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Abstract. Diffuse large B‑cell lymphoma (DLBCL) is one of the 
most common types of lymphoma. Calponin 3 (CNN3) is a thin 
filament‑associated protein previously known to regulate smooth 
muscle contraction. Recent evidence illustrates its involvement in 
carcinogenesis; however, its roles in DLBCL remain unknown. 
CNN3 was found to be highly expressed in DLBCL specimens 
according to the online Gene Expression Profiling Interactive 
Analysis data. The aim of the present study was to investigate 
the roles of CNN3 in the progression of DLBCL. In vitro, the 
ectopic expression of CNN3 promoted the proliferation and G1/S 
transition of DLBCL cells, while its silencing led to opposite 
alterations. A similar tumor‑promoting role of CNN3 was also 
demonstrated by injecting nude mice with DLBCL cells over‑ or 
underexpressing CNN3. The results of dual‑luciferase reporter 
and chromatin immunoprecipitation assays revealed that fork‑
head box O3 (FOXO3), a known tumor suppressor in DLBCL, 
bound to the CNN3 promoter at ‑1955/‑1948 and ‑1190/‑1183, and 
suppressed the transcription of CNN3. The alterations induced 
by FOXO3 were partly blocked by CNN3 overexpression. On the 
whole, the present study demonstrates that CNN3, whose tran‑
scriptional activity is negatively regulated by FOXO3, contributes 
to the malignant behavior of DLBCL cells. The findings of the 
present study may provide novel diagnostic or therapeutic insight 
for DLBCL in clinical practice.

Introduction

Lymphoma is a type of malignancy originating from the 
lymphatic‑hematopoietic system, which mainly includes 

Hodgkin's lymphoma and non‑Hodgkin's lymphoma, the 
latter accounting for 80‑90% of all lymphoma cases (1). 
Non‑Hodgkin's lymphoma is derived from natural killer 
cells, or B/T‑lymphocytes. Diffuse large B‑cell lymphoma 
(DLBCL) is the most common type, and accounts for 30‑40% 
of non‑Hodgkin's lymphomacases (2). DLBCL primarily 
occurs in the lymph nodes, and also in extranodal tissues, 
including the gastrointestinal tract, bone and central nervous 
system (3). Due to its heterogeneity, there are differences in 
the clinical presentation of DLBCL. The diagnosis of DLBCL 
cases is generally made from the pathological determination 
of excisional lymph nodes (2,4). Therefore, the development 
of sensitive and specific markers for the clinical diagnosis of 
DLBCL would be beneficial.

Calponin 3 (CNN3) is a thin filament‑associated protein, 
implicated in the modulation and regulation of smooth muscle 
contraction. Initially, CNN3 was revealed to inhibit the Mg 
ATPase activity of smooth muscle myosin (5,6). Subsequent 
evidence demonstrated that CNN3 induced actin polymeriza‑
tion and hindered depolymerization of actin filaments (7). 
Furthermore, CNN3 is also expressed in the brain, in order to 
regulate the dendritic spine plasticity of hippocampal neurons, 
with the systemic knockout of CNN3 resulting in embryonic 
and neonatal lethality, due to developmental defects of the 
central nervous system (8,9). Additionally, CNN3 regulates 
the actin cytoskeleton rearrangement of choriocarcinoma 
cells (10), suggesting its effects on tumorigenesis. Recent 
reports have demonstrated the cancer‑promoting roles of 
CNN3. For instance, the ectopic expression of CNN3 promotes 
the growth and metastasis of cervical cancer cells (11). CNN3 
enhances the invasion and drug resistance of digestive tract 
cancer cells, including colon cancer and gastric cancer 
cells (12,13). However, the effects of CNN3 on hematopoietic 
malignancies remain unknown. In the present study, gain‑ and 
loss‑of‑function assays were performed to confirm the roles of 
CNN3 in DLBCL cells.

Additionally, forkhead box O3 (FOXO3) has been reported 
to function as a tumor suppressor in various cancer types, 
including gastric (14), prostate (15) and lung cancer (16). A 
recent study reported that the silencing of FOXO3 promoted the 
proliferation and inhibited the apoptosis of DLBCL cells (17). 
As a transcription factor, FOXO3 simultaneously functions as 
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a transcription enhancer and suppressor. For instance, FOXO3 
promotes the transcription ofBH3 interacting domain death 
agonist and cathepsin L (18,19), and inhibits the transcription 
of integrin β1 and interleukin 10 (20,21).

The data of the present study demonstrated that the expres‑
sion of CNN3 was downregulated by FOXO3, suggesting that 
FOXO3 may function by regulating CNN3 in DLBCL cells. To 
verify this hypothesis, the effects of FOXO3 and CNN3 were 
evaluated in DLBCL cells, and rescue experiments were also 
performed in the present study.

Materials and methods

Cell culture and treatment. The human DLBCL cell lines, DB 
(cat. no. CL‑0645, Procell Life Science & Technology Co., 
Ltd.) and SU‑DHL‑4 (cat. no. CC1606, Guangzhou Cellcook 
Biotech Co., Ltd.), were cultured with RPMI‑1640 (Beijing 
Solarbio Science & Technology Co., Ltd.) containing 10% fetal 
bovine serum (FBS) at 37˚C with 5% CO2, and 293T cells (cat. 
no. ZQ0033, Shanghai Zhong Qiao Xin Zhou Biotechnology 
Co., Ltd.) were cultured with DMEM (Wuhan Servicebio 
Biotechnology Co., Ltd.) supplemented with 10% FBS.

Cell transfection. To control the expression of CNN3 and 
FOXO3, the coding sequence of CNN3 or FOXO3 was cloned 
into pcDNA3.1 vector (Shaanxi Youbio Technology Co., Ltd.). 
The short interference RNA (siRNA), short hairpin RNA 
(shRNA) targeting CNN3 and their negative control (NC) 
sequences were synthesized by General Biology Co., Ltd., 
and shRNA was inserted into pRNA‑H1.1 (General Biology 
Co., Ltd.). All siRNA and shRNA sequences are presented 
in Table I. The DB or SU‑DHL‑4 cells were transfected 
with plasmid or RNA (original concentration: Plasmid, 
0.1 µg/µl; siRNA, 0.01 nmol/µl) using Lipo8000 reagent 
(Beyotime Institute of Biotechnology) 2.5 µg plasmid or 
100 pmol siRNA for 2‑3x105 cells in 200 µl solution) for 4‑6 h. 
Subsequently, 20 h following transfection, the cells were used 
in subsequent analyses. The siRNA and shRNA sequences are 
presented in Table I.

It was observed that the DB cells grew slightly more 
rapidly than the SU‑DHL‑4 cells; thus, the DB cells were used 
in the xenograft experiment. In order to obtain cells stably 
overexpressing CNN3 or cells in which CNN3 was silenced, 
DB cells transfected with overexpression or knockdown vector 
were treated with G418 (200 µg/ml; Beijing Solarbio Science 
& Technology Co., Ltd.) for ~6 weeks. The cells remaining 
alive were considered as CNN3‑stably‑overexpressing or 
‑silenced DLBCL cells.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA extractionwas performed using TRIpure lysis buffer 
(Beijing BioTeke Corporation Co., Ltd.) and trichloromethane 
(Shanghai GenePharma Co., Ltd.), and purified with isopro‑
panol and 75% ethanol (Shanghai GenePharma Co., Ltd.). 
Following quantification with a NANO2000 spectrophotom‑
eter (Thermo Fisher Scientific, Inc.), the RNA was reverse 
transcribed into cDNA using BeyoRT II M‑MLV reverse tran‑
scriptase (Beyotime Institute of Biotechnology). Subsequently, 
qPCR was performed to determine the mRNA levels of 
FOXO3 and CNN3. The PCR procedure was performed as 

follows: Pre‑denaturation at 94˚C for 5 min 10 sec, annealing 
at 60˚C for 20 sec, extension at 72˚C for 30 sec, followed with 
40 cycles of 72˚C for 2 min and 30 sec, 40˚C for 1 min 30 sec, 
melting 60‑94˚C every 1˚C for 1 sec, and 25˚C for 1‑2 min. The 
primers were synthesized by General Biology Co., Ltd., and 
all primer information is presented in Table II. The PCR data 
were analyzed using the 2‑ΔΔCq method (22).

Western blot analysis. Protein was extracted from the DB or 
SU‑DHL‑4 cells using RIPA lysis buffer (Beijing Solarbio 
Science & Technology Co., Ltd.) supplemented with 1% 
phenylmethylsulfonyl fluoride (Beijing Solarbio Science & 
Technology Co., Ltd.). The protein concentration was deter‑
mined using a BCA protein assay kit (Beijing Solarbio Science 
& Technology Co., Ltd.). After mixing with 6X loading buffer, 
the protein was denatured in boiling. A total of 20 µl of protein 
sample (10‑20 µg protein) was loaded onto sodium lauryl 
sulfate‑polyacrylamide gel, and subjected to electrophoresis. 
The gel concentration was 5‑12% depending on the protein 
size. Subsequently, the proteins were transferred onto PVDF 
membranes, blocked with skim milk (Sangon Biotech Co., 
Ltd.) at room temperature for 30 min, and incubated with 
the following antibodies at a 1:1,000 dilution at 4˚C over‑
night: Rabbit proliferation cell nuclear antigen (PCNA; cat. 
no. 24036‑1‑AP; Wuhan Sanying Biotechnology), rabbit cyclin 
D1 (cat. no. AF0931; Affinity Biosciences), rabbit cyclin‑depen‑
dent kinase (CDK)6 (cat. no. A0106, ABclonal Biotech Co., 
Ltd.), rabbit CDK2 (cat. no. A0294; ABclonal Biotech Co., 
Ltd.), rabbit phosphorylated retinoblastoma transcription 
co‑repressor (pRB; Ser807/811; cat. no. AP0484; ABclonal 
Biotech Co., Ltd.), rabbit cleaved caspase‑3 (cat. no. AF7022, 
Affinity Biosciences), rabbit cleaved poly ADP‑ribose 
polymerase‑1 (PARP‑1; cat. no. AF7023, ABclonal Biotech 
Co., Ltd.), cleaved caspase‑9 (cat. no. 20750; Cell Signaling 
Technology, Inc.), rabbit FOXO3 (cat. no. A0102; ABclonal 
Biotech Co., Ltd.), rabbit CNN3 (cat. no. DF9323; Affinity 
Biosciences) or mouse GAPDH (cat. no. 60004‑1‑Ig; Wuhan 
Sanying Biotechnology). After rinsing with 0.15% TBST 
buffer, the protein was incubated with goat anti‑rabbit IgG 
labeled with horseradish peroxidase (HRP; cat. no. SE134; 
Beijing Solarbio Science & Technology Co., Ltd.) or goat 
anti‑mouse IgG labeled with HRP (cat. no. SE131; Beijing 
Solarbio Science & Technology Co., Ltd.) at a 1:3,000 dilu‑
tion, and reacted with ECL reagent (Beijing Solarbio Science 
& Technology Co., Ltd.), followed by signal exposure in the 
dark. The optical density of the bands was analyzed using 
Gel‑Pro‑Analyzer 4.0 software (Media Cybernetics, Inc.).

Cell counting kit (CCK)‑8 assay. The DB or SU‑DHL‑4 cells 
were cultured in 96‑well plates. Following culture for 0 h, 24 h, 
48 h or 72 h, the CCK‑8 reagent (Biosharp Life Sciences) was 
added with 10 µl per well to treat the cells at 37˚C. After 2 h 
later, the optical density was measured at 450 nm (OD450) of 
the supernatant with a microplate reader (BioTek Instruments, 
Inc.).

EdU assay. The DB or SU‑DHL‑4 cells were stained with 
10 µM EdU reagent (Nanjing KeyGen Biotech. Co., Ltd.) at 
37˚C for 2 h, and fixed with 4% paraformaldehyde for 15 min. 
Subsequently, all cells were washed with PBS containing 
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3% bovine serum albumin (BSA), incubated with 0.5% 
Triton X‑100 for 20 min and incubated with Click‑iT reagent 
(Nanjing KeyGen Biotech. Co., Ltd.) at room temperature for 
30 min in the dark. Finally, the cells were stained with DAPI 
reagent (Beijing Solarbio Science & Technology Co., Ltd.) 
at room temperature for 5 min, and photographed at a x400 
magnification.

Flow cytometry. Flow cytometry was conducted in order to 
analyze cell cycle and apoptosis of DB and SU‑DHL‑4 cells. 
For apoptosis determination, the cells were incubated with 
Annexin V‑FITC (cat. no. BL110A, Biosharp Life Sciences) 
for 10 min and propidium iodide (PI) (cat. no. BL110A, 
Biosharp Life Sciences) for 5 min at room temperature in the 
dark. Subsequently, the Annexin V+PI‑ cells were counted as 
early apoptotic cells, and Annexin V+PI+ cells were counted as 
late apoptotic cells. For cell cycle analysis, the cells were fixed 
with 70% ethanol at 4˚C for 2 h, stained with PI at 37˚C for 
30 min in the dark, and detected using a flow cytometer (ACEA 

Bioscience, Inc.). The apoptosis analysis were performed with 
NovoExpress 1.4.1 software (ACEA Bioscience, Inc.).

Dual‑luciferase reporter assay. In order to confirm the 
binding between FOXO3 and the promoter sequence of CNN3, 
dual‑luciferase reporter assay was executed in 293T cells. The 
cells were transfected with pGL3 vector (Shaanxi Youbio 
Technology Co., Ltd.) containing CNN3 promoter fragment and 
FOXO3 overexpression plasmid (Shaanxi Youbio Technology 
Co., Ltd.) at 37˚C in the presence of Lipo8000 reagent 
(Beyotime Institute of Biotechnology) for 4‑6 h. Following 
transfection for 48 h, the cells were collected and treated with 
a dual‑luciferase reporter assay kit (Nanjing KeyGen Biotech. 
Co., Ltd.), and the Firefly and Renilla value was determined 
using a microplate reader (BioTek Instruments, Inc.).

Chromatin immunoprecipitation (ChIP). The ChIP assay was 
performed to confirm the binding between FOXO3 and the 
promoter sequence of CNN3 using a ChIP kit (cat. no. P2078, 

Table I. Sequence information of siRNAs and shRNAs.

Name Sequence (5'‑3')

CNN3 siRNA‑a sense GCAAGUAUAUGAUCCCAAATT
CNN3 siRNA‑a anti‑sense UUUGGGAUCAUAUACUUGCTT
CNN3 siRNA‑b sense GCUCAGUGAAGAAGGUCAATT
CNN3 siRNA‑b anti‑sense UUGACCUUCUUCACUGAGCTT
CNN3 siRNA‑c sense GGAGUUAAGUAUGCAGAAATT
CNN3 siRNA‑c anti‑sense UUUCUGCAUACUUAACUCCTT
CNN3 siRNA‑d sense CGGCCGAAGUCAAGAACAATT
CNN3 siRNA‑d anti‑sense UUGUUCUUGACUUCGGCCGTT
siRNA NC sense UUCUCCGAACGUGUCACGUTT
siRNA NC anti‑sense ACGUGACACGUUCGGAGAATT
CNN3 shRNA‑1 GGCAAGTATATGATCCCAAATTCAAGAGATTTGGGATCATATACTTGCTTTTT
CNN3 shRNA‑2 GGCTCAGTGAAGAAGGTCAATTCAAGAGATTGACCTTCTTCACTGAGCTTTTT
shRNA NC GTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTT

CNN3, calponin 3; NC, normal control.

Table II. PCR primer sequences.

  Temperature  Length of
Gene ID Name (˚C) Sequence amplification (bp)

NM_001455.4 FOXO3 forward 52.9  5'‑TGACGACAGTCCCTCCC‑3' 112 
 FOXO3 reverse 53.2  5'‑GCTGGCGTTAGAATTGGT‑3' 
NM_001839.5 CNN3 forward 46.4  5'‑ATCATCCTCTGCGAACT‑3' 136 
 CNN3 reverse 45.2  5'‑CCATAAGCCTGAATAGC‑3' 
 ChIP CNN3 forward‑1 44.4  5'‑AAATCCTGCACTCCTTA‑3' 138 
 ChIP CNN3 reverse‑1 44.1  5'‑CTGACTGCTCCTGTTGT‑3' 
 ChIP CNN3 forward‑2 46.8  5'‑ACGGTTCAACTATGATGTT‑3' 166 
 ChIP CNN3 reverse‑2 47.6 5'‑CTCTTGCCACCACTTTC‑3' 

FOXO3, forkhead box O3; CNN3, calponin 3.



XING et al:  CNN3 EXACERBATES LYMPHOMA4

Beyotime Institute of Biotechnology) according to the manu‑
facturer's instruction. Briefly, the cells were transfected with 
FOXO3 overexpression plasmid (FOXO3 coding sequence 
cloned into pcDNA3.1 vector) (Shaanxi Youbio Technology 
Co., Ltd.). After 24 h, the cells were treated with 1% form‑
aldehyde for crosslinking for 10 min, and terminated with 
adding of glycine (0.125 M). Following ultrasonication at 
300 W for 10 sec for 12 times using an ultrasonic homogenizer 
(Ningbo Scientz Biotechnology Co., Ltd.) and centrifugation 
at 10,000 x g at 4˚C for 20 min, the supernatant was isolated. 
Cell lysates (100 µl) were added into 900 µl dilution buffer, 
and incubated with agarose beads (60 µl Protein A/G per 1 ml 
reaction solution) bound with antibody (IgG, cat. no. A7016, 
Beyotime Institute of Biotechnology; anti‑FOXO3, cat. 
no. NBP2‑16521, Novus Biologicals, LLC) at 4˚C for ~2 h. 
Thereafter, the DNA‑protein complex was eluted from beads 
with centrifugation at room temperature at 1,000 x g for 1 min 
twice, and the combination was broken by de‑crosslinking in 
NaCl solution at 65˚Covernight. The protein was degraded 
with proteinase K (cat. no. ST535, Beyotime Institute of 
Biotechnology), and the DNA was collected for PCR and elec‑
trophoresis to detect the promoter sequence of CNN3. Primer 
sequences are presented in Table II. The cell lysate before the 
incubation with beads served as input control.

Xenograft model. A total of 30 healthy BALB/C nude mice 
(4‑6 weeks old, weighing 20‑22 g) were kept in a sterile envi‑
ronment (12/12 h light/dark cycle at 22±1˚C with a humidity 
of 45‑55%) with free access to water and food. The mice were 
randomly divided into five groups as follows: The vector, 
CNN3, shNC, shCNN3‑1 and shCNN3‑2 groups (n=6 per 
group). The DB cells stably overexpressing CNN3 or cells in 
whichCNN3 was silenced were mixed with an equal volume 
of Matrigel (Corning, Inc.), and subcutaneously injected into 
mice (106 cells per mouse), following anesthetization with 
inhalant of 2‑3% isoflurane (3% for induction and 2% for 
maintenance). At 1 week post‑inoculation, the tumor volume 
was determined every 3 days. The maximum allowable 
tumor size was 15 mm. Following inoculation for 22 days, the 
diameter of the maximum tumor was >14 mm. Therefore, the 
mice underwent euthanasia with an intraperitoneal injection 
of pentobarbital sodium (200 mg/kg), and the subcutaneous 
tumors were isolated for detections. The total duration of the 
xenograft experiment was 22 days. The humane endpoints 
were set according to Institutional Animal Care and Use 
Committee Guidebook, and no animal was euthanized due to 
humane endpoint sprior to the experimental endpoint. Animal 
death was verified by the disappearance of a heartbeat. The 
health and behaviors of animals were monitored daily.

The project design experimental procedure was in line 
with the Guide for the Care and Use of Laboratory Animals 
(8th Edition, NIH), and approved by the Ethics Committee of 
Shenyang Medical College (approval no. SYYXY2021080101).

Hematoxylin and eosin (H&E) staining. The tumor tissues 
were fixed with 4% paraformaldehyde at room temperature 
overnight, washed with non‑sterile water, and dehydrated 
with ethanol and xylene. The tissues were then embedded 
with paraffin, and cut into 5‑µm‑thick sections, which were 
deparaffinized. Subsequently, the sections were stained with 

hematoxylin (Beijing Solarbio Science & Technology Co., 
Ltd.) for 5 min, soaked in 1% hydrochloric acid/ethanol for 
3 sec, and counterstained with eosin (Sangon Biotech Co., Ltd.) 
for 3 min. The aforementioned incubations were performed at 
room temperature. Finally, the sections were re‑dehydrated, 
and mounted with gum. Images were obtained using a photon 
microscope (Olympus Corporation) at a x400 magnification.

Immunohistochemical staining. The subcutaneous tumor 
tissues from mice were fixed into paraffin sections, as described 
above. Following deparaffinization, the sections reacted with 
antigen retrieval reagent (containing 1.8 mM citric acid and 
8.2 mM sodium citrate) for 10 min. The sections were then 
blocked with 3% H2O2 and 1% BSA respectively, and incubated 
with antibody against PCNA (cat. no. 24036‑1‑AP, Wuhan 
Sanying Biotechnology) or cyclin D1 (cat. no. AF0931, Jiangsu 
Affinity Biosciences Biology Research Company) at a 1:100 
dilution at 4˚C overnight in a humid box. After washing with 
PBS, the sections were incubated with HRP‑labeled IgG (cat. 
no. 31460, Thermo Fisher Scientific, Inc.) at a 1:500 dilution at 
37˚Cfor 60 min, reacted with DAB reagent for several seconds, 
and stained with hematoxylin (Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 3 min. Finally, 
the sections were dehydrated with ethanol and xylene (75% 
ethanol for 2 min, 85% ethanol for 2 min, 95% ethanol for 
2 min, 100% ethanol for 5 min twice, xylene for 10 min twice), 
and mounted with gum. Images were obtained using a photon 
microscope (Olympus Corporation) at x400 magnification.

Bioinformatics analysis. The medical bank Gene Expression 
Profiling Interactive Analysis (GEPIA) (http://gepia.
cancer‑pku.cn/) [the dataset sources were The Cancer Genome 
Atlas (TCGA) and GTEx] was used to analyze the expres‑
sion of CNN3 in DLBCL tissues. The expression pattern of 
CNN3 was analyzed by ggplot2 and circlize software, and 
GO enrichment analysis was carried out with clusterProfiler 
software. An unpaired t‑test was used to compare the data 
between two groups. The online bioinformatics website 
JASPAR (https://jaspar.genereg.net/) was used to predict the 
binding between FOXO3 and promoter sequence of CNN3, 
and the potential binding sites were identified.

Statistical analysis. The data in the present study are presented 
as the mean ± SD, and analyzed by GraphPad Prism 7.0 
software (GraphPad Software, Inc.). The data from two inde‑
pendent groups were compared using an unpaired Student's 
t‑test. The data from multiple groups were analyzed using 
one‑ or two‑way ANOVA, followed by post hoc Bonferroni 
comparisons. A value of P<0.05 was considered to indicate a 
statistically significant difference.

Results

CNN3 is highly expressed in DLBCL specimens. The 
dysregulated genes in DLBCL specimens from a cancer 
databank GEPIA (23). Gene Expression Profiling Interactive 
with values P<0.001 and log2FC>3 or <‑3 were analyzed. 
According to Fig. 1A, 1,440 genes were highly expressed, and 
206 genes were expressed at low levels in DLBCL specimens, 
as compared with the blood samples from healthy controls. 
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These abnormally expressed genes were distributed in all 
chromosomes (Fig. 1B). Gene Ontology (GO) enrichment 
analysis revealed that CNN3 was simultaneously enriched in 
four pathways, namely focal adhesion, cell‑substrate junction, 
microtubule binding, and the regulation of ATPase activity in 
DLBCL specimens (Fig. 1C). An additional analysis revealed 
that CNN3 mRNA expression was significantly upregulated in 
DLBCL specimens, as compared with normal blood samples 
(Fig. 1D).

CNN3 promotes the proliferation and cell cycle transition 
of DLBCL cells. The overexpression vector and siRNAs 
targeting CNN3 were synthesized and transfected into DB and 
SU‑DHL‑4 cells in order to regulate the expression of CNN3, 
and RT‑qPCR and western blot analysis confirmed the overex‑
pression and silencing efficiency (Fig. 2). The results of CCK‑8 
assay revealed that the viability of CNN3‑overexpressing 
DB and SU‑DHL‑4 cells was increased and that of the 
CNN3‑silenced cells was decreased (Fig. 3A and B). EdU 

Figure 1. CNN3 is upregulated in DLBCL specimens. (A) The volcano plot illustrates the dysregulated genes in DLBCL specimens and normal blood speci‑
mens from the GEPIA databank (the dataset sources were TCGA and GTEx) using P‑values and fold change values. (B) Circos plot reveals the locations of 
the dysregulated genes on chromosomes. (C) GO enrichment analysis displays the expression pattern of genes with abnormal expression. (D) The analysis of 
CNN3 mRNA expression in DLBCL specimens. CNN3, calponin 3; DLBCL, diffuse large B‑cell lymphoma; GEPIA, Gene Expression Profiling Interactive 
Analysis; TCGA, The Cancer Genome Atlas; GO, Gene Ontology. 



XING et al:  CNN3 EXACERBATES LYMPHOMA6

staining revealed that the live cell numbers were increased 
following the ectopic expression of CNN3, and decreased 
following CNN3 knockdown, compared with the empty vector 
or siNC control (Fig. 3C). Western blot analysis revealed that 
the expression of the proliferation marker, PCNA, was elevated 
following CNN3 overexpression and decreased following 
CNN3 silencing (Fig. 3D). Subsequently, the results of flow 
cytometry of the DB and SU‑DHL‑4 cells demonstrated that 
CNN3 overexpression elevated the proportion of cells in the 
S phase and reduced the proportion of cells in the G1 phase 
(Fig. 4A and B). Additionally, the proportion of cells in the 
S phase was decreased and that of cells in the G1 phase was 
increased following the knockdown of CNN3 (Fig. 4A and C). 
Thereafter, the expression of several cell cycle‑related proteins 
was measured using western blot analysis. The results revealed 
that the levels of cyclin D1, CDK6, CDK2 and (Ser801/811) 
were increased following the overexpression of CNN3 and 
decreased following CNN3 silencing (Fig. 4D). These results 
suggested that CNN3 facilitated the proliferation and cell 
cycle G1/S transition of DLBCL cells.

CNN3 silencing induces the apoptosis of DLBCL cells. The 
apoptosis of the DB and SU‑DHL‑4 cells was analyzed using 
flow cytometry. As shown in Fig. 5A and B, it was evident 
that CNN3 knockdown significantly induced the apoptosis of 
the DB and SU‑DHL‑4 cells, including both early (Annexin 
V+PI‑) and late apoptosis (Annexin V+PI+). The results of 
western blot analysis also revealed that the levels of the apop‑
totic markers, cleaved caspase‑3/9 and cleaved PARP‑1, were 
increased in the CNN3‑silenced DB and SU‑DHL‑4 cells 
(Fig. 5C). On the whole, these results suggested that CNN3 

knockdown resulted in the increased apoptosis of DLBCL 
cells.

CNN3 enhances the growth of DLBCL cells in vivo. A tumor 
xenograft experiment was carried out to detect the effects 
of CNN3 on the growth of DLBCL cells in nude mice. The 
DB cells with stably overexpressing CNN3 or cells in which 
CNN3 was silenced were screened, and alterations in expres‑
sion were confirmed using RT‑qPCR and western blot analysis 
(Fig. 6A and B). The screened DB cells were subcutaneously 
inoculated into mice for 22 days. The results demonstrated that 
the growth of CNN3‑overexpressing DB cells was increased 
and that of the CNN3‑silenced cells was decreased, in compar‑
ison to the growth of the respective controls (Fig. 6C‑E). H&E 
staining revealed nuclear shrinkage and intercellular cavity in 
the CNN3‑silenced tumors, whereas the CNN3‑overexpressing 
tumors were more compactly structured in comparison 
with the control (Fig. 6F). Immunohistochemical staining 
revealed that the expression of PCNA and cyclin D1 was 
increased in tumors overexpressing CNN3, suggesting that 
CNN3 facilitated the growth of DB cells; by contrast, PCNA 
and cyclin D1 expression was decreased in tumors derived 
fromCNN3‑silenced cells, suggesting the inhibition of tumor 
growth (Fig. 6G).

CNN3 expression is negatively regulated by FOXO3. The 
analysis from bioinformatics websites demonstrated that the 
promoter sequence of CNN3 was potentially bound by FOXO3, 
and the latent binding sites are displayed in Fig. 7A. The 
analysis from the GEPIA database revealed that the FOXO3 
expression was slightly decreased in DLBCL specimens, in 

Figure 2. Overexpression and knockdown of CNN3 in DLBCL cells. The changes in the expression of CNN3 in DB and SU‑DHL‑4 cells were confirmed using 
(A and B) reverse transcription‑quantitative PCR and (C) western blot analysis following transfection with CNN3 overexpression vector or siRNA. ***P<0.001. 
CNN3, calponin 3; DLBCL, diffuse large B‑cell lymphoma. 
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comparison with normal blood samples (Fig. 7B). In order to 
investigate the function of FOXO3, a FOXO3 overexpression 
vector was constructed and its availability was verified at the 
transcription and translation levels in DB and SU‑DHL‑4 cells 
(Fig. 7C and D). The mRNA and protein expression levels of 
CNN3 were simultaneously decreased by ~50% following 
FOXO3 overexpression (Fig. 7E and F). Dual‑luciferase 
reporter assay demonstrated that the suppression of FOXO3 
luciferase activity of the reporter vector containing the CNN3 
promoter sequence was significantly attenuated following 
the deletion of the ‑1955/‑1948 and ‑1190/‑1183 sites, particu‑
larly the former (Fig. 7G). ChIP assay revealed that FOXO3 
certainly bound to the ‑1955/‑1948 and ‑1190/‑1183 sites of 
CNN3 promoter sequence. In addition, the binding affinity of 
FOXO3 to ‑1955/‑1948 site appeared greater than that to the 
‑1190/‑1183 site (Fig. 7H).

Thereafter, rescue experiments were performed by the 
co‑expression of FOXO3 and CNN3. The overexpression 
vector of CNN3 only contained its coding sequence, not 

the promoter sequence. Thus, the ectopic expression of 
CNN3 was not regulated by FOXO3. As demonstrated in 
Fig. 8A, the transfection of the CNN3 overexpression vector 
reversed the FOXO3‑induced decrease in CNN3 expres‑
sion. Moreover, the recovered CNN3 expression abrogated 
the FOXO3‑induced inhibition of the proliferation and cell 
cycle transition, and the induction of apoptosis of DB cells 
(Fig. 8B‑F). On the whole, these results suggested that FOXO3 
bound to the promoter of CNN3 and negatively regulated its 
tumor‑promoting roles in DLBCL cells (Fig. 8G).

Discussion

FOX is an evolutionarily conserved transcription factor 
family, which has a deeply conserved forkhead winged 
helix‑turn‑helix DNA binding domain (24). FOXO3, also 
known as FOXO3a or forehead in rhabdomyosarcoma‑like 
1, belongs to the FOXO subfamily (25). FOXO3 medi‑
ates multiple pathological and physiological processes by 

Figure 3. CNN3 promotes the proliferation of DLBCL cells. (A and B) CCK‑8 assay was used to measure the viability of DB and SU‑SHL‑4 cells following 
the (A) ectopic expression or (B) knockdown of CNN3. (C) EdU staining was performed to display live cells. (D) The expression of the proliferation marker, 
PCNA. *P<0.05, **P<0.01 and ***P<0.001 vs. pcDNA3.1 or siNC group. CNN3, calponin 3; DLBCL, diffuse large B‑cell lymphoma; CCK, Cell Counting Kit; 
PCNA, proliferation cell nuclear antigen.
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controlling the transcription of target genes involved in cell 
proliferation, cell cycle transition, apoptosis, DNA damage 
and autophagy (26). It has been reported that FOXO3 
inhibited tumorigenesis by suppressing the expression of 
proliferation‑related genes, including CCND1 (27) and 
CCNA1 (28), and inducing the expression of apoptotic genes, 
including BIM (29) and NOXA (30). The loss of FOXO3 
expression significantly accelerates B lymphomagenesis in 
MYC‑mutant mice (31), and the silencing of FOXO3 inhibits 
the apoptosis of DLBCL cells (17). In the present study, 
the ectopic expression of FOXO3 induced the apoptosis, 
and attenuated the proliferation and cell cycle transition of 
DLBCL cells. It was also demonstrated that FOXO3 bound 
to the promoter sequence of CNN3 and suppressed its 

transcription, with the effects of FOXO3 being significantly 
reversed by CNN3 expression.

The cancer‑promoting roles of CNN3 have been reported 
in several solid tumors, and its effect on lymphomagenesis 
was first demonstrated in the present study, to the best of 
our knowledge. CNN3 is an isoform of calponin, acting 
as an actin‑binding protein for the inhibition of myosin 
ATPase and the stabilization of the actin cytoskeleton (32). 
CNN3 affects the motility, migration, adhesion, differentia‑
tion, phagocytosis and fusion of multiple cells by regulating 
the actin cytoskeleton. Its effects on proliferation have been 
reported in recent years. For instance, CNN3 knockdown 
impairs the proliferation of myoblasts and fibroblasts (33,34).
Increased expression of CNN3 promoted the proliferation of 

Figure 4. CNN3 accelerates the cell cycle transition of DLBCL cells. (A‑C) The cell cycle distribution of DB and SU‑DHL‑4 cells was analyzed using flow 
cytometry. (D) The levels of several cell cycle‑related proteins, cyclin D1, CDK6, CDK2 and pRB (S801/811) in CNN3‑overexpressing or silenced cells. 
*P<0.05, **P<0.01 and ***P<0.001 vs. the pcDNA3.1 or the siNC group. CNN3, calponin 3; DLBCL, diffuse large B‑cell lymphoma; CDK, cyclin‑dependent 
kinase; pRB, phosphorylated retinoblastoma transcription co‑repressor. 
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osteosarcoma and cervical cancer cells (11,35). By contrast, 
in a previous study by Yang et al (36), CNN3 was reported to 
suppress the proliferation of lung cancer cells. The tumor data‑
bank analysis demonstrated that the expression of CNN3 in 
tumor specimens was relatively different, compared with their 
respective control normal tissues, suggesting that CNN3 may 
be expressed with tissue specificity, resulting in its discrepant 
functions in different organs and tissues. Nevertheless, this 
speculation requires further verification in future studies. In 
the present study, CNN3 was highly expressed in DLBCL 
specimens, accompanied by promoting effects on the prolif‑
eration of DLBCL cells. However, the clinical data from 
the tumor databank analyzed in the present study included 
DLBCL specimens and normal blood samples (the dataset 
sources are TCGA and GTEx). It was hypothesized that it may 
be more reasonable to compare the expression of CNN3 in 
DLBCL specimens and normal lymph node tissues. Due to the 
difficulty of normal lymph node collection, this comparison 
has not yet been realized. In future studies, the authors aim to 
collect DLBCL specimens and normal lymph node tissues to 
confirm the expression of CNN3.

The data of the present study demonstrated that CNN3 
promoted the proliferation and cell cycle transition, and its 
knockdown stimulated the apoptosis of DLBCL cells. In 
the majority of adult tissues, cells are in a quiescent state 

(G0 phase), and can be stimulated to re‑enter the cell cycle 
by mitogenic signals. Uncontrolled proliferation and abnor‑
mally activated cell cycle are the primary characteristics 
of malignant cells (37). Cyclins interact with CDKs for the 
regulation of the G0/G1, S, G2 and M phase progression in 
mammalian cells (37). Cyclin D firstly senses the mitogenic 
signals, binding to CDK4 and CDK6, and cells inter the G1 
phase to initiate DNA synthesis (38,39). The activation of the 
cyclin D‑CDK4/6 complex phosphorylates the pocket protein 
including RB to enable E2F transcription factor to induce the 
transcription of downstream genes involved in cell cycle. This 
includes cyclin E, which binds to CDK2, with the formed 
complex further phosphorylating RB to create a positive feed‑
back loop (37,38,40). In the results of the present study, CNN3 
induced the increased levels of cyclin D1, CDK6, CDK2 and 
pRB in DLBCL cells, accompanied by an accelerated G1/S 
transition. These data suggested that CNN3 facilitated the 
proliferation of DLBCL cells by accelerating cell cycle G1/S 
transition.

Suppressed apoptosis is another characteristic of malig‑
nant tumor cells. Apoptosis is a type of cell death actively 
initiated by cells themselves, and helpful for the survival of 
the whole organism. The apoptotic process in mammalian 
cells is evolutionarily conserved and precisely regulated. The 
extrinsic apoptotic signals are delivered by death receptors, 

Figure 5. CNN3 silencing induces the apoptosis of DLBCL cells. (A and B) The apoptosis of DB and SU‑DHL‑4 cells was measured using flow cytometry 
with Annexin V and PI staining. Annexin V+PI‑ cells were considered as early apoptotic cells, and Annexin V+PI+ cells as late apoptotic cells. (C) The levels 
of several apoptosis markers, cleaved caspase‑3, cleaved caspase‑9 and cleaved PARP‑1, were examined in CNN3‑silenced cells. **P<0.01 and ***P<0.001 vs. 
pcDNA3.1 or siNC group). CNN3, calponin 3; DLBCL, diffuse large B‑cell lymphoma; PI, propidium iodide.
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including Fas and tumor necrosis factor receptors (TNFRs), 
and their adapters, including Fas‑associated death domain and 
TNFR‑associated death domain to active caspase‑8 (41,42). 
Intrinsic apoptosis is initiated by the mitochondrial pathway. 
The permeability of the mitochondrial membrane is increased 

and cytochrome c is released into the cytoplasm to activate 
caspase‑9 (43). The intrinsic and extrinsic apoptotic path‑
ways merge to caspase‑3, a well‑known executioner agent 
that is responsible for the cleavage of protein kinase, DNA 
repair proteins and cytoskeletal proteins (44). PARPs are 

Figure 6. CNN3 enhances growth of DLBCL cells in vivo. (A) reverse transcription‑quantitative PCR and (B) western blot analysis were used to confirm the 
effectiveness of the stable overexpression or knockdown of CNN3 in DB cells. (C) Subcutaneous tumors formed by DB cells with varying expression levels 
of CNN3 (scale bar corresponds to 1 cm). (D) The growth curve of tumors. (E) Tumor weight. (F) H&E staining was performed to detect the pathological 
alteration in tumors (the scale bar corresponds to 100 µm). (G) The expression of PCNA and cyclin D1 in tumors was examined using immunohistochemical 
staining and quantitatively analyzed (scale bar corresponds to 50 µm). *P<0.05, **P<0.01 and ***P<0.001 vs. pcDNA3.1 or shNC group. CNN3, calponin 3; 
DLBCL, diffuse large B‑cell lymphoma; NC, normal control; H&E, hematoxylin and eosin. 
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poly‑ADP‑ribosyltransferases that mediate poly‑ADP‑ribo‑
sylation of nuclear proteins involved in DNA repair. Among 
18 members of the PARP subfamily, PARP‑1 has been the 
most extensively studied (45). PARP‑1 catalyzes the synthesis 
of polymers of ADP‑ribose with NAD+ as substrates (46). In 
response to DNA strand breakage, PARP‑1 is cleaved and 
activated by caspase‑3 (47); thus, the presence of cleaved 
PARP‑1 is generally considered as a marker of apoptosis (46). 
In the present study, the levels of cleaved caspase‑3, caspase‑9 
and PARP‑1 were all increased following CNN3 knockdown, 
suggesting the activation of the intrinsic apoptosis of DLBCL 
cells. Moreover, flow cytometry was used to measure the 
apoptosis by Annexin V and PI staining. In the early stage of 
apoptosis, the phosphatidylserine (PS) in the inner layers of 
cytomembrane is flipped out to the outer layers to be recog‑
nized for phagocytosis (41). As a phospholipid binding protein, 
Annexin V specifically and strongly interacts with PS, and the 
labeled Annexin V can indicate early apoptotic cells (48). In 

the middle and late stages of apoptosis, PI can pass through the 
impaired cytomembrane to stain DNA; thus, Annexin V+PI+ 
is considered as a marker of late apoptosis. The present study 
also demonstrated that CNN3 silencing concurrently triggered 
the early and late apoptosis of DLBCL cells.

DLBCL is a malignant tumor originating from lymphoid 
tissue. Due to its high heterogeneity, there are variations in 
the treatment and outcomes of patients with DLBCL. Based 
on gene expression profiling, DLBCL is divided into two 
distant subtypes: Germinal center B‑cell‑like (GCB) and 
activated B‑cell‑like (ABC). These two subtypes arise from 
different stages of lymphoid differentiation with separate 
oncogenic mechanisms, and the prognosis of patients with the 
ABC subtype is poorer (49‑51). For instance, B‑cell receptor 
signaling and nuclear factor κB are generally activated in the 
ABC subtype and B‑cell leukemia/lymphoma 6 and enhancer 
of zeste 2 polycomb repressive complex 2 subunit tend to be 
expressed in the GCB subtype (52). Both FOXO3 and CNN3 

Figure 7. CNN3 expression is negatively regulated by FOXO3. (A) The conserved binding sequence of FOXO3, and the three potential binding sites in CNN3 
promoter are illustrated. (B) FOXO3 expression in DLBCL specimens and normal blood samples from the GEPIA databank. (C and D) The efficacy of FOXO3 
overexpression was confirmed in DB and SU‑DHL‑4 cells. (E and F) CNN3 expression was examined using (E) reverse transcription‑quantitative PCR and 
(F) western blot analysis following the induction of enhanced FOXO3 expression. (G) Dual‑luciferase reporter assay was carried out to verify the binding 
between FOXO3 and CNN3 promoter sequence in 293T cells. (H) ChIP assay was used to confirm the binding between FOXO3 and ‑1955/‑1948 or ‑1190/‑1183 
site in CNN3 promoter sequence. **P<0.01 and ***P<0.001 vs. the pcDNA3.1 group. CNN3, calponin 3; FOXO3, forkhead box O3; DLBCL, diffuse large B‑cell 
lymphoma; GEPIA, Gene Expression Profiling Interactive Analysis.
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have not been found to be associated with the classification 
of DLBCL. The authors aim to investigate the outcomes of 
patients with DLBCL with a high or low expression of FOXO3 
or CNN3 and the association between FOXO3 or CNN3 and 
the ABC/GCB subtype in future studies. Nevertheless, the 
findings of the present study suggested that FOXO3 and CNN3 
may be considered as novel therapeutic targets for DLBCL.

In conclusion, the present study demonstrated that CNN3 
promoted tumor growth in vivo and in vitro, and cell cycle 
G1/S transition, and inhibited the apoptosis of DLBCL cells. 
FOXO3 bound the promoter sequence of CNN3 and inhibited 
its transcription. The lymphoma suppressive roles of FOXO3 
were antagonized by CNN3 overexpression. These findings 
may provide novel insight into the diagnosis and treatment of 
patients with DLBCL in clinical practice.
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