGATT”.

Protein: Protein from lymphoma cells was pre-
pared in laemmli buffer, separated by SDS/
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PAGE electrophoresis with 5% concentration 
gel and 12.5% separation gel, and transferr- 
ed onto PVDF membranes. Then the MYC 
(Proteintech, 10828-1-AP), CDK4 (Huabio 
ET1612-23), and Actin (Invitrogen, beta-actin-
HRP, RK241732) antibodies were used to show 
the target protein.

Xenograft experiment

2 × 106 CA46 and KARPAS-299 cells were 
injected subcutaneously into both flanks of 
nude mice (6-week-old) to establish the lym-
phoma xenograft model. Treatment started 
when tumor became about 5 × 5 mm in sur- 
face (day 0). Chidamide was given intragastric 
administration every day for 16 days. Tumor 
volumes were monitored every 3 days, and  
calculated as 0.5 × a × b2 (‘a’ is the length and 
‘b’ is the width).

RNA-sequencing analysis

According to the Illumina standard protocols, 
RNA libraries were prepared and used for 
sequencing. The RNA-seq data were sequenc- 
ed by Illumina NovaSeq 6000 sequencing 
machine with 150 bp paired-end reads. The 
company carried out quality control (removed 
adapter, poly-N, and low-quality reads) on the 
raw data to get clean data. The contents of  
Q20 (>90), Q30 (>85), and GC in the clean data 
met the standard and could be used for down-
stream analysis.

The RNA-seq reads were aligned to the refer-
ence genome (hg19) by STAR [23], and 
Transcript was normalized by Transcript per mil-
lion (TPM). DESeq2 was used for differential 
expression analysis, and genes with log2-fold 
change ≥0.5 or ≤-0.5; FDR ≤0.01 were identi-
fied as significantly differentially expressed 
genes [24]. GSEA used statistical approaches 
to identify similarities and differences between 
two given clusters by identifying prior-defined 
gene sets [25]. Differently expressed genes in 
pathway enrichment analysis were performed 
by ClusterProfiler [26]. Heatmap of differential-
ly expressed genes of the chidamide-treated 
group compared with vehicle-treated group 
constructed by heatmap and was normalized 
by z-scores. The intersection genes down-regu-
lated in the JeKo-1 chidamide-treated group 

and the Granta-519 chidamide-treated group, 
as well as the intersection with the MYC target 
genes, were analyzed by VennDiagram [27].

Patients

We performed a retrospective analysis of the 
clinical outcomes of DEL patients treated with 
CR-CHOP or R-CHOP-like regimen. Patients  
with newly diagnosed DEL between 2017 and 
2020 in West China Hospital were included 
(ChiCTR2000041326). The diagnosis was per-
formed according to the 2016 World Health 
Organization classification [28]. Cell of origin 
(COO) profile was determined by Hans  
algorithm, and DEL had been defined as MYC 
≥40% and BCL-2 ≥50% in Immunohisto- 
chemistry staining. Besides, Ann Arbor stages 
and R-IPI (revised International Prognosis 
Index) [29] scores were evaluated for every 
patient. Patients with DHL, HIV positivity, or pri-
mary central nervous system (CNS) lymphoma 
were excluded. At least one cycle of standard 
treatment and assessment to evaluate the  
efficacy of the treatment should be completed. 
The study was approved by the ethics commit-
tee of West China Hospital (HX-2020-1200).

Treatment

CR-CHOP regimen was as given as following: 
Rituximab 375 mg/m2 administrated intrave-
nously on day 0, cyclophosphamide 750 mg/
m2, doxorubicin 50 mg/m2, and vincristine 1.4 
mg/m2 administrated intravenously on day 1, 
prednisone 60 mg/m2 administrated orally on 
days 1-5, and chidamide 20 mg administrated 
orally on day 1, 4, 8, and 11. The regimen was 
repeated every 21 days intended for 6~8 
cycles. Contrast-enhanced computed tomogra-
phy or positron emission tomography/comput-
ed tomography was performed to evaluate  
the treatment response assessed by the stan-
dardized response criteria [30]. Patients  
treated with R-CHOP-like regimens included 
R-CHOP, R-EPOCH, and R-DA-EPOCH during the 
same period were recruited as concurrent 
control.

Statistics

The final follow-up data cutoff was September 
1st, 2022. The median follow-up time were 43 
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months for CR-CHOP cohort and 40 months for 
R-CHOP-like cohort, respectively. The primary 
endpoints were PFS measured from the thera-
py initiation to the date of lymphoma progres-
sion, relapse, or death, and OS measured from 
the therapy initiation to the date of death (or 
from remission time in analysis for respond- 
ing patients). Secondary endpoints included 
response rate, and adverse events (AEs). 
Estimates of survival were calculated by 
Kaplan-Meier method and compared between 
subgroups using the log-rank test. The mecha-
nism study’s statistical significance was deter-
mined by a two-tailed Student’s t-test of 2  
independent samples. The error bar in the  
picture represents the standard error of the 
mean (SEM). Statistical analysis was perform- 
ed using SPSS Software, V26.0 (IBM Corpo- 
ration, Armonk, NY, USA), and GraphPad Prism 
software V8.3.1 (San Diego, CA, USA). For all 
tested hypotheses, two-tailed p values <0.05 
were considered significant (*P<0.05, **P< 
0.01, and ***P<0.001).

Data availability

RNA-seq data used in this study can be acc- 
essed under GEO accession number GSE17- 
3285 (https://www.ncbi.nlm.nih.gov/geo/qu- 
ery/acc.cgi?acc=GSE173285). The other data-
sets used and/or analyzed in the study are 
available from the corresponding author on 
reasonable request.

Results

Chidamide targeted the MYC pathway in B-cell 
lymphoma

First, we performed an inhibition screening  
of B cell lymphoma cell lines on chidamide. A 
total of nine B cell lymphoma cell lines (CA46, 
Daudi, Granta-519, Namalwa, JeKo-1, Karpas- 
299, Raji, Ramos, and SU-DHL-6) were used. 
Then we calculated the half-maximal inhibitory 
concentration (IC50) of chidamide for each  
cell line by curve-fitting analysis and grouped 
them into chidamide-sensitive (IC50: 1.063~ 
1.652 μM, included CA46, Daudi, JeKo-1, Raji, 
Namalwa, and Ramos) and chidamide-in- 
sensitive (IC50: 2.839~7.959 μM, included 
SU-DHL-6, Karpas-299, and Granta-519) cell 
lines (Figure 1A, Supplementary Figure 1A).

To understand the molecular mechanism of  
chidamide on B cell lymphoma, we performed 

the high throughput RNA sequencing to analy- 
ze the transcriptome change after chidamide 
treatment in one chidamide-sensitive cell line, 
JeKo-1, and one chidamide-insensitive cell  
line, Granta-519. As HDAC inhibitor, chidamide 
profoundly altered the transcriptome of  
the chidamide-sensitive JeKo-1 cell line, with 
3,227 significantly upregulated and 1,865 
downregulated genes, among which MYC and 
many MYC downstream target genes were sig-
nificantly down-regulated (Figure 1B). Of note, 
JeKo-1 expressed a significantly higher level of 
MYC than Granta-519 (Figure 1C). And consis-
tently, 27.5% of the MYC target genes were 
downregulated after chidamide treatment in 
JeKo-1, compared to 14.5% in Granta-519. 
Among them, 33 out of the 200 MYC target 
genes were specifically downregulated in  
JeKo-1 by chidamide, while only 7 genes in 
Granta-519 (Figure 1D and Supplementary 
Figure 2A).

The results led us to explore the drug effect of 
chidamide on MYC and MYC pathways. Gene 
set enrichment analysis (GSEA) results re- 
vealed that the MYC_TARGETS pathway was 
significantly negatively enriched in chidamide-
treated JeKo-1 cells (NES: -2.44, FDR q: 0.00) 
(Figure 1E). Moreover, the MYC-binding motif 
(CACGTG) was found to be significantly enrich- 
ed in the promoter region of genes which is 
down-regulated after chidamide treatment in 
JeKo-1 cells (P=1e-9) (Figure 1F). Moreover, 
KEGG pathway analysis showed that the ribo-
some biogenesis and RNA splicing pathways, 
which were regulated by MYC, were significan- 
tly enriched in JeKo-1 unique down-regulated 
genes after chidamide treatment (Supple- 
mentary Figure 2B). Besides, the cellular apop-
tosis and JAK-STAT3 pathway were up-regulat-
ed in chidamide-treated JeKo-1 cells, compared 
to vehicle-treated cells (Supplementary Figure 
2C, 2D), which might contribute to chidamide-
induced cell growth repression. Together, the 
results suggested that chidamide could target 
the MYC pathway to repress B cell lymphoma 
cell growth.

MYC expression level positively correlated with 
chidamide sensitivity

Then we explored the correlation of MYC 
expression levels with chidamide sensitivity in 
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more B cell lymphoma cells. We found that 
there was a significantly positive correlation 
between chidamide sensitivity and MYC mRNA 
level obtained from the Broad Institute Cancer 
Cell Line Encyclopedia (CCLE, https://portals.
broadinstitute.org/ccle/) (R=-0.81, P=0.0082) 
(Supplementary Figure 1B). We confirmed the 
MYC gene expression level by RT-qPCR and 
observed a similar correlation (R=-0.79, 
P=0.0067 for MYC) (Figure 2A).

Then, we detected the changes of MYC and 
MYC-target protein levels in B cell lymphoma 
cells after chidamide treatment. Intriguingly, 
chidamide treatment significantly reduced the 
MYC protein levels in all chidamide-sensitive 
cell lines (Figure 2B, 2D), while there were no 
significant changes in those insensitive cell 
lines (Figure 2C, 2D). However, the mRNA  
levels of MYC were not consistently down-regu-
lated in either chidamide-sensitive or -insensi-
tive cells (Supplementary Figure 1C), suggest-
ing that HDAC inhibitor chidamide targeted 
B-cell lymphoma more likely through suppress-

ing MYC protein directly rather than regulating 
at the transcriptome level. The expression of 
MYC-target protein, CKD4, was also down-regu-
lated in chidamide-sensitive cell lines, but not 
in chidamide-insensitive cell lines (Figure 2E, 
2F). Meanwhile, MYC overexpression made  
chidamide-insensitive cell line, Karpas-299, 
more sensitive to chidamide treatment, com-
pared to control cells infected with empty vec-
tor (Figure 2G). To assess activity of chida- 
mide in vivo, we engrafted MYC-high CA46  
cells and MYC-low Karpas-299 cells subcuta-
neously in the flanks of nude mice. Chidamide 
showed greater anti-tumor ability against MYC-
high lymphoma cells, CA46, compared to MYC-
low Karpas-299 cells (Figure 2H, 2I).

These results indicated that the expression of 
MYC was related to the efficacy of chidamide, 
and lead us to wonder whether chidamide 
would be efficacious for DEL patients with  
overexpression of MYC and BCL-2. To exami-
nate the effect of chidamide on MYC in DEL, we 
treated primary lymphoma cells from one DEL 

Figure 1. MYC pathway in B cell lymphoma cells was inhibited after chidamide treatment. A. The curve-fitting analy-
sis of cell viability. The dotted line represents half inhibition concentration (IC50) of chidamide. B. Heatmap shows 
the significantly differentially expressed genes in the JeKo-1 treated chidamide or vehicle (p.adj=0.05). C. Expres-
sion levels of MYC in JeKo-1 and Granta-519 cells treated with vehicle and chidamide by transcriptome analysis. 
TPM: transcript per million. D. The Venn diagram shows the overlap of down-regulated genes in chidamide-treated 
JeKo-1 cells with the MYC target genes (HALLMARK MYC TARGET V1, P=7.7e-19). E. Gene set enrichment analysis 
(GSEA) shows that the HALLMARK MYC TARGET V2 was enriched in the vehicle-treated JeKo-1 cells. F. Binding sites 
of down-regulated genes in the chidamide-treated JeKo-1 cells were regulated by c-MYC.
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patient with chidamide in vitro. The results 
showed that chidamide decreased the protein 
level but not the mRNA level of MYC (Figure 2J, 
2K).

Patients characteristics and response rates

Furthermore, to confirm the efficacy of chi- 
damide in DEL. We performed a retrospective 
analysis comparing clinical outcomes of CR- 

CHOP vs R-CHOP-like regimens on patients 
with DEL. A total of 185 patients diagnosed 
with DEL between 2017 and 2020 in West 
China Hospital were included, of which 73 
patients were treated with CR-CHOP, and 112 
patients were treated with R-CHOP-like regi-
mens during the same period as concurrent 
control, including R-CHOP for 90 patients, 
R-EPOCH for 15 patients, and R-DA-EPOCH  
for 7 patients. The baseline characteristics 

Figure 2. MYC expression level was positively correlated with the sensitivity of B-cell lymphoma cells to chidamide. 
(A) The correlation between chidamide sensitivity and MYC expression levels analyzed by qRT-PCR in different B-
cell lymphoma cell lines (R=0.8393, P=0.0047). (B, C) Western blotting of MYC in chidamide-sensitive (B) and 
chidamide-insensitive (C) B-cell lymphoma cell lines treated with vehicle or 2 μM chidamide. (D) Quantitation of MYC 
proteins in chidamide-sensitive and chidamide-insensitive cell lines treated with vehicle or 2 μM chidamide. (E, F) 
Western blotting of CDK4 in chidamide-sensitive (E) and chidamide-insensitive (F) B-cell lymphoma cell lines. (G) 
Inhibition rate of MYC overexpressed Karpas-299 cells after chidamide treatment. (H, I) Tumor growth ratio curve 
after chidamide administration in vivo (H) and exfoliated tumor mass on day 15 (I). (J, K) The MYC protein (J) and 
mRNA (K) level change in lymphoma cells from a DEL patient treated with 4 µM chidamide. *P<0.05, **P<0.01, 
***P<0.001 (two-tailed Student’s t-test).
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between the 2 groups were almost similar, 
except that patients in CR-CHOP group were 
with significantly more advanced diseases 
[49/73 (67.12%) vs 58/112 (51.79%) of the 
patients had an advanced Ann Arbor stage (III-
IV stage) in the CR-CHOP and R-CHOP-like 
group respectively] at diagnosis (Table 1).

Response assessment was feasible in 178 
patients (71 for CR-CHOP group, and 107 for 
R-CHOP-like group). The overall response rates 
were 80% vs 75% (P=0.392), and the complete 
response (CR) were 79% vs 70% (P=0.193) fol-
lowing CR-CHOP and R-CHOP-like regimens, 

respectively. Notably, more patients with R-IPI 
score ≤2 had overall response (90% vs 77%, 
P=0.074) and CR (88% vs 73%, P=0.057) to  
the treatment in CR-CHOP group (Table 2). 
Seven patients were not evaluable because of 
adverse events (n=4, 2 died of pneumonia; 1 
was due to seizure; 1 had acute exacerbation 
of chronic obstructive pulmonary disease) and 
loss to follow-up (n=3).

Most of the adverse events were manageable 
in CR-CHOP group, except for one patient who 
died from pneumonia and one patient who 
interrupted the regimen due to recurrent sei-

Table 1. Baseline characteristics of DEL patients with CR-CHOP or R-CHOP-like regimens at diagnosisa

CR-CHOP R-CHOP-like p valueb

Study Population 73 112
    Sex 0.135
        Male 34 (46.58%) 65 (58.04%)
        Female 39 (53.42%) 47 (41.96%)
    Age 0.756
        <60 [65] 48 (65.75%) 71 (63.39%)
        ≥60 [65] 25 (34.25%) 41 (36.61%)
        Mean 53.40±12.55 yr 55.79±14.80 yr
    Stage (Ann-Arbor) 0.048*

        I-II 24 (32.88%) 54 (48.21%)
        III-IV 49 (67.12%) 58 (51.79%)
    Extranodal site (≥1 site) 0.290
        Yes 59 (80.82%) 82 (73.21%)
        No 14 (19.18%) 30 (26.79%)
    CNS involvement 1 (1.37%) 3 (2.68%) -
    R-IPI 0.317
        Very Good (0) 13 (17.81%) 22 (19.64%)
        Good (1, 2) 29 (39.73%) 52 (46.43%)
        Poor (3, 4, 5) 31 (42.47%) 38 (33.93%)
    COO 1.000
        GCB 7 (9.59%) 12 (10.71%)
        Non-GCB 66 (90.41%) 94 (83.93%)
        Unclassified 0 6 (5.36%)
    Rearrangements -
        MYC 2 (2.74%) 1 (0.89%)
        BCL2 0 1 (0.89%)
        BCL6 8 (10.96%) 15 (13.39%)
    ASCT 0.007*

        In CR1 18 (24.66%) 12 (10.71%)
        In CR2 3 (4.11%) 2 (1.79%)
aPlus-minus values are mean ± SD. Percentages may not total 100 because of rounding. bThe p values represent the test of ho-
mogeneity between patients treated with CR-CHOP and CHOP-liked regimens, calculated by Chi-Square, Wilcoxon Signed Rank 
or Fisher’s precise test. *represents significant values (P<0.05). R-IPI: revised international prognostic index; COO: cell of origin; 
R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; CR-CHOP: Chidamide plus R-CHOP.
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zure. Other ≥ grade 3 adverse events included 
thrombocytopenia in 2.7% patients, anemia in 
8% patients, neutropenia in 21.9% patients.

Survival outcomes

During the first remission (CR1), 18 (24.66%) 
patients in CR-CHOP group and 12 (10.71%) 
patients in R-CHOP-like group underwent autol-
ogous stem cell transplantation (ASCT) as  
consolidative therapy. Besides, 3 patents in 
CR-CHOP group, and 2 patients in R-CHOP-like 
group received salvage ASCT in CR2 after 
remission from second-line chemotherapy 
(Table 1). ASCT was performed following Chi-
CGB condition treatment (chidamide, cladrib-
ine, gemcitabine, and busulfan) reported in our 
previous study [31].

With a median follow-up of 42 months (inter-
quartile range [IQR], 30-54 months), we 
explored if chidamide and ASCT affected the 
prognosis of DEL patients. For patients without 
ASCT, the overall 3-year PFS was 61.4% vs 
51.2% (P=0.197) and OS was 74.7% vs 69.4% 
(P=0.230) following CR-CHOP and R-CHOP-like 
regimens (Figure 3A, 3B). Intriguingly, in the 
subset of patients with R-IPI ≤2, CR-CHOP  
could significantly improve the survival (3-year 
PFS: 84.7% vs 59.6%, P=0.037; 3-year OS: 
87.9% vs 73.5%, P=0.041) compared to 
R-CHOP-like regimens (Figure 3C, 3D), while 
here is no significant difference for those with 
R-IPI >2 (Figure 3E, 3F). Then we evaluated  
the efficacy of ASCT in DEL. Patients received 
ASCT showed a trend for better PFS and OS 
than others, however, without statistic signifi-

the meanwhile, for patients who were not 
received ASCT after remission, CR-CHOP also 
reduced the chance of relapse compared to 
R-like-regimen (3-year PFS: 87.6% vs 72.2%, 
P=0.030) (Figure 4A, 4B).

Discussion

In this study, we found that the sensitivity of B 
lymphoma cells to HDAC inhibitor chidamide 
was positively correlated with the expression 
levels of MYC, which led us to apply the drug 
into the treatment of DEL, combining with  
standard R-CHOP (CR-CHOP regimen). CR- 
CHOP turned out to be efficacious to improve 
the survival of DEL patients with R-IPI ≤2. 
Meanwhile, we suggested a treatment strategy 
consisting of the integration of CR-CHOP and 
upfront ASCT with Chi-CGB condition for DEL.

Unlike other B cell lymphomas, MYC and BCL- 
2 overexpressed DEL, representing 20-30% 
cases of DLBCL, is associated with poor out-
comes after current standard R-CHOP treat-
ment, even in patients with low R-IPI score 
[5-7]. Existing evidence to support Intensive 
chemotherapy, such as R-EPOCH and R-DA-
EPOCH is limited, and the benefit is restricted 
to young patients [10]. Thus, DEL is an urgent 
clinical problem and new treatment strategies 
are required. Novel drugs including immuno-
modulators like lenalidomide and small molec-
ular inhibitors targeting BCL-2 were added into 
the standard R-CHOP or R-EPOCH regimen for 
the treatment of DEL and tested in clinical  
trials [11, 13, 32]. However, most of the studi- 
es were not designed specifically for DEL, so 

Table 2. Patient best response after induction chemo-
therapy

Evaluable 
Patients CR PR ORR PD/SD

CR-CHOP
    Overall 71 56 (79%) 1 (1%) 57 (80%) 14 (20%)
        R-IPI ≤2 42 37 (88%) 1 (2%) 38 (90%) 4 (10%)
        R-IPI >2 29 19 (66%) 0 19 (66%) 10 (34%)
R-CHOP-like
    Overall 107 75 (70%) 5 (5%) 80 (75%) 27 (25%)
        R-IPI ≤2 70 51 (73%) 3 (4%) 54 (77%) 16 (23%)
        R-IPI >2 37 24 (65%) 2 (5%) 26 (70%) 11 (30%)
R-IPI: revised international prognostic index; CHOP: cyclophosphamide, 
doxorubicin, vincristine, and prednisone; CR-CHOP: Chidamide plus R-
CHOP.

cance (Supplementary Figure 3A-F). 
But it is worthy to note that in the  
subset of R-IPI >2 group, among 13 
patients, only 2 relapsed and only 1 
died in ASCT cohort. Therefore, we 
believed that chidamide and ASCT 
had potential to improve the clinical 
outcome of DEL patients. Further- 
more, patients treated with CR-CHOP 
regimen consolidated by ASCT pre-
sented with the most superior PFS 
and OS above all, and their PFS was 
significantly improved compared with 
patients treated with R-CHOP-like 
regimens and ASCT (3-year PFS: 
94.7% vs 64.8%, P=0.047), although 
OS was not significantly affected. At 
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they only enrolled a very small number of DEL 
patients. So far, the treatment of DEL is still 
very challenging. Epigenetic dysregulation is a 
hallmark of cancer. Among them, dysregulation 
of HDACs plays a critical role in tumorigenesis, 
including B cell lymphoma. Cytotoxic effects of 
HDAC inhibitors on B cell lymphoma have been 
proven in multiple preclinical studies [33, 34]. 

However, supporting evidence from clinical tri-
als is limited, and suitable subgroups are not 
identified. Chidamide is a novel oral HDAC 
inhibitor, which has been proved by China FDA 
to treat peripheral T cell lymphoma in 2014 
[17], In our study, we showed that DEL might fit 
into the indication of chidamide, as the drug 
sensitivity is positively correlated with MYC 

Figure 3. CR-CHOP improved survival of DEL patients with R-IPI ≤2 without transplantation. Progression-free survival 
(A, C, E) and overall survival (B, D, F) for all DEL patients (A, B), patients with R-IPI ≤2 (C, D) and patient with R-IPI >2 
(E, F), without transplantation. R-IPI: revised international prognostic index; R-CHOP: rituximab, cyclophosphamide, 
doxorubicin, vincristine, and prednisone; CR-CHOP: chidamide plus R-CHOP.
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expression level. 80% of patients with DEL 
responded to the treatment after 6 cycle of 
CR-CHOP regimen. Our results are comparable 
with a recent study in which all 12 patients  
with DEL reached CR after CR-CHOP treatment 
[22]. Also, in our study, CR-CHOP significantly 
improve the survival of patients with R-IPI ≤2. 
Moreover, a multicenter phase III clinical trial  
of tucidinostat (chidamide) combined with 
R-CHOP in patients with newly diagnosed DEL 
(NCT04231448) is ongoing in China.

The application of hematopoietic cell trans- 
plantation for DEL is controversial. Some stud-
ies have demonstrated poor outcomes after 
autologous or allogeneic transplantation for 
DEL [35, 36]. However, these studies mainly 
recruited patients with refractory or relapsed 
disease and at least 2 lines of chemotherapy 
were applied before transplantation. Upfront 
ASCT as consolidation is suggested for aggres-
sive lymphoma to reduce relapse and improve 
survival [37]. Some studies evaluated the effi-
cacy of upfront ASCT in DEL and survival  
advantage was observed [38-40], suggesting 
the potential of ASCT as consolidation for DEL. 
In our study, we also observed a trend for bett- 
er survival and less relapse after ASCT. So we 
suggest to bring the ASCT forwards before 
relapse, and propose a new treatment strategy 
for DEL consisting of CR-CHOP followed by 
ASCT consolidation. We also included chidam-
ide into the condition treatment for ASCT which 
showed favorable results for DEL in our previ-
ous studies [31].

Mechanically, our study has shown that HDAC 
inhibition could reduce protein levels of MYC in 

DEL lymphoma cells. Very interestingly, the 
mRNA level was not significantly affected after 
treatment. Direct regulation of MYC by HDAC in 
protein level has been observed in other stud-
ies when pan or Class I HDAC inhibitors were 
used to treat other types of cancer [41-44]. 
First, MYC protein can be directly acetylated by 
EP300 and CBP, which are the substrates of 
HDAC [42, 43]. It has been shown that, after 
HDAC inhibitor (vorinostat) treatment, MYC  
was acetylated at lysine 323, which led to the 
increased turnover of MYC protein in the  
histiocytic lymphoma cell called U-937 [42]. 
Moreover, HDAC2 was reported to be a cofac-
tor of MYC in MYC overexpressed medulloblas-
toma [41]. The repression of HDAC2 could 
reduce the DNA binding activity of MYC protein 
and subsequently downregulated the expres-
sion of MYC downstream target genes [41]. 
However, seldom study investigated the rela-
tionship of MYC and HDAC in lymphoma. In a 
recent study, a new HDAC inhibitor CKD-581 
also showed anti-cancer effects in DLBCL by 
down-regulating MYC [45], but more work 
needs to be done to explore the exact mecha-
nism. Besides, as DEL has dual overexpression 
of MYC and BCL-2, we also investigated the 
relationship between BCL-2 expression level 
and chidamide sensitivity. The results turned 
out to be insignificant. It is worthwhile to explore 
whether other MYC-driven cancer cells are sen-
sitive to HDAC inhibition of chidamide.
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Supplementary Figure 1. The sensitivity of B cell lymphoma cells to chidamide significantly positively correlated with 
MYC expression level. A. Lymphoma cell lines are grouped into chidamide-sensitive (Red) and chidamide-insensitive 
(Blue) cell lines according to IC50. B. The correlation between chidamide IC50 and MYC expression levels analyzed 
by the CCLE database in different lymphoma cell lines (R=0.85, P=0.0061). C. Quantitation of relative RNA expres-
sion for MYC in lymphoma cell lines treated with 2 μM chidamide measured by RT-qPCR.

Supplementary Figure 2. Chidamide repress the MYC pathway in B cell lymphoma cell lines. (A) The Venn diagram 
shows the overlap of down-regulated genes in the chidamide-treated JeKo-1 and Granta-519 with the MYC target 
genes (common downregulated genes(22) in JeKo-1 and Granta-519 overlap with MYC target genes, P=3.3e-4; 
JeKo-1 unique down-regulated genes(33) with MYC target genes, P=4.2e-14; Granta-519 unique down-regulated 
genes(7) overlap with MYC target genes, P=0.69). (B) Bar plots shows the most enriched KEGG pathways in the 
JeKo-1 unique down-regulated genes treated with chidamide. (C, D) Gene set enrichment analysis (GSEA) shows 
that the HALLMARK APOPTOSIS pathway (C) and HALLMARK IL6 JAK STAT3 SIGNALING pathway (D) were enriched 
in the chidamide-treated Jeko-1 cells.
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Supplementary Figure 3. Effect of ASCT on the survival of DEL patients after remission. ASCT had a trend to have 
better progression-free survival (A, C, E) and overall survival (B, D, F) for all DEL patients (A, B), patients with R-IPI ≤2 
(C, D) and patient with R-IPI >2 (E, F) after remission. ASCT: Autologous stem cell transplantation.


