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Abstract
Diffuse large B-cell lymphoma (DLBCL) is the most common and aggressive type of B-cell lymphoma. Unfortunately, 
about one-third of patients either relapse after the initial treatment or are refractory to first-line therapy, indicating a need for 
new treatment modalities. PIM serine/threonine kinases are proteins that are associated with genetic mutations, overexpres-
sion, or translocation events in B-cell lymphomas. We conducted an integrative analysis of whole-exome sequencing in 52 
DLBCL patients, and no amplification, mutation, or translocation of the PIM1 gene was detected. Instead, analyses of TCGA 
and GTEx databases identified that PIM1 expression was increased in DLBCL samples compared to normal tissue, and 
high expression levels were associated with poor overall survival. Moreover, interference of PIM1 significantly suppressed 
DLBCL cell proliferation. In addition, we identified anwulignan, a natural small-molecule compound, as a PIM1 inhibitor. 
Anwulignan directly binds to PIM1 and exerts antitumor effects on DLBCL in vitro and in vivo by inducing apoptosis, cell 
cycle arrest, and autophagic cell death. Furthermore, we identified an effective synergistic combination between anwulig-
nan and chidamide. Our findings suggested that PIM1 could be a therapeutic target and prognostic factor for DLBCL, and 
anwulignan holds promise for future development as a natural product for treatment.
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Introduction

DLBCL, the most prevalent form of aggressive B-cell lym-
phoma in adults, displays significant clinical variability and 
a complex molecular landscape [1, 2]. Although the anti-
CD20 monoclonal antibody rituximab in combination with 

chemotherapy (R-CHOP) is the standard of care for first-line 
DLBCL treatment, approximately one in three patients relapse 
after the initial response or are refractory to first-line therapy 
[3]. This underscores the need for better treatment modalities, 
including the discovery of novel drugs and targets, to address 
this challenge. Therefore, there is an urgent need to identify new 
therapies to improve patient outcomes.

The PIM family of serine/threonine kinases consists of 
three highly conserved oncogenes (PIM1-3) that are frequently 
upregulated in diverse solid tumors and hematologic malig-
nancies [4]. PIMs control the functions of proteins involved in 
various cellular processes, including transcription, translation, 
the cell cycle, metabolism, survival, and immune evasion [5, 
6]. Considerable evidence supports the involvement of PIM1 
and PIM2 in DLBCL pathogenesis. Recent studies have iden-
tified PIM2 inhibition as a viable therapeutic approach for the 
treatment of DLBCL. Moreover, PIM1 has been identified as 
a target for aberrant somatic hypermutations in DLBCL, and 
multiple studies have demonstrated high protein expression in 
this malignancy [7]. Consequently, it is important to investigate 
the potential role of PIM1 in the pathogenesis of DLBCL and 
assess its potential as a therapeutic target.
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The discovery and development of natural products and 
their analogs have significantly affected pharmacotherapy, 
particularly in the treatment of cancer [8, 9]. Many chemo-
therapeutic agents currently used in cancer treatment are 
derived from plants, such as paclitaxel (taxol) from Taxus 
brevifolia (Pacific Yew) and vinblastine and vincristine 
from the Madagascar periwinkle plant (Catharanthus 
roseus) [10].

This study aimed to investigate the therapeutic potential 
of DLBCL, elucidate its underlying mechanism of action, 
and explore innovative combination treatment strategies 
for this disease. In this study, three main questions were 
addressed: (a) Is PIM1 a valuable therapeutic target and a 
potential prognostic biomarker for DLBCL? (b) Are there 
any naturally occurring small-molecule compounds that 
exhibit inhibitory effects on PIM1, thereby indicating their 
potential as candidate compounds for DLBCL treatment? (c) 
Is the combination of a PIM inhibitor with drugs currently 
under preclinical and clinical investigation a potentially 
promising strategy for enhancing the therapeutic efficacy 
of DLBCL?

Materials and methods

Cell lines

The SU-DHL-8, SU-DHL-2, and Farage cell lines were 
cultured in RPMI-1640 medium (Hyclone) supplemented 
with 10% fetal bovine serum at 37 °C in an atmosphere 
containing 5% CO2. These cell lines underwent short 
tandem repeat (STR) marker analysis by Genetic Test-
ing Biotechnology Corporation (Suzhou, China) to verify 
their identity.

Cytotoxicity assay

DLBCL cells were seeded into 96-well plates at a density of 
10 × 10^4 cells/mL in 90 μL of medium per well. The cells 
were treated with various concentrations of Anwulignan (1, 
10, 25, 50, and 100 µM) for 48 h, with 10 µL of the com-
pound added to each well. After the treatment period, 10 µL 
of CCK-8 kit reagent was added to each well and incubated 
at 37 °C for 2 h. The absorbance at 450 nm was measured 
using a microplate reader to determine the final cell viability.

Data acquisition

Gene expression profiles for DLBCL were obtained from 
The Cancer Genome Atlas (TCGA) dataset, which included 
48 samples. The TCGA dataset was accessed through the 
following website: https://​portal.​gdc.​cancer.​gov/. Nor-
mal control datasets for DLBCL were obtained from the 

Genotype-Tissue Expression (GTEx) dataset, which included 
337 samples. The GTEx dataset was accessed through the 
following website: https://​www.​gtexp​ortal.​org.

Ethics statement and clinical specimens

This study was conducted by the Declaration of Helsinki and 
approved in accordance with Ethics Committee of Soochow 
University Union Hospital. Written informed consent was 
obtained from all patients, and all experiments were performed 
in compliance with relevant regulations. A total of 52 DLBCL 
tissue samples were collected from The Second Affiliated Hos-
pital of Soochow University and frozen in liquid nitrogen for 
further analysis. DLBCL cases were confirmed by pathologi-
cal examination of lymph node biopsy or lymphadenectomy 
according to the 2017 WHO Classification of Lymphoid 
Neoplasms.

Transcriptome RNA sequencing

SU-DHL-8 cells were treated with anwulignan (60.55 μM) 
and a normal control group was also established. The rel-
evant indexes were measured 12 h after treatment. Total 
RNA was extracted from the cells and quantified, and 
eukaryotic mRNA was enriched using magnetic beads 
with Oligo (dT) connectors. The mRNA was randomly 
fragmented into short fragments using Fragmentation 
Buffer and then used as a template to synthesize the 
first strand of cDNA with Random hexamers. The sec-
ond strand of cDNA was synthesized by adding Buffer, 
dNTPs, RNaseH, and DNA polymerase I. The double-
stranded cDNA products were purified using AMPureXP 
beads, and the sticky ends of the DNA were repaired to 
blunt ends using T4 DNA polymerase and Klenow DNA 
polymerase. Adenosine bases and adapters were added 
to the 3' ends, and the library was selected using AMPu-
reXP beads. PCR amplification was performed to obtain 
the final sequencing library, which was then sequenced 
using Illumina Hiseq 6000 after a quality inspection. The 
transcriptome sequencing was conducted by Suzhou Sano 
Precision Medicine Ltd. Raw data have been deposited in 
the Gene Expression Omnibus (GEO) public repository 
for microarray data (accession number GSE229577 and 
GSE229896).

DARTS

The DARTS method was utilized to determine the spe-
cific protein target of anwulignan based on the pro-
tocol described by Lomenick et  al. Protein lysates 
obtained from DLBCL cells were quantified using the 
bicinchoninic acid protein assay. Anwulignan was then 

https://portal.gdc.cancer.gov/
https://www.gtexportal.org
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co-incubated with the lysates at room temperature for 
60 min. The drug-protein complex was subjected to prote-
olysis by pronase (1:50, Roche Applied Science) at room 
temperature for 10 min. The lysates were then denatured 
and analyzed through western blotting.

Cellular protein thermal shift assay

The intact-cell protein thermal shift assay was conducted as 
previously described. SU-DHL-8 cells were treated with either 
dimethylsulfoxide as control or anwulignan (IC50) for 12 h. Fol-
lowing treatment, the cells were trypsinized and resuspended in 
phosphate-buffered saline (PBS). The cell suspension was then 
equally distributed into eight PCR tubes, which were heated 
to temperatures ranging from 44–52 °C for 3 min and subse-
quently cooled to room temperature for 3 min. The cells were 
lysed by three cycles of freeze-thawing using liquid nitrogen, 
and the lysates were centrifuged at 20,000 g for 20 min to sepa-
rate the soluble proteins from the precipitates. The supernatants 

were analyzed by SDS-PAGE followed by western blot using 
PIM1 antibody to detect the protein thermal shift.

In vivo tumor xenograft model

The animal experiments were conducted according to the 
institutional guidelines for the use of laboratory animals 
and after permission was acquired from the Soochow 
university ethical committee for animal experimenta-
tion. Four-week-old female NOD-Scid mice weighing 
∼10 to 15 g were purchased from Biocytogen Company 
and fed in the specific pathogen–free barrier system. Mice 
were subcutaneously injected in the left flank with SU-
DHL-8 cells (1×106) in 50% Matrigel (Corning). Tumor 
volume was monitored every other day using electronic 
digital calipers in 2 dimensions. Tumor volume was 
calculated using the following formula: tumor volume 
(mm3) = (smallest diameter 2 × largest diameter)/2. When 
tumors were ∼100 mm3 ± 10%, the mice were randomly 

Fig. 1   PIM1 is a potential therapeutic target for DLBCL. A The 
expression of PIM1 in DLBCL patients from the TCGA and GTEx 
databases. The study comprised 47 DLBCL samples by the color red 
and 337 normal tissues indicated by gray. B The ROC curve analy-
sis determined a cutoff value of 11.54 for high PIM1 expression. C 

Overall survival analysis of PIM1 gene (GSE10846). D The mutation 
patterns of the top 10 most frequently mutated driver genes across 52 
DLBCL samples. E CCK-8 assay was employed to evaluate cell pro-
liferation following PIM1 interference (n = 3). F The expression level 
of PIM1 was detected by qPCR
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divided into 2 groups. One group was intraperitoneally 
injected with anwulignan (50 mg/kg per day), and the 
other groups received PBS every other day consecutively 
for a total of 5 times.

Statistical analysis

To explore the relationship between clinical variables, PIM1 
expression measures, and censored outcomes, survival 

Fig. 2   Candidate compound screening for PIM1. A DLBCL cell line 
(SU-DHL-8) was treated with increasing concentrations of deoxy-
schizandrin, γ-Schizandrin, pseudo-r-Schizandrin, schisandrolA, 
schisandrolB, schisantherin A and anwulignan for 48  h respectively 
and cell viability was measured by CCK8 assay. IC50 values in the 
SU-DHL-8 cell line are shown. B Predicted binding modes of 

anwulignan with PIM1 are illustrated. C Lysates from SU-DHL-8 
cells were incubated with anwulignan (60 μM) for 12 h, and a final 
concentration of 0.01% pronase E was added for 30 min. The PIM1 
expression was detected by western blot analysis. D SU-DHL-8 cells 
incubated with or without anwulignan (1 μM) for 12 h were subjected 
to CETSA assay. PIM1 was normalized with actin
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analysis was conducted using the survival package in R. The 
primary outcomes of interest were PFS and OS. GraphPad 
Prism 8 (GraphPad Software, San Diego, CA) was utilized 
for statistical analysis, and the data was presented in the 
form of bar graphs with mean ± SD values. An unpaired, 
two-tailed t-test was performed to compare the two groups, 
and statistical significance was set at P < 0.05.

Results

PIM1 is a potential therapeutic target in DLBCL

Analyses of the TCGA and GTEx databases revealed that 
PIM1 expression was higher in DLBCL samples than in 
normal tissues (Fig. 1A). In addition, elevated expression 
of PIM1 was notably correlated with poor overall survival 
(OS) outcomes in DLBCL patients, with a calculated ROC 
curve analysis identifying a cutoff value of 11.54 (Fig. 1B, 
C). Univariate and multivariate analyses using the Cox 
risk proportion model revealed a significant association 
between PIM1 and OS (Table S1). To further evaluate the 
prognostic significance of PIM1, we tested the Area Under 
Curve (AUC) index of models fitted with the NCCN-IPI 
alone and the NCCN-IPI with PIM1. Leave-one-out cross-
validation was performed to validate the prognostic value 
of PIM1. The AUC of the model that included the com-
bination of NCCN-IPI and PIM1 was slightly higher than 
that of the models without PIM1, indicating that PIM1 
improved the prognostic stratification of patients with 
DLBCL (Table S2). Previous studies have shown that 
mutations in PIM1 occur in DLBCL [11]. We performed 
an integrative whole-exome sequencing analysis in a 
cohort of 52 patients with DLBCL and found no mutations 
in PIM1 (Fig. 1D). These results suggest that, in addition 
to PIM1 mutations, its abundance might also play a key 
role in DLBCL. The COSMIC database indicates that the 
existing 11 lymphoma cell lines have no PIM1 mutations. 
To further explore the role of PIM1 in DLBCL, we used 
three DLBCL cell lines (SU-DHL-8, SU-DHL-2, and Far-
age) to carry out experiments. A loss-of-function analysis 
of PIM1 was conducted in these cells by transfection with 
siRNAs targeting PIM1. PIM1 knockdown significantly 
suppressed DLBCL cell proliferation (Fig. 1E, F). Col-
lectively, these results establish a rationale for the study 
of PIM1 as a tumor-dependent factor in DLBCL.

Candidate compound screening for PIM1

To modulate the function of PIM1 in DLBCL, we screened 
various agents for their potential effects on PIM1 activ-
ity. Using the SymMap database, we searched for active 

compounds that corresponded to PIM1 as a target. These 
results indicated that Schisandra sphenanthera Rehd. et 
Wils is a promising compound that can bind to PIM1. 
Seven lignans are reportedly the main effective compo-
nents of S. sphenanthera [12]. In this study, we compared 
the inhibitory effects of seven S. sphenanthera lignans 
on DLBCL proliferation. Among the lignans, anwulig-
nan showed the best inhibitory effect on DLBCL cells 
(Fig. 2A). We used the AutoDock Vina software to per-
form molecular docking of PIM1 with the active compo-
nent of anwulignan. The docking combinations showed 
binding energies of –6.4 kcal/mol (Fig. 2B). Therefore, 
drug affinity-responsive target stability (DARTS) and cel-
lular thermal shift assays (CETSA) were used to confirm 
the direct interaction between anwulignan and PIM1. 
These results indicate that anwulignan could directly bind 
to PIM1(Fig. 2C, D), suggesting that it could be a potential 
candidate compound for DLBCL treatment by targeting 
PIM1.

Anwulignan exerts antitumor effects on DLBCL

Anwulignan is a natural compound belonging to the ligand 
family with a molecular weight of 328.406 Da (Fig. 3A). To 
investigate the effect of anwulignan on DLBCL cells, three cell 
lines, SU-DHL-8, SU-DHL-2, and Farage, were treated with 
different concentrations of anwulignan (3.125, 6.25, 12.5, 25, 
50, and 100 μM) for 48 h. Anwulignan dose-dependently inhib-
ited DLBCL cell growth with an inhibitory concentration (IC50) 
of 60.55 μM against SU-DHL-8, 80.19 μM against SU-DHL-2, 
and 89.79 μM against Farage (Fig. 3B). In addition, high PIM1 
expression correlated with increased sensitivity to anwulignan 
(Fig. 3C). The anti-proliferative effect of anwulignan was con-
sistent across the DLBCL cell lines tested. Moreover, the cell 
cycle analysis indicated that anwulignan-induced DLBCL cell 
cycle arrest occurred at the G0/G1 phase (Fig. 3D). Annexin 
V/7-AAD staining and Hoechst 33,258 staining showed that 
anwulignan significantly induced apoptosis in DLBCL cells 
(Fig. 3E, F). In an animal xenograft model, treatment with 
anwulignan inhibited tumor growth compared to that in the 
vehicle-treated group without any significant change in mouse 
body weight, indicating good tolerance to anwulignan treatment 
(Fig. 3G, H). These findings suggest that anwulignan exerts 
potent anti-DLBCL activity in vitro and in vivo by inhibiting 
DLBCL cell proliferation and inducing apoptosis, indicating its 
potential as a therapeutic agent for DLBCL.

Anwulignan inhibits DLBCL cell proliferation 
by targeting the PIM1‑c‑Myc pathway

To investigate the effect of anwulignan on DLBCL cells, we 
conducted a comprehensive analysis of the whole transcriptome 
using RNA sequencing (RNAseq). The heat map shows the 
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cluster analysis of the DEGs affected by anwulignan (Fig. 4A). 
Gene Ontology functional annotations demonstrated that genes 
affected by anwulignan predominantly participated in cell cycle 
regulation and DNA repair mechanisms (Fig. 4B). Furthermore, 
KEGG analysis revealed that the cell cycle and DNA replica-
tion pathways were critical functional categories that governed 
the response of DLBCL cells to anwulignan treatment (Fig. 4C). 

Gene set enrichment analysis (GSEA) revealed transcripts asso-
ciated with anwulignan were significantly enriched in genes 
involved in NFκB, MTOR, and c-Myc signaling (Fig. 4D). 
Collectively, our findings suggest that anwulignan has a wide-
ranging impact on the biological processes in DLBCL.

PIM1 is a member of the PIM family of serine/threonine 
kinase-transforming oncogenes. Studies have shown that 
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inhibition of PIM1 activity downregulates c-Myc phospho-
rylation at Ser62 [13, 14]. Next, we investigated whether 
anwulignan could inhibit the phosphorylation of c-Myc by 
targeting PIM1 in DLBCL. Tryptophan phosphorylation at 
position 62 was reduced in anwulignan-treated DLBCL cells 
(Fig. 4E). These results suggested that anwulignan decreased 
c-Myc activation by targeting PIM1, thus inhibiting the pro-
liferation of DLBCL cells.

Anwulignan induces autophagic cell death in DLBCL 
cells

GSEA revealed that the expression pattern of MTOR path-
way genes was significantly different between the anwulig-
nan and control groups (Fig. 4D, Table S3, Table S4). Since 
MTOR signaling is a key regulator of autophagy [15], we 
investigated whether anwulignan treatment could induce 
autophagic death in DLBCL cells. To evaluate autophagy, 
we assessed the transformation of LC3I to LC3II, which is a 
hallmark of autophagy [16]. Immunofluorescence (IF) stain-
ing showed a significant accumulation of LC3II in DLBCL 
cells treated with anwulignan (Fig. 5A). The immunoblot-
ting analysis further confirmed the induction of autophagy 
by anwulignan, as indicated by an increase in the LC3II/
LC3I ratio in treated cells. P62 is another widely used 
marker for monitoring autophagy, and we found a decrease 
in P62 expression in DLBCL cells after treatment with 
anwulignan (Fig. 5B). Next, we used 3-MA, a selective PI3K 
inhibitor that impedes autophagosome formation, to confirm 
that anwulignan induces autophagy in DLBCL cells. Co-
treatment with anwulignan and 3-MA resulted in the rever-
sal of anwulignan-induced autophagy, as evidenced by the 
decreased expression of LC3II and increased expression of 

P62 (Fig. 5C). Moreover, 3-MA partially rescued anwulig-
nan-induced inhibition of cell growth (Fig. 5D). These 
results suggest autophagy-mediated anti-DLBCL effects of 
anwulignan.

Synergistic cytotoxicity of anwulignan 
and chidamide in DLBCL

Single-target therapies for cancer have limited clinical suc-
cess, whereas combination therapy with two or more tar-
geted drugs has the potential to improve efficacy [17]. To 
identify effective synergistic combination drugs, we chose 
four small-molecule drugs that are currently under preclini-
cal and clinical investigation for the treatment of various 
cancers. IC50 values of the drugs (ibrutinib, KPT-330, decit-
abine, and chidamide) on SU-DHL-8 cells were 11.30 µM, 
1.86 µM, 87.61 µM, and 676.80 nM, respectively (Fig. 6A). 
Next, SU-DHL-8 cells were treated with anwulignan and 
each of the four agents separately. The combination of 
anwulignan and chidamide demonstrated potent synergis-
tic cytotoxicity in SU-DHL-8 cells. We investigated the 
synergistic effects of the two drugs on two other DLBCL 
cell lines. The IC50 values of chidamide for SU-DHL-2 and 
Farage were 1.71 µM and 7.02 µM, respectively (Fig. 6B). 
Quantitative analysis of the results revealed that the combi-
nation index values were predominantly less than 1.0 in both 
DLBCL cell lines, indicating a synergistic effect between 
anwulignan and chidamide (Fig. 6C). Overall, these findings 
suggest that combining anwulignan with chidamide may be 
a promising strategy for improving the therapeutic efficacy 
of chidamide in clinical settings.

Discussion

In the present study, we conducted a screening and identified 
anwulignan as a potent natural compound with anti-DLBCL 
activity. Anwulignan inhibits the proliferation of DLBCL 
cells by decreasing the activation of c-Myc by targeting 
PIM1. Moreover, anwulignan synergistically enhanced 
the effects of chidamide on DLBCL. Our data suggest that 
anwulignan is a promising natural compound for the treat-
ment of DLBCL.

Over the past two decades, the prevalence of DLBCL 
has increased annually. Although first-line treatment with 
R-CHOP has substantially improved outcomes for patients 
with DLBCL, approximately 40% of patients still experi-
ence relapsed/refractory disease with poor survival out-
comes [18]. Creating new treatments for DLBCL, particu-
larly using natural sources, is viewed as a crucial approach. 
Our research showed that PIM1 plays a crucial role in the 
proliferation of DLBCL cells and that its high expression 
is associated with poor survival in patients with DLBCL. 

Fig. 3   Anwulignan suppresses the growth and proliferation of 
DLBCL cells. A Chemical structure of anwulignan. B DLBCL cell 
lines (SU-DHL-8, SU-DHL-2, and Farage) were treated with increas-
ing concentrations of anwulignan for 48  h and cell viability was 
measured by CCK8 assay. IC50 values in three different cell lines are 
shown. C The expression level of PIM1 was detected by RNAseq 
(GSE229896). D. SU-DHL-8, SU-DHL-2, and Farage cells were 
treated with anwulignan (IC50) for 48  h. A Cell cycle phase distri-
bution was determined by flow cytometry. E Quantification of cell 
apoptosis following Annexin V/7-AAD staining. F Hoechst 33,258 
staining was utilized to examine cell nuclear alterations, which were 
subsequently visualized under a fluorescence microscope (× 200). G 
Subcutaneous injection of SU-DHL-8 cells (1×107)  was performed 
in the upper flank of 4-week-old male nude mice. After tumor for-
mation, mice were administered 40 mg/kg anwulignan or vehicle via 
intraperitoneal injection for 14  days. Tumor samples were collected 
and imaged using a high-definition digital camera. H The tumor vol-
ume was assessed on day 14, and the body weight of each mouse was 
measured every other day. The data are presented as mean ± S.D. of 
triplicate measurements. Statistical significance was considered at 
*P < 0.05 and **P < 0.01

◂
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These findings demonstrate the oncogenic functions of PIM1 
in DLBCL cells and support the development of small-mol-
ecule PIM inhibitors and targeted therapies for PIM kinases 
in lymphomas.

Natural products and their analogs are important com-
ponents of pharmacotherapy, especially for the treatment of 
cancer [8, 9]. However, their applications are often limited 

by a lack of understanding of their targets. Screening natu-
ral compound libraries identified anwulignan as a promising 
compound that binds to PIM1 and shows potential against 
DLBCL. Anwulignan was extracted from Schisandra sphen-
anthera Rehd. et Wils, and previously demonstrated anti-non-
small cell lung cancer activity [19]. Our findings indicate 
that anwulignan exerts noteworthy anti-DLBCL activity by 

Fig. 4   Effect of anwulignan on the transcriptome in DLBCL cells. A 
The mRNA expression values are presented in a color gradient from 
dark red, indicating the highest expression, to dark blue, represent-
ing the lowest. B The top 10 entries for biological process, molecu-
lar function, and cell composition (based on FDR < 0.05) are dis-
played to represent the distribution of GO entries. Darker shades of 
color indicate higher significance levels. C The 19 most significant 
KEGG pathways are displayed, with the size of each dot representing 

the number of corresponding genes and the color scale indicating the 
p-value threshold. D Detailed enrichment plot of the Hallmark TNFA 
SIGNALING VIA NFKB, E2F TARGETS, MTOR, and MYC TAR-
GETS pathway. E After 48 h of treatment with anwulignan (IC50), the 
protein extracts from the SU-DHL-8, SU-DHL-2, and Farage cells 
were analyzed by western blotting to determine the changes in the 
levels of c-Myc and pSer62 c-Myc proteins
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Fig. 5   Anwulignan induces autophagic cell death in DLBCL cells. A 
The genes that exhibited differential expression between the control and 
anwulignan groups were primarily enriched in MTOR-related pathways. 
Enrichment was considered significant at FDR < 0.25 and P < 0.05. Nor-
malized enrichment score (NES) and false discovery rate (FDR) were 
also calculated. B SU-DHL-8, SU-DHL-2, and Farage cells were treated 
with varying concentrations of anwulignan for 24 h. LC3II puncta for-
mation was then analyzed using immunofluorescence and visualized 
using confocal microscopy. C SU-DHL-8, SU-DHL-2, and Farage cells 
were treated with anwulignan at the indicated concentration for 24  h. 

LC3II and P62 were determined by immunoblotting. D SU-DHL-8, SU-
DHL-2, and Farage cells were treated with anwulignan for 24 h in the 
absence or presence of 3-MA (5 mM). LC3II and P62 were determined 
by immunoblotting. E SU-DHL-8, SU-DHL-2, and Farage cells were 
treated with anwulignan at the indicated concentration for 24 h in the 
absence or presence of 3-MA (5 mM), and cell viability was detected by 
CCK-8 assay. All data are shown as the means ± S.D. based on triplicate 
measures; *P < 0.05 and **P < 0.01
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suppressing cell proliferation and promoting apoptosis. Over 
the past few years, the DARTS assay and CETSA have been 
instrumental in identifying and uncovering targets of small 
molecules [20, 21]. Using both approaches, we verified that 
anwulignan can bind to PIM1. PIM1 belongs to the PIM fam-
ily of serine/threonine kinase-transforming oncogenes, which 
regulate multiple pro-survival pathways and cooperate with 
other oncogenes such as c-Myc [7]. Studies have shown that 
the inhibition of PIM1 activity downregulates c-Myc phos-
phorylation at Ser62, resulting in a significant reduction in 
the oncogenicity of c-Myc. Abnormal c-Myc activity has 
been reported in different types of cancer, including DLBCL 
[22]. Decreased c-Myc activity slows cell cycle progression, 
suppresses DLBCL cell proliferation, and induces a substan-
tial level of apoptosis both in vitro and in vivo [23]. Our data 
indicate that anwulignan is a specific inhibitor of PIM1 that 
directly binds to PIM1 and induces DLBCL cell death via 
c-Myc-dependent mechanisms. In addition, we found that 
anwulignan could induce autophagy in DLBCL cells. How-
ever, it was unclear at the time whether the autophagic induc-
tion by anwulignan was associated with PIM1, and further 
research was needed to clarify this relationship.

Interestingly, anwulignan exhibited a synergistic effect 
with chidamide. Studies have indicated that chidamide can 
promote cell apoptosis by downregulating c-myc expres-
sion [24, 25], and our research revealed that anwulignan 
could induce apoptosis in DLBCL cells by inhibiting the 
phosphorylation of c-myc without affecting its expression. 
Therefore, we hypothesize that the two compounds may 
complement each other, inhibiting both the expression and 
function of c-myc, thereby exerting a synergistic effect.

Overall, our findings suggest that anwulignan holds 
great promise as a therapeutic agent for DLBCL.
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Fig. 6   Anwulignan synergizes Chidamide-mediated cytotoxicity. A 
SU-DHL-8 cell line was treated with increasing concentrations of 
ibrutinib, KPT-330, decitabine, and chidamide for 48 h and cell via-
bility was measured by CCK8 assay. IC50 values in the SU-DHL-8 
cell line are shown.  B DLBCL cell lines (SU-DHL-8,  SU-DHL-2, 
and Farage) were treated with increasing concentrations of chidamide 

for 48 h and cell viability was measured by CCK8 assay. IC50 values 
in two cell lines are shown.  C The CI values were calculated using 
CompuSyn software based on the Chou-Talalay equation, and the 
results were plotted as CI symbols at twelve different dose points for 
each Fa
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