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NEK7: a potential therapy target for NLRP3-related diseases

Ganglei Liu1,§, Xueliang Chen1,§, Qianqian Wang2, Lianwen Yuan1,*

1 Department of Geriatrics Surgery, The Second Xiangya Hospital, Central South University, Changsha, Hunan, China;
2 Department of Oncology, The Affiliated Zhuzhou Hospital of Xiangya Medical College, Central South University, Zhuzhou, Hunan, China.

1. Introduction

Innate immunity provides the first line of defense to 
recognize pathogens and endogenous stress via the 
pathogen-associated molecular patterns (PAMPs) and 
danger-associated molecular patterns (DAMPs) (1). The 
danger signals can be identified by pattern recognition 
receptors (PRRs). Inflammasomes are activated to form 
a "danger" by innate immune cell defense through the 
maturation and secretion of pro-inflammatory cytokines, 
like IL-1β. Among all the known inflammasomes, the 
NLRP3 inflammasome plays a central role in innate 
immunity (2). NLRP3 inflammasome is a multiple protein 
complex composed of NLRP3, apoptosis-associated 
speck-like protein containing a caspase recruitment 
domain (ASC)and caspase-1 (3,4). The activation of 
caspase-1 results in the maturation and secretion of IL-1β 
and IL-18 (5,6) and the cleavage of GasderminD triggers 
pyroptosis (7-9). Thereafter, an inflammatory response 
is formed against the antigens of environmental or host 
origin.
 The components of NLRP3 inflammasome often 
lead to susceptibilities to inflammatory diseases and 
cancer in humans (10). Until now, a great number of 
inhibitors have been used to disturb the related signaling 

pathways, such as IL-1β blockade, IL-18 blockade 
and caspase-1 inhibitors. Unfortunately, most of these 
inhibitors just disturb the signaling pathways after the 
activation of NLRP3 inflammasome. Inhibitors that 
directly regulate NLRP3 to abolish the inflammation 
response may be more effective. NIMA-related kinase 
7 (NEK7) directly targets at NLRP3 inflammasome. 
Researchers have made significant observations on the 
regulation of gene transcription or protein expression 
of NLRP3 inflammasome signaling pathway by NEK7 
in inflammatory diseases, which strongly suggests that 
NEK7 can be a new target for the clinical treatment 
of NLRP3-related diseases, such as squamous cell 
carcinoma of head and neck (11), Diabetic retinopathy 
(12), Hepatocellular carcinoma (13), systemic lupus 
erythematosus (14) and inflammatory bowel disease (15).
 This review briefly discusses the immunological 
function of NEK7 and its potential regulatory role in 
NLRP3-related diseases, as well as the potential of NEK7 
as a therapeutic target for NLRP3-related diseases.

2. The structure of NEK7 and its mechanism of 
action in basic biological functions (Table 1)

2.1. NEK7 structure and regulation

DOI: 10.5582/bst.2020.01029

SUMMARY

Keywords inhibitors, NF-κB signaling, NLRP3-related diseases, NEK7 , NLRP3 inflammasome

NLRP3 inflammasome plays an essential role in innate immunity, yet the activation mechanism of 
NLRP3 inflammasome is not clear. In human or animal models, inappropriate NLRP3 inflammasome 
activation is implicated in many NLRP3-related diseases, such as tumors, inflammatory diseases and 
autoimmune diseases. Until now, a great number of inhibitors have been used to disturb the related 
signaling pathways, such as IL-1β blockade, IL-18 blockade and caspase-1 inhibitors. Unfortunately, 
most of these inhibitors just disturb the signaling pathways after the activation of NLRP3 
inflammasome. Inhibitors that directly regulate NLRP3 to abolish the inflammation response may be 
more effective. NEK7 is a multifunctional kinase affecting centrosome duplication, mitochondrial 
regulation, intracellular protein transport, DNA repair and mitotic spindle assembly. Researchers 
have made significant observations on the regulation of gene transcription or protein expression of 
the NLRP3 inflammasome signaling pathway by NEK7. Those signaling pathways include ROS 
signaling, potassium efflux, lysosomal destabilization, and NF-κB signaling. Furthermore, NEK7 has 
been proved to be involved in many NLRP3-related diseases in humans or in animal models. Inhibitors 
focused on NEK7 may regulate NLRP3 to abolish the inflammation response and NEK7 may be a 
potential therapeutic target for NLRP3-related diseases.
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The NEK family was isolated by Ron Morris and his 
colleagues in cell division cycle mutants of Aspergillus 
nidulans (16). The NIMA-related kinase constitutes 
approximately 2% of all human kinases. NEK7 located 
in the centrosome is one of the smallest members of 11 
NEK kinases, and is a highly conserved serine/threonine 
kinase among 302 kinases (17). NEK7 is expressed in 
a variety of organs, such as heart, brain, liver, lung and 
spleen (18). Human NEK7 consists of a non-conserved 
and disordered N-terminal regulatory domain as well 
as a conserved C-terminal catalytic domain (19). NEK7 
promotes recruitment of pericentriolar material (PCMs) 
to centrosomes in G1 and S phase. The number of PCMs 
directly affects centrosome duplication efficiency (20). 
NEK7 is a multifunctional kinase affecting centrosome 
duplication, mitochondrial regulation, intracellular 
protein transport, DNA repair and mitotic spindle 
assembly (21-24). NEK7 may induce the proliferation 
of other resting cells, which indicates that NEK7 has 
cancer potential (25,26). NEK7-deficient mice results 
in lethality in late embryogenesis or in early postpartum 
stages to severe growth retardation, which shows that 
NEK7 plays a critical role in growth and survival (27).

2.2. NEK7 in mitosis (Figure 1)

NEK9, NEK6, and NEK7 are required for the module 
of downstream kinases implicated in mitotic signal 
transduction (28). Structurally, human NEK7 and 
NEK6 share 86% identity in their C-terminal domains 
and only 20% identity in their disordered N-terminal 
extensions (29,30). The mitotic regulatory factors cycle 
dependent kinase 1 (CDK1) and Polo-like kinase 1 
(Plk1) activate NEK9 to bind directly to NEK6 and 
NEK7, thus controlling cytokinesis (23,31). In early 
mitosis, NEK9, NEK7, NEK6, and the kinesin Eg5 
form a signaling module downstream of Cdk1 and 
Plk1 required for centrosomes separation and bipolar 
spindle formation (32-34). Both NEK7 and NEK6 
kinase can phosphorylate α- and β-tubulin in vitro, 
as well as regulate the half-life of microtubules in 
interphase (35). NEK6 phosphorylates KIF11 to target 
centrosomes in order to promote centrosome separation 
(36). Nek6 controls microtubule binding activity of the 

central spindle in the telophase of Mklp2 (23). NEK9 
activates NEK7 and NEK6 during mitosis to coordinate 
microtubule dynamics so as to promote spindle 
formation, centrosome nucleation and cytokinesis 
(35).Notably, both NEK6 and NEK9 do not interact 
with NLRP3 and are also dispensable for NLRP3 
inflammasome activation. 

3. The role of NEK7 in NLRP3-related diseases (Table 
2)

3.1. NLRP3-related diseases and the regulation 
mechanism of NLRP3 inflammasome activation

Among the currently known inflammasomes, the 
nucleotide-binding oligomerization domain (NOD) 
and leucine-rich repeat pyrin (LRR) 3 domain 
(NLRP3) inflammasome are most widely studied (37). 
NLRP3 contains a pyrin domain at the N-terminus 
(PYD), a LRR at the C-terminus and the intermediate 
nucleotide triphosphatase domain (NACTH) mediated 
oligomerization (37,38). NLRP3 scaffold, apoptosis-

75

Table 1. The mechanism of action in basic biological functions of NEK7, and the potential diseases

Biological functions

Centrosome duplication, Mitochondrial 
regulation, DNA repair, Mitotic spindle 
assembly, proliferation of other resting cells

Nek7 is required for NLRP3 inflammasome 
activation induced by all NLRP3 stimuli 
tested including ATP, nigericin, monosodium 
urate crystals and Alum

Possible mechanism

Promotes the recruitment of pericentriolar 
material(PCMs) to centrosomes in G1 and S phase;
NEK9 activates NEK7 and NEK6 during mitosis to 
coordinate microtubule dynamics so as to promote 
spindle formation, centrosome nucleation and 
cytokinesis

Intracellular protein transport

Ref

20-26,
35,
94

Potential disease

Tumor,
Inflammatory diseases,
Autoimmune diseases

Figure 1.  Mechanism of NEK9 regulating NEK7 and NEK6 
in mitosis. In early mitosis, CDK1 phosphorylates many sites in 
NEK9, which are subsequently phosphorylated and activated by 
PLK1. through activation of NEK6 and NEK7. NEK9 subsequently 
phosphorylates components (kinesin Eg5, microtubules and the 
γ-TuRC) that are necessary for proper mitotic spindle formation.
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(50). Numerous studies have shown that NLRP3 
inflammasome is involved in the progression of liver 
failure and liver disease (51-53). The down-regulation 
of NLRP3 inflammasome in liver cancer inhibits the 
proliferation and metastasis of hepatoma cells (13,54). 
The activation of NLRP3 inflammasome leads to 
severe hepatic inflammation and fibrosis, and induces 
hepatocellular carcinoma apoptosis and pyroptosis (55-
57).
 Delayed cell cycle progression in knockout of NEK7 
in head and neck squamous cell carcinoma suggests 
that NEK7 may play an important role in development 
of squamous cell carcinoma of head and neck through 
mitosis (58). NLRP3 is upregulated in head and neck 
squamous cell carcinoma as well as delays tumorigenesis 
in head and neck squamous cell carcinoma mice by 
reducing IL-1β secretion (11,59). MCC950 blocks 
interaction between NEK7 and NLRP3. MCC950 
inhibits activation of NLRP3 inflammasome and IL-
1β secretion in mice with head and neck squamous cell 
carcinoma, as well as enhances anti-tumor immunity 
(60). The combination of MCC950+oATP does not 
induce cell death in normal cells, yet it can specifically 
kill cancer cells of head and neck squamous cell 
carcinoma without harming normal cells (59). Kooi et 
al. (25) indicated that NEK7 expression is generally up-
regulated in retinoblastoma cell lines when compared to 
normal retinal pigment epithelial cells. Downregulation 
of NEK7 inhibits cell proliferation by inducing cell 
cycle arrest in retinoblastoma cells (61).

3.2.2. NEK7 and inflammatory diseases

Diabetic retinopathy is a highly specific neurovascular 
complication associated with inflammation which can 
cause severe visual impairment or even blindness (62,63). 
NLRP3, caspase-1 and IL-18 levels are significantly 
elevated in patients with diabetic retinopathy (63,64). 
NLRP3 inflammasome plays a vital role in the late 
stage of diabetic retinopathy in Akimba Mice (65). 
Limiting IL-1β affects retinal microglial activation and 
proliferation, which may affect neurological changes 
in diabetic patients (66). Downregulation of NEK7 by 

associated speck-like protein (ASC) and pro-caspase-1 
are assembled into the NLRP3 inflammasome, activated 
caspase-1 induces secretion, the maturation of IL-1β and 
IL-18 as well as the induction of pyroptosis (39,40).
 The activation of NLRP3 inflammasome requires 
two steps. The priming signal enhances the production 
of NLRP3 and pro-IL-1β through the nuclear factor NF-
κB pathway (41). The second signal is inflammasome 
activation, where caspase-1 induces the maturation of 
IL-1β and IL-18 for secretion, as well as pyroptosis 
(42). The exact mechanism of activating NLRP3 
inflammasome remains unclear. Inactive NLRP3 
inflammasome may be induced by Potassium (K+) efflux 
(43), increased intracellular Ca2+, decreased cellular 
cyclic AMP (cAMP) (44), oxidized mitochondrial 
DNA release (mtDN) (45), lysosomal destabilization, 
mitochondrial  dysfunct ion as  well  as  oxygen 
species(ROS) production (46,47).
 Recently, NEK7 has been proved to be involved 
in the activation of NLRP3 inflammasome in several 
pathways, such as ROS signaling, potassium efflux, 
lysosomal destabilization, and NF-κB signaling (18). 
Researchers have made significant observations on the 
regulation of gene transcription or protein expression of 
NLRP3 inflammasome signaling pathway by NEK7 in 
NLRP3-related diseases, including tumors, inflammatory 
diseases, and autoimmune diseases, such as squamous 
cell carcinoma of head and neck (11), hepatocellular 
carcinoma (13), diabetic retinopathy (12),  systemic 
lupus erythematosus (14), gout, atherosclerosis, type 
2 diabetes, metabolic syndrome, age related macular 
degeneration, Alzheimer's disease, multiple sclerosis, 
and  inflammatory bowel disease. (15,18)

3.2.1. NEK7 and tumors

Chronic inflammation plays a significant role in the 
occurrence and development of cancer (48,49). The 
tumor microenvironment contains many different 
inflammatory cells and mediators. Tumor pro-
inflammation is considered to be one of the favorable 
features for cancer development. Both inflammation 
and innate immunity are essential causes of cancer 

Table2. The role of NEK7 in NLRP3-related diseases

Research in 
animal model 
or in humans

Tumor

MCC950 blocks the interaction 
between NEK7 and NLRP3. 
MCC950 inhibits the activation 
of NLRP3 inflammasome and 
IL-1β secretion in mice with 
head and neck squamous cell 
carcinoma, as well as enhances 
anti-tumor immunity.

Ref

12,
14,
60,
93-95

Inflammatory diseases

The downregulation of NEK7 by 
siRNA inhibits the activation of 
NLRP3 inflammasome in diabetic 
retinopathy;
MCC950 attenuates high glucose-
induced retinal endothelial cell 
dysfunction by disrupting the 
binding of NEK7 to NLRP3.

Autoimmune diseases

The expression of NEK7-NLRP3 
complex may play a protective role 
in the pathogenesis of systemic lupus 
erythematosus and is negatively 
correlated with disease activity;
NEK7 interacts with NLRP3 to modulate 
the  pyroptosis in inflammatory bowel 
disease via NF-κB signaling

Pathways NEK7 has been proved to be involved in the activation of  NLRP3 inflammasome in several pathways , such as 
ROS signaling, potassium efflux, lysosomal destabilization, and NF-κB signaling
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siRNA inhibits the activation of NLRP3 inflammasome 
in diabetic retinopathy, and MCC950 attenuates high 
glucose-induced retinal endothelial cell dysfunction by 
disrupting the binding of NEK7 to NLRP3 (12). The 
pulmonary ischemia-reperfusion injury is characterized 
by acute aseptic inflammation, alveolar damage and 
vascular permeability (67). Studies have shown that 
MCC950 significantly reduces the lung ischemia-
reperfusion injury by blocking the interaction between 
some NEK7-NLRP3 (65). The mice deficient in 
NLRP3 inflammasome can regulate the inflammation 
of lung ischemia-reperfusion injury by reducing IL-1β 
production (68). Ozone protects lung from lung ischemia-
reperfusion by reducing NRP3 and alleviating lung 
damage caused by oxidative stress and inflammation (69).

3.2.3. NEK7 and autoimmune diseases

Autoimmune diseases are characterized by excessive 
immune responses that cause damage and dysfunction in 
specific organs or tissues (70). Although the treatment of 
the disease continues to strengthen, the prognosis of most 
patients is not satisfactory. Therefore, new targets for 
clinical treatment are urgently sought. Current study finds 
that the expression of NEK7-NLRP3 complex may play 
a protective role in the pathogenesis of systemic lupus 
erythematosus and is negatively correlated with disease 
activity (14). With the progression of lupus nephritis, 
NLRP3 gene expression is significantly increased in 
MRL/lpr mice and inhibiting the activation of NLRP3 
inflammasome in MRL/lpr mice can reduce lupus 
nephritis (71,72). Mice lacking caspase-1 are resistant to 
systemic lupus erythematosus-associated vascular injury 
(73). Improvement of survival and proteinuria in IL-
18-deficient MRL/lpr mice or MRL/lpr is seen in mice 
treated with anti-IL-18 (74). The serum IL-18 levels are 
positively correlated with the lupus nephritis disease 
activity (75).
 Although the specific cause of inflammatory bowel 
disease remains unclear, studies have shown that NLRP3 
inflammasome plays a key role in the development 
of chronic intestinal inflammation, and the secretion 
of IL-1β and IL-18 is positively correlated with the 
colitis disease activity (76,77). Existing studies find the 
NEK7 mRNA, protein expression and cell-cause-related 
factors, including Caspase-1 (p45, p20), NLRP3 and 
GSDMD in inflammatory bowel disease. Currently, our 
study demonstrates the relationship between NEK7 and 
inflammatory bowel disease. Our research found that 
NEK7 interacts with NLRP3 to modulate the pyroptosis 
in inflammatory bowel disease via NF-κB signaling.

4. Mechanism and regulation of NEK7-NLRP3 
inflammasome activation

4.1. The mechanism of NEK7 regulating the activation 
of NLRP3 inflammasome (Figure 2)

Although there is abundant evidence that the activation 
of NLRP3 inflammasome regulates inflammatory 
diseases, its upstream regulatory mechanism remains 
unclear. Recent studies have shown that NEK7 can 
directly regulate the activation of NLRP3 inflammasome 
(78-80). The N-terminal region of NEK7 interacts with 
the C-terminal leucine-rich repeats (LRRs) and the 
nucleotide-binding domain (NOD) of NLRP3 (78,80). 
NEK7 plays a key role in the reduction of microtubule 
dynamic stability during interphase and phosphorylation 
of α- and β-tubulin in vitro. Acetylated α-tubulin 
mediates the dynein-dependent transport of mitochondria 
as well as the subsequent apposition of ASC on 
mitochondria to NLRP3 on the endoplasmic reticulum. 
The integrity of the cellular microtubule network is 
crucial for the activation of NLRP3 inflammasome 
(81,82). The increase of α-tubulin acetylation in NEK7-
knockout cells indicates that NEK7 is involved in 
microtubule acetylation during the activation of NLRP3 
inflammasome. All these results indicate a close 
correlation between NEK7 and NLRP3 inflammasome.
 Although NEK7 is related to NLRP3 inflammasome, 
the exact mechanism between NEK7 and NLRP3 still 
remains unknown. K+ efflux is essential for inducing the 
activation of NLRP3 inflammasome through multiple 
stimuli. The assembly of NLRP3 inflammasome can be 
activated by a variety of exogenous stimuli, including 
nigericin, gramicidin, extracellular ATP, pore-forming 
protein toxins, and so forth. These NLRP3-activated 
stimuli directly disrupt the permeability of plasma 
membrane to K+ and reduce [K+] in the cytoplasmic 
membrane (83). Recent results indicate that Nek7 is an 
essential mediator of NLRP3 activation downstream of 
K+ efflux (78). Nek7 deficiency mice result in reduced 
IL-1β secretion, attenuated recruitment of immune 
cells and decreased disease severity when compared 
to wild-type mice (78,80). Nek7 binds to the NLRP3 
LRRs in a kinase-independent manner downstream 
from the induction of mitochondrial ROS (49,80). ROS 
is a mediator that activates the binding of NEK7 and 
NLRP3 (84). Chloride intracellular channels (CLIC) act 
downstream of the K+ efflux-mitochondrial ROS axis to 
promote the activation of NLRP3 inflammasome, and 
the CLICs-dependent chloride efflux is indispensable for 
the activation of NLRP3 inflammasome (85).

4.2. NEK7 as a switch for mitosis and NLRP3 
inflammasome activation

Under homeostasis conditions, NEK7 appears to be in 
a low activity status. Nevertheless, when homeostasis 
is disturbed, NEK7 will show abnormal expression 
(18). The abnormal expression of NEK7 induces the 
production of abnormal cells, including apoptotic 
cells and multinucleate cells which are closely 
related to mitosis and inflammation (58,80). NEK7 is 
involved in the formation of microtubule structures 
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as well as the regulation of microtubule dynamic 
stability during interphase (86,87). The microtubules-
mediated assembly and the activation of the NLRP3 
inflammasome (81,82),  and the NEK7-NLRP3 
interaction are related to microtubule polymerization. 
Besides, NEK7 is required for the activation of both 
mitosis and NLRP3 inflammasome (49,80). The levels 
of acetylated α-tubulin are similar in NEK7-deficient 
and NEK7-sufficient macrophages, which suggests 
that NEK7 does not activate NLRP3 inflammasome 
by regulating the microtubule dynamics signals during 
mitosis (49,80). Nek6 and Nek9 are not associated with 
the activation of NLRP3 inflammasome. Thus, the 
activation of NLRP3 inflammasome is not associated 
with NEK7 kinase activity (78). The amount of NEK7 
binding to NLRP3 in interphase is more than mitosis. 
Hence, the amount of NEK7 can only support mitosis 
or the activation of NLRP3 inflammasome (80). NEK7 
acts as a cell switch during mitosis to avoid ineffective 
or potentially harmful inflammatory reactions (80). 
The expression of NEK7 in liver cancer is significantly 
higher than that in normal liver tissue, and the 5-year 
survival rate of patients with high expression of 
NEK7 is significantly lower (88). It is suggested that 
NEK7 may regulate the proliferation and metastasis of 

hepatoma cells by regulating the activation of NLRP3 
inflammasome.

5. Discussion and future perspectives

As various diseases are linked to NLRP3-induced 
pyroptosis and IL-1β/18 secretion. IL-1β and IL-
18 inhibitors have been widely used to disturb 
the related signaling pathways (89-91). Reported 
inhibitors include IL-1β blockade (neutralizing IL-
1β antibody canakinumab, recombinant IL-1 receptor 
antagonist anakinra, the soluble decoy IL-1 receptor 
rilonacept), IL-18 blockade (GSK1070806), targeting 
inflammasome constituents (Parthenolide, Bay 11-
7082, β-Hydroxybutyrate, VX-740 and VX-765), 
indirect  NLRP3 inhibitors (Glyburide, 16673-34-0, 
JC124, FC11A-2), ASC inhibitors (cysteinyl leukotriene 
receptor antagonist), and P2X7 antagonists (AZD9056). 
(92-93) However, these inhibitors just disturb the 
signaling pathways of NLRP3 Inflammasome activation 
rather than directly regulate NLRP3 to abolish the 
inflammation response. Furthermore, inhibitors 
aimed at IL-1β or IL-18 can result in unintentional 
immunosuppressive effects. Therefore, inhibitors 
targeting the NLRP3 inflammasome only may be 

Figure 2.  The mechanism of NEK7 regulating the activation of NLRP3 inflammasome. The Priming of signal 1 is mediated by the NF-
κB-activating pathways, such as the Toll-like receptor (TLR) family. This signal cascade induces the expression of the functional NLRP3 
inflammasome components. In signal 2, including K+ efflux through ion channels and mitochondrial perturbations leads to the production and 
release of mitochondrial ROS and CLIC into the cytosol. The mammalian Nek7 activates NLRP3 and then promotes NLRP3 oligomerization 
and inflammasome assembly. The adaptor protein ASC is recruited to the inflammasome and nucleates into prion-like filaments. Caspase-1 
is recruited by ASC and oligomerizes along the ASC filaments, leading to the autoproteolytic activation of caspase-1. Subsequently, active 
caspase-1 promotes the proteolytic cleavage and maturation of pro-IL-1β and pro-IL-18 into the biologically active IL-1β and IL-18. Caspase-1 
also promotes the cleavage of gasdermin D to generate an N-terminal cleavage product that oligomerizes at the plasma membrane, causing 
the formation of pyroptotic pores. These pores disrupt the integrity of the cellular plasma membrane, and might contribute to the release of 
inflammatory mediators, including IL-1β and IL-18.
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a better option for treatment of NLRP3-associated 
diseases.
 Unt i l  now,  there  are  some reported direct 
inhibitors of NLRP3 Protein, including MCC950, 
3,4-Methylenedioxy-β-nitrostyrene, CY-09, Tranilast, 
and Oridonin. Among these inhibitors, oridonin binds 
to cysteine 279 of NLRP3 to abolish NLRP3-NEK7 
interaction, and then blocks the activation of NLRP3 
inflammasome (94).
 Based on the knowledge of available structure of 
NLRP3, future studies should focus on the development 
of structure-guided direct inhibitors and inhibitors, 
which may regulate NLRP3 to abolish the inflammation 
response. Recent research has made great progress in 
the mechanism of NEK7 in the activation of mitosis 
and NLRP3 inflammation. NLRP3-induced pyroptosis 
has been reported, and our own research also found that 
NEK7 interacts with NLRP3 to modulate the pyroptosis 
in inflammatory bowel disease via NF-κB signaling 
(95).  Inhibitors focused on NEK7 may regulate NLRP3 
to abolish the inflammation response with improved 
specificity and potency (18).
 The source of NEK7 activation and regulation remains 
unclear. Understanding the molecular mechanisms 
of NEK7 assembly and activation may lead to novel 
therapeutic targets to formulate therapies in the treatment 
of NLRP3-related diseases.
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1. Introduction

Colorectal cancer (CRC) is a malignancy that is 
prevalent worldwide. Recent statistics indicate that 
more than 1 million CRC cases are diagnosed annually. 
Moreover, the mortality rate of patients with CRC is 
as high as 33% in developed countries (1). In China, 
the incidence of CRC has risen annually given the 
changes in people's lifestyles and eating habits (2). 
Despite continuous advancements and improvements 
in comprehensive treatment of CRC over the past few 
years, the overall prognosis for CRC is poor, and its five-
year survival rate is less than 50% (3). This is mainly due 
to the highly metastatic nature of CRC. Consequently, 
approximately 90% of CRC-related deaths occur as a 
result of metastatic disease (4). Numerous studies have 
been conducted to determine the biological (molecular) 
mechanism of CRC development in its early stages, 
and many metastasis-related oncogenes and tumor 
suppressor factors have been discovered (e.g. p53, K-ras, 
and APC). As an example, tumor invasion and growth 
is inhibited by targeting the gain-of-function mutant p53 

in CRC via Stat3. Notably, patients with CRC and stable 
mutp53 have poorer survival rates and elevated Jak2/
Stat3 activity (5). Peptidomimetic inhibitors of APC-
Asef protein-protein interaction influence the migratory 
ability of CRC cells (6). Most of the prevailing evidence 
indicates that the presence of the K-ras mutation can 
predict the survival of patients with CRC (7,8). Despite 
these insights, the molecular pathways of CRC metastasis 
are diverse and are not well understood. Therefore, 
further studies are needed to better understand the drivers 
of CRC metastasis.
 Originally, DJ-1 was discovered and named in a 
mouse NIH3T3 cell transformation study by a Japanese 
researcher, Nagakubo (9). It was described as a new 
mitogen-dependent oncogene and was found on the short 
arm of human chromosome 36 site 1 (1p36.12-1p36.33), 
which encodes the DJ-1 protein. This protein is highly 
conserved and is formed as a homodimer that is widely 
expressed in many human tissues. It participates in many 
pathological and physiological activities in cells, such 
as transcriptional regulation (10), oxidative stress (11), 
cell apoptosis, cell proliferation (12), and molecular 
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Emerging evidence indicates that DJ-1 is highly expressed in different cancers. It modulates cancer 
progression, including cell proliferation, cell apoptosis, invasion, and metastasis. However, its 
role in colorectal cancer (CRC) remains poorly defined. The current study noted increased DJ-1 
expression in CRC tumor tissue and found that its expression was closely related to clinical-
pathological features. Similarly, DJ-1 increased in CRC cells (SW480, HT-29, Caco-2, LoVo, 
HCT116, and SW620), and especially in SW480 and HCT116 cells. Functional analyses indicated 
that overexpression of DJ-1 promoted CRC cell invasion, migration, and proliferation in vitro and 
in vivo. Mechanistic studies indicated that DJ-1 increased in CRC cell lines, activated specific 
protein cyclin-D1, and modulated the MDM2/p53 signaling pathway by regulating the levels of the 
downstream factors Bax, Caspase-3, and Bcl-2, which are related to the cell cycle and apoptosis. 
Conversely, knockdown of DJ-1 upregulated p53 expression by disrupting the interaction between 
p53 and MDM2 and inhibiting CRC cell proliferation, revealing the pro-oncogenic mechanism 
of DJ-1 in CRC. In conclusion, the current findings provide compelling evidence that DJ-1 might 
be a promoter of CRC cell invasion, proliferation, and migration via the cyclin-D1/MDM2-p53 
signaling pathway. Findings also suggest its potential role as a postoperative adjuvant therapy for 
patients with CRC.

SUMMARY
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chaperoning (13). Early studies on DJ-1 mainly focused 
on its role in Parkinson's syndrome. Results from those 
studies suggested that a mutation in the DJ-1 gene is 
strongly linked to Parkinson's disease (of the human 
autosomal recessive early-onset type). However, DJ-1 
was found to promote the transformation of normal 
immortalized fibroblasts with oncogenes such as H-Ras 
or c-MYC, so the relationship between DJ-1 and tumors 
has garnered considerable attention. Experiments have 
indicated that DJ-1 is overproduced in gastric, liver, 
pancreatic, and esophageal cancers (14-17) and is 
strongly correlated with the development, progression, 
and metastasis of and prognosis for numerous digestive 
system tumors. However, few studies have investigated 
the clinical value, function, and molecular mechanism 
of DJ-1 in CRC. Therefore, the current study explored 
whether DJ-1 participates in the development of CRC. 
The findings of this study should provide important 
scientific and clinical knowledge to prevent and treat 
CRC, and especially new methods and effective 
interventions for CRC invasion and metastasis.

2. Materials and Methods

2.1. Clinical samples

Ninety pairs of CRC specimens and adjacent nontumor 
tissue specimens were collected from patients (43 
males and 47 females) seen at the Second Hospital 
Affiliated with Nanchang University from August 2016 
to December 2018. Tumor-adjacent tissue was obtained 
at a distance of more than 5 cm from the periphery of 
the tumor in the aforementioned patients with CRC. No 
patient received radiotherapy or chemotherapy prior to 
surgery. The collected tissues samples were identified 
as CRC in a pathological examination. Each patient 
provided informed consent for tissue collection for 
research purposes (No. 2017[031]).

2.2. Cell preparation

The colorectal carcinoma cell lines SW480, HT29, 
HCT116, SW620, and LoVo were cultured in DMEM 
reconstituted with 1% penicillin-streptomycin and 10% 
North American FBS at 37°C in a humid atmosphere 
with 5% CO2. All cells were washed with PBS every 
day, changed once, and then passaged for 2-3 days. All 
experiments were performed when the cells reached 75-
85% confluence and were in the logarithmic growth 
phase.

2.3. Stable knockdown and overexpression of DJ-1 in 
CRC cells

To obtain cells overexpressing DJ-1, HCT116 and 
SW480 cells were transfected with the lentiviral 
vector carrying human DJ-1 (Shanghai China). Cells 

transfected with the empty vector (Mock) served as 
the negative control. HCT116 and SW480 cells were 
transfected with lentivirus-mediated control shRNA 
or shRNA targeting DJ-1, a designated vector, and 
shDJ-1. The lentivirus-mediated shRNA was obtained 
from Hanbio Biotechnology (Shanghai, China); 
specific fragments were inserted into a vector. The 
sequences used were as follows: vector shRNA, 
5′-TTCTCCGAACGTGTCACGT-3′.  shRNA-1, 
5′-ACTCTGAGAATCGTGTGGAAA-3′ (DJ-1, 412 nt); 
shRNA-2, 5′-GCGCTTGCAATTGTTGAAGCC-3′ (DJ-
1,499 nt); shRNA-3, 5′-GCAATTGTTGAAGCCCTGA
AT-3′ (DJ-1, 541 nt).
 The cells were subsequently harvested 72 h 
postinfection and cultured in a medium containing 5 
μg/ml puromycin (Sigma, Missouri, USA) until all 
uninfected cells were killed by puromycin. The stably 
transfected cell lines were verified with RT-PCR and 
Western blotting before use in subsequent experiments.

2.4. Cell proliferation assay

SW480 and HCT116 cells in mock/OE-DJ-1 groups 
and vector/shDJ-1 groups were inoculated onto 6-well 
plates. When the cell density reached 75%-85%, 100 μL 
of 10 uM preheated Edu working fluid was pipetted into 
each well, and cells were cultured at 37°C for 2 h. After 
EDU labeling, 4% polyformaldehyde was used to fix the 
cells at room temperature for 15 min. Fifty uL of 2 mg/
mL glycine solution was used to quench the reaction for 
5 min, 0.3% TriX-100 PBS was incubated for 10 min, 
and Apollo and Hoechst staining were performed in a 
stepwise manner. After fluid staining, laser scanning 
confocal microscopy and photography were performed 
(Hoechst 33342 emits blue fluorescence).
 An anchorage-independent colony formation assay 
was performed using soft agar growth of 3 × 103 cells for 
10-14 days. Cell colonies were counted.

2.5. Analysis of apoptosis

Cells were grouped into: Control groups and a test 
group with CRC cells treated with shDJ-1-1# and 
shDJ-1-2# for 48 h followed by staining with Annexin 
V-FITC/PI (BD Pharmingen, USA). Apoptosis was 
determined as Annexin V +/PI + (late apoptotic) cells 
and Annexin V +/PI− (early apoptotic).

2.6. Cell cycle analysis

CRC cells were incubated with shDJ-1 for different 
time periods. Thereafter, they were fixed with 70% ice-
cold ethanol at -20°C for 24 h. Cold PBS was used to 
wash the cells, which were then cultured with 300 uL of 
the staining solution (5 U/mL RNaseA and 5 ug/mL PI, 
BD Pharmingen, USA) for 30 min at 4°C. The results 
were examined with BD FASCanto II flow cytometry 
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were from subjects with confirmed CRC who were 
seen at the Second Hospital Affiliated with Nanchang 
University from 2016 to 2018. The samples were 
cultured with p-MDM2 (ab170880, Abcam, 1:50), 
cyclin-D1 (55506T, CST, 1:500), and DJ-1 (ab18257, 
Abcam, 1:200) antibodies. The staining intensity of the 
cancer samples was scored as follows: 3 (strong staining, 
brown), 2 (moderate staining, yellowish-brown), 1 (weak 
staining, light yellow), and 0 (no staining). Intensity 
scores < 2 indicated low expression while intensity 
scores ≥ 2 indicated overexpression. Stained slides were 
independently examined by two researchers blinded to 
the clinical outcomes and patient allocation. Metastatic 
cancer nodules were confirmed with H&E staining.

2.11. In vivo experiments

All animal experiments were approved by the 
Institutional Animal Care and Use Committee of the 
Second Hospital Affiliated with Nanchang University 
(No. 2017[028]). SW480 cells transfected with the 
shRNA/Vector were reconstituted in 100 μL of PBS. 
The cells were subcutaneously transplanted in 5-week-
old female nude mice. Every 7 days, the tumor size was 
measured with Vernier calipers. The tumor volume was 
determined as: shortest diameter 2× longest diameter/2 at 
7-day intervals post-transplantation. One month after cell 
implantation, mice were sacrificed and the xenografts 
specimens were used in Western blotting.

2.12. Statistics and data analysis

Groups were compared using the log-rank test; the 
Kaplan-Meier method was used to plot patient survival 
curves. Pearson's correlation test or an unpaired t-test 
was used to compare quantitative variables. Multivariate 
analysis was performed using the Cox regression model. 
Linear regression was calculated with the Spearman 
rank correlation. P < 0.05 was regarded as statistically 
significant.

3. Results

3.1. DJ-1 is upregulated in human CRC cells

and assessed with the software ModFitLT 3.2.

2.7. Cell invasion and migration assay

Transwell chambers were pre-coated with Matrigel. 
Matrigel was pre-cooled at 4°C and then added to cover 
the bottom of the Transwell chamber. Subsequently, 
the Transwell chamber was placed in an incubator 
until the Matrigel solidified, after which it was 
removed. After digestion and re-suspension, SW480 
and HCT116 cells (control group and shDJ-1/OE-
DJ-1 group) were inoculated onto the upper layer of 
the serum-free chamber at a density of 2 × 105/mL, and 
the lower chamber was filled with 20% FBS medium. 
After incubation for 24 h, unmigrated cells in the 
upper chamber were wiped away using a sterile cotton 
swab. Cells that migrated were examined using crystal 
violet (0.1%) staining and counted under a microscope 
(Migration experiment without Matrigel).

2.8. RNA isolation and qRT-PCR

TRIzol reagent (Invitrogen) was added to the samples 
to isolate total RNA, which was then used to synthesize 
cDNA with the PrimeScript reverse transcriptase 
reagent kit (TaKaRa, Shiga, Japan). qRT-PCR was 
performed to analyze the level of DJ-1, cyclin-D1, 
and p-MDM2 in patient samples and cell lines (all 
gene primer sequences are shown in Table 1). mRNA 
expression was calculated using the 2−ΔΔCT method, and 
the level of expression of target genes was normalized 
to that of GAPDH expression. All experiments were 
repeated at least thrice.

2.9. Western blotting

Following successful transfection of cells, cells were 
obtained at the indicated time-points. They were lysed 
to obtain total cell proteins. The quantity of protein 
was assessed with the BCA assay kit (Beyotime 
Biotechnology, China). Next, 30 µg of protein was 
separated using SDS-PAGE (concentration of 8% 
or 10%). Then, the protein was transferred to PVDF 
membranes. The membranes were treated with primary 
antibodies: GAPDH and Tubulin served as internal 
standards (8884s/2128s, CST, 1:1000), DJ-1 (ab18257, 
Abcam, 1:1000), p53(ab1101, Abcam, 1:1000), p-MDM2 
(ab170880, Abcam, 1:5000), MDM2 (ab38618, Abcam, 
1:1000), cyclin-D1 (55506T, CST, 1:1000), Bcl-2 
(ab32124, Abcam, 1:1000), Bax (ab32503, Abcam, 
1:1000), and cleaved caspase-3 (ab2302, Abcam, 
1:1000).

2.10. HE and immunohistochemistry

The protein expression in the cancer specimens was 
determined immunohistochemically (IHC). The samples 

Table 1. The sequences for RT-qPCR

GAPDH 
     Forward Primer
     Reverse Primer
DJ-1
     Forward Primer
     Reverse Primer
cyclin-D1
     Forward Primer
     Reverse Primer
p-MDM2
     Forward Primer
     Reverse Primer

5'-TGTGGGCATCAATGGATTTGG-3'
5'-ACACCATGTATTCCGGGTCAAT-3'

5'-AACGCTGAAGCGTCCAGAAT-3'
5'-TGACCACATCACGGCTACAC-3'

5'-CTGATTGGACAGGCATGGGT-3'
5'-GTGCCTGGAAGTCAACGGTA-3'

5'-CTGTGTTGAGCCCTCTTCCAT-3'
5'-TTCTCCGTCAGGGACACTTC-3'
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To examine the effect of DJ-1 on CRC tissues, its 
level of expression was compared between 90 pairs of 
CRC samples and adjacent nontumor tissue samples. 
In both sets of samples, DJ-1 was largely localized in 
the cytoplasm, and a higher percentage of cells highly 
expressed DJ-1 in CRC tissues (62.2%, 56 of 90) 
compared to the level in adjacent normal tissues (13.3%, 
12 of 90) (Figure 1A-B and Table 2). In addition, the 
level of DJ-1 protein expression was markedly higher 
in 39 CRC specimens compared to that in normal 
tissues (Figure 1C-D, p < 0.01). RT-qPCR revealed a 
consistently similar pattern of expression in 39 pairs of 
CRC samples (66.7%, 26 of 39) and matching normal 
colon samples (15.4%, 6 of 39), suggesting that DJ-1 
mRNA was highly expressed in tumors (Figure 1E-
F). In conclusion, these findings imply that levels of 
DJ-1 protein and mRNA expression were markedly 
higher in human CRC samples than those in adjacent 

noncancerous colon samples.

3.2. Increased DJ-1 expression in CRC is related to a 
poor prognosis and the TNM stage

Further experiments were conducted to explore the 
relationship between the level of DJ-1 protein and the 
pathological features of CRC. The results are shown in 
Tables 3 and 4. The level of DJ-1 expression was lower 
in samples from patients with early stage cancer than in 
samples from those with advanced disease (Figure 2A-
B). The level of expression was strongly related to the 
tumor TNM stage (p = 0.0001) and lymphatic metastasis 
(p = 0.0003). That said, the level of expression did not 
differ significantly in terms of tumor histological grade 
and location (Table 4). Kaplan–Meier survival curves 
indicated that high levels DJ-1 were inversely correlated 
with the survival rate (Figure 2C, p < 0.001). Thus, 
the current results indicate that DJ-1 contributes to the 

Figure 1. DJ-1 is overexpressed in human CRC tissues. (A), Typical IHC and H&E staining images of DJ-1 in normal colon tissue and CRC 
samples (N: normal colon tissue; T: tumor; scale bar = 100 μM, 50 μM); (B), IHC scores for 90 pairs of normal and CRC samples; (C), Typical 
Western blot indicating DJ-1 expression (N: normal colon tissue; T: tumor); (D), DJ-1 protein levels in CRC tumor tissues and matching adjacent 
normal tissues were determined with Western blotting; (E), Level of DJ-1 mRNA in39  paired CRC and adjacent normal specimens; (F), Ratio of 
expression (DJ-1/GAPDH) for each the 39 paired CRC and normal specimens. (**p < 0.01, ***p < 0.001).
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progression of CRC and is closely related to a poor 
prognosis.

3.3. Knockdown and overexpression of DJ-1 in CRC cell 
lines

The baseline level of DJ-1 was measured with Western 
blotting and RT-qPCR in 6 CRC cell lines: SW480, HT-
29, Caco-2, LoVo, HCT116, and SW620. DJ-1 increased 
particularly in the HCT116 and SW480 cell lines (Figure 
3A-B). Therefore, HCT116 and SW480 cells were 
selected to construct stably transfected cell lines with 
lentivirus-mediated shRNA targeting DJ-1 to knockdown 
DJ-1 expression. Transfection efficiency was verified 
with Western blotting. Silencing efficiency was 82.64% 
in SW480 cells and 85.26% in HCT116 cells (Figure 
3C-D). Analysis was performed with ImageJ. mRNA 
levels consistently indicated a similar level of silencing 
efficiency; the mRNA level was reduced by 58.13% in 
SW480 cells and by 61.92% in HCT116 cells (Figure 
3E).

3.4. DJ-1 enhances the invasion, proliferation, and 
migration of CRC cells

To assess the impact of DJ-1 on the progression of CRC, 

DJ-1 was knocked down or overexpressed in SW480 
and HCT116 cells (Figure 3C-E). Results indicated that 
SW480 and HCT116 cells with knocked down DJ-1 
invaded and migrated into the lower chamber at a slower 
rate than the vector groups (Figure 4C-F, 24h, p < 0.05; 
48, p < 0.01). After transfection with OE-DJ-1, there 
were more migrating and invading CRC cells compared 
to the number in mock cells (Figure 4C-F, p < 0.001). 
Similar findings were noted in HCT116 cells. The role of 
DJ-1 in the development of colon cancer was evaluated. 
Results revealed that DJ-1 inhibition decreased the 
growth of colon cancer cells while DJ-1 overexpression 
significantly facilitated their growth and proliferation 
(Figure 4A-B, p < 0.05). In addition, DJ-1 regulation of 

Table 2. DJ-1 levels in CRC and adjacent nontumor 
tissues

Tumor
Adjacent nontumor tissue

p value

p < 0.001

DJ-1 (High)

62
12

DJ-1 (Low)

28
78

Table 3. The clinical characteristics of the CRC samples 
used in this study

Feature

Gender
     Male
     Female
Age at diagnosis
     < 65
     ≥ 65
Depth of invasion
     Submucosa
     Muscular layer
     Serous layer
     Every layer
Location
     Transverse colon
     Ascending colon
     Descending colon
     Sigmoid colon

I (n = 6)

2
4

1
5

1
1
2
2

2
0
1
3

 II (n = 43)

22
21

  2
41

  2
  3
31
  7

  3
  1
17
12

WHO grade

 III (n = 41)

19
22

  7
34

  1
  9
20
11

  7
  5
14
16

Table 4. The correlation of DJ-1 expression and clinical-pathological characteristics of CRC

Group

Age at diagnosis
     < 65
     ≥ 65
Gender
     Male
     Female
Location
     Transverse colon
     Ascending colon 
     Descending colon
     Sigmoid colon
Lymph node status
     Positive
     Negative
Histological grade
     Highly/Moderately differentiated
     Poorly differentiated
TNM stage
     I + II 
     III + IV
*p < 0.001; **p < 0.0001.

   DJ-1 (High, n = 62)

  13 (21.0%)
  49 (79.0%)

  30 (48.4%)
  32 (51.6%) 

  12 (19.4%)
  10 (16.1%)
  15 (24.2%)
  25 (40.3%)

  41 (66.1%)
  21 (33.9%)

29 (8.3%)
  33 (66.7%)

  19 (30.7%)
  43 (69.3%) 

Expression of DJ-1 protein

   DJ-1 (Low, n = 28)

    5 (17.9%)
  23 (82.1%)

  12 (42.9%)
  16 (57.1%)

    6 (21.4%)
    5 (17.9%)
    5 (17.9%)
  12 (42.8%)

    7 (25.0%)
  21 (75.0%)

 15 (53.6%)
  13 (46.4%)

22 (80%)
  6 (20%)

p value

0.733

0.626

0.929

0.0003*

0.55

0.0001**
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Figure 2. The prognostic value of DJ-1 expression in CRC. (A), Results of DJ-1 staining of CRC tumors and normal colorectal mucosa 
samples obtained from patients with cancer in various TNM stages (scale bar = 100 μM, 50 μM); (B), Results of an IHC assay of DJ-1 expression 
for all stages of cancer. Tumors with a low TNM stage had lower DJ-1 expression than those with a high TNM stage; (C), Kaplan-Meier survival 
curves revealed that increased DJ-1 expression (n = 62) in the 90 CRC samples was related to a shorter overall survival compared to samples with 
low DJ-1 levels (n = 28) (p < 0.001) (*p < 0.05, **p < 0.01).

Figure 3. DJ-1 knockdown and overexpression in CRC cell lines. HCT116 and SW480 cells were transfected with lentiviral vectors to inhibit 
or overexpress DJ-1; An empty vector and scrambled shRNA served as negative controls. (A-B), The level of expression of DJ-1 protein and 
mRNA in 6 CRC cell lines; (C-E), The level of expression of DJ-1 protein and mRNA was verified with Western blotting (p < 0.01) and RT-qPCR. 
(OE-DJ-1: Overexpressed DJ-1, **p < 0.01).
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the expression of proteins involved in tumor metastasis 
was determined in CRC cell lines. Results indicated that 
the expression of Snail and Vimentin, two important 
proteins related to tumour metastasis, decreased 
markedly (p < 0.05) whereas that of E-cadherin increased 
significantly in shDJ-1 CRC cells (Figure 4G, p < 0.05), 
suggesting that changes in levels of these proteins may 
play a role in shDJ-1-mediated malignant progression. 
When DJ-1 was overexpressed in CRC cells, the opposite 
results were noted (Figure 4H, p < 0.05).

3.5. DJ-1 regulates the proliferation and apoptosis of 
CRC cells

To explore the potential function of DJ-1 in CRC 
cell apoptosis and proliferation, the impact of DJ-1 
knockdown was examined in CRC cell lines. Results 
indicated that DJ-1 knockdown slightly increased the 

quantity of cells in the G1 phase and decreased the 
proportion of cells in the S phase (Figure 5A, p < 0.05). 
In other words, cell viability markedly decreased as 
a result of inhibition with DJ-1 compared to that in 
the shRNA groups. That said, SW480 and HCT116 
cells transfected with shDJ-1 had an increased rate of 
apoptosis (Figure 5B, p < 0.05).

3.6. DJ-1 promotes CRC cell proliferation via the 
cyclin-D1/MDM2-p53 signaling pathway

DJ-1 may antagonize p53 by inhibiting the expression 
of the p53 and eventually promoting the proliferation 
of  cancerous cel ls  (18) .  Unfortunately,  a  co-
immunoprecipitation assay revealed that DJ-1 does not 
directly interact with p53 in CRC (data not shown). 
Several studies have reported that an oncogene 
signaling pathway contributes to apoptosis by targeting 

Figure 4. DJ-1 enhances the invasion, proliferation, and migration of CRC cell lines. (A), The Edu kit cell proliferation assay was performed 
in different groups; (B), A colony formation assay of the Vector/shDJ-1 and Mock/OE-DJ-1 groups was performed after 14 days of culturing; (C-D), 
Wound-healing migration at the indicated times (Scale bar, 100μm); (E-F), A cell Matrigel assay and migration & invasion assay were performed 
as quantitative assays. The migratory process was assessed at 24 h, and invasion at 48 h (Scale bar, 50μm); (G-H), Western blotting was performed 
to evaluate the effect of DJ-1 on levels of Snail, E-cadherin, and Vimentin expression in HCT116 cells. Data are expressed as the mean ± SD of 3 
replicates. (OE-DJ-1: Overexpressed DJ-1, *p < 0.05, **p < 0.01, ***p < 0.001).
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MDM2 and indirectly activating the p53 pathway 
(19,20). Thus, the state of the MDM2/p53 pathway 
was assessed to determine whether it underlies the 
oncogenic functions of DJ-1 in CRC. Western blotting 
was performed to evaluate the mechanism responsible 
for the suppressive effects of DJ-1 on proliferation in 
vitro. Results indicated that the expression of p-MDM2 
(MDM2, no significant change) decreased in CRC 
cells treated with shDJ-1 (p < 0.05). However, the 
expression of p53 increased for some unknown reason 
(p < 0.05). DJ-1 knockdown reduced the level of the 
apoptotic protein Bcl-2 and enhanced the level of the 
proteins Bax and Caspase-3 (p < 0.05). In contrast, 
DJ-1 overexpression produced similar results (Figure 
6C-D). Thus, DJ-1 is involved in regulating the process 
of cell apoptosis. In addition, the level of cyclin-D1 
protein increased after DJ-1 overexpression compared 

to that in cells transfected with the control DJ-1-
free vector (p < 0.05). DJ-1 influenced the amount of 
cyclin-D1 and promoted expression of Bax and cleaved 
caspase-3 but inhibited the level of Bcl-2 protein (Figure 
6A-B, p < 0.05). Similarly, IHC revealed that DJ-1 
inhibition decreased the expression of cyclin-D1 and 
p-MDM2 in the same human CRC tissues (Figure 7A-
B, p < 0.05). The level of DJ-1 protein was related to 
that of cyclin-D1 and p-MDM2 in the same CRC tissue 
samples (Figure 7C-D, and Table 5, r = 0.2137, p = 
0.0068; r = 0.2056, p = 0.0037).

3.7. The DJ-1-cyclin-D1/p53-MDM2 pathway enhances 
CRC progression in vivo

Additional tests were performed to examine the impact 
of DJ-1 suppression on the oncogenic activity of SW480 

Figure 5. DJ-1 promotes cell cycle progression and decreases cell apoptosis. (A), Cell cycle analyses were performed with HCT116 and SW480 
cells transfected with shDJ-1-1# and shDJ-1-2#; (B), Flow cytometry indicated that DJ-1 knockdown increased cell apoptosis in CRC cells (*p < 0.05, 
**p < 0.01).
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cells, and a subcutaneous xenograft model was created 
in nude mice. Implantation of DJ-1-knockdown cells 
produced xenograft tumors with a smaller average weight 
compared to those formed by control cells (Figure 8A, 
B and D, p < 0.01), and those tumors displayed slower 
growth (Figure 8E, p < 0.01). Furthermore, H&E staining 
indicated successful subcutaneous tumor formation 
in nude mice (Figure 8C). In addition, p53 expression 
increased while p-MDM2 and cyclin-D1 decreased in 
tumors obtained from DJ-1-knockdown cells compared 
to those obtained from control cells (Figure 8F-H, 
p < 0.05). This suggested that the DJ-1/cyclin-D1/
MDM2-p53 pathway participated in the development of 
colon cancer cells in vivo.

4. Discussion

At present, tumor metastasis and invasion are the 
leading factors that decrease the efficacy of tumor 
therapy, leading to death in patients with CRC (21). 
Thus, more detailed molecular studies need to be 
conducted to reveal the mechanisms involved in 
CRC metastasis to promote the development of 
an early intervention for high-risk cases involving 
metastasis. Numerous studies have indicated that 
DJ-1 is a key modulator of metastasis in various types 
of cancer (22,23). The current results revealed that 
DJ-1 expression increased in CRC, and levels were 
closely related to the pathological features of the 
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Figure 6. DJ-1 promotes CRC cell proliferation via the cyclin-D1/MDM2-p53 signaling pathway. (A-D), The effect of DJ-1 on cyclin-D1, 
Bax, Bcl-2, Caspase-3, p53, p-MDM2, and MDM2 protein levels was evaluated with Western blotting in SW480 and HCT116 cells. Data are 
expressed as the mean ± SD of 3 replicates. (OE-DJ-1: Overexpressed DJ-1, *p < 0.05, **p < 0.01).
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Figure 7. DJ-1 and cyclin-D1 and DJ-1 and p-MDM2 are correlated in CRC. (A-B), Representative immunohistochemistry images of DJ-1, 
cyclin-D1, and p-MDM2 protein levels in tumor specimens from two patients with CRC are shown. In Patient 1, DJ-1 overexpression upregulated 
cyclin-D1 and p-MDM2, while the opposite occurred in Patient 2 (N: normal colon tissue; T: tumor; scale bar = 50 μM); (C), The linear correlation 
between levels of DJ-1 and cyclin-D1 mRNA in CRC tissues (r = 0.2137) (p = 0.0068); (D), The linear correlation between levels of DJ-1 and 
p-MDM2 mRNA in CRC tissues (r = 0.2056) (p = 0.0037).

Figure 8. Knockdown of DJ-1 inhibits CRC growth in vivo. (A), Typical images of nude mice transfected with SW480 cells with shDJ-1-1#, 
shDJ-1-2#; (B), Subcutaneous implantation of SW480 cells; (C), Representative images of HE staining of a tumor; (D), Tumor weight, n = 4; (E), 
Growth curves for tumors; (F-H), Expression of DJ-1, cyclin-D1, p53, p-MDM2, Bax, and Bcl-2 in xenograft tumors obtained from control cells 
and DJ-1-knockdown. (*p < 0.05, **p < 0.01, ***p < 0.001).
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disease. This implies that DJ-1 is not only involved 
in the tumorigenesis of CRC but can also predict the 
prognosis for this cancer. Moreover, DJ-1 was found 
to enhance the metastasis and growth of CRC tumors 
both in vivo and in vitro. In conclusion, these findings 
indicate that DJ-1 plays a crucial role in the progression 
and development of CRC.
 Similarly, many previous studies have found that 
DJ-1 participates in cancer initiation, progression, and 
multidrug resistance through multiple mechanisms in 
a context-dependent manner. For instance, the role of 
DJ-1 in mitochondrial metabolic function is modulated 
by 14-3-3β. DJ-1 modulation of this novel molecular 
mechanism of mitochondrial metabolic efficiency is 
potentially involved in promoting the proliferation of 
cancer cells (24).DJ-1 enhances tumor metastasis and 
invasion via activation of the PLAGL2/Wnt/BMP4 
axis in CRC (22). In addition, DJ-1 activates the pKB/
Akt signaling pathway by inhibiting PTEN, thereby 
promoting the progression of ovarian, lung, and breast 
cancer (25-27).
 Malignant proliferation, migration, and invasion 
by cancer cells through the basal membrane into the 
lymphatic vessels, adjacent tissues, and blood is a basic 
characteristic of cancers and a contributor to local tumor 
metastasis. The current study explored the molecular 
mechanism of DJ-1 in CRC cell proliferation, invasion, 
and migration. Results showed that DJ-1 activated 
cyclin-D1 and MDM2-p53 signaling, which modulate 
CRC pathogenesis and progression. A previous study 
reported that DJ-1 induced G1 arrest by decreasing 
cyclin-E1 in HCT8 cells (28). The results indicated 
that DJ-1 triggered G1-S phase arrest in HCT116 and 
SW480 cells (Figure 5, A-H). During G1-S phase 
arrest, cyclin-D1 is a cardinal factor that orchestrates 
the transition from the G1 to the S phase in many 
cancers (29,30). cyclin-D1 is highly expressed during 
the initiation of many cancers such as CRC, indicating 
that downregulating cyclin-D1 may be a novel target 
for treatment of CRC.
 Western blotting revealed that the level of cyclin-D1 
protein increased following overexpression of DJ-1 
in SW480 cells compared to that in cells transfected 
with the control DJ-1-free vector. Equivalent findings 
were obtained in HCT116 cells. Moreover, DJ-1 

overexpression decreased the expression of the 
apoptosis-related proteins cleaved Caspase-3 and Bax 
and increased the level of Bcl-2 expression, thereby 
enhancing the malignant proliferation of CRC cells.
 Given that the exact mechanism of DJ-1 signaling 
in CRC cells is not clearly known, the current study 
explored the involvement of p53 signaling in DJ-1-
enhanced CRC aggressiveness. Mutations in p53, APC, 
or β-catenin, which are classic tumor suppressor genes, 
account for over 50% of CRC cases. These mutations 
often increase gene expression (c-Myc and CCND1), 
promote nuclear β-catenin accumulation, and increase 
TCF/LEF transcription activity, leading to uncontrolled 
proliferation (31-33). Moreover, prior studies have 
revealed that stimulation of p53 and Snail/β-catenin 
signaling enhances CRC metastasis (34,35). Decreased 
PDLIM claudin-3 or 1PTEN expression has been found 
to trigger metastasis and/or CRC EMT by promoting 
Wnt/β-catenin signaling, while surface-expressed 
FZD8 GPCR48, and FGFR4 respond to paracrine 
or autocrine cytokines or growth factors in a tumor 
microenvironment to activate p53 signaling, thereby 
promoting cancer aggressiveness.
 Therefore, the current explored whether DJ-1 
regulates p53 and promotes the malignant proliferation 
and metastasis of CRC cells. Interestingly, a co-
immunoprecipitation assay revealed that DJ-1 does 
not directly interact with p53 in CRC. An oncogene 
signaling pathway has been found to contribute to 
apoptosis by targeting MDM2 and indirectly activating 
the p53 pathway (36-37). Therefore, the current 
study explored whether activation of the MDM2/
p53 pathway mediated the oncogenic effects of DJ-1 
in CRC. Western blotting was performed to assess 
how DJ-1 regulates anti-proliferative action in vitro. 
Several p53 targets were positively affected by DJ-1. 
Bax was the most markedly altered protein. Moreover, 
p53 knockdown ameliorated DJ-1-induced CRC cell 
proliferation but not invasion and migration.
 Taken together, the current findings indicate that 
DJ-1 indirectly reduced p53 expression by upregulating 
p-MDM2 and then activated apoptosis signaling by 
decreasing expression of Bax and cleaved Caspase-3, 
all of which enhanced malignant proliferation of CRC 
cells. Interestingly, results indicated that DJ-1 activated 
EMT signaling and regulated Snail signaling-targeted 
gene expression and CRC cell proliferation (Figure 
4 M-P). These findings add to the knowledge of the 
underlying mechanism of the pro-proliferative effects 
of DJ-1 and reveal new avenues for CRC therapy.

5. Conclusion

This study has provided compelling evidence that as 
an oncogene DJ-1 might be a promoter of CRC cell 
invasion, proliferation, and migration via the cyclin-D1/
MDM2-p53 signaling pathway, and this study has 
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Table 5. Association between cyclin-D1 and MDM2 
expression and DJ-1 expression in CRC

Gene

cyclin-D1 expression
      Low
      High
p-MDM2 expression
      Low
      High

High

21
41

26
36

Low

18
10

19
  9

DJ-1 expression
r/p-value

r = 0.2137
p = 0.0068*

r = 0.2056
p = 0.0037*

n (%)

31 (34.4%)
59 (65.6%)

37 (41.1%)
53 (58.9%)

*p < 0.001
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described its potential role as a postoperative adjuvant 
therapy for patients with CRC.
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1. Introduction

Multiple myeloma (MM) is a fatal hematological 
malignancy derived from plasma cells and accounts for 
approximately 2% of total cancer-associated death. The 
last few decades have witnessed the development of 
several lines of novel agents for the treatment of MM 
from immunomodulators, proteosomal inhibitors to 
monoclonal antibodies and CAR-T-based cell therapies. 
However, due to genetic heterogeneity and other 
factors, most patients quickly develop resistance and 
the general outcomes are not favorable (1). Until now, 
MM is still incurable and the five-year survival rate 
remains only 30 to 40 percent.
 Insulin-like growth factor (IGF1) is a potent 
activator and promoter of the proliferation and survival 
of MM cells by activating the receptor tyrosine kinase 
(RTK) IGF-1 receptor (IGF1-R). It is reported that 
IGF1-R is hyperactivated in most MM cell lines 
and patient samples. As an RTK, IGF1-R activates 
phosphoinositide-3 kinase (PI3K) and subsequent 

downstream signals, mainly the protein kinase B 
(AKT) and mammalian target of rapamycin (mTOR), 
therefore promoting MM cell proliferation and survival. 
Targeting the PI3K/AKT/mTOR signaling pathway has 
been regarded as a promising strategy for MM therapy 
and a number of specific inhibitors of this signaling 
pathway have been developed. Notably, PI3K is also 
activated by other RTKs, such as the epidermal growth 
factor receptor (EGFR), especially in solid cancers such 
as non-small cell lung cancers (NSCLCs). Inhibition 
of the EGFR pathway led to the discovery of specific 
inhibitors of EGFR (2), including gefitinib, erlotinib,  
afatinib and dacomitinib, all of which have been applied 
in the clinic for lung cancer patients. However, these 
inhibitors are less effective in liquid tumors such as 
MM (3). By comparing the chemical structure of these 
inhibitors, we found that all these inhibitors share the 
4-anilinoquinazoline core scaffold (4). Therefore, it 
will be interesting to develop a second class of these 
inhibitors based on this scaffold for the treatment of 
MM. To develop such inhibitors, We took artemisinin 
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4-anilinoquinazoline-containing inhibitors of the epidermal growth factor receptor (EGFR) are 
widely used in non-small cell lung cancer patients with mutated EGFR, but they are less effective 
in multiple myeloma (MM), a fatal malignancy derived from plasma cells. The present study 
designed a series of novel compounds by conjugating a peroxide bridge to the 4-anilinoquinazoline 
pharmacophore. Further studies showed that these agents such as 4061 and 4065B displayed 
potent activity to induce MM cell apoptosis by upregulating pro-apoptotic p53 and Bax while 
downregulating pro-survival Bcl-2. The mechanistic analysis revealed that both 4061 and 4065B 
inhibited IGF1-R, AKT and mTOR activation in a concentration dependent manner but had no 
effects on the expression of their total proteins, suggesting the conjugates of endoperoxide and 
4-anilinoquinazoline may exert its anti-myeloma activity by targeting the IGF1-R/AKT/mTOR 
pathway.
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into consideration because it contains an endoperoxide 
pharmacophore and displays anti-MM activity (5). 
We therefore developed some novel conjugates of 
4-anilinoquinazoline and endoperoxide pharmocophore 
(4). These novel compounds showed potency against 
NSCLC cell lines with L858R/T790M mutation in 
the EGFR (4). The present study found that 4061 and 
4065B, two representative agents, displayed potent 
anti-MM activity by inhibiting the IGF1-R/AKT/mTOR 
signaling pathway.

2. Materials and Methods

2.1. Cell lines

MM cell lines OPM2, KMS11, OCI-My5 and JJN3 
were generously provided by Dr. Aaron Schimmer from 
Ontario Cancer Center and the University of Toronto, 
Canada. MM cell lines RPMI-8226 and LP1 were 
purchased from American Type Culture Collection 
(Manassas, VA). All cell lines were maintained in 
Iscove's modified Dulbecco's medium. All media were 
supplemented with 10% fetal bovine serum, 100 μg/mL 
of penicillin, and 100 units/mL of streptomycin.

2.2. Gefitinib and novel conjugates of 4-anilinoquinazoline 
and endoperoxide

Gefitinib was purchased from Sigma-Aldrich Chemicals 
(St. Louis, MO, USA). The novel conjugates of the 
4-anilinoquinazoline and endoperoxide pharmacophore 
were synthesized and characterized by NMR as 
described previously (4).

2.3. Cell proliferation analysis

MM cells were treated with increasing concentrations 
of compounds of interest for 72 hrs before being 
subjected to MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay as described 
previously (6).

2.4. Annexin V staining and flow cytometric analysis

Apoptos is  was  quant i ta t ively  assessed us ing 
Annexin V-FITC and propidium iodide (PI) staining 
(MultiSciences Biotech Co., Ltd., Hangzhou, China). 
After being treated with 4061 and 4065B at indicated 
concentrations for 24 hrs, cells were collected and 
rinsed with ice-cold PBS, re-suspended in 500 μL of 1 
× binding buffer, and then labeled with 5 μL Annexin 
V-FITC and 10 μL PI for 10 min in the dark. The 
samples were mixed slightly before being analyzed on 
a flow cytometer (6).

2.5. Reverse transcription polymerase chain reaction 
(RT-PCR)

Total RNA was extracted using the Trizol®reagent 
(Sangon Biotech, Shanghai, China). Total RNA (2.5 
μg) was reverse transcribed using a SuperscriptTM-III kit 
(Invitrogen) according to the manufacturer's instruction. 
The polymerase chain reaction amplification was carried 
out in 25 μL of PCR reaction mixture containing 10 mM 
Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 20 pmol 
of each primer set, two units of Taq DNA polymerase 
(Transgen, Beijing, China), 0.2 mM dNTPs, and 2 μL 
cDNA. The Primers used were as follows: EGFR1, 
forward 5'-TTGCCGCAAAGTGTGTAACG-3' and 
reverse 5'-GTTGCACTTGTCCACGCATT-3'; EGFR2, 
forward 5'-GCTCCTCCTCGCCCTCTT-3' and reverse 
5'-GCCAGCTGGTTGTTCTTGTG-3'; FGFR3, forward 
5'-CTGAAGAACGGCAGGGAGTT-3' and reverse 
5'-CTGTGCGTCACTGTACACCT-3';  GAPDH, 
forward 5'-AATCCCATCACCATCTTCC-3' and reverse 
5'-CATCACGCCACAGTTTCC-3'. Reaction cycling 
conditions were 3 min at 95°C, followed by 30 cycles 
at 95°C for 30 s, 60°C for 30 s, and 72°C for 40 s, and 1 
cycle at 72°C for 10 min. Products were analyzed on 2% 
agarose gels.

2.6. Analyses of the oncomine datasets

Several datasets from the Oncomine Database (https://
www.oncomine.org/) were retrieved by searching genes 
of interest in association with MM and several solid 
cancers including NSCLC, breast cancer, liver cancer 
and prostate cancer tissues.

2.7. Western blotting

Cells (3 × 106) in 60-mm dishes were treated with 
4061 and 4065B at indicated concentrations for 24 hrs 
before being collected for total cell lysates preparation 
in ice-cold lysis buffer. After clarifying using high 
speed centrifugation at 4°C, protein concentrations 
were determined with the BCA assay (Beyotime 
Institute of Biotechnology, Nantong, China). Equal 
amounts of proteins (30-40 μg) were fractionated 
using SDS-PAGE, and transferred to polyvinylidene 
difluoride membranes. The blots were subjected to 
analysis against appropriate antibodies, including 
monoclonal PARP, Bcl-2, Bax, p53, IGF1-R, p-IGF1-R, 
p-AKT(S473), AKT, p-mTOR(S2448) and mTOR. All 
these antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA). An anti-GAPDH 
antibody was purchased from Affinity Biosciences 
(Cincinnati, OH, USA).

2.8. Phosphorylation analysis

MM cell lines were stored overnight in Iscove's 
modified Dulbecco's medium containing 0.5% fetal 
bovine serum and low concentrations of 4061 and 
4065B. One plate of cells was then treated with BENC-
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and derivatives have endoperoxide moiety as the 
pharmacophore (7). To take advantage of both 
pharmacophores of these two classes of anti-cancer 
compounds, we designed and synthesized a series of 
novel agents by conjugating an endoperoxide bridge 
to the 4-anilinoquinazoline core scaffold (Figure 1B) 
(4). From a series of agents, two compounds, 4061 and 
4065B (Figure 1B), had displayed improved activity 
to induce NSCLC cell death (4). To evaluate their anti-
MM activity, MM cell lines RPMI-8226, LP1, and 
OPM2 were treated with 4061 and 4065B for 24 hrs, 
followed by Western blot assays to evaluate the cleaved 
level of PARP, a hallmark of apoptosis. As shown 
in Figure 1C, gefitinib, 4-anilinoquinazoline (YY) 
and endoperoxide (3022) failed to induce cleavage 
of PARP, in contrast, both 4061 and 4065B induced 
marked cleavage of PARP. To confirm this finding, MM 

511 for 2 hrs as a positive control. Cells were then 
stimulated with 100 ng/mL human recombinant insulin-
like growth factor-1 (hrIGF-1, PeproTech, Rocky Hill, 
NJ) for 15 min before being lysed in Tris-buffered 
saline containing 1 mM sodium orthovanadate. After 
clarification, cell lysates were subjected to Western 
blotting analysis with anti-phospho-AKT (S473), anti-
AKT, anti-phospho-mTOR (S2448) and anti-mTOR 
antibodies.

3. Results

3.1. 4061 and 4065B induce MM cell apoptosis

The EGFR inhibitors gefitinib, erlotinib, afatinib 
and dacomitinib share 4-anilinoquinazoline as 
the pharmacophore (Figure 1A), and artemisinin 

Figure 1. 4061 and 4065B induce MM cell apoptosis. (A) The chemical structure of Gefitinib and other EGFR inhibitors; (B) The chemical 
structure of 4061 and 4065B. (C) OPM2, LP1, and RPMI-8226 cells were treated with various compounds including gefitinib, 4061, 4065B and 
negative controls YY and 3022 for 24 hrs. Cell lysates were prepared and subjected to immunoblotting assay against apoptosis-associated proteins 
PARP. GAPDH was used as a loading control. (D) Apoptosis of LP1 and RPMI-8226 cells treated with various concentrations of 4061 and 4065B 
were determined by Annexin V-FITC and PI staining using flow cytometric analysis.
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cells treated with these two compounds were stained 
with Annexin V and propidium iodide followed by 
flow cytometry analysis. When cells are undergoing 
apoptosis, phosphatidylserine inside the plasma 
membrane will turn over and appear on the cell surface 
and thus could be identified by Annexin V, therefore, 
Annexin V staining-positive cells are regarded as a 
gold criterion of apoptosis (6). Our study found that 
both 4061 and 4065B induced Annexin V positive cells 
in a concentration-dependent manner (Figure 1D). 
Therefore, 4061 and 4065B induce MM cell apoptosis.

3.2. 4061 and 4065B inhibit MM cell proliferation

To find out whether these two compounds also inhibit 
MM cell proliferation, a panel of MM cells were treated 
with 4061 and 4065B in increasing concentrations 
for 72 hrs, followed by the MTT assay. The results 
demonstrated that both 4061 and 4065B suppressed 
proliferation of all MM cell lines tested (Figure 2). 
Therefore, these conjugates of 4-anilinoquinazoline 
and endoperoxide suppress MM cell proliferation and 
induce MM cell apoptosis.

3.3. 4061 and 4065B upregulate pro-apoptotic signals

The above findings suggest both 4061 and 4065B 
induce MM cell apoptosis and suppress proliferation, to 
find out whether pro-apoptotic signals were activated, 
RPMI-8226 and LP1 cells were treated for 24 hrs 
followed by Western blotting assays to evaluate typical 
pro-apoptotic and pro-survival proteins. The results 
showed that these two analogs downregulated the 
protein level of Bcl-2, a typical pro-survival protein in 
cancer cells (Figure 3A and 3B), which was consistent 
with apoptosis and PRAP cleavage. In contrast, p53 
and Bax, two typical pro-apoptotic proteins, were 
upregulated by both compounds (Figure 3A and 3B). 
Therefore, these results further demonstrated that these 
novel agents with conjugated endoperoxide bridge and 
the 4-anilinoquinazoline core scaffold display potent 

activity in inducing MM cell apoptosis.

3.4. EGFR expression is dispensable for 4061 and 4065B 
to induce MM cell apoptosis

Gefitinib and derivatives are selective EGFR inhibitors 
mainly prescribed for NSCLC patients with mutated 
and overactivated EGFR (8), while it was ineffective in 
MM cells (3). Therefore, we wondered whether EGFR 
might not be expressed in MM cells. To this end, we first 
evaluated the expression profile of EGFR in various types 
of cancers, including NSCLC, breast cancer, colorectal 
cancer, lymphoma, melanoma and ovarian cancer. The 
result showed that EGFR was highly expressed in solid 
cancers but not in liquid cancers (Figure 4A). We next 
evaluated EGFR in two different MM datasets, the Zhan 
Myeloma dataset (9) and the Agnelli Myeloma 3 dataset 
(10), it turned out that EGFR is not in MM cells as 
expected (Figure 4B and 4C). To confirm these findings, 
EGFR expression in MM and representative solid tumor 
cell lines was further measured by RT-PCR. The results 
showed that EGFR1 and EGFR2, two major EGFR 
isoforms in cancers, were highly expressed in solid 
tumor cell lines, such as NSCLC cell line A549, breast 
cancer cell line H47D, cervical cancer cell line HeLa and 
prostate cancer cell line PC3, while neither was detected 
by RT-PCR in six MM cell lines including LP1 and 
RPMI-8226 (Figure 4D). This finding was consistent 
with previous studies that EGFRs are high in solid 
tumors (11), but it was not identified in RPMI-8226 cells 
(12). However, both RPMI-8226 and LP1 were sensitive 
to 4061 and 4065B, and these findings suggested that 
EGFR is dispensable for apoptosis induced by the 
conjugates of the endoperoxide and 4-anilinoquinazoline.

3.5. 4061 and 4065B inhibit the IGF1-R/AKT/mTOR 
signaling pathway

It is well known that growth factor IGF1 is a key 
stimulator to increase MM cell proliferation via its 
specific receptor IGF1-R. To find out the expression 

Figure 2. 4061 and 4065B inhibit MM cell proliferation. Various MM cell lines were treated with 4061 (A) or 4065B (B) at indicated 
concentrations for 72 hrs. Cells were then subjected to MTT assays as described in the Methods section.
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profile of IGF1-R, the mRNA levels of IGF1-R were 
analyzed by retrieving the Chapman Myeloma dataset 
based on 239 MM patients retrieved from the Oncomine 
Database (13). As shown in Figure 5A, compared 
with that from normal bone marrow cells, IGF1-R was 
significantly increased in MM cells and smoldering MM, 
an early stage of MM. Because IGF1/IGF1-R leads to 
the activation of the AKT/mTOR signaling pathway in 
MM survival (12,14), we wondered whether 4061 and 
4065B could inhibit the AKT/mTOR pathway in MM 
cells stimulated by IGF1. To this end, starved LP1 and 
RPMI-8226 cells were treated with 4061 and 4065B 
or the known inhibitor BENC-511 (15), followed by 
stimulation with IGF1, a typical ligand of IGFR. The 
phosphorylation levels of IGFR1, AKT and mTOR 
kinases were strikingly increased by IGF1, but this 
activation was inhibited by both BENC-511 and the 
tested compounds 4061 and 4065B. Notably, 4061 and 
4065B suppressed the activation of AKT and mTOR in 
a concentration-dependent manner but had no effects 
on their total protein expression (Figure 5B and 5C). 

Figure 4. EGFR is not expressed in MM cells. (A) EGFR expression in various solid cancers and lymphoma retrieved from the Adai Cell 
Line dataset of Oncomine database.1. Breast Cancer (n = 35); 2. Colorectal Cancer (n = 48); 3. Lung Cancer (n = 91); 4. Lymphoma (n = 6); 5. 
Melanoma (n = 17); 6. Ovarian Cancer (n = 9). (B) EGFR expression retrieved from the Zhan Myeloma dataset of Oncomine database. 0. normal (n 
= 45); 1. MGUS (n = 5); 2. MM (n = 81). (C) EGFR expression retrieved from the Agnelli Myeloma 3 dataset of Oncomine database. 0. Normal 
(n = 5); 1. MGUS (n = 11); 2. MM (n = 133); 3. plasma cell leukemia (n = 9). (D) Representative cancer cell lines were collected to isolate total 
RNA, followed by RT-PCR. The products were isolated on agarose gels.

Figure 3. 4061 and 4065B activate apoptotic signaling in MM 
cells. RPMI-8226 and LP1 cells were treated with increasing 
concentrations of 4061 (A) and 4065B (B) for 24 hrs. Cell lysates 
were then prepared and subjected to immunoblotting assays against 
specific proteins as indicated. GAPDH was used as a loading control. 
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Therefore, 4061 and 4065B displayed potent activity 
against MM by inhibiting IGF1-R/AKT/mTOR signaling 
transduction.

4. Discussion

The AKT/mTOR signaling pathway is activated by 
receptor tyrosine kinases including EGFR, FGFR, IGFR, 
PDGFR and others, upon individual ligand binding, 
thus this pathway plays a critical role in proliferation 
and survival of various cancers including solid tumors 
such as NSCLC and liquid tumors such as MM (16). 
Inhibitors of EGFR and IGF1-R have been developed 
for the treatment of various cancers (8,17). The most 

well known one is gefitinib, the first-in-class EGFR 
inhibitor, which has been widely used for the treatment 
of NSCLC patients with mutated and overactivated 
EGFR. However, this powerful drug is not effective in 
most liquid tumors, such as MM (3). The present study 
found that the endoperoxide bridge conjugated to the 
4-anilinoquinazoline core scaffold displayed potent anti-
MM activity.
 EGFR is the target of gefitinib in NSCLC but it is 
less expressed or not expressed in MM cells (18). The 
present study also demonstrated that EGFR1 and EGFR2, 
two major isoforms of EGFRs, were not detected from 
most MM cell lines examined, which is consistent with 
previous studies in which EGFR1 and other isoforms 

Figure 5. 4061 and 4065B inhibit the IGFR/AKT/mTOR signaling transduction. (A) The expression profile of IGF1-R in MM cells retrieved 
from the Chapman Myeloma 2 dataset of Oncomine Dataset. 1. MGUS (n = 2); 2. MM (n = 239); 3. plasma cell leukemia (n = 3); 4. SMM (n 
= 10). (B, C) RPMI-8226 and LP1 were stored with 4061 (B) or 4065B (C) overnight or BENC-511 for 2 hrs. Cells were further treated with 
100 μg/mL of IGF-1 for 15 min. Cells were then harvested for immunoblotting assays against indicated antibodies. GAPDH was measured as an 
internal control. 
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are not detected in RPMI-8226, a typical MM cell 
line (18) or at a relative low level compared with solid 
cancers (19). Therefore, there is no wonder that gefitinib 
is ineffective in MM. However, 4061 and 4065B that 
conjugate 4-anilinoquinazoline, the pharmacophore 
of gefitinib, and peroxide bridge, the pharmacophore 
of artemisinin, displayed great activity in MM cell 
apoptosis. The underlying mechanisms of these two 
compounds in MM cell apoptosis are probably associated 
with the production of reactive oxygen species (ROS). 
ROS is believed to be a major mechanism in the anti-
cancer activity of some compounds such as artemisinin 
and derivatives that contain an endoperoxide group 
(20). The in vivo studies demonstrated that the ferrous 
iron mediated cleavage of the endoperoxide group to 
release ROS and/or carbon centered radicals that further 
induce DNA damage, mitochondrial depolarization and 
apoptosis. In the RTK-associated signaling transduction, 
IGF1/IGF1-R activated AKT/mTOR signaling pathway 
is probably another target because activation of IGF1-R 
by phosphorylation is inhibited by both 4061 and 4065B. 
The IGF1/IGF1-R pathway including its constitutive 
ligands and receptors not only contributes to the survival, 
proliferation, and homing of MM cells, but also leads 
to MM-associated angiogenesis and osteolysis (21,22). 
IGF1/IGF1-R overexpression is closely correlated to 
poor prognosis in MM patients (22). Targeting the IGF 
system has been developed for MM treatment, e.g. IGFR 
monoclonal antibodies such as AVE1642 (23) and small 
chemical compound inhibitors OSI-906 (24) have been 
developed in preclinical models with great potential for 
MM treatment. In the present study, the growth factor 
IGF1 drastically induces the phosphorylation of both 
AKT and mTOR, but these signals were suppressed 
by both 4061 and 4065B in a concentration-dependent 
manner, suggesting that 4061 and 4056B at least inhibit 
IGF1/IGF1-R-mediated AKT/mTOR signaling. This is 
probably one major mechanism in that 4061 and 4056B 
go beyond gefitinib that is not effective in MM cell 
apoptosis.
 In conclusion, this present study reported novel 
agents by conjugating endoperoxide bridge to 
4-anilinoquinazoline that display potential for the 
treatment of liquid cancers such as MM by suppressing 
the IGF1-R/AKT/mTOR signaling pathway. These 
compounds might represent a novel class of anti-MM 
drugs.
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1. Introduction

Skin-derived precursors (SKPs) from dermis, firstly 
described by Toma et al. in 2001 (1), are adult stem cells 
with the capacities of self-renewal and multipotency 
(2). Conventionally, SKPs are cultured as floating 
spheres in suspending serum-free medium with required 
growth factors (3); however, many studies have reported 
that isolating human SKPs by this protocol has many 
limitations such as relatively low yield (4), slow growth 
rate (3), and heterogeneous spheres (5). Therefore, it 
is unsurprising that several studies have demonstrated 
a new technique to transculture human SKPs from 
adherent monolayer culture system (henceforth termed 
tSKPs), and these tSKPs are similar to traditional SKPs 
in morphology and function (6-8). Developments in 
tSKPs research have indicated their potential application 
in regenerative medicine.
 Under proper stimulus, tSKPs can differentiate into 

cells of both neural and mesodermal lineages, including 
neurons (7), Schwann cells (6,7), smooth muscle cells 
(6,8), osteogenic (6,7) and adipogenic cells (6,7). It 
has also been reported that tSKPs can differentiate 
into fibroblasts (FBs) (8). Cultured in low-glucose 
medium with 15% fetal bovine serum, tSKPs presented 
fibroblast-like morphology and expressed fibroblast 
marker of prolyl-4-hydroxylase beta-an enzyme 
involved in collagen synthesis (8). Previous studies 
have demonstrated that SKPs became morphologically 
similar to the endogenous fibroblasts and expressed 
fibroblast markers when transplanted into dermis, while 
did not express markers of neurons or peripheral glia 
(9,10). Moreover, SKPs could integrate throughout the 
thickness of the dermis, mostly locating in the dermal 
papilla and dermal sheath of hair follicles (9). As the 
principal cellular target of skin regeneration, FBs 
play a pivotal role in maintaining the morphology and 
function of normal skin. Since tSKPs can differentiate 
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SUMMARY

Keywords skin derived precursors, fibroblasts, stem cell, RNA-Seq, adherent culture system

Transcultured human skin derived precursors (tSKPs) from adherent monolayer culture system 
have similar characteristics as traditional skin derived precursors (SKPs), making tSKPs a suitable 
candidate for regenerative medicine. tSKPs can differentiate into fibroblasts. However, little is known 
about the molecular mechanism of the transition from tSKPs to fibroblasts. Here, we compared the 
transcriptional profiles of human tSKPs and tSKPs-derived fibroblasts (tFBs) by RNA-Sequence 
aiming to determine the candidate genes and pathways involving in the differentiation process. A 
total of 1042 differentially expressed genes (DEGs) were identified between tSKPs and tFBs, with 
490 genes up-regulated and 552 genes down-regulated. Our study showed that these DEGs were 
significantly enriched in tumor necrosis factor signaling pathway, focal adhesion, extracellular 
matrix-receptor interaction and phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) signaling 
pathway. A further transcription factors (TFs) analysis of DEGs revealed the significantly down-
expressed TFs (p21, Foxo1and Foxc1) in tFBs were mostly the downstream nodes of PI3K-Akt 
signaling pathway, which suggested PI3K-Akt signaling pathway might play an important role in 
tSKPs differentiation. The results of our study are useful for investigating the molecular mechanisms 
in tSKPs differentiation into tFBs, making it possible to take advantage of their potential application 
in regenerative medicine.



www.biosciencetrends.com

BioScience Trends. 2020; 14(2):104-114.

into fibroblasts, they may serve as potential sources for 
treating aged skin, atrophic skin diseases or skin repair 
by replenishing the lost or damaged FBs.
 As a requisite to potential applications in cell-based 
therapies, it is essential to understand the molecular 
mechanisms that why and how tSKPs can differentiate 
into FBs. Actually, any biological changes of stem cells 
including whether they self-renew, remain quiescence, 
proliferate, differentiate or undergo apoptosis, is 
ultimately the alterations of gene expression (11). 
Therefore, it is necessary to investigate gene evolution 
of related cells at the expression level for which may 
provide further insights into mechanisms.
 To date, no studies have compared the transcriptomic 
profiles between human tSKPs and tSKPs-derived FBs 
(tFBs). Hence, this study aims to perform a comparative 
transcriptomes between tSKPs and tFBs by RNA-
Sequence (RNA-Seq). We assume that our study may 
help determine the candidate genes and pathways that 
involve in the differentiation of tSKPs to fibroblasts, 
thus broaden the potential application of tSKPs in the 
treatment of skin-related diseases.

2. Materials and Methods

2.1. Cell Preparation

Human skin samples were collected from patients 
undergoing circumcisions with informed consents signed. 
Our study was conducted in accordance with the ethical 
guidelines of West China Hospital (Chengdu, China) and 
had Ethics Committee approval (No. 2017064A).
 The protocol for isolating tSKPs has been described 
previously in our study (6). For directing tSKPs into 
tFBs, spheres were collected, resuspended in dulbecco's 
modified eagle medium (DMEM) containing 10% fetal 
bovine serum, and then seeded into cell culture dishes.

2.2. Immunocytochemistry

Cells were plated onto slides and fixed with 4% 
paraformaldehyde for 30 minutes at room temperature. 
The fixed cells were permeabilized with 0.25% Triton 
X-100 for 10 minutes and subsequently blocked with 
3% bull serum albumin for 30 minutes. Then, cells 
were incubated with primary antibodies overnight at 
4℃ and with secondary antibodies for 1 hour at room 
temperature. Finally, cells were incubated with DAPI 
(Dojindo, Japan) for 1 minute before visualizing under 
a fluorescence microscope (Olympus, Japan). Primary 
antibodies were anti-Versican (Abcam, UK, 1:200), 
anti-Fibronectin (Abcam, UK, 1:250), anti-Collagen I 
(Abcam, UK, 1:250), anti-Vimentin (Abcam, UK, 1:250), 
anti-Sox2 (Abcam, UK, 1:250) and anti-Nestin (Abcam, 
UK, 1:250). The secondary antibodies were Alexa Fluro® 
488 donkey anti-mouse IgG (Abcam, UK, 1:500) and 
Alexa Fluro® 488 goat anti-rabbit IgG (Abcam, UK, 

1:500). The protocol was performed in triplicate for each 
cell type described.

2.3. RNA-Seq

2.3.1. Library Preparation

cDNA library preparation was prepared at Novogene 
Co., LTD, Beijing. Total RNA was extracted from 
samples by Trizol (Ambion, USA). mRNA was purified 
using olidgo (dT) magnetic beads, and broken into short 
fragments in fragmentation buffer. Taking mRNA as a 
temple, first strand cDNA was synthesized using random 
hexamers. Second strand cDNA was subsequently 
synthesized in the condition of deoxyribonucleoside 
triphosphates (dNTPs), DNA polymerase I, and buffer. 
cDNA was purified with AMPure XP beads and then 
performed end reparation and 3'-end single nucleotide A 
addition. At last, the resulting fragments were screened 
by AMPure XP beads and enriched by PCR amplication. 
The quality of library products was determined on the 
Agilent Bioanalyzer 2100 system, and the qualified 
products were used for sequencing on Illumina HiSeq™ 
2000.

2.3.2. Mapping Reads to the Reference Genome

The original image data generated from HiSeq was 
transferred into sequence using base calling, and these 
sequences were defined as "raw reads". The resulting 
sequences were filtered as follows: remove adaptor 
sequences, N sequences and low-quality sequences. The 
remaining reads were mapped to the human genome 
using Tophat v2.0.12, and no more than 2 mismatches 
were allowed in the alignment. The RNA-Seq data 
is provided on GEO with the accession number of 
GSE133190.

2.3.3. Statistical Analysis and Screening of Differentially 
Expressed Genes (DEGs)

The gene expression level was presented by the Reads 
Per Kb per Million reads (RPKM) method, which was 
calculated based on the length of the gene and sequencing 
discrepancies. HTSeq v0.6.1 was used to count the read 
numbers mapped to each gene. RPKM values could be 
used for comparing the difference of gene expression in 
different samples using DEGSeq v1.12.0. p-value was 
used corresponding to a differential gene expression test 
at statistically significant levels. "|log2 (Fold change)| ≥ 
1 and False Discovery rate < 0.001" were set to identify 
DEGs as the threshold.

2.3.4. Functional Annotation of DEGs

Gene ontology (GO) enrichment analysis of DEGs that 
were significantly enriched in all GO terms compared 
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in suspension 7 days after transculturing (Figure 1A). 
Being cultured in the medium differentiated toward 
tFBs, cells adhered to the plastic and presented a 
flattened and spindle-shaped morphology (Figure 1B), 
similar to the characteristic morphology of primary-
cultured FBs (pFBs) (Figure 1C).
 The protein expressions of cells were analyzed by 
immunocytochemistry. As shown in Figure 2, tSKPs 
expressed Versican (Figure 2A), Fibronectin (Figure 
2D), Vimentin (Figure 2J), Sox2 (Figure 2M) and 
Nestin (Figure 2P), while did not express Collagen 
I (Figure 2G), which was consistent with traditional 

to genome background using GOSeq (Release 2.23). 
The corresponding biological functions related to the 
DEGs were also presented. The calculated p value was 
adjusted through Benjamini and Hochberg's approach, 
using an adjusted p < 0.05 as a threshold. GO terms with 
adjusted p < 0.5 were regarded as significantly enriched 
by DEGs.
 The analysis of kyoto encyclopedia of genes and 
genomes (KEGG) was the major public pathway-related 
database, which provided all KEGG pathways that are 
significantly enriched in DEGs. The calculating formula 
was the same as that in GO analysis, using KOBAS 
v2.0.
 The regulation of gene transcription, which is 
important for many biological functions, relies largely 
on transcription factors (TFs). TFs can active or inhibit 
downstream gene transcription by binding to specific 
upstream nucleotide sequences. TFCat (http://www.
tfcat.ca/) is a curated catalog of mouse and human 
TFs based on a reliable core collection of annotation 
obtained by expert review of the scientific literature (12), 
which provides reliable data of functional category and 
confidence level of candidate TFs. In this study, TFCat 
was used to characterize and annotate TFs in DEGs.

2.4. Quantitative Real Time Reverse Transcription PCR 
(qRT-PCR) for Validation

Main DEGs involved in important KEGG pathways 
or related to TFs were selected to verify the RNA-
Seq data by qRT-PCR: Mmp9, Ccl20, Vcam1, Csf3, 
Cxcl5, Foxo1, Nr4a1, Foxc1, Foxm1, Cited2, Mylk, 
Thbs1, Hmgb2, Dhcr24, Dhcr7 and Vegfc. Total 
RNA was extracted from cells using Trizol, then was 
converted to cDNA using the iScript™ cDNA Synthesis 
Kit (Bio-Rad, USA) according to the manufacturer's 
instructions. qRT-PCR was carried out using the CFX 
Connect™ Real-Time PCR Detection System (Bio-Rad, 
USA) with SsoAdvanced™ Universal SYBR® Green 
Supermix (Bio-Rad, USA). The primers were described 
in Table S1 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=63). The mRNA 
expression levels were normalized by the internal β-actin 
control and the relative expression of each gene was 
calculated using the 2-ΔΔCt method. Three independent 
biological experiments and two technical replicate were 
performed. Pearson correlation coefficient between 
qRT-PCR data and RNA-Seq data was calculated to 
validate RNA-Seq experiments.

3. Results

3.1. Differentiation of tSKPs into Fibroblasts

tSKPs were successfully isolated from primary adherent 
monolayer culture system established from human skin 
tissue. The tSKPs demonstrated a sphere-like structure 

Figure 1. Morphology of tSKPs and fibroblasts. (A) tSKPs presented 
a sphere-like structure. (B) tFBs differentiated from tSKPs had same 
morphology as pFBs. (C) pFBs presented a flattened and spindle-
shaped morphology. Scar bars: 100 μm.

Figure 2. Immunocytochemical analysis of tSKPs and fibroblasts. 
tSKPs spheres expressed Versican (A), Fibronectin (D), Vimentin 
(J), Sox2 (M) and Nestin (P), did not express Collagen I (G); tFBs 
expressed Fibronectin (E), Collagen I (H), Vimentin (K) and Nestin (Q), 
did not express Versican (B) and Sox2 (N). PFBs expressed Fibronectin 
(F), Collagen I (I) and Vimentin (L), weakly expressed nestin (R), and 
did not express Sox2 (O) and Versican (C). Scar bars: 100 μm.
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SKPs (4). tFBs expressed Fibronectin (Figure 2E), 
Collagen I (Figure 2H), Vimentin (Figure 2K), and 
Nestin (Figure 2Q), while were negative for Versican 
(Figure 2B) and Sox2 (Figure 2N). As for pFBs, they 
were positive for Fibronectin (Figure 2F), Collagen I 
(Figure 2I), Vimentin (Figure 2L) and Nestin (Figure 
2R). However, the expression level of Collagen I was 
stronger and the Nestin expression level was weaker in 
pFBs compared with tFBs. pFBs also did not express 
Versican (Figure 2C) and Sox2 (Figure 2O). The results 
of immunofluorescence staining of tFBs and pFBs 
were similar. Herein, our data showed that tSKPs could 
differentiate into fibroblast in adhesive culture with 
serum, which was consistent with previous studies on 
mouse (13), and porcine (14). Concomitantly, they 
gradually lost the neural potential while appeared certain 
mesodermal capacity during this process.

3.2. Quality Assessment of Samples by RNA-Seq

More than 10 million raw reads were generated from 
tSKPs or tFBs. The percentage of clean reads of each 
library was 99.29% and 99.71% respectively (Figure 
3A). The mapping rate of each one was 96.82% 
and 98.03% of the total read (Table 1). The detailed 
information of quality assessment of reads and statistics 
of alignment were presented in Figure 3A and Table 1.

3.3. Analysis of DEGs between tSKPs and tFBs

A total of 1042 DEGs were identified between tSKPs 
and tFBs, with 490 genes up-regulated and 552 genes 
down-regulated (Figure 3B). The full lists of up-
regulated and down-regulated DEGs were shown in 
Table S2 (http://www.biosciencetrends.com/action/

Figure 3. Quality assessment of reads and DEGs between tSKPs and tFBs. (A) Classification of raw reads in tSKPs and tFBs. (B) Scattered 
plot of DEGs identified between tSKPs and tFBs.

Table 1. Summary of mapping results (mapping to reference genes)

Sample name

tSKPs_RNA
tFBs_RNA

tSKPs: transcultured skin-derived precursors; tFB: tSKPs-derived fibroblasts.

Total reads

10730944
12773732

Total mapped

10389834 (96.82%)
12522653 (98.03%)

Multiple mapped

600661 (5.6%)
668801 (5.24%)

Uniquely mapped

9789173 (91.22%)
11853852 (92.8%)

Non-splice reads

7759368 (72.31%)
9627457 (75.37%)

Splice reads

2029805 (18.92%)
2226395 (17.43%)
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getSupplementalData.php?ID=63).

3.4. GO Enrichment Analysis of DEGs

The 1042 DEGs could be categorized into 1971 GO 
terms. GO functional analysis identified the top 30 
DEGs enriched GO terms (Figure 4). Among the 
GO annotations, 18 GO terms were in the domain of 
molecular function, and terms protein binding, cytokine 
activity, G-protein coupled receptor binding, chemokine 
activity, chemokine receptor binding, insulin-like growth 
factor binding, metallopeptidase activity, growth factor 
binding, metalloendopepetidase activity and receptor 
binding were dominant; 2 GO terms were in the domain 
of cellular component, and the term extracellular region 
was significantly enriched; 10 GO terms were related 
to biologic process, and the terms regulation of growth, 
growth, regulation of cell growth and cell growth were 
also significantly enriched.

3.5. KEGG Enrichment Analysis of DEGs

KEGG analysis identifies the pathways where DEGs 
are significantly enriched, which is beneficial for 
further understanding of DEGs biological functions. In 
our study, the top 20 enriched KEGG pathways were 
presented in Figure 5, and 9 pathways were identified 
to be significantly enriched in DEGs between tSKPs 

and FBs (Table S3, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=63), including 
tumor necrosis factor (TNF) signaling pathway 
(Figure S1, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=63), focal adhesion 
(Figure S2, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=63), extracellular matrix 
(ECM)-receptor interaction (Figure S3, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=63) and phosphatidylinositol 3 kinase 
(PI3K)-protein kinase B (Akt) signaling pathway 
(Figure S4, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=63). The main DEGs 
involved in these signaling pathways were listed in 
Table 2.

3.6. TF Annotation Analysis of DEGs

Regulation at the transcriptional level is important for 
gene expression. TFs can bind to specific upstream 
nucleotide sequences, thereby controlling the rate of 
transcription of downstream genes (15). Their activity 
determines how cells function and respond to external 
environments. The annotation analysis of TFs identified 
the differentially expressed TFs of DEGs between 
tSKPs and tFBs, and the main up-regulated and down-
regulated TFs with strong evidence and their function 
were listed in Table 3.

Figure 4. GO terms of DEGs. The top 30 enriched GO terms in the three main domains: biological process (10), cellular component (2), and 
molecular function (18). *Significantly enriched GO term.
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Figure 5. KEGG analysis of DEGs. Scattered plot of DEGs enriched KEGG pathways.

Table 3. List of major up-regulated and down-regulated transcription factors with strong evidence

Function

DNA binding

Transactivation

Co-activation

TF PPI

Other

TF: transcription factor.

Up-regulated transcription factor

Snail2, Foxc1, Nfkb2, Xbp1, Mef2d, Cdkn1a,
Nr1d1, Creg1, Foxo1, Nr4a2, Klf10, Tgif1

Foxc1, Notch3, Xbp1, Mef2d, Foxo1,
Nr4a2, Tgif1, Nr2f2, Tead1

Notch3, Ncoa7, Nr4a2

Nfkbia, Bag1

Mxi1

Down-regulated transcription factor

Foxm1, Hic1, Nr2f2, Tead1

Cited2, AR, Hic1, Nr2f2, Tead1

Cited2

Runx1t1, Hmgb2, Cited2, AR

/

Table 2. List of possible signaling pathways and major DEGs involved in these pathways

Items

TNF signaling pathway

Focal adhesion

ECM-receptor interaction

PI3K-Akt signaling pathway

DEGs: differentially expressed genes; TNF: tumor necrosis factor; ECM: extracellular matrix; PI3K: phosphatidylinositol 3 kinase; Akt: protein 
kinase B.

                     Up-regulated DEGs

MMP9, CCL5/20, VCAM1, LIF, TNFAIP3,
CXCL1/2/3/5, BIRC3, PTGSZ, IL18R1, IL6, IL1B

LAMC2/3, HGF, VEGFA,
BIRC3, COL4A1, SHC2

LAMC2/3, COL4A2/1, COL5A3, COMP, COL3A1

LAMC2/3, BCL2L11, IL6, COMP,
NGFR, COL4A1, CSF3

                  Down-regulated DEGs

CREB3L1, VEGFC, CSF1

MYLK, MYL9, FLNC, DAPK2, VEGFC,
THBS1, ACTB, ITGA4, FLT1

SDC1, THBS1, ITGA4

FGF1/5, CREB3L1, EPHA2, VEGFC, THBS1,
ITGA4, FLT1, Itga6, Angpt1, Csf1, Il7r
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3.7. qRT-PCR for Data Validation

Sixteen main DEGs (up-regulated: Mmp9,Ccl20, Vcam1, 
Csf3, Cxcl5, Foxo1, Nr4a2 and Foxc1; down-regulated: 
Foxm1, Cited2, Mylk, Thbs1, Hmgb2, Dhcr24, Dhcr7 
and Vegfc) related to TF or involved in important KEGG 
pathways were selected to verify the RNA-Seq data by 
qRT-PCR (Table 4). Pearson correlation coefficient 
between RNA-Seq data and qRT-PCR data was 0.995 
(Figure 6), which indicated that RNA-Seq could provide 
reliable data for mRNA differential expression analysis.

3.8. RNA-Seq Analysis of tFBs and pFBs

The genomic profiles of tFBs and pFBs from same 
human dermis sample were also compared by RNA-Seq. 

A total of 268 DEGs were identified between pFBs and 
tFBs, with 139 genes up-regulated and 129 genes down-
regulated (Figure 7A). GO function analysis revealed 
that no significant GO term enriched with DEGs was 
found (Figure 7B). KEGG pathway enrichment analysis 
showed that candidate genes were most significantly 
enriched in the terpenoid backbone biosynthesis, 
ECM-receptor interaction, focal adhesion and steroid 
biosynthesis (Figure 7C), most of which were associated 
with metabolism and morphogenesis.

4. Discussion

In present study, we compared the transcriptional 
profiles of human tSKPs and tFBs by RNA-Seq. RNA-
Seq is an application of next-generation sequencing 
technique to analyze transcriptome at a given moment 
and can be used for revealing different gene expression 
among different samples (16-18). RNA-Seq is widely 
used for laboratory research and clinical studies now, 
because it provides a more accurate measurement 
of levels of transcripts and their isoforms over other 
methods such as microarrays (19). To the best of 
our knowledge, this is the first article performing 
transcriptomic comparison between tSKPs and tFBs in 
human.
 A total of 1042 genes were found to be differentially 
expressed between tSKPs and tFBs. Compared with the 
results of mouse counterpart (13), the amount of DEGs 
is slightly smaller, which indicates that the molecular 
mechanism underlying differentiation process from 
SKPs to fibroblasts is not completely same between 
different species. GO is a common classification 
scheme for gene function which provides an up-to-date, 
comprehensive, comparable descriptions of homologous 
gene and protein sequence across the phylogenetic 
spectrum (20,21). GO functional enrichment reflects the 
candidate genes are significantly enriched in multiple 
cellular functions, including cellular component, 

Table 4. Validation of RNA-Seq results and comparison of selected genes expression between tSKPs and tFBs by qRT-PCR

Gene

Mmp9
Ccl20
Vcam1
Csf3
Cxcl5
Foxo1
Nr4a2
Foxc1
Foxm1
Cited2
Mylk
Thbs1
Hmgb2
Dhcr24
Dhcr7
Vegfc

RNA-Seq (tSKPs/tFBs)
Fold Change

9.13
8.14
7.21
6.04
4.96
3.24
3.92
2.87
2.32
1.93
4.12
3.16
1.37
3.64
4.00
2.07

qRT-PCR (tSKPs/tFBs)
Fold Change (Mean ± SE)

10.87 ± 1.35
  9.03 ± 0.08
  6.58 ± 0.50
  5.91 ± 0.31
  5.14 ± 1.17
  3.40 ± 0.39
  4.21 ± 0.37
  2.24 ± 0.35
  2.38 ± 0.21
  1.71 ± 0.01
  4.18 ± 0.69
  3.16 ± 0.25
  1.23 ± 0.03
  3.37 ± 0.48
  3.90 ± 0.32
  2.12 ± 0.05

Category

Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated
Up-regulated

Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated
Down-regulated

Figure 6. Correlation of selected genes between RNA-Seq and qRT-
PCR. Pearson correlation coefficient (R = 0.995) was used to determine 
the consistency in gene expression pattern between RNA-Seq and qRT-
PCR.
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molecular function and biological process. In this study, 
GO analysis of DEGs showed that these genes were 
mostly enriched in cell growth, extracellular region, 
protein binding, peptidase activity and chemokine 
activity, indicating complex mechanisms were involved 
in the differentiation of tSKPs towards tFBs.
 KEGG analysis detects the pathways where the 
target genes are most significantly enriched. The 
result of KEGG identified four major developmental 
signaling pathways, including TNF signal pathway, 
focal adhesion, ECM-receptor interaction, and PI3K-
Akt signaling pathway. The TNF protein superfamily 
affects a range of cell biological phenomena, including 
immune regulation, inflammation, proliferation and 
differentiation (22). In this pathway, tSKPs vs. tFBs up-
regulated 25 DEGs and down-regulated 5 DEGs (tFBs 
vs. tSKPs up-regulated 5 DEGs and down-regulated 
25 DEGs conversely). Numerous studies reported the 
TNF family is closely related to biological functions 
of stem cells. TNFα can promote mesendodermal 
lineage differentiation of mesenchymal stem cells via 
induction of NF-κB, such as myofibroblast (23), and 
osteocytes (24,25). The regulation of TNF signaling 
pathway may play an important role in the transition 
from tSKPs to fibroblasts. The focal adhesion pathway 
affects biological processes of cell motility, proliferation 
and differentiation (26). In the focal adhesion, tSKPs 

vs. tFBs up-regulated 20 DEGs and down-regulated 
23 DEGs (tFBs vs. tSKPs up-regulated 23 DEGs and 
down-regulated 20 DEGs conversely), indicating the 
differentiation process from tSKPs to tFBs involves 
the regulation of focal adhesion pathway. The ECM 
consists of a complex mixture of structure and 
functional macromolecules that serves as an essential 
role in tissue and organ morphogenesis (27). In ECM-
receptor interaction signaling, tSKPs vs. FBs up-
regulated 14 DEGs and down-regulated 5 DEGs (tFBs 
vs. tSKPs up-regulated 5 DEGs and down-regulated 
14 DEGs conversely), which indicated specific 
interactions occurred between cells and extracellular 
environment during the differentiation activity of 
tSKPs and tFBs. The PI3K-Akt signaling pathway is 
an intracellular signaling pathway that regulates many 
aspects of cellular functions, including transcription, 
growth, proliferation, metabolism and survival (28). In 
our study, tSKPs vs. tFBs up-regulated 31 DEGs and 
down-regulated 19 DEGs (tFBs vs. tSKPs up-regulated 
19 DEGs and down-regulated 31 DEGs conversely). 
PI3K activation phosphorylates and activates Akt, 
which is recruited to the plasma membrane along with 
PI3K-dependent kinase-1 (29). Akt can phosphorylate 
many target proteins, most notably the forkhead box 
O (FOXO) (30), glycogen synthase kinase 3 (GSK3) 
(31), cell cycle regulators p21 and p27 (31) and target of 

Figure 7. Results of RNA-Seq between pFBs and tFBs. (A) Scattered plot of DEGs. (B) GO terms of DEGs. *Significantly enriched GO term. (C) 
Scattered plot of DEGs enriched KEGG pathways.
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rapamycin (mTOR) (32), which explains its relatively 
wide effects on cell function (33). In many cancers, the 
pathway is well defined in context of tumorigenesis. 
However, recent studies have highlighted that the 
pathway is also important for development and cellular 
differentiation of adult stem cell (33). Studies using 
kinase inhibitors and genetic approaches have shown 
that both human embryonic stem cells (ESCs) and 
mouse ESCs require active PI3K/AKT signaling to 
maintain their undifferentiated properties (34,35). Under 
culture condition conducive for both naive and primed 
human pluripotent stem cells (PSCs) propagation, 
high level of PI3K/Akt signaling acts to maintain 
pluripotency while preventing aberrant differentiation 
(36). Specification of neuro-differentiation requires the 
sustained status of PI3K/Akt/mTOR signaling (37). 
However, inhibition of this signaling in PSCs promotes 
the specification of mesoderm differentiation (38,39). 
Under cultured condition permissive for differentiation, 
the alleviation of PI3K/Akt/mTOR-mediated inhibition 
of activin/Smad2/3 and Wnt/β-catenin pathways drives 
PSCs to differentiate into mesendodermal fates (40). 
Therefore, the PI3K/Akt signaling has negative effect 
on mesodermal differentiation while presenting positive 
effect on neural differentiation. tSKPs are reported for 
similar properties as neural stem cells, and tFBs present 
the function of mesodermal fibroblasts. The KEGG 
analysis revealed that PI3K/Akt signaling was mostly 
enriched by down-regulated DEGs when differentiating 
tSKPs into tFBs. Therefore, we assume that PI3K/Akt 
signaling may be important in the differentiation process 
from tSKPs to tFBs and the regulation of PI3K/Akt 
signaling may activate tSKPs differentiation.
 TFs regulate gene expression by binding to specific 
upstream nucleotide sequences to achieve biological 
functions. Analysis of TFs between tSKPs and tFBs 
may also help us lift the veil on the transition from 
tSKPs and FBs. Among the TFs down-expressed in 
tFBs, many genes have been reported to encode for 
functions in the neural system. Nr4a2 is associated with 
neuron progenitors and neurogenesis of hippocampus 
neural stem cells (41,42). The Klf family can promotes 
self-renewal and cellular programing of stem cells 
(43). Snail2 involves in the regulation of neural crest 
development (44). Inhibiting the expression of the above 
genes in tFBs, which are related to neural system, may 
be important for tSKPs differentiation into mesodermal 
lineages rather than neural cells. Ceg1 is highly 
expressed in both embryonic and adult heat, which is 
required for differentiation of mouse embryonic cell 
into cardiomyocytes and the formation of cohesive 
myocardium-like structure in a cell-autonomous fashion 
(45). Tgif1 has been showed to regulate quiescence and 
self-renewal of hematopoietic stem cells (45). Silencing 
of Tgif1 in tendon-derived stem cells can improve the 
tendon-to-bone insertion site regeneration (46). Cdkn1a 
(alternatively p21), Foxo1 (47) and Foxc1 (8) are key 

multifunctional downstream signaling nodes of PI3K/
Akt signaling. The down-regulation of above genes in 
tFBs suggests the inhibition of PI3K/Akt signaling may 
involve in the process of transition from tSKPs to tFBs, 
which was consistent with the results of KEGG. Among 
the TFs up-expressed in tFBs, Foxm1 is a proliferation-
associated TF, which stimulates cell cycle progression 
by promoting the entry into S-phase and M-phase (49). 
The knockout of Foxm1 in mice is lethal with defective 
development of heart, lung and liver (49). Thus, Foxm1 
is essential for the maintenance of genomic stability and 
chromosome integrity. Thbs1, a transient component of 
extracellular matrix in developing and repairing tissue, 
functions as a cell adhesion molecule and modulates 
cell movement and cell proliferation (9). Thbs1 has 
been shown to be involved in the activation of latent 
transforming growth factor (TGF) β (50). The up-
regulation of Thbs1 indicates that it may associate with 
the formation process of tFBs through TGFβ signaling 
pathway.
 A further comparison of tFBs and pFBs identified 
268 DEGs. Compared with the results of tSKPs and 
tFBs, the amount of DEGs was much smaller. In 
addition, no GO term was significantly enriched by 
DEGs and KEGG analysis revealed only few pathways 
related to metabolism and morphogenesis were enriched 
by DEGs. The comparative transcriptome analysis of 
two fibroblasts suggested that no major difference of 
biological function was found between tFBs and pFBs.
 In conclusion, we compared the transcriptional 
profiles between tSKPs and tFBs by RNA-Seq. Our 
studies showed that the up-regulated and down-regulated 
genes were significantly enriched in TNF signaling 
pathway, focal adhesion, ECM-receptor interaction and 
PI3K/Akt signaling pathway. A further TF analysis 
of DEGs revealed that the down-expressed TFs (p21, 
Foxo1and Foxc1) in tFB were the downstream nodes of 
PI3K-Akt signaling pathway, which suggested PI3K-
Akt signaling pathway might play an important role in 
tSKPs differentiation. The results of our study are useful 
for investigating the molecular mechanisms in tSKPs 
differentiation into tFBs, making it possible to take 
advantage of their potential application in regenerative 
medicine.
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1. Introduction

Angiogenesis is the process of generating new blood 
vessels from existing ones. Homeostasis of angiogenesis 
plays an important role in human cardiac health. 
In animal experiments, myocardial ischemia (1), 
diabetic heart disease (2) and myocardial aging (3) 
are all characterized by poor angiogenesis. Inadequate 
angiogenesis has been viewed as one of the key reasons 
for the occurrence of these diseases. The cardioprotective 
effects of regular exercise are an efficient therapeutic 
strategy to preserve the balance of angiogenesis, including 
improving cardiac angiogenesis in myocardial infarction 
(4,5), heart transplantation (6), diabetes (7,8) and aging 
(9,10). It is well recognized that exercise protects 
cardiac structure and function via elevating capillary 
density under pathological conditions (5,11). Exercise-
induced angiogenesis plays a vital role in maintaining the 

homeostasis of angiogenesis in the myocardium.
 Dimethylarginine dimethylaminohydrolase-1 
(DDAH1) degrades asymmetric dimethylarginine 
(ADMA), which is an endogenous inhibitor of 
nitric oxide synthase (NOS). Previous studies have 
demonstrated that DDAH1 is involved in the occurrence 
and development of multiple diseases, such as vascular 
disease (12), heart failure (13) and myocardial ischemia 
(14,15). Moreover, Zhang found direct evidence that 
DDAH1 expression is upregulated with a decline in 
ADMA and may take part in a protective effect against 
myocardial ischemia via promoting angiogenesis (15). 
DDAH1 and DDAH2 are two isoforms of DDAH. 
DDAH1 plays a leading role in degrading ADMA. The 
protein level of DDAH2 is not changed in DDAH1 
global KO mice (16) and endothelial DDAH1 gene 
deletion mice (17). However, these mice show a lack 
of DDAH activity (increased ADMA level, and blood 

DOI: 10.5582/bst.2019.01351Original Article

SUMMARY

Keywords swim, cardiac capillary density, eNOS, VEGF, Caveolin-1, R-Ras

Dimethylarginine dimethylaminohydrolase-1 (DDAH1) maintains nitric oxide (NO) bioavailability 
by degrading asymmetric dimethylarginine (ADMA), which is an endogenous inhibitor of nitric 
oxide synthase (NOS). It has been well established that DDAH1 and exercise play crucial roles in 
promoting cardiac angiogenesis under pathological conditions. However, the role of DDAH1 in 
exercise-induced cardiac angiogenesis remains unclear. In this study, we focused on the change in 
DDAH1 in response to moderate exercise and the underlying mechanism of exercise-induced cardiac 
angiogenesis. Eight-week-old male DDAH1 global knockout (KO) mice and DDAH1flox/flox mice 
(wild-type) were randomly divided into sedentary groups (control) and swimming groups (exercise). 
After eight weeks of swimming at five days per week, all the mice were anesthetized and sacrificed. 
Histological examination and Western blot analysis were performed. There were low levels of 
myocardial capillaries in DDAH1 KO mice under control and exercise conditions. Notably, exercise 
elevated DDAH1 protein expression, as observed by Western blot analysis. The common cardiac 
angiogenesis biomarkers vascular endothelial growth factor (VEGF) and Caveolin-1 were increased 
during exercise. A significant difference in VEGF was observed between the DDAH1 KO and 
wild-type groups. Similarly, increased Caveolin-1 expression was abrogated in DDAH1 KO mice. 
Furthermore, we tested the R-Ras/AKT/GSK3β signaling pathway to study the underlying molecular 
mechanism. DDAH1 may regulate the R-Ras/AKT/GSK3β pathway due to distinct protein changes 
in this pathway in the DDAH1 KO and wild-type groups. Our findings suggest that DDAH1 plays 
an important role in exercise-induced cardiac angiogenesis by regulating the R-Ras/AKT/GSK3β 
signaling pathway.
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pressure and decreased NO generation). Interestingly, the 
vital role of DDAH1 in regulating cardiac angiogenesis 
under pathological conditions may be attributed to the 
distribution of DDAH1. In the myocardium, DDAH1 is 
mainly distributed in the sarcolemma of cardiomyocytes 
and the endothelium of cardiac microvessels (18), which 
provides a basis for the role of DDAH1 in regulating 
myocardial angiogenesis. However, the role of DDAH1 
in exercise-induced angiogenesis in the myocardium 
remains unclear.
 The aim of this study was to focus on changes 
in DDAH1 in response to moderate exercise and to 
investigate the underlying mechanism of exercise-
induced cardiac angiogenesis in mice. Our data indicated 
a pivotal role of DDAH1 in contributing to exercise-
induced cardiac angiogenesis.

2. Materials and Methods

2.1. Experimental animals

DDAH1 KO mice (16) and DDAH1flox/flox mice (16) 
were generated in the lab of the Cardiovascular Division 
(University of Minnesota Medical School, Minneapolis, 
USA). The mice were kept in the animal experimental 
center (SPF level) at Shanghai University of Sport. 
Twenty-six eight-week-old mice were randomly divided 
into four groups according to their genotypes and 
exercise states: the DDAH1 KO sedentary group (KO 
SED, n = 7), the DDAH1flox/flox sedentary group (WT 
SED, n = 6), the DDAH1 KO swimming group (KO 
EXE, n = 7), and the DDAH1flox/flox swimming group (WT 
EXE, n = 6). All mice were freely fed normal rodent 
chow and water during the experiments. The mice 
received a 12 h: 12 h alternating dark and light cycle 
in well-controlled settings with constant temperature 
(22-26oC) and humidity (55-60%). All experimental 
animals conformed to the laboratory rules. The studies 
were approved by the Institutional Animal Care and 
Use Committee and the Ethics Committee for Science 

Research at Shanghai University of Sport.

2.2. Exercise protocol

Mice from the KO EXE group and the WT EXE group 
were trained to swim in two respective tanks (45 cm 
× 35 cm × 25 cm), in which the water temperature 
ranged from 32 to 33oC. The mice were familiarized 
with the water tank during the first week. The exercise 
protocol began with a 30 min/day swimming session 
and increased gradually to 90 min/day for 7 consecutive 
days. Subsequently, the mice were maintained for seven 
weeks of swimming (90 min daily, 5 days per week) 
without any workload increase. Mice in the KO SED 
and WT SED groups were kept sedentary throughout the 
study (Figure 1).

2.3. Sample processing

All mice were anesthetized and sacrificed after eight 
weeks. A portion of the myocardium was fixed in 4% 
paraformaldehyde and placed in a 4oC refrigerator for 
histological observation. Another part of the myocardium 
was placed in liquid nitrogen and then transferred to a 
-80oC freezer for Western blotting.

2.4. Isolectin B4 and DAPI staining

The cardiac tissue samples were embedded in paraffin 
and cut at a thickness of 4 μm. After dewaxing in 
water, repairing antigens and blocking, the sections 
were labeled with isolectin B4 (10 μg/mL, DL-1207, 
Vector laboratories, USA) and DAPI (1 μg/mL, D1306, 
Thermo Fisher Scientific, Waltham, MA, USA) for 
angiogenesis observation. The procedures were carried 
out in accordance with the manufacturer's instructions. 
Sections (6 sections per group, 5 fields per section) 
were observed with fluorescence microscopy (Olympus, 
Japan) and laser scanning confocal microscopy (Zeiss, 
Germany).

116

Figure 1. Exercise protocol. Mice from the KO EXE group and the WT EXE group were trained to swim in two tanks. They were trained to 
swim for the first week (30-90 min/day for 7 consecutive days) and then went into formal exercises for seven weeks (90 min/day, 5 day/week).
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in WT and DDAH1 KO mice.

3.2. Role of DDAH1 in exercise-induced myocardial 
capillary density

At a basal level, the WT SED group manifested higher 
cardiac microvessel density than that in the KO SED 
group (p < 0.05). After eight weeks of swimming, 
compared with the angiogenesis levels in the WT 
SED and KO SED groups, exercise enhanced cardiac 
angiogenesis in both WT EXE (p < 0.01) and KO EXE (p 
< 0.01) groups. Interestingly, capillary density in the KO 
EXE group was blunted compared with that in the WT 
EXE group (p < 0.01) (Figure 3A and 3B), indicating 
that DDAH1 exerted a key effect on exercise-induced 
cardiac angiogenesis.

3.3. Upregulation of DDAH1, p-eNOS/eNOS, VEGF, 
and Caveolin-1 protein expression following exercise

According to the histological results, DDAH1 played 
a crucial role in exercise-induced angiogenesis, but the 
exercise-induced change in DDAH1 was unknown. 
Western blot results showed that eight weeks of 
swimming elevated DDAH1 protein expression in the 
WT EXE group compared with that of the WT SED 
group (p < 0.01) (Figure 4A and 4B). Similarly, p-eNOS/
eNOS was also increased in the WT EXE (p < 0.01) 
and KO EXE (p < 0.01) groups (Figure 4A and 4B). 
Under sedentary and exercise conditions, p-eNOS/
eNOS showed a significant difference in the KO EXE 
group compared with that of the WT EXE group (p 
< 0.01). Moreover, we examined changes in cardiac 
angiogenesis-related indicators, such as VEGF and 
Caveolin-1. Eight weeks of swimming increased VEGF 
and Caveolin-1 expression (p < 0.01) (Figure 4A and 
4B). The data demonstrated that exercise enhanced 
cardiac capillary density in mice. The effect of exercise 
on VEGF and Caveolin-1 was obvious. Exercise for 
eight weeks upregulated VEGF and Caveolin-1. In 
addition, the expression of VEGF and Caveolin-1 
protein in the KO EXE and KO SED groups was lower 

2.5. Western blot analysis and antibodies

After the lysis of cardiac tissue homogenates, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) was utilized, and the remaining steps 
were the same as those of conventional Western blotting 
procedures. The primary antibodies used for Western 
blotting were as follows: rabbit anti-DDAH1 (1:500, 
Absin, abs133884), rabbit anti-phospho-eNOS Ser1177 
(1:1000, Abcam, ab215717), rabbit anti-eNOS (1:1000, 
Abcam, ab199956), rabbit anti-vascular endothelial 
growth factor (VEGF) (1:500, Absin, abs131208), 
rabbit anti-Caveolin-1 (1:1000, Cell Signaling, 3267), 
rabbit anti-R-Ras (1:1000, Abcam, ab191791), rabbit 
anti-AKT (1:1000, Cell Signaling, 4691), rabbit 
anti-phospho-AKT Ser473 (1:1000, Cell Signaling, 
4060), rabbit anti-GSK3β (1:1000, Cell Signaling, 
9315), rabbit anti-phospho-GSK3β Ser9 (1:1000, Cell 
Signaling, 9323) and rabbit anti-GAPDH (1:1000, Cell 
Signaling, 5174).

2.6. Statistical analysis

All values are expressed as the mean ± standard 
deviation and significance was regarded as p < 
0.05. SPSS (19.0 version) was used to analyze the 
experimental data. Two groups of data were analyzed by 
unpaired t-test. Data between four groups were analyzed 
by two-way ANOVA and post hoc comparisons with 
the Fisher LSD test.

3. Results

3.1. Effect of exercise on the heart weight/body weight 
ratio and the left ventricular weight/body weight ratio in 
WT and DDAH1 KO mice

The heart weight/body weight ratio and the left 
ventricular weight/body weight ratio had no significant 
changes in DDAH1 KO and wild-type mice (p > 0.05) 
(Figure 2A and 2B). The results suggested that eight 
weeks of swimming couldn't induce cardiac hypertrophy 

Figure 2. The heart weight/body weight ratio and the left ventricular weight/body weight ratio in WT and DDAH1 KO mice. (A) The heart 
weight/body weight ratio in WT and DDAH1 KO mice. (B) The left ventricular weight/body weight ratio in WT and DDAH1 KO mice. (NS: no 
significant difference).
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than those in the WT EXE (p < 0.01) and WT SED (p < 
0.01) groups (Figure 4A and 4B), regardless of exercise 
or sedentary state.

3.4. Role of DDAH1 in regulating the R-Ras/AKT/
GSK3β pathway following exercise-induced cardiac 
angiogenesis

To further determine the potential molecular mechanism 
by which DDAH1 affects exercise-induced angiogenesis, 
we examined the changes in the R-Ras/AKT/GSK3β 
signaling pathway. R-Ras, p-AKT/AKT and p-GSK3β/
GSK3β protein expression was changed under basal 
conditions in sedentary mice, which showed a novel 
pathway by which DDAH1 affects myocardial capillary 
density (p < 0.05) (Figure 5A and 5B). After eight weeks 
of swimming, compared with the expression levels in 
the WT SED and KO SED groups, R-Ras, p-AKT/AKT 
and p-GSK3β/GSK3β were expressed at high levels in 
the WT EXE (p < 0.01) and KO EXE (p < 0.05) groups 
(Figure 5A and 5B). Furthermore, the elevation in the 
protein expression of R-Ras, p-AKT/AKT and p-GSK3β/
GSK3β was abrogated in the KO EXE group compared 
with that of the WT EXE group (p < 0.01) (Figure 5A 

Figure 3. Myocardial angiogenesis staining and relative microvessel density. (A) Isolectin B4 (IB4) staining of wild-type and DDAH1-/- cardiac 
tissue samples. The number of nuclei was analyzed using DAPI staining (blue fluorescence marker). As shown in the images, microvessels are 
exhibited in a series of tiny red rings. (B) Measurement of microvessel density reflected angiogenesis. Angiogenesis was determined via capillary 
number and the ratio of capillary number to nuclei number. Scale bars: 10 μm. (*p < 0.05, **p < 0.01) Original magnification, ×400 in A.

Figure 4. Exercise enhances DDAH1, p-eNOS/eNOS, VEGF, and 
Caveolin-1 protein expression. (A-B) The changes in DDAH1, 
p-eNOS/eNOS, VEGF, and Caveolin-1 in wild-type and DDAH1 KO 
mice under sedentary and exercise conditions (*p < 0.05, **p < 0.01).
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and 5B). Corroborating these changes in the R-Ras/AKT/
GSK3β signaling pathway, our data suggest that DDAH1 
regulates the R-Ras/AKT/GSK3β signaling pathway and 
plays a crucial role in cardiac angiogenesis.

4. Discussion

The main finding of the current study indicates the 
essential role of DDAH1 in exercise-induced cardiac 
angiogenesis. DDAH1 deletion abated myocardial 
capillary density under sedentary and exercise 
conditions. At a basal level, DDAH1 global KO mice 
exhibited increased levels of ADMA in plasma and 
tissue, decreased NOS, and increased systemic blood 
pressure (16). ADMA accumulation in DDAH1-/-mice 
also led to a reduction in angiogenesis and impairment 
of vascular repairing capacity (12,19). Of note, ADMA 
accumulation can induce endothelial cell apoptosis. 
Consequently, it was shown that DDAH1 is pivotal 
in regulating angiogenesis through degrading ADMA 
and maintaining NO signaling in a strain of DDAH1 
global KO mice. Furthermore, Dowsett confirmed that 
endothelial deletion of DDAH1 profoundly impaired the 
angiogenic responses both ex vivo and in vivo (20). In 
addition, other researchers found that angiogenesis was 
enhanced in response to overexpression of DDAH1 (21). 
These findings suggest that DDAH1 increases capillary 
formation in important organs and blood vessels, 
including the brain, heart, liver, lung, kidney, skeletal 
muscle and carotid artery. Under sedentary conditions, 
DDAH1 KO (16) or DDAH1 silencing (22) reduces the 

degradation of ADMA, implying that endothelial cell 
apoptosis increases, while angiogenesis is inhibited. 
Conversely, overexpression of DDAH1 (22) increases 
the degradation of ADMA, suggesting that endothelial 
cell function is protected and angiogenesis is promoted. 
As the major enzyme for degrading ADMA, DDAH1 
can protect against ADMA accumulation induced 
endothelial cell apoptosis, maintain endothelial function 
and regulate angiogenesis under sedentary conditions. In 
the present study, according to our angiogenesis staining 
results, loss of DDAH1 reduced capillary density in 
the myocardium under sedentary conditions, which 
is consistent with previous studies and added robust 
evidence.
 There are two subtypes of DDAH including DDAH1 
and DDAH2, which are encoded by distinct genes. 
Different subcellular distributions and physiological 
functions of the two isoforms determine that DDAH1 
plays a role in cardiac angiogenesis. In terms of 
subcellular distribution of DDAH, DDAH1 is 
predominantly distributed in vascular endothelial cells 
(18) and the heart (23). Based on the physiological 
functions of DDAH, the leading enzyme degrading 
ADMA is DDAH1 rather than DDAH2. A large 
amount of evidence has shown that DDAH1 gene 
deletion does not change protein expression of DDAH2 
(16,17). Unexpectedly, DDAH1 gene deletion increases 
ADMA levels. To our best knowledge, until now, there 
is no powerful evidence that DDAH2 plays a role in 
cardiac angiogenesis. Conversely, a series of strong 
evidence shows the important effects of DDAH1 on 
cardiac angiogenesis.
 It is well established that exercise promotes cardiac 
angiogenesis in animals and human studies (6,24). 
The increase in myocardial capillaries is an important 
manifestation of exercise benefits to the heart. Exercise-
induced cardiac angiogenesis in both WT and KO mice 
showed that our designed swim protocol was effective. 
In this exercise protocol (90 min/day, 8 weeks, without 
any workload increase), the intensity for the mice was 
moderate. Evangelista (25) demonstrated that different 
swim training volumes (min), body weight loads (%), 
frequencies (sessions/day) and durations (weeks) played 
essential roles in triggering cardiac hypertrophy in mice. 
As evidences showed in the heart weight/body weight 
ratio and the left ventricular weight/body weight ratio, 
our protocol did not meet the minimum requirement of 
exercise training-induced cardiac hypertrophy caused 
by swimming. There may be a threshold in the model 
of swim training induced cardiac hypertrophy. Thus, in 
this study, exercise-induced cardiac angiogenesis did 
not belong to myocardial remodeling caused by high-
intensity exercise training-induced cardiac hypertrophy. 
Although moderate and high intensity exercise (4) can 
both increase myocardial capillaries, they should be 
essentially different, which may facilitate the future 
study of their respective mechanisms.

Figure 5. DDAH1 is involved in exercise-induced cardiac 
angiogenesis via regulating the R-Ras/AKT/GSK3β pathway. (A-B) 
The alterations in R-Ras, p-AKT/AKT, and p-GSK3β/GSK3β in wild-
type and DDAH1 KO mice under sedentary and exercise conditions (*p 
< 0.05, **p < 0.01).
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 After eight weeks of swimming, the protein 
expression of DDAH1 in wild-type mice was increased 
compared with that of the control group. The results 
of this study demonstrate a direct role of DDAH1 in 
exercise-induced capillary formation. Combined with 
the decrease in angiogenesis in KO mice under exercise 
conditions, DDAH1 deficiency indeed reduced exercise-
induced myocardial capillary density. Thus, to the 
best of our knowledge, these findings provide the first 
evidence that exercise elevates the protein expression 
of DDAH1. The protein expression of DDAH1 was 
upregulated during exercise. It may be hypothesized that 
DDAH1 directly increases in the endothelium of cardiac 
microvessels, which is the basis by which DDAH1 
participates in exercise-induced cardiac angiogenesis. In 
fact, DDAH1 is involved in the regulation of myocardial 
capillary formation and has a protective effect on the 
heart. Other researchers had similar results in heart 
diseases, such as heart failure (13) and myocardial 
infarction (14), for DDAH1 protecting myocardium. In 
the present study, we have found that exercise elevated 
the expression of DDAH1 and increased angiogenesis, 
suggesting that exercise could inhibit ADMA to promote 
angiogenesis by increasing the expression level of 
DDAH1. The result is consistent with the findings that 
regular aerobic exercise can reduce ADMA levels in 
human experiments (26,27). Therefore, studying the 
regulatory angiogenesis mechanism of DDAH1 is 
essential.
 Our finding that exercise increased myocardial 
eNOS expression is well established in many studies 
(28,29). DDAH1, which directly interacts with eNOS in 
cardiac tissues (13), degrades ADMA to preserve eNOS 
activity and NO. It has been noted that exercise elevates 
both DDAH1 and p-eNOS/eNOS in the myocardium. 
Thus, the changes in DDAH1 and p-eNOS/eNOS are 
consistent. In addition, p-eNOS/eNOS in the DDAH1 
KO mice was blunted compared with that in wild-type 
mice under sedentary or exercise conditions. Thus, 
DDAH1 plays an important part in cardiac angiogenesis 
by regulating NO signaling. This is consistent with 
previous research (22). However, the question of whether 
there is synergism between exercise and DDAH1 needs 
further study.
 It is already known that DDAH1 takes part in 
the regulation of exercise-induced angiogenesis, but 
how DDAH1 regulates angiogenesis still needs more 
research regarding related indicators and pathways of 
angiogenesis. VEGF and Caveolin-1 are crucial to the 
vascular system. A recent report confirmed that exercise 
improves angiogenesis through the Caveolin-1/VEGF 
pathway in the ischemic penumbra (30). However, 
the evidence above was determined in the brain and 
not in the heart. Other research demonstrated that the 
Caveolin-1/VEGF signaling pathway is an important 
target in angiogenesis in acute myocardial infarction (31). 
However, the purpose of the study was drug treatment 

rather than exercise intervention. In this study, the results 
are not different. Exercise induced the expression of 
VEGF and Caveolin-1, which demonstrated that exercise 
directly increases myocardial capillary density. Our 
finding that VEGF and Caveolin-1 are affected by the 
deletion of DDAH1 showed that DDAH1 may play an 
important role in modulating myocardial angiogenesis 
induced by exercise through VEGF and Caveolin-1. 
VEGF is a leading regulator of angiogenesis. A large 
amount of evidence has demonstrated that the VEGF 
signaling pathway could directly promote blood 
vessel formation (32,33). Thus, the results indicated 
that DDAH1 contributes to exercise-induced cardiac 
angiogenesis. Different from the widespread use of 
VEGF in angiogenesis, Caveolin-1 begins to show new 
features. Chen demonstrated the primary colocalization 
of DDAH1 and Caveolin-1 in the endothelium of 
cardiac microvessels (18). In fact, Caveolin-1 is mainly 
expressed in endothelial cells (34). It is conceivable 
that similar localization of DDAH1 and Caveolin-1 
substantiates the same function in regulating cardiac 
angiogenesis. Caveolin-1 plays an important role in 
controlling the biological process of angiogenesis by 
binding to eNOS. VEGF and Caveolin-1 are key indexes 
of cardiac angiogenesis. Since DDAH1 regulates 
cardiac angiogenesis rather than DDAH2, DDAH1 
has a dominant effect on the expressions of VEGF and 
Caveolin-1. In this paper, DDAH1 played an important 
role in exercise-induced cardiac angiogenesis. The 
expressions of VEGF and Caveolin-1, which are key 
indexes of cardiac angiogenesis, changed significantly, 
suggesting that DDAH1 has an important effect on the 
expressions of VEGF and Caveolin-1. There is no strong 
evidence that DDAH2 has an effect on the expression 
of VEGF and Caveolin-1. To our best knowledge, 
DDAH1 has a dominant effect on the expression of 
VEGF and Caveolin-1 in the myocardium. Based on the 
explanations above, our data provide new direct evidence 
for the impact of DDAH1 on VEGF and Caveolin-1 in 
exercise-induced cardiac angiogenesis.
 To explore the potential mechanism by which 
DDAH1 regulates exercise-induced myocardial 
angiogenesis, a new pathway regulating vascular density 
has been found in recent years. In 2005, Komatsu 
reported that R-Ras is a pivotal regulator of vascular 
regeneration in tumors by employing R-Ras-null mice 
(35). Based on this evidence, Komatsu and colleagues 
found that the R-Ras/AKT axis induces endothelial 
lumenogenesis and regulates the patency of regenerating 
vasculature in vitro and in vivo (36). The integrity of 
angiogenesis includes proliferation, migration, increased 
permeability and lumenogenesis of endothelial cells 
because the vessels are three-dimensional and form a 
complicated reticular structure. The sequential steps of 
angiogenesis should recapitulate sprouting, branching, 
and lumen formation (36). R-Ras, a member of the 
Ras family of small GTPases, not only increases AKT, 



www.biosciencetrends.com

BioScience Trends. 2020; 14(2):115-122.121

GSK3β phosphorylation and microtubule stabilization 
in endothelial cells (36) but also compensates for 
the conventionally insufficient effect of VEGF on 
angiogenesis. R-Ras activates AKT (37) and GSK3β, 
which is a known downstream substrate of AKT (38). 
Thus, we observed exercise-induced changes in the 
expression of R-Ras, p-AKT, AKT, p-GSK3β and 
GSK3β in the R-Ras/AKT/GSK3β signaling pathway. 
Our data demonstrates that exercise increased R-Ras, 
p-AKT/AKT, and p-GSK3β/GSK3β. It seems that 
exercise activates the R-Ras/AKT/GSK3β pathway. 
Exercise promotes angiogenesis in terms of improving 
the quantity and quality of microvessels. In addition, 
the expression of R-Ras and the ratio of p-AKT to AKT 
and p-GSK3β to GSK3β in DDAH1 KO mice was 
significantly different from those in wild-type mice. 
These results show that DDAH1 directly regulates this 
pathway. Consistent with Komatsu's finding, the R-Ras/
AKT/GSK3β pathway indeed plays a crucial role in 
regulating angiogenesis. Combined with the data of this 
study, DDAH1 may play an important role in exercise-
induced myocardial angiogenesis by regulating the 
R-Ras/AKT/GSK3β signaling pathway. On the one 
hand, the current study expands the understanding 
of increased capillary density by exercise; on the 
other hand, this study provides a new pathway in 
the regulation of angiogenesis by DDAH1. The new 
discovery of the function of the R-Ras/AKT/GSK3β 
pathway also reveals a novel role of DDAH1, which is 
of great significance in explaining the regulatory role of 
DDAH1 on angiogenesis. DDAH1 promotes exercise-
induced angiogenesis, which may be exerted partly 
through the regulation of DDAH1 on the R-Ras/AKT/
GSK3β signaling pathway. DDAH1 may be a potential 
molecular target to regulate angiogenesis with exercise 
in future gene therapy studies.
 DDAH1 plays a major role in exercise-induced 
cardiac angiogenesis not DDAH2. In this study, 
DDAH1 played a key role in exercise-induced cardiac 
angiogenesis through regulating the R-Ras/AKT/GSK3β 
signaling pathway. So we found a novel role for DDAH1. 
Does DDAH2 have this new role? It depends on whether 
DDAH2 affects exercise-induced cardiac angiogenesis. 
Until now, there is no powerful evidence that DDAH2 
plays a role in cardiac angiogenesis. Thus, DDAH1 has 
a leading effect on the regulation of the R-Ras/AKT/
GSK3β signaling pathway in the myocardium.
 Based on the above analysis, we think that DDAH1 
plays a leading role in our experiments. Therefore, 
we have not studied DDAH2. If there are sufficient 
conditions in the future, we will also consider further 
research on DDAH2.
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1. Introduction

Glioblastoma is the most common malignant primary 
brain tumor in adults, and the high rate of mortality and 
relapse makes it remain to be one of the most difficult 
cancers to treat with a 5-year overall survival rate less 
than 5% (1). Despite this the treatment has evolved 
from only single surgery to a combination treatment 
of surgery with radiotherapy and chemotherapy, and 
the average survival time is only 12-15 months for the 
patient with glioblastoma. Especially for elders, the 
survival period is less than 12 months (2,3). However, 
commonly used clinical drugs cannot effectively 

prolong the survival time of patients. Tumor recurrence 
limits the efficacy of glioblastoma treatment, which 
is mainly associated with the drug-resistance property 
of glioblastoma cells (4). Temozolomide (TMZ) is 
a clinical chemotherapy drug with broad-spectrum 
antitumor activity. The cytotoxicity of temozolomide 
is mainly achieved by methylation of O6-guanine. 
However, because of the single mechanism of action 
and widespread drug-resistance its drug efficacy is 
limited (5). Therefore, it is urgent to develop new 
therapeutic drugs for glioblastoma treatment.
 Natural products are a source of leading compounds 
for new drug development, especially for tumor 

DOI: 10.5582/bst.2020.01005Original Article

SUMMARY

Keywords Paris vietnamensis (Takht.) (N45), glioblastoma cells, temozolomide resistance, apoptosis, ROS/
PI3K/Akt pathway

Glioblastoma is one of the most difficult cancers to treat with a 5-year overall survival rate less 
than 5%. Temozolomide (TMZ) is an effective drug for prolonging the overall survival time 
of patients, while drug-resistance is an important clinical problem at present. Pennogenin-3-
α-L-rhamnopyranosyl-(1→4)-[α-Lrhamno-pyranosyl-(1→2)]- β-D-glucopyranoside (N45), a 
steroidal saponin, was isolated from the rhizomes of Paris vietnamensis (Takht.), which is used as 
a Traditional Chinese Medicine and has been reported to possess preclinical anticancer efficacy 
in various cancer types. However, the mechanism of the inhibition of N45 on glioblastoma cells 
and its possible application in the treatment of chemotherapy-resistant glioblastoma cells are still 
unknown. In this study, we use cellular methodological experiments including cell counting kit-8 
(CCK-8) assay, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
assay, flow cytometry assay, transmission electron microscopy (TEM) and Western blot. The results 
show that N45 significantly suppresses the proliferation of glioblastoma cells and TMZ-resistant 
glioblastoma cells (U87R) by inducing mitochondrial apoptosis through reactive oxygen species 
(ROS)/phosphoinositide 3-kinase (PI3K)/Akt signal pathway, and the N-acetyl-L-cysteine (NAC) 
combined with N45 effectively reduced N45-mediated apoptosis and reversed the inhibition of 
PI3K/Akt signal pathway. In addition, N45 decreased the drug-resistance by down-regulation of 
nuclear factor kappa-B p65 (NF-κB p65) to attenuate O6-methylguanine-DNA methyltransferase 
(MGMT) in TMZ-resistant glioblastoma cells (U87R). Our findings proved that N45 might be a 
potential therapeutic agent against glioblastoma and TMZ-resistant glioblastoma, promising to be a 
potential agent to reduce drug resistance.
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treatment. For example, taxol, a natural compound, 
was first isolated from the bark of Taxus brevifoliac 
and has showed significant therapeutic effect against 
several tumors, such as ovarian cancer, breast cancer 
and so on (6,7). Steroidal saponins, a group of natural 
products consisting of a steroidal aglycone moiety and 
oligosaccharide moiety, with a character of resource 
diversity, structural diversity and bioactive diversity, 
have become an important branch of natural drug 
discovery. Studies have shown that steroidal saponins 
exhibit multiple pharmacological effects, such as 
anti-inflammatory, anti-cancer, antiviral, immune 
regulatory and cardiovascular protection, among 
which anti-cancer is the most attractive one (8-10). For 
instance, ginsenoside Rg3 demonstrates significant 
anti-cancer effects on various tumors, such as gastric 
cancer (11), liver cancer (12), ovarian cancer (13), lung 
cancer (14), and melanoma (15).
 The genus Paris (Liliaceae) is a famous Traditional 
Chinese Medicine listed in the Chinese Pharmacopoeia, 
with 32 species and more than 10 varieties (16). 
Paris vietnamensis (Takht.) is one of the varieties of 
the genus Paris, mainly distributed in Guangxi and 
Yunnan provinces of China and in North Vietnam (17). 
Modern phytochemical and pharmacological research 
showed that the genus Paris had anti-tumor effects and 
steroidal saponins were the chief active components. 
For example, Polyphyllin I (D), Polyphyllin II, 
Polyphyllin III, Polyphyllin VII and paris saponin 
H, which were isolated from Paris, have significant 
anti-cancer effects, including ovarian cancer, liver 
cancer, stomach cancer, colon cancer, breast cancer, 
osteosarcoma, melanoma and glioblastoma (18,19). 
Liu et al. reported Polyphyllin I induced G2/M phase 
arrest and apoptosis in U251 human glioblastoma cells 
via JNK signaling pathway (20). Pang et al. discovered 
that Polyphyllin VII promoted glioblastoma cells 
apoptosis and autophagic cell death through ROS-
inhibited Akt activity (21). These studies demonstrate 
the potential of the genus Paris in anti- glioblastoma 
studies.
 N45 is a steroidal saponin isolated from the 
rhizomes of Paris vietnamensis, and the structures were 
identified as pennogenin-3-α-L-rhamnopyranosyl-
(1→4)-[α-Lrhamnopyranosyl-(1→2)]-β-D-glu-
copyranoside. Our previous study revealed that 
N45 exhibited significant cytotoxic effects against 
glioblastoma cell lines U87 and U251 (22). However, 
the mechanism and the possible application in the 
treatment of chemotherapy-resistant glioblastoma are 
still unknown. This study was designed to evaluate the 
antitumor mechanism of N45 on glioblastoma cells 
and TMZ-resistant glioblastoma cells, and examine 
the correlation between apoptosis and the ROS/PI3K/
Akt signal pathway. Besides, we also investigated 
the mechanism of N45 reversal of drug resistance in 
glioblastoma cells.

2. Materials and Methods

2.1. Materials

TMZ was supplied by Yuanye Biological Co., Ltd. 
(Shanghai, China). The Cell Counting Kit-8 (CCK-8) 
and the terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) assay cell death kit were 
purchased from Seven-sea Biotech (Shanghai, China). 
N-acetyl-L-cysteine (NAC) was supplied by Solarbio 
(Beijing, China). ROS assay kit was purchased from 
Beyotime Biotechnology (Shanghai, China).

2.2. Cell culture

Human glioblastoma cell lines U251 and U87 were 
purchased from the Chinese Academy of Sciences Cell 
Bank (Shanghai, China). TMZ-resistant variant cell line 
(U87R) was obtained by exposing U87 to an increasing 
concentration of TMZ (1, 5, 25, 50, 100, 200 µg/mL) 
for 6 months. The cell lines were cultured in DMEM 
(Corning, Beijing, China) supplemented with 10% FBS 
(Ausbian, Harbin, China), maintained at 37℃ with 5% 
CO2. The medium was changed every 3 days.

2.3. Cell proliferation assay

The logarithmic phase cells were seeded in 96-well 
plates at a density of 5 × 103 cells/well. After 24 h, the 
cells were incubated with different doses (40, 20, 10, 
5, 2.5, 1.25, 0.625 0.3125 µg/mL) of N45 for 24 h. 
Four replicated wells were used for each experimental 
condition. After treatment, cell proliferation and 
cytotoxicity were assessed using CCK-8, 10 µL CCK-
8 was added to each well and incubated at 37℃ for 2 h, 
measuring the absorbance at a wavelength of 450 nm 
using a microplate reader.

2.4. TUNEL assay

Cells were cultured on cell plates coated with Poly-
L-Lysine (PLL) and incubated 24 h. After incubation 
with N45 for 24 h, and phosphate-buffered saline 
(PBS) washing twice, the cells were incubated with 
fluorescein isothiocyanate (FITC)-dUTP for 15 minutes 
at room temperature in the dark. Thereafter, the cells 
were washed twice more with PBS. Then using a 
fluorescence microscope obtained five random fields 
of vision, recorded apoptotic cells (green fluorescence 
cells) and normal cells (red fluorescence cells), and 
calculated the apoptosis rate.

2.5. Cell apoptosis analysis

The logarithmic phase cells were cultured on 6-well 
plates at density of 2 × 105 cells and incubated for 24 h, 
The cells were collected after treatment with different 

124



www.biosciencetrends.com

BioScience Trends. 2020; 14(2):123-133.125

membrane. Then incubated with the primary antibody at 
4℃ overnight after blocking with 5% non-fat dry milk, 
and then incubated again with the secondary antibody in 
the dark for 1 h. The protein level was corrected using 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
The band density was quantified by densitometry using 
Image J software.

2.10. Statistical analysis

Results were analyzed by GraphPad Prism software 
7.0, and all the data were expressed as mean ± standard 
deviation. One-way Analysis of Variance (ANOVA) was 
used to analyze the multi-group differences, t test was 
used to examine the differences between two groups. 
The value of p < 0.05 suggested that the difference was a 
statistically significant difference.

3. Results

3.1. Established the TMZ-resistant U87 cells (U87R) 
expressed high MGMT

We successfully cultured U87R cells for 175 days and 
observed with light microscopy (Figure 1A). Western 
blot assay was used to evaluate the levels of MGMT. 
The Western blot result showed that the expression of 
MGMT proteins in U87R was significantly increased 
compared with the parental U87 cells (p < 0.05 and p < 
0.01) (Figure 1B), and flow cytometry showed TMZ (100, 
200 μg/mL) could not induce apoptosis in U87R cells 
(Figure 1C). These results indicated that U87R resistant 
to TMZ 200 μg/mL doses was successfully established 
and we observed normal cell morphology under light 
microscopy.

3.2. N45 exhibited cytotoxicity against general 
glioblastoma cells in vitro

Light microscopy confirmed that 24 h treatment with 
N45 on U87 and U251 cells was the optimal time for this 
study (Figure 2B). The effect on general glioblastoma 
cells proliferation with N45 was determined by CCK-
8 assay. The results showed that compared with control 
group N45 could significantly decrease the optical 
density (OD) value of U87 and U251 cells after 24h 
treatment (p < 0.05 and p < 0.001). Respectively, the 
IC50 values (concentration of drug inhibiting cell growth 
by 50%) of U87 and U251 cells were 3.808 μg/mL and 
3.39 μg/mL (Figure 2C). The results revealed that N45 
suppressed cell proliferation in a dose dependent manner 
in U87 and U251 glioblastoma cell lines.

3.3. N45 inhibited the viability of general glioblastoma 
cells by inducing mitochondrial apoptosis

The TUNEL staining assay showed that, numbers of 

doses (0, 2, 4 μg/mL) of N45 for 24 h, three replicate 
wells were used for each experimental condition. Then 
washed twice in cold PBS (4℃), cells apoptosis were 
performed using Annexin V-FITC/ propidine iodide 
(PI) double staining. The result of AV/PI-positive cells 
was evaluated with a flow cytometer (BD FACSCalibur, 
USA).

2.6. Transmission electron microscopy analysis

Cells were fixed in 2% glutaraldehyde for 2 h and 
washed twice with PBS for 10 min. Then fixed in 1% 
OsO4 for 2 h. After gradient dehydration with ethanol, 
the cells were embedded in epoxy resin and cut into 
50-60 nm sections. Sections were stained with uranyl 
acetate combined with lead citrate. Samples were cut 
and analyzed with a JEM-1400 transmission electron 
microscope (JEM-1400, JEOL, Japan).

2.7. Reactive oxygen species (ROS) detection

ROS assay kit was used according to the manufacturer's 
instructions. 2 × 107 glioblastoma cells were incubated 
with N45 (0, 4 µg/mL) for 24 h, then the cells were 
harvested, the cells were washed twice more with PBS 
and loaded with 10 μM 2', 7'-Dichlorodi-hydrofluorescein 
diacetate (DCFH-DA) in serum-free medium for 30 min 
at 37°C in the dark. After washing three more times with 
PBS, the samples were analyzed for fluorescence by flow 
cytometer, with excitation at 485 nm and emission at 525 
nm.

2.8. Real time cellular analysis (RTCA)

The proliferation assay and the cell growth index 
were recorded using iCELLigence system (ACEA 
Biosciences, Inc. San Diego, CA, USA) as the RTCA 
system. This system can monitor cell growth status in 
real time. All monitoring was performed at 37℃ with 
regulated CO2 content of 5%. E-plates (culture plates 
for the iCELLigence system) containing 200 µL culture 
medium per well were equilibrated to 37℃, and the 
cells were seeded at 1 × 104 cells per well in cell culture 
media.

2.9. Western blot analysis

Cells were treated with different doses (0, 4 μg/mL 
in medium) of N45 for 24 h, and washed twice in 
cold PBS. Then the treated cells were collected and 
lysed in radio immunoprecipitation assay (RIPA) 
lysis buffer, a bicinchoninic acid (BCA) kit was used 
to determine protein concentration, and all protein 
samples were quantified to be the same concentration. 
Cell lysates were subjected to sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE) 
and transferred onto polyvinylidene difluoride (PVDF) 
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Figure 1. Culture of U87R cell lines (A) The parental cells were treated with repeatedly increased concentrations of TMZ (1, 5, 25, 50, 100 µg/mL) 
for 6 months to establish U87R cells. (B) Western blot assay was used to evaluate the expression of MGMT in parental U87 and U87R (100, 200 µg/
mL) cells, and the density of MGMT was semi-quantitative by Image J software. (C) Annexin V-FITC/PI double staining was used to detect the cell 
apoptosis rate after treatment with TMZ (100, 200 µg/mL) for 24 h. Data is expressed as means ± SD of three independent experiments. (*p < 0.05, 
**p < 0.01), as compared with the control.

Figure 2. N45 showed cytotoxicity against U87 and U251 cells in a dose dependent manner. (A) Structure of compound N45. (B) U87 and U251 
cells morphology were observed under light microscope after treatment with N45 10 μg/mL (24 h and 48 h). (C) U87 and U251 cells were treated 
with various concentrations of N45 for 24 h and the dose response curves of U87 and U251 cells were assessed by CCK8 assay. Data is expressed as 
means ± SD of three independent experiments. (*p < 0.05, ***p < 0.001), as compared with the control group.
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green fluorescence cells significantly increased in 4 μg/
mL N45 treated U87 and U251 cells compared with the 
control group (p < 0.001) (Figure 3A and B). The flow 
cytometry assay showed that 4 μg/mL N45 significantly 
promoted the percentage of apoptotic cells in the U87 
and U251 cells compared with the control group (p < 
0.01 and p < 0.001) (Figure 3C and D). According to 
the results expressed in Figure 3, the concentration of 
N45 was determined to be 4 μg/mL for the following 
experiments.
 Morphological changes of mitochondria apoptosis 
were observed using TEM. TEM revealed that, 

untreated cells exhibited intact cell membranes and 
normal nuclei, after treatment with N45 the majority 
of cells had apoptosis features, mainly including 
cytoplasmic shrinkage, dilation of the ERs, and turgidity 
of the mitochondrion, disarrangement, diminution and 
vacuolization (Figure 4A and B).
 F u r t h e r m o r e ,  w e  d e t e c t e d  e x p r e s s i o n  o f 
mitochondrial apoptosis-related proteins. Western blot 
showed that, after treatment with N45 (4 μg/mL) for 
24 hours, the expressions of caspase 3, cleaved-caspase 
3 and cytochrome c, and the value of Bax/Bcl-2 were 
significantly increased (p < 0.01 and p < 0.001) (Figure 

Figure 3. N45 induced apoptosis of U87 and U251 cells. (A) (B) The apoptotic cell rates were determined using TUNEL staining assay after 
treatment with N45 (2, 4 µg/mL) for 24 h. Green fluorescence indicates the apoptotic cells. Red fluorescence indicates both apoptotic and non-
apoptotic cells. The histograms present the apoptosis rate (positive cells/total cells). (C) (D) The proportions of living and dead cells were determined 
using flow cytometry analysis after treatment with N45 (2, 4 µg/mL) for 24 h. The histograms represent the apoptosis rate. Data is expressed as 
means ± SD of three independent experiments. (**p < 0.01 and ***p < 0.001), as compared with the control group. ns, not significant.
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5A and B). These results demonstrated that N45 induced 
mitochondrial apoptosis in U87 and U251 cells.

3.4. N45 induced mitochondrial apoptosis in U87R cells

CCK-8 assay and RTCA assay were performed to explore 
the effect of N45 on U87R cells. The results of CCK-
8 assay showed that compared with control group, N45 
significantly decreased the proliferation of U87R cells 

(24 h) in a dose dependent manner (p < 0.001) (Figure 
6A). Furthermore, the iCELLigence system revealed that 
the logarithmic phase U87R cells were given N45 (4 μg/
mL) at 125 h. The cell index of U87R decreased rapidly, 
and viability of U87R cells was inhibited in a short time 
compared with the control group (Figure 6B). TUNEL 
staining assay showed that, after treatment with N45 (4 
μg/mL) for 24 h, the numbers of green fluorescence cells 
significantly increased compared with control group (p 
< 0.01) (Figure 6C). The flow cytometry assay showed 
that, 4 μg/mL N45 significantly increased the percentage 
of apoptotic cells in the U87R cells compared with the 
control group (p < 0.001) (Figure 6D). TEM observed 
that untreated cells exhibited intact cell membranes and 
normal nuclei, while after treatment with N45 (4 μg/
mL) for 24 h, the majority of cells showed dilation of 
the ERs, turgidity of the mitochondrion, disarrangement, 
diminution and vacuolization (Figure 7A). Western blot 
showed that, the U87R cells after treatment with N45 (4 
μg/mL) for 24h, the expressions of caspase 3, c-caspase 
3 and cytochrome c, and the value of Bax/Bcl-2 were 
significantly increased (p < 0.01) (Figure 7B). These 
results revealed that N45 suppressed the cell viability of 
TMZ-resistant glioblastoma cells in a dose dependent 
manner, and induced mitochondrial apoptosis.

3.5. N45 reduced MGMT in U87R cells

Western blots were used to detect the resistance indicator 
proteins. Western blot showed that, the level of MGMT 
and NF-κB p65 were significantly increased in the 
U87R group compared with the parental U87 cells. 
After treatment with N45 (4 μg/mL) for 24h, N45 down-
regulated the level of MGMT and NF-κB p65 in U87R 

Figure 4. The mitochondria morphological changes of U87 and U251 cells. TEM was used to determine the morphological changes after 
treatment with N45 (4µg/mL). (A) (B) Cytoplasmic shrinkage, the dilation of the ERs, and turgidity of the mitochondrion, the disarrangement and 
vacuolization are shown as arrows.

Figure 5. N45 induced mitochondrial apoptosis in U87 and U251 
cells. After treatment with N45 (4 µg/mL) for 24 h, the expression of 
Bax/Bcl-2, Caspase 3, Cleaved-Caspase 3 and cytochrome c in the 
U87 (A), and U251 (B) were analyzed by Western blot, the relative 
density was semi-quantitative by Image J software. Data is expressed 
as means ± SD of three independent experiments. (**p < 0.01 and ***p 
< 0.001), as compared with the control group.
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Figure 6. N45 showed cytotoxicity against U87R cells in a dose dependent manner. (A) U87R cells were treated with various concentrations 
of N45 for 24 h and cell viability was assessed by CCK8 assay. (B) The cell growth index was recorded using iCELLigence system. U87R was 
treated with N45 (125 h) and decreased in a short time. (C) The apoptotic cell rates were determined using TUNEL staining assay after treatment 
with N45 (4 µg/mL) for 24 h. The histograms represent the apoptosis rate (positive cells/total cells). (D) The proportions of living and dead cells 
were determined using flow cytometry analysis after treatment with N45 (4 µg/mL) for 24 h. The histograms represent the percentage of early 
apoptosis and late apoptosis. Data is expressed as means ± SD of three independent experiments. (**p < 0.01 and ***p < 0.001), as compared with 
the control group.

Figure 7. N45 induced mitochondrial apoptosis in U87R cells. (A) TEM was used to determine the morphological changes of U87R cells. 
Cytoplasmic shrinkage, the dilation of the ERs, and turgidity of the mitochondrion, the disarrangement and vacuolization are shown as arrows. 
(B) After treatment with N45 (4 µg/mL) for 24 h, the expression of Bax, Bcl-2, Caspase 3, Cleaved-Caspase 3 and cytochrome c in the U87R 
cells were analyzed by Western blot. The relative density was semi-quantitative by Image J software. Data is expressed as means ± SD of three 
independent experiments. (**p < 0.01), as compared with the control group.
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cells compared with the U87R N45 group (p < 0.05 
and p < 0.01) (Figure 8A). These results suggested N45 
down-regulated the expression of the drug resistance 
related proteins (MGMT), and indicated that N45 could 
reduce TMZ resistance.

3.6. N45 induced mitochondrial apoptosis through 
ROS-mediated inactivation of PI3K/Akt signal pathway

In order to determine whether intracellular ROS involved 

mitochondrial apoptosis in U87, U251 and U87R cells, 
intracellular ROS was assessed after 24 h and measured 
using flow cytometry assay. The results showed that 
N45 (4 μg/mL) treatment increased the levels of 
intracellular ROS compared with control group (Figure 
9A). Western blot showed that, after treatment with N45 
(4 μg/mL) for 24 hours, the expression of PI3K, Akt and 
phosphorylated Akt (p-Akt) were significantly decreased 
in U87, U251 and U87R cells (p < 0.05, p < 0.01 and p < 
0.001) (Figure 9C-E).

3.7. NAC (ROS scavenger) counteract N45-mediated 
mitochondrial apoptosis

The CCK8 assay showed that, the cell viability of N45 
(4 μg/mL) + NAC (4 mg/ml) group was higher than the 
N45 (4 μg/mL) group, and indicated that NAC reversed 
the N45 inhibition in U87, U251 and U87R cells (Figure 
9B). Western blot showed that, in the N45 (4 μg/mL) + 
NAC (4 mg/mL) group, the levels of PI3K and p-Akt 
were up regulated compared with the N45 (4 μg/mL) 
treatment group (p < 0.01 and p < 0.001) (Figure 9C-E). 
These results demonstrated that ROS were negatively 
correlated with the PI3K/Akt pathway. Moreover, the 
NAC effectively reduced N45-mediated apoptosis in 
U87, U251 and U87R cells.

Figure 8. N45 reduced MGMT in U87R cells. (A) The expression 
of MGMT and NF-κB p65 in the parental U87 cells group, U87R 
cells group and U87R cells + N45 (4 μg/mL) group were analyzed 
by Western blot, the relative density was semi-quantitative by Image 
J software. Data is expressed as means ± SD of three independent 
experiments. (*p < 0.05 and ***p < 0.001 vs. the control group. ###p < 0.001 
vs. the N45 treated group).

Figure 9. Effects of N45 on ROS/PI3K/Akt signaling pathway in U87, U251 and U87R cells. (A) Intracellular ROS were assessed by flow 
cytometry after treatment with N45 (4 µg/mL) for 24 h, the relative fluorescence percentage was used to estimate intracellular ROS increase. (B) 
The CCK8 assay determined that 4 mg/mL NAC was the optimal dose, in combination with N45 and could reverse the inhibition in U87, U251 and 
U87R cells. (C-E) Cells were treated with N45 (4 μg/mL) and N45 (4 μg/mL) + NAC (4 mg/ml) for 24 h. the expression of PI3K, Akt and p-Akt in 
the U87, U251 and U87R cells were analyzed by Western blot, the relative density was semi-quantitative by Image J software. Data is expressed as 
means ± SD of three independent experiments. (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. the control group. ##p < 0.01 and ###p < 0.001 vs. the N45 
treated group).
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4. Discussion

Natural products are a main resource for leading 
compounds for new drug discovery, which have played 
a critical role in cancer therapy and chemoprevention 
study. Steroidal saponins with the character of 
resource diversity, structural diversity and bioactive 
diversity have become an important branch of natural 
drug discovery and one of the most likely sources of 
innovative drugs in the future. The work undertaken by 
our team has isolated many anti-tumor saponins from 
many plants and animals, such as Paris vietnamensis 
(22), Culcita novaeguineae  (23), and Anthenea 
chinensis (24), and many of them have demonstrated 
s igni f icant  e f fec ts  on  var ious  tumors .  Paris 
vietnamensis (Takht.) is used as a Traditional Chinese 
Medicine and has been reported to possess preclinical 
anticancer efficacy in various cancer types (18,22). N45 
was isolated from the rhizomes of Paris vietnamensis 
(Takht.) and was supposed to have a good antitumor 
effect. In this study, we investigated the antitumor 
mechanism of N45 on glioblastoma cells and TMZ-
resistant glioblastoma cells.
 The resul ts  showed that  N45 signif icant ly 
suppressed the cell proliferation of glioblastoma 
cells in a dose dependent manner (Figure 2C). 
Furthermore, N45 induced cell apoptosis of U87 and 
U251 cells, which was verified by TUNEL and flow 
cytometry experiments (Figure 3A and B). Noticeably, 
morphological changes of mitochondrial swelling and 
crista disorder were observed under TEM in U87 and 
U251 cells, which indicated that mitochondria might be 
involved in the cell apoptosis induced by N45 (Figure 
4A and B).
 The participation of mitochondria in apoptosis is one 
of the most important cell apoptotic pathways. PI3K is 
a key signal molecule that regulates the mitochondrial 
apoptosis pathway. The downstream signal molecule 
of PI3K signal pathway was mainly related to caspase 
family, Bax, Bcl-2 family and PI3K, Akt indicators. 
Akt is activated by phosphorylation and is the primary 
mediator of PI3K-initiated signaling, while Bcl-2 
is a member of its downstream apoptosis-inhibitory 
molecule (25,26). Apoptosis-inhibitory protein Bcl-
2 and pro-apoptotic protein Bax are both members of 
the Bcl-2 family. The ratio of Bax/Bcl-2 is a key factor 
in balancing mitochondrial apoptosis pathway (27). 
The inactivation of PI3K/Akt could down-regulate the 
expression of Bcl-2, in order to change the ratio of Bax/
Bcl-2. Increasing the ratio of Bax/Bcl-2 could release 
cytochrome C from mitochondria to cytoplasm, and 
then activate caspase 3, which is an important apoptosis 
implementing protein. In the current study, N45 
decreased the levels of PI3K, p-Akt and Bcl-2, while 
it increased the expression of cytochrome C, capase 3, 
cleaved caspase 3 and the ratio of Bax/Bcl-2, which 
resulted in proliferation inhibition and cell apoptosis 

in U87 (Figure 5A, Figure 9C) and U251 cells (Figure 
5B, Figure 9D). The results revealed that N45 inhibited 
proliferation and induced mitochondrial apoptosis in 
glioblastoma cells through the PI3K/Akt pathway.
 Intracellular ROS are mainly produced from 
mitochondria. Intracellular or extracellular stimuli 
lead to intracellular ROS production and increased 
membrane permeabilization, whereas excessively high 
levels of ROS promote cell apoptosis by activating 
internal and external pathways (28). ROS interact 
with many factors that directly affect cell viability and 
promote cell death, thus, ROS are widely studied as 
antitumor agents (29). Previous studies have reported 
several bioactive compounds generated ROS to 
activate apoptosis signaling in cancer cells, while ROS-
dependent compounds suppressed the activity of the 
PI3K/Akt signaling pathway. Fucoxanthin induced 
apoptosis in human glioblastoma cells via triggering 
of ROS-mediated oxidative damage and regulation of 
MAPKs and PI3K-Akt pathways (30). Thioridazine 
enhanced TRAIL-mediated apoptosis via the ROS-
mediated inhibition of Akt signaling in renal carcinoma 
Caki cells (31). In this paper, N45 increased ROS 
generation, which was observed by flow cytometry 
experiments (Figure 9A). NAC, a ROS scavenger, was 
used for the following rescue experiments. A CCK-8 
experiment showed that NAC significantly attenuated 
the proliferation inhibition effect of N45 in U87 and 
U251 cells (Figure 9B). Moreover, NAC also reversed 
the levels of PI3K and p-Akt, both of which were the 
primary mediator of PI3K-initiated signaling (Figure 
9C and D). That confirmed N45 induced glioblastoma 
cells' mitochondrial apoptosis via ROS-mediated 
inactivation of PI3K/Akt.
 TMZ is the first-line chemotherapy drug for 
glioblastoma and possesses a relatively good efficacy. 
However, in recent years endogenous or acquired 
resistance to TMZ limits its efficacy in the therapy 
of glioblastoma. TMZ-induced injury can be repaired 
by O6-methylguanine-DNA methyltransferase 
(MGMT), which is a DNA repair enzyme and plays 
a key role in TMZ resistance and has now been 
commonly recognized (32). These findings suggested 
that reducing the expression of MGMT might be an 
effective therapeutic strategy in TMZ-resistant cancers. 
Previous studies reported reducing MGMT expression 
to augment chemo-sensitivity to TMZ and induced cell 
apoptosis in cancers. Lingchao Chen et al. (33) and Mao 
Li et al. (34) showed that the PI3K inhibitor (BKM120 
and LY294002) could reduce MGMT, and overcome 
TMZ resistance sensitivity in glioblastoma cells via 
suppression of the PI3K/Akt signaling pathway. 
However, there are few studies on steroid saponins to 
reverse TMZ resistance. Thus, we cultured U87R cells 
to test the effect of N45 on TMZ-resistant glioblastoma, 
the result of Figure 1 showed that TMZ-resistant 
glioblastoma cells were successfully established. The 
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results of CCK-8, TUNEL, flow cytometry, TEM and 
iCELLigence systems confirmed that N45 inhibited 
proliferation and induced mitochondrial apoptosis in 
U87R cells (Figure 6A-D, Figure 7A). Western blots 
revealed that N45 treated U87R cells reacted the same 
as it worked in U87 and U251 cells (Figure 7B, Figure 
9E). The results of rescue experiments also confirmed 
N45 induced mitochondrial apoptosis via ROS-
mediated inactivation of PI3K/Akt signal pathway in 
U87R cells.
 NF-κB is a member substrate in the downstream 
PI3K/Akt pathway, which contributes to the resistance of 
chemotherapy. NF-κB p65, a transcription factor, is the 
key subunit in the NF-κB family (35-37). In glioblastoma 
cells, due to the over-activation of PI3K/Akt signaling 
pathway, NF-κB p65 translocated into the nucleus and 
subsequently initiated transcription of numerous genes, 
including MGMT (33,38). In this paper, U87R cells 
significantly expressed NF- κB p65 and MGMT. After 
treatment with N45, the expression of MGMT and NF- 
κB p65 was decreased compared with the untreated 
U87R cells (Figure 8A). The results indicated that N45 
suppressed TMZ-resistance and induced apoptosis in 
U87R cells by decreasing the expression of PI3K/Akt 
and its downstream protein NF- κB p65 to attenuate 
MGMT.
 In conclusions, these results suggest that ROS-
mediated inactivation of PI3K/Akt played an important 
role in N45 induced mitochondrial apoptosis in 
glioblastoma cells and TMZ-resistant glioblastoma cells.
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1. Introduction

In December 2019 an outbreak of coronavirus disease 
2019 (COVID-19) occurred in Wuhan (1). At present, 
some countries are facing on a crisis of outbreak and 
trying to prevent the spread of 2019-nCoV infections (2-
7). Japan is also one of them. As of February 29, 2020, 
in addition to the confirmed 619 cases (passengers and 
crew members) from a virus-hit cruise ship docked in 
Yokohama near Tokyo and 15 cases returning to Japan 
by charter flight from Wuhan, 215 locally transmitted 
cases have been confirmed to have the 2019-nCoV 
infection in Japan (8,9).
 To contain the outbreak, the government of Japan 
shifted the response strategy from "prevention of 
domestic invasion" to "prevention infection spread". On 
February 25, the Japanese government officially released 
the latest countermeasures for COVID-19 infections (10). 
The Japanese government asked the public not to flock 

to hospitals without prior consultation, with the purpose 
of reducing the risk of exposure to cross-contamination 
at medical facilities or on the way. To stay away 
from large gatherings or crowded areas, the Japanese 
government promoted the adoption of telecommuting, 
encourage staggering commuting hours and ensure that 
workers with cold-like symptoms can take sick leave. 
In addition, on February 27, the government requested 
all elementary, junior high and high schools in Japan 
to close from March 2 until the end of a spring break 
through early April 2020 (11).
 It is unknown whether these strategies have had 
an impact, and how long they should avoid large 
gatherings or crowded areas. To assess the effectiveness 
of these response strategies and to predict the spread 
of COVID-19 infections in Japan, we thus developed 
a stochastic transmission model by extending the 
Susceptible-Infected-Removed (SIR) epidemiological 
model with an additional modeling of the individual 
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To assess the effectiveness of response strategies of avoiding large gatherings or crowded areas and 
to predict the spread of COVID-19 infections in Japan, we developed a stochastic transmission model 
by extending the Susceptible-Infected-Removed (SIR) epidemiological model with an additional 
modeling of the individual action on whether to stay away from the crowded areas. The population 
were divided into three compartments: Susceptible, Infected, Removed. Susceptible transitions to 
Infected every hour with a probability determined by the ratio of Infected and the congestion of area. 
The total area consists of three zones crowded zone, mid zone and uncrowded zone, with different 
infection probabilities characterized by the number of people gathered there. The time for each 
people to spend in the crowded zone is curtailed by 0, 2, 4, 6, 7, and 8 hours, and the time spent in 
mid zone is extended accordingly. This simulation showed that the number of Infected and Removed 
will increase rapidly if there is no reduction of the time spent in crowded zone. On the other hand, the 
stagnant growth of Infected can be observed when the time spent in the crowded zone is reduced to 
4 hours, and the growth number of Infected will decrease and the spread of the infection will subside 
gradually if the time spent in the crowded zone is further cut to 2 hours. In conclusions The infection 
spread in Japan will be gradually contained by reducing the time spent in the crowded zone to less 
than 4 hours.
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action on whether to stay away from the crowded areas.

2. Methods

2.1. Model structure

We implemented a stochastic state transition model with 
reference to SIR model (12,13) dividing population into 
three compartments: Susceptible, Infected, Removed. 
Flow of the state transition is shown in Figure 1. 
Susceptible transitions to Infected every hour with a 
probability determined by the ratio of Infected and 
the congestion of area. The total area consists of three 
zones crowded zone, mid zone and uncrowded zone, 
with different infection probabilities characterized by 
the number of people gathered there. The probability of 
infection at each hour is decided as:

Where Pzone(t) denotes the infection probability at 
the zone where Susceptible exist at time (t), RInfected 
(d) denotes the ratio of Infected determined by the 
number of Infected and Susceptible at day (d). In 
addition, Infected transitions to Removed every day by 
segregation with a certain probability: PRemoved and hence 
Removed will not infect others any more.

2.2. Estimation of model parameters

In order to apply our model to Japan's situation, we need 
to estimate the parameters Pcrowded zone, Pmid zone, Puncrowded 

zone and PRemoved. To estimate the Pzone, we reference the 
infected ratio of the cases at diamond princess and 
returning to Japan by charter flight from Wuhan. In 
the case of diamond princess, there were 3,711 people 
on board, of which 619 were infected, and the ratio of 
infected was 17% (9). Out of 829 returnees from Wuhan, 
15 were infected and the ratio of infected was 1.8% (14). 
The ratio of infected in spatially isolated ship were 10 
times greater than those in returnees from potentially 
dangerous area. Crowded zone is considered as not an 
isolated space like diamond princess but an area with a 
high probability of infection, thus we set the infection 
probability at crowded zone as 1.8%. Also, according to 
the difference between diamond princess and returnees 
from Wuhan, we set the probability at mid zone and 
uncrowded zone as 0.18% and 0.018%. As of February 
25, 140 out of 1,017 people were detected as infected by 
PCR test in Japan (7). According to detection rate, we set 
PRemoved as 14%. 
 To set action policy on where to spend, we refer to 
the average Japanese behavior obtained from the basic 
survey on social life (15). The total time for work, 
meals, study, and travel was 467 minutes. According 

the time spending at places where many people gather, 
we set 8 hours as the time in crowded zone per day. And 
also, we set 8 hours as the time in mid and uncrowded 
zone per day. 
 The result  using above sett ings and init ial 
Susceptible:120,000,000 and initial Infected:10 is shown 
in Figure 2. The number of Removed was 65 at 30th day. 
The number does not match the situation in Japan, where 
the infection was confirmed for the first time on January 
14 and reached 165 on February 25. Therefore, we 
changed the parameters as Pcrowded zone: 2%, Pmid zone: 0.2%, 
Puncrowded zone: 0.02% and PRemoved: 10% , and simulate the 
infection spread (Figure 3). The number of Removed 
reached 159 at 30th day and it was close to the situation 
in Japan.

3. Results and Discussion

Prediction of the spread in Japan  Reflecting the Japanese 
strategy to prevent outbreaks and control the spread of 
infection, we simulated infection spread using some 
scenarios with different hour in crowded zone. Assuming 
Japan response strategy "prevention infection spread" 
reduces time in crowded zone, we simulate the spread 
continuing 30 days of Figure 3 with same probabilities. 
 As a parameter study of the model, the time for each 
people to spend in the crowded zone is curtailed by 0, 
2, 4, 6, 7, and 8 hours, and the time spent in mid zone 
is extended accordingly. These results were shown in 
Figure 4.
 Results of simulation showed that i) the number of 
Infected and Removed will increase rapidly if there is 
no reduction of the time spent in crowded zone; ii) the 
stagnant growth of Infected can be observed when the 
time spent in the crowded zone is reduced to 4 hours; 
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Figure 1. The flow of transition between three compartments.
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Figure 4. Infected and Removed population transition simulated with changing the time spending in crowded zone after 30 days.

Figure 2. Infected and Removed population transition simulated 
with Pcrowded zone: 1.8%, Pmid zone: 0.18%, Puncrowded zone: 0.018%, and 
PRemoved: 14%.

Figure 3. Infected and Removed population transition simulated 
with Pcrowded zone: 2%, Pmid zone: 0.2%, Puncrowded zone: 0.02%, and PRemoved: 
10%.
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and iii) the growth number of Infected will decrease and 
the spread of the infection will subside gradually if the 
time spent in the crowded zone is further cut to 2 hours.

As can be seen in Figure 4, the infection spread in Japan 
will be gradually contained by reducing the time spent 
in the crowded zone to less than 4 hours. Otherwise, the 
outbreak of infection in Japan will remain.
 The Japanese government has already advice all 
people to stay away from large gatherings or crowded 
areas. In addition, the government requested all 
elementary, junior high and high schools in Japan to 
close from March 2 and promoted the adoption of 
telecommuting and encourage staggering commuting 
hours. Through these policies, minimizing exposure 
risks of the public (16,17) will be effective and feasible 
measure to contain mass COVID-19 infection in Japan. 
 On the other hand, if the time in crowded zone does 
not decrease enough by these policies, there is a way 
to control the spread by increasing the probability of 
Removed. 
 Although there are some voices in the public 
questioning that the number of people tested every day 
is too small, from the perspective of policies to prevent 
infectious diseases, performing PCR test on everyone 
is not an effective measure against this virus because of 
the risk of exposure to cross-contamination at medical 
facilities or on the way as well as the low positive 
rate, high false-negative rate, low patient viral load, 
or improper clinical sampling, etc (18-21). However, 
if exposure to cross-contamination can be prevented, 
increasing the number of tests will be a measure to 
control the spread of infection.
 In conclusion, we developed a COVID-19 spread 
prediction model analysis with the stochastic transition 
model using existence ratio of influencer and the areas 
characterized by the number of people gathered. Results 
of simulation showed that preventing mass COVID-19 
infection and control the spread of infection need to 
reduce the time spent in the crowded zone to less than 
4 hours. Everyone should follow the Japan response 
strategies and avoid crowded areas as possible.
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1. Introduction

The coronavirus disease 2019 (COVID-19) outbreak 
is a global emergency situation (1), for which the 
development of drugs and vaccines has been intensively 
investigated worldwide. In late March and early April 
2020, the US Food and Drug Administration (FDA) (2) 
and the European Medicines Agency (EMA) (3) have 
approved the use of chloroquine and hydroxychloroquine 
for an emergency treatment of COVID-19, based on their 
potential effectiveness in this setting (4,5).
 While chloroquine has a long history in the treatment 
of malaria and autoimmune diseases, its safety and 
efficacy in the treatment of COVID-19 remain unknown 
(5). In the treatment of malaria and autoimmune 
diseases, chloroquine can cause numerous side effects 
such as nausea, headache, pruritus, worsening of 
psoriasis, retinopathy, and cardiac dysfunction. While 

neuropsychiatric symptoms such as seizure, coma, 
and psychosis, were also reported in patients who 
received chloroquine (6,7), it is still unknown which 
neuropsychiatric symptoms are directly associated with 
the use of chloroquine, partly because of their relatively 
low frequency (8). Understanding in advance the types 
of neuropsychiatric symptoms that may occur in patients 
treated with chloroquine, may be useful, particularly in 
patients with COVID-19 in intensive care units, where 
rapid clinical judgement is required.
 In the current study, we investigated the link 
between the use of chloroquine and the occurrence of 
neuropsychiatric symptoms, using the FDA Adverse 
Event Reporting System (FAERS) database that is 
provided by the FDA (9). Since this database contains 
a very large number of case reports of drug AEs, it is 
widely used in identifying potential link between drugs 
and AEs during post-marketing surveillance of drug 
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In late March and early April 2020, the antimalarial drug, chloroquine, has been approved as an 
emergency treatment for the coronavirus disease 2019 (COVID-19) in the United States and in 
Europe. Although infrequent, neuropsychiatric symptoms have been reported in patients who received 
chloroquine for the treatment of malaria or autoimmune diseases. In this study, aiming to investigate 
these adverse events (AEs) using a large self-reporting database, we conducted a disproportionality 
analysis for the detection of neuropsychiatric AE signals associated with the use of chloroquine 
(or hydroxychloroquine), reported to FDA Adverse Event Reporting System (FAERS) database 
between the fourth quarter of 2012 and the fourth quarter of 2019. We included 2,389,474 AE cases, 
among which 520 cases developed neuropsychiatric AE following the use of chloroquine. Adjusted 
reporting odds ratio (ROR) for the development of each of the neuropsychiatric AEs following the 
use of chloroquine was calculated using a multilevel model: exposure to chloroquine was associated 
with a statistically significant high reporting of amnesia, delirium, hallucinations, depression, and 
loss of consciousness, (lower 95% confidence interval of the adjusted ROR > 1), although the 
degree of increase in their ROR was limited. There was no statistically significant high reporting 
of any other neuropsychiatric AE, including suicide, psychosis, confusion, and agitation. Current 
pharmacovigilance study results did not suggest any potential link between the use of chloroquine and 
an increased risk of suicide, psychosis, confusion, and agitation, which would be informative during 
the emergency use of chloroquine for the treatment of COVID-19.
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safety (10), despite the risk of bias that is associated 
with its self-reported data (11).

2. Materials and Methods

2.1. Data acquisition and preprocessing

This was a retrospective pharmacovigilance study that 
used the FAERS database. This database contains more 
than 9 million global case reports of potential adverse 
events of drugs. On April 1, 2020, we downloaded 
from the FDA's website (https://www.fda.gov) patient 
data that were reported between the fourth quarter 
of 2012 and the fourth quarter of 2019. The FAERS 
database contains data tables named 'DEMO', 'DRUG', 
'REAC', 'OUTC', 'RPSR', 'THER', and 'INDI', of which 
we mainly used the following 3 tables: 1) 'DEMO', 
which provides the case ID, sex, age, year of event 
occurrence, country of event occurrence, and the 
reporter's type of occupation (e.g., medical doctor, 
pharmacist, lawyer, consumer); 2) 'REAC', which 
contains all adverse events that are potentially caused 
by the drug used by each patient, and 3) 'DRUG', 
which includes the name, dose, indication, and date of 
administration and discontinuation of each drug that is 
possibly associated with that AE. In the 'DRUG' table, 
the causality assessment of the relationship between 
each drug and its reported AE is classified by the 
reporter as 'primary suspected', 'secondary suspected', 
'concomitant', or 'interacting'. In our analysis, we 
included only reports that were classified as 'primary 
suspected' and 'secondary suspected', to reduce the risk 
of false positive association in deriving our conclusions. 
In addition, we included only reports that were reported 
from medical doctor, pharmacist, or other medical 
staffs, and not from lawyers or consumers. Duplicate 
reports were excluded such that only the latest version 
of the report that was obtained from the same case ID 
was retained.

2.2. Database search

In the FAERS database, the AEs are mainly identified 
by their Preferred Terms (PTs), as determined by 
the Medical Dictionary for Regulatory Activities 
(MedDRA). To search for cases that were associated 
with chloroquine (including hydroxychloroquine) or 
mefloquine treatment and presented with any of the 
AEs of interest, we used the following neurological 
or psychiatric AE terms, as summarized in Table 
S1 (ht tp: / /www.biosciencetrends.com/act ion/
getSupplementalData.php?ID=64) : 'Seizure' (PT: 
10039906), 'Loss of consciousness' (PT: 10024855), 
'Confusional state' (PT: 10010305), 'Coma' (PT: 
10010071), 'Stupor' (PT: 10042264), 'Somnolence' (PT: 
10041349), 'Sedation' (PT: 10039897), 'Lethargy' (PT: 
10024264), 'Delirium' (PT: 10012218), 'Disorientation' 

(PT: 10013395), 'Hallucination' (PT: 10019063), 
'Delusion' (PT: 10012239), 'Paranoia' (PT: 10033864), 
'Anxiety' (PT: 10002855), 'Anger' (PT: 10002368), 
'Aggression' (PT: 10001488), 'Nervousness' (PT: 
10029216), 'Irritability' (PT: 10022998), 'Mood altered' 
(PT: 10027940), 'Abnormal behavior' (PT: 10061422), 
and 'Restlessness' (PT: 10038743). In addition, several 
AE terms were similar, and were therefore treated 
collectively, based on a single AE category, as follows: 
'Dizziness' (PT: 10013573) and 'Dizziness postural' 
(10013578) were treated as dizziness, 'Amnesia' 
(PT: 10001949) and 'Anterograde amnesia' (PT: 
10002711) were treated as amnesia, 'Altered state of 
consciousness' (PT: 10001854) and 'Mental status 
changes' (PT: 10048294) were treated as altered mental 
status (AMS), 'Acute psychosis' (PT: 10001022) and 
'Psychotic disorder' (PT: 10061290) were treated as 
psychosis, 'Agitation' (PT: 10001497) and 'Psychomotor 
hyperactivity' (PT: 10037211) were treated as agitation, 
'Depressed mood' (PT: 10012374) and 'Depression' (PT: 
10012378) were treated as depression, 'Panic attack' (PT: 
10033664) and 'Panic reaction' (PT: 10033670) were 
treated as panic, 'Nightmare' (10029412) and 'Abnormal 
dreams' (10000125) were treated as nightmare, and 
'Suicidal ideation' (PT: 10042458), 'Completed suicide' 
(PT: 10010144), 'Suicide attempt' (PT: 10042464), and 
'Suspected suicide' (PT: 10082458) were treated suicide.
 We included mefloquine as one of our drugs of 
interest because it is an antimalarial drug that is known 
to cause neuropsychiatric AEs (12). We classified each 
case report based on the following binomial factors: 
'with' or 'without' exposure to the drugs of interest, 
and 'with' or 'without' the development of each of the 
AEs of interest, irrespective of the timing of drug 
administration or the time of AE development.

2.3. Statistical analyses

All data handling and statistical analyses were performed 
using R software (version 3.5.1). For each included 
drug (chloroquine or mefloquine), we calculated the 
reporting odds ratio (ROR), to assess the potential 
drug-AE links for chloroquine (or mefloquine) and the 
reported neuropsychiatric symptoms. The crude ROR 
was calculated by a 2 × 2 contingency table as described 
previously (13-15), where all the reports were classified 
by two factors for each AE term and for each drug, 
as described above. When the lower limit of the 95% 
confidential interval (CI) for the adjusted ROR was > 1, 
the AE was considered to be significantly highly reported 
following the use of the drug of interest, compared with 
the report of the same AE following the use of all other 
drugs.
 In calculating ROR, we used a multilevel model, 
to adjust for covariates in a hierarchical design, as 
described previously (16,17): we incorporated into the 
model the year of AE occurrence and the country of AE 
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was not required for this type of study. The work was 
conducted in accordance with the ethical standards laid 
out in the Declaration of Helsinki, 1964.

3. Results and Discussion

In total, our analysis included 2,389,474 unique case 
reports. There were 4,336 case reports with exposure 
to chloroquine, of which 520 (12.0%) reported 
neuropsychiatric AEs. The number of reported cases 
with exposure to mefloquine was only 67, of which 28 
(41.8%) included neuropsychiatric AEs. Patients treated 
with chloroquine were predominantly female (3452 
females (81.9%) versus 762 males) and the median age 
of the patients was 56.0 (IQR: 45.0-65.0).
 Patients treated with mefloquine were predominantly 
male (40 males (62.5%) versus 24 females) with a 
median age of 40.0 (IQR: 27.0-72.0). There were no 
cases of concomitant exposure to chloroquine and 
mefloquine.
 Figure 1 provides forest plots of the adjusted RORs 
and their 95% CI for each neuropsychiatric AE following 
the use of chloroquine (Figure 1A) or mefloquine (Figure 
1B). In the case of chloroquine-associated AEs (Figure 
1A), only 5 AE types, including loss of consciousness 
(LOC) (adjusted ROR, 1.31; 95% CI, 1.03-1.66), 
amnesia (adjusted ROR, 1.30; 95% CI, 1.02-1.66), 

occurrence as random effect terms, to reduce bias in the 
data. Accordingly, the adjusted ROR was calculated by 
the following formula (16):

where, Yi is binomial status for with/without AE of 
interest in each case i, β is the vector of fixed effect 
parameters, xi is the covariates matrix for fixed effect, 
u is the vector of random effect parameters, and zi is 
the covariates matrix of random effect. Covariates 
to measure fixed effect include age, sex, binomial 
exposure to chloroquine (0 if not used, and 1 if used), 
and binomial exposure to mefloquine (0 if not used, and 
1 if used). And covariates to measure random effect (as 
random intercepts) are the calendar year between 1990 
and 2019, and the regional code of the country (e.g., the 
United States, Great Britain, Canada, Germany, Japan). 
We used the R package lme4 (18) to perform the above 
multilevel model analysis.

2.4. Ethics

This study was approved by the University of Tokyo 
Graduate School of Medicine institutional ethics 
committee [ID: 11754-(1)]. An informed consent 

Figure 1. Forest plots of each AE. Forest plots showing the aROR of each AE following the use of chloroquine (A) and mefloquine (B). The 
number of reports of each AE, the reporting odds ratios that were adjusted based on age and sex for each AE, and their 95% CI are provided in the 
adjacent tables. Note that the vertical bar shows the line of ROR = 1. For AEs that were not reported after the use of chloroquine or mefloquine 
(n = 0), the aROR was not calculated and appear as blank. (Abbreviations: AE, adverse event; aROR, adjusted reporting odds ratio; LOC, loss of 
consciousness; AMS, altered mental status, N, number of observations; lower 95%, the lower limit of the 95% confidence interval; upper 95%, the 
upper limit of the 95% confidence interval.)
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delirium (adjusted ROR, 1.58; 95% CI, 1.06-2.34), 
hallucination (adjusted ROR, 2.12; 95% CI, 1.54-2.92), 
and depression (adjusted ROR, 1.47; 95% CI, 1.22-1.77) 
had significantly high reporting (lower limit of the 
95% CI > 1). As for mefloquine (Figure 1B), all of the 
neuropsychiatric AEs, except for somnolence, showed 
high reporting, with adjusted ROR values higher that 2 
in almost all cases.
 In this study, we investigated reports of neuropsychiatric 
AEs that were developed following exposure to chloroquine 
as a treatment for malaria or autoimmune diseases. The 
major strength of our study is that it was based on a 
database that includes global real-world data from a 
very large number of patients. Our results showed a 
statistically significant association (albeit marginal) 
between the use of chloroquine and the reporting of 
LOC, amnesia, delirium, hallucination, and depression, 
however, there was no statistically significant association 
between the use of chloroquine and the reporting of 
suicide, psychosis, confusion, or agitation, suggesting 
that there is no link between the use of chloroquine and 
the increased risk of these AEs. Conversely, mefloquine 
showed to be associated with statistically significant high 
reporting of most of the neuropsychiatric AEs, which 
is consistent with some of the earlier literature reports 
(12,19).
 Our study has some limitations, resulting from the 
use of self-reported data (11), and it therefore includes 
some bias that cannot be eliminated. First, this setting 
may be associated with a reporting bias, that is, over- 
or under-reporting of neuropsychiatric AEs following 
the use of chloroquine. Second, due to the absence 
of denominators, we were not able to discuss the 
incidence rate of each neuropsychiatric AE. Third, in our 
multivariate adjustment, we did not consider the use of 
concomitant medications or the medical history of the 
patients, both of which could have potentially contributed 
to the development or to the worsening of some 
neuropsychiatric symptoms. Fourth, while suicide was 
included as one of the AEs in our analysis, it is possible 
that some of the suicide cases represent suicide by 
chloroquine overdose, which is known to be cardiotoxic, 
and not an AE of chloroquine (6). Fifth, we have not 
included the timing or the total dose of chloroquine and 
mefloquine in the analysis. Lastly, it is possible that our 
final dataset included duplicated cases that should have 
been excluded.
 To conclude, the current pharmacovigilance study, 
using the FAERS database, did not suggest a potential 
link between the use of chloroquine and an increased 
risk of suicide or psychosis. These results provide 
information that can be essential when the use of 
chloroquine is considered for the treatment of patients 
with COVID-19. Since this study was based on a self-
reporting database that inevitably contains several biases, 
cohort studies are needed, to validate these results and to 
confirm the neuropsychiatric safety of chloroquine.
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1. Introduction

The ST3GAL4 gene encodes the Galβ1-4GlcNAc 
α2,3 sialyltransferase (ST3Gal IV), which transfers 
sialic acid to glycoconjugates containing the terminal 
structure Galβ1-4GlcNAc or Galβ1-3GalNAc (1). This 
enzyme participates in the synthesis of the sialyl Lewis 
x antigen, which is a tetra-saccharide highly expressed 
in different cancer types and during inflammation (2-
4). Abnormal expression of ST3GAL4, either decreased 
(5,6) or increased (7), has been reported in several types 
of cancer.
 This gene spans approximately 59 kb (GeneID 
6484) in GenBank (8) and displays intricate regulation 
since it contains different promoter regions that 

participate in the transcription of several mRNA 
variants. Previously, the presence of mRNA variants 
named A1, A2, B1, B2, B3, and BX in several human 
tissues and cancer cell lines has been reported (9-14); 
nevertheless, the current variants described in RefSeq 
RNA are named V1 to V10 (15). Thus, the previously 
reported variants correspond to those described in 
RefSeq as follows B1:V1, BX:V2 and B3:V4; the rest 
of the variants (A1, A2, B2) are no longer listed in 
GenBank (6). The expression of the mRNA variants 
results from alternative splicing and from the activity 
of different promoters (named pV1, pV2 and pV4) 
(5,9,10,16-18). Promoter pV1 gives rise to the variants 
V1, V6 and V8; promoter pV2 gives rise to the variants 
V2, V5, V7 and V9; pV4 gives rise to the variant V4 
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SUMMARY
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The ST3GAL4 gene encodes the enzyme Galβ1-4GlcNAc α2,3 sialyltransferase (ST3Gal IV). 
This enzyme participates in the synthesis of the sialyl Lewis x antigen. In different cancer types 
altered expression of this antigen has been reported. The transcriptional regulation of this gene is 
very complex, different mRNA variants (V1-V10) have been reported and are originated by the 
activity of different promoters and alternative splicing. Only the promoter that gives rise to the V3 
variant has not been previously reported. The objective of this work was to identify and characterize 
the V3 promoter of the ST3GAL4 gene. For this, the putative V3 promoter of the ST3GAL4 gene 
was delimited by in silico analysis. The complete promoter and smaller versions were cloned in a 
reporter plasmid. The constructs were transfected in the HaCaT cells and the promoter activity was 
evaluated by luciferase reporter assays. The cloned region showed promoter activity, and the basal 
activity was not dependent on TATA boxes. However, the GC boxes, an initiator element (Inr) and 
downstream promoter element (DPE) could contribute to basal activity. The promoter contains 
several binding sites for the nuclear factor of activated T-cells (NFAT) that could participate in 
inducible activity during the immune response. The minimal promoter corresponds to a fragment 
of approximately 300 bp, located in the position -347 b to -40 b. The characterization of the 
V3 promoter of the ST3GAL4 gene completes the study of the four promoters of this gene, this 
contributes to the understanding of its complex transcription regulation.
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and only the pV3 promoter that gives rise to the V3 
variant has not been characterized. Molecular studies 
indicate that the promoter pV4 displays activity in 
testicular, ovarian, cervical, colon and leukaemia cancer 
cell lines (17). Specifically, the promoter lacks TATA 
or CAAT boxes but contains regulatory elements as 
binding sites for MAF, AP2, SP1, LFA1, and HLH (10). 
In a cervical cancer cell line, the binding sites for the 
transcription factor AP2 are involved in its regulation 
(18). The promoter pV2 contains neither canonical 
TATA nor CAAT boxes but carries several putative 
binding sites for SP1, AP-1, and NF-kB transcription 
factors. Moreover, this promoter showed constitutive 
activity as well as inducible activity by TNF in a lung 
cancer cell line, which has been associated with high 
levels of the transcript isoform V2 (9). pV1 has been 
previously identified but not characterized (10). The 
way that transcription initiation is regulated is important 
for understanding the cellular processes and diseases in 
which the transcribed gen is involved.
 Our research group recently reported the presence 
of the variants V1, V2, and V3 (not characterized 
previously) in keratinocytes and cervical cancer cells. 
Whereas V1 and V2 were present in all the cell lines 
(HaCaT, SiHa, C33A and HeLa), V3 was expressed in 
HaCaT, SiHa, and HeLa cells but it was not detected in 
C33A, suggesting differential regulation of this variant 
(5). Since the promoter for the V3 variant and its 
putative regulatory elements have not been described, 
here we identify and characterize the promotor of the 
V3 variant of the ST3GAL4 gene to better understand 
its complex transcription regulation.

2. Materials and Methods

2.1. Cell culture

The human keratinocyte cell line HaCaT was cultured in 
Dulbecco's modified Eagle's medium (Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany) with 10 mmol/L 
HEPES, supplemented with 10% foetal bovine serum, 
100 IU/mL penicillin and 100 µg/mL streptomycin 
(Sigma-Aldrich; Merck KGaA) at 37°C with 5% CO2. 
Cells were harvested using trypsin (0.025%) and EDTA 
(0.02%) (Sigma-Aldrich; Merck KGaA) and were 
washed with phosphate-buffered saline.

2.2. Bioinformatic analysis

Alignment among the V mRNA variants was performed 
to localize the V3 variant in the genomic map of the 
human ST3GAL4 gene and its putative promoter. 
Then, the putative promoter region was delimited 
using the promoter prediction program Transcriptional 
Regulatory Element Database. Additionally, we used 
the Elements Navigation Tool (ElemeNT) to predict the 
core promoter elements. The software PATCH Public 1.0 

(Pattern Search for Transcription Factor Binding Sites) 
was employed to determine possible regulation sites 
inside the promoter and to design deleted versions of 
the complete promoter.

2.3. Cloning of the putative pV3 promoter region

Genomic DNA was extracted from HaCaT cell 
line from keratinocytes of human skin (Wizard 
Genomic DNA Purification Kit, Promega, Madison, 
WI).  Then,  the putat ive promoter  of  1735 bp 
was amplified by PCR using the forward primer 
5'-GAGGAAAACCTcgAGGGAATCTTGA-3' and the 
reverse primer 5'-GGAAAAAGcTTTGGCGTCAGAGG-3'. 
The underlined nucleotides represent the restriction sites 
for XhoI (forward) and HindIII (reverse), and lower-
case letters correspond to the nucleotides incorporated 
into the cloned-promoter sequence. Smaller versions 
of 689 bp and 484 bp were generated by enzymatic 
restriction with KpnI/HindIII and SmaI/HindIII, 
respectively, of the 1735 bp construction. The promoter 
fragments were purified and cloned into the reporter 
vector. The forward primers for the other versions 
correspond to 5'-GGCTTTGCTCgaGCCCTTTATG-3' 
for 364 bp, 5'-CTCAGAGCTcGAgCAGCAATGT-3' for 
342 bp, 5'-GAAAGGtacCATGTTGTCTTG-3' for 308 
bp and 5'-GGCTCGaGAAATTCCTGATTG-3' for 207 
bp. The restriction site for the 364 bp, 342 bp and 207 
bp versions corresponds to XhoI, and that for the 308 
bp version corresponds to Kpn I. The reverse primer 
was the same for all versions. The PCR contained 
25 µl of PCR Master Mix (Promega, Madison, WI), 
0.5 µM of each primer, and 100 ng of DNA template 
in a final volume of 50 µL, with the following PCR 
conditions: 95°C for 5 min and 40 cycles at 95°C for 1 
min, 58°C for 1 min and 72°C for 2 min, followed by a 
final extension at 72°C for 7 min. Next, each fragment 
was electrophoresed in agarose gel, and the band 
was purified and cloned into the pGL4.12[luc2CP] 
vector (Promega, Madison, WI) using T4 DNA Ligase 
(Promega). The constructs were verified by digestion 
with restriction enzymes and subsequent sequencing.

2.4. Luciferase assay

HaCaT cells were seeded in 24-well plates, and 
when the cells reached 80% confluence, they were 
transiently transfected with 600 ng of each pGL4.12 
construct and 20 ng of the pGL4.74[hRlucCP] 
vector as a reference plasmid (Promega, Madison, 
WI) using the Lipofectamine 3000 reagent protocol 
(Invitrogen, Carlsbad, CA). Cells were lysed 24 h 
after transfection, and firefly and Renilla luciferase 
activities were determined using the commercially 
available Dual-Luciferase Reporter Assay System 
(Promega) according to the manufacturer's instructions. 
Luciferase activities were measured in a luminometer 
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could respond in a different manner according to the 
stimulus and cell type (9). The promoter of V3 mRNA 
has not been characterized to date. The objective of this 
work was to delimitate and characterize the V3 promoter 
region of the ST3GAL4 gene and to identify its minimal 
promoter.
 In silico analysis showed that the putative promoter 
is located from position 126401632 to 126403373 of 
chromosome 11 and extends up to 1735 bp upstream 
of the transcription start site of the V3 mRNA variant 
(GenBank NC_000011.10). The promoter contains five 
TFIID/TBP (TATA box binding protein) binding sites, 
four of which are localized far from the transcription 
start site. Additionally, the promoter contains four 
initiator elements (Inr), several GC and CCAAT boxes 
and a downstream promoter element (DPE) (Figure 
1). The CCAAT box, GC boxes, and TATA box are 
promoter elements that have been reported within core 
promoters (19). Other common sequences found close 
to the transcriptional start site are DPE and Inr, so we 
identified these elements in the putative V3 promoter 
(Figure 1). To identify response elements in the putative 
promoter, we used the software PATCH Public 1.0 and 
identified several response elements, including binding 
sites for AP-1, AP-2, CREB, c-jun, c-Myb, CTCF, ER, 
GATA-1, NFAT, PAX, E2F, VDR, RAR-α1, RXR-α, 
and VDR (Figure 1).
 We have cloned the complete promoter of 1735 
bp, to determine if this region presents activity. The 

Glomax 20/20 (Promega). The firefly luciferase activity 
was normalized to the Renilla luciferase activity. All 
transfections were performed in triplicate in three 
different experiments. Student's t-test was used to 
determine statistical significance between the different 
constructs; p < 0.05 was considered statistically 
significant.

3. Results and Discussion

The ST3GAL4 gene encodes the enzyme ST3GAL IV, 
which participates in the synthesis of the sialyl Lewis 
X antigen. The expression change of this glycan has 
been implicated in different pathologies, such as cystic 
fibrosis and cancer (2,4,9). Regulation of ST3GAL4 gene 
expression is very complex, giving rise to 10 different 
mRNA variants (V1-V10), currently reported in the 
RefSeq RNA database (15). These mRNA variants are 
the result of the activity of different promoters (pV1, 
pV2, pV3 and pV4) and of alternative splicing. The 
promoters pV1, pV2 and pV4 have been previously 
characterized (10,17). Recently, we identified the 
presence of V3 mRNA in cervical cancer cell lines HeLa 
and SiHa, but not in C33A, nevertheless the promoter 
of this variant has not been previously reported (5). 
The characterization of promoters that participate in 
the expression of this gene is of interest, considering 
the importance of the enzyme ST3Gal IV in cancer and 
inflammatory disease and the fact that the promoters 

Figure 1. Schematic representation of V3 promoter of ST3GAL4 gene. It is shown the nucleotide sequence. The reverse arrow represents 
the 3' extreme of all constructions, and the forwards arrows represent the extreme 5' of the different constructions, the nucleotide size of each 
promoter fragment is shown. The core promoter elements and the potential regulatory elements are described. Initiator sequences are shown in 
red. Transcriptional start site is marked with a red arrow. Nucleotides are numbered considering the transcription initiation site as +1.
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experimental analysis showed that the region identified 
and characterized by in silico analysis has promoter 
activity (Figure 2).
 To identify the minimal promoter region and 
the required motifs for basal promoter activity, we 
generated deleted versions of the complete promoter 
from the upstream region. Thus, six constructs were 
generated with the following base pair lengths: 689 bp, 
484 bp, 364 bp, 342 bp, 308 bp, and 207 bp (Figure 
2). In the first deleted version of 689 bp, four of the 
five TFIID/TBP sites, three Inr sites and several 
CCAAT boxes were eliminated, but the same activity 
of the complete promoter was maintained. The results 
indicated that the four TATA boxes, the 3 Inr sites, and 
the several CCAAT boxes eliminated in this construct 
did not play a role in basal promoter activity. The 

TATA box is a sequence recognized by the RNA pol II. 
This element has a position that usually ranges from 
approximately 40 to 100 nt, but the motifs identified 
in this region are located far from the transcription 
start site, which could explain why they do not affect 
the basal promoter activity (19). This could be applied 
to the Inr sites and the CCAAT boxes deleted in the 
construct as they are also distant from the transcription 
start site. In the 484 bp construct, different response 
elements such as RXR, RAR, cMyb, VDR, NFAT, Ets 
and two CCAAT boxes were eliminated; nevertheless, 
the activity was similar with respect to the complete 
promoter. In the 364 bp construct, a fragment containing 
GC and CCAAT boxes was eliminated, along with 
other response elements such as ER, CACCC, HIF1, 
Ap2, NF-1 and NFAT. The activity of this construct 

Figure 2. (A) Schematic representation of V3 promoter showing different response elements, including the core promoter elements. It is shown 
the size of the different constructs. (B) Relative luciferase activity of the different constructs is shown. All assay transfections were performed 
by triplicate in three different experiments. Data are expressed as mean ± SD (n = 3).  Student's t-test was used and a p < 0.05 was considered 
statistically significant. *Statistical differences between the complete promoter activity and the different constructs.
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was similar to that of the complete promoter. Therefore, 
these elements did not influence basal promoter 
activity. Next, in the 342 bp construct, the proximal 
TATA box was deleted, but this deletion did not modify 
the promoter activity. The constructs of 484 bp, 364 bp, 
342 bp maintained the same activity as the complete 
promoter, none of the sequences eliminated participate 
in basal promoter activity.
 Remarkably, the 308 bp construct had a decreased 
activity of 47% in comparison with that of the complete 
promoter. In this fragment, CTCF, NFAT and ISGF3 
binding sites were deleted (Figures 1 and 2) (p < 0.05). 
The NFAT and ISGF3 sequences could participate in 
inducible activity, but not in basal activity. The CTCF 
binding site is a Zn-finger protein that can regulate gene 
transcription by activating or repressing promoters. At 
the promoter level, some evidence indicates that CTCF 
can activate the promoters of c-Myc and GATA4 genes 
(20,21). In the former case, mutation assays indicate 
that a binding site for CTCF, alone, is required for 
the promoter activity of the c-Myc gene (20). Further 
molecular analysis, through ChIP assays, indicates that 
CTCF can bind and recruit RNA pol II at the CTCF 
binding site (20). In the latter case, immunoprecipitation 
assays show that CTCF can directly bind and recruit 
TAF3, a TBP-associated core promoter factor, to 
promoter distal sites of the GATA4 gene (21). Site 
mutations could confirm the CTCF binding site as an 
activator of V3 promoter of the ST3GAL4 gene.
 Finally, the 207 bp fragment did not present 
promoter activity; for this construct, four GC boxes and 
other response elements, such as CTF, NFAT, Ets, AP2, 
and CACCC, were eliminated. The 207 bp fragment 
does not show any activity despite containing three 
elements: an Inr, a DPE and a CAAT box emphasizing 
the importance of the Sp1 boxes.
 These results indicate that the minimal V3 promoter 
size of the ST3GAL4 gene is approximately 308 bp. 
The region contains GC boxes, a CCAAT box, an Inr 
and DPE sites that together could maintain promoter 
activity (Figure 1 and 2). It is important to mention that 
the minimal construct that maintains the activity does 
not contain a TATA box, indicating that the V3 promoter 
is a TATA-less promoter and that other elements must 
participate in the activity of the promoter. Eukaryotic 
core promoters can include elements (a TATA box, the 
TFIIB-recognition element (BRE), an Inr, an MTE, a 
DPE and a DCE) that are necessary for the transcription 
preinitiation complex assembly, which includes general 
transcription factors such as TFIID and the RNA pol 
II, among others (22). Recently, bioinformatic analysis 
showed that approximately 80% of mammalian protein-
coding genes are directed by TATA- less promoters (23).
 Here, we showed that the version that maintains the 
promoter activity pGL4-12-308 contains several GC 
boxes (Sp1 binding sites) and CACCC, Inr and DPE 
sites. In TATA-less promoters, the presence of Sp1 is 

necessary for the binding of TFIID to the Inr site (24). 
It has been reported that Sp1 is a transcription factor 
that recognizes GC boxes and activates transcription 
through domains rich in glutamine residues (25). 
Therefore, in this core promoter, the binding sites for 
Sp1 must be essential for the activity. In TATA-less 
promoters, TFIID can bind to the Inr, primarily if Sp1 
is bound to upstream sites (24,26). Molecular studies 
have shown that the DNA-binding domain of Sp1 is in 
contact with TAF7, and it has been proposed as a co-
activator (27).
 It could be possible that the GC boxes in the 308 bp 
fragment of the V3 promoter are crucial for the binding 
of TFIID to the Inr. This was supported by the deletion 
of the GC boxes in the 207 bp construct, which result in 
the loss of promoter activity. Additionally, it has been 
reported that both the Inr and the DPE can participate in 
basal transcriptional activity when the two elements are 
separated by 25-32 nt (19); however, when the distance 
between the elements increases, the function disappears 
(28). In the V3 promoter, the distance between these 
elements is 33 nt, so it could be of interest to determine 
the role of this binding site in promoter activity. 
Molecular studies have demonstrated that the Inr, alone 
or in conjunction with other elements, is capable of 
directing transcription initiation (29). More specifically, 
the Inr is recognized and binds to TFIID through the 
proteins TAF1/TAF2 (24,29).
 It is important to mention that the V3 promoter 
contains several NFAT sites, and the NFAT (nuclear 
factor of activated T cells) proteins bind to certain 
regulatory elements in cytokine genes (30). For the 
pV2 promoter, it has been reported that its expression 
is induced by TNF, a cytokine that participates in 
inflammation, showing that the expression of this gene is 
modulated during inflammation (3,9). NFAT is a family 
of transcription factors that modulate the expression 
of genes that participate in the immune response, 
highlighting the importance of this gene in cancer and 
inflammatory disease (30). Nevertheless, further analysis 
is required to elucidate whether any of these binding sites 
are necessary for V3 promoter activity.
 Finally, we have completed the gene structure 
including the promoters V1, V2 and V4 (previously 
reported) and the promoter V3, we also included the 
genomic structure of the V3 mRNA variant, which 
contains an extra exon named exon Y. It was named Y, 
considering that exon X corresponds to the V2 variant. 
Furthermore, the different exons that constitute the non-
coding 5' region of the mRNA variants (V1-V9) are 
shown. V10 variant was not included because it does not 
codify for a protein (Figure 3).
 In summary, we identified the V3 promoter of the 
ST3GAL4 gene, which has a size of 1735 bp, and the 
core promoter was approximately 300 nt. The basal 
activity of this promoter is not regulated by a TATA 
box, and the results suggest that the GC boxes could 
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regulate the basal activity in conjunction with the Inr 
and DPE elements. The promoter contains several 
NFAT sites that could participate in the transcription 
regulation of this gene during the immune response.
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1. Introduction

Healthcare reform is a worldwide problem. For China, 
a developing country with a large population, it is 
even more difficult and challenging. In response to 
the problems of cost, access, quality, efficiency, and 
equity, China initiated the long-awaited and much-
needed healthcare reform in 2009. From 2009 to 2012, 
the five priority areas were: i) expanding basic health 
insurance programs; ii) establishing an essential drug 
list; iii) upgrading primary care delivery; iv) greater 
parity between rural and urban public healthcare; and 
v) initiation of pilot reforms in public hospitals (1,2). 
From 2012 to 2015, the healthcare reform was aimed 
at deepening public hospital reforms in terms of their 
operation, governance, compensation, and other aspects. 
From 2015 to 2020, the strategic goals were: i) universal 
coverage of basic healthcare for all citizens by unifying 
three public insurance schemes; ii) providing an 
integrated health system by enhancing primary care and 
reforming public hospitals; and iii) a "Healthy China 
2030" blueprint focusing on improvements in medical 
care and health determinants such as environment 
health, lifestyle, and health education (3).
 The progress of China's healthcare reform has 
been internationally recognized (4). Over the ten-

year period from 2008 to 2018, the percentage of the 
national gross domestic product (GDP) devoted to 
healthcare has been steadily increasing (Figure 1). Total 
healthcare expenditures increased from 1.453 trillion 
RMB in 2008 (5) to 5.800 trillion RMB in 2018 (6), an 
increase of 299% (Figure 1). With three major health 
insurance programs: the Urban Employee Basic Medical 
Insurance, the New Rural Cooperative Medical Scheme, 
and Urban Resident Basic Medical Insurance, insurance 
coverage improved markedly since 2003, thereby 
covering over 95% of citizens in 2018 (7). As a result 
of the improved benefits package under these insurance 
systems, the direct out-of-pocket spending as a share 
of total healthcare expenditures declined from 40.4% 
to 28.7% (Figure 1) (5,6). Markups in drug prices have 
been eliminated and drug prices have been reduced; 
consequently, China has seen a proportional decline in 
drug expenses over the ten-year period of the medical 
reform from 2008 to 2018 (5,6) (Table 1). According to 
Lancet's ranking of medical quality and accessibility in 
195 countries and regions of the world, China rose from 
60th place to 48th in 2015 and was one of the countries 
with the fastest progress (8).
 However, medical reform initiatives focused on 
improving patient care may neglect the welfare of 
healthcare providers. To achieve sustainable goals, 
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Health care reform is a worldwide problem. To address the problems of costs, access, quality, 
efficiency, and equity, China initiated healthcare reform in 2009. The progress of China's healthcare 
reform has been internationally recognized as the reform has expanded insurance coverage and 
improved access to and reduced the costs of care over the ten-year period from 2008 to 2018. To 
achieve sustainable goals, attention must be focused on whether and how the reform encourages 
physicians. This paper highlights the role of physicians, the challenges that need to be addressed, and 
the direction in which to advance health reform in China from the perspective of physicians. The slow-
growing and aging physician population cannot meet the ever-increasing medical demand. Physicians 
have a heavy workload, work long hours, have unsatisfactory income, and have a fraught relationship 
with patients. The situation calls for rethinking the value of physicians and rebuilding trust between 
physicians and patients. Further healthcare reform is needed to equitably allocate physicians with 
adequate training, time, and resources to deliver evidence-based practices and patient-centered care.
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attention must be focused on whether and how the 
reform encourages physicians. This paper highlights 
the role of physicians, the challenges that need to be 
addressed, and the direction in which to advance health 
reform in China from the perspective of physicians.

2. Supply of physicians

With an aging population and expanded medical 
insurance coverage, China is seeing an increasing 
demand for medical care and medical personnel. Data 
from the National Health Commission of the People's 
Republic of China showed that, from 2008 to 2018, the 
number of outpatient visits increased by 100.9% and the 
number of inpatient admissions increased by 170.8% 
(5,6). However, the growth rate of supply of physicians 
has not kept pace with growing healthcare demands. 
In 2018, China had 3.0 million licensed physicians, 
with 2.2 physicians per 1,000 population. The annual 
number of licensed physicians increased by only 1.2 
million (68.0%) from 2008 to 2018 (Figure 2A). As the 

population ages and the demand outpaces supply, the 
physician shortage will intensify.
 With the Gini coefficient as an indicator of 
distribution inequity, China has a severe geographical 
disparity in physicians (a Gini coefficient higher than 
0.6), and this trend is worsening (9,10). The distribution 
of licensed physicians by age warrants attention as well 
(Figure 2B). The proportion of young physicians under 
the age of 35 was 26.4% in 2009 (11); in 2017, it fell to 
21.1% (12). Moreover, the proportion of physicians over 
the age of 60 rose from 7.2% to 13.2%. The percentage 
of physicians with over 20 years of experience exceeded 
47.7%, while the proportion of physicians with 10-20 
years of experience steadily declined (11,12). There are 
many reasons for the slow-growing and aging physician 
population, such as extensive medical education and 
training (including undergraduate, postgraduate, and 
continuing education), mounting pressures at work, and 
a substantial decline in income. According to surveys 
in 2019, 46.6% of Chinese neurology postgraduates 
regretted their career choice (13) and the dropout rate 

152

Figure 1. Nationwide healthcare expenditures. Changes in healthcare expenditures in China, 1998-2018. *Data are from the National Health 
Commission of the People's Republic of China.

Table 1. Hospital outpatient and inpatient costs

Year

1995
2000
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
*Data are from the National Health Commission of the People's Republic of China. Note: growth rates are calculated at current prices.

Outpatient cost per 
visit (RMB)

  39.9
  85.8
126.9
128.7
135.8
146.5
152.0
166.8
179.8
192.5
206.4
220.0
233.9
245.5
257.0
274.1

Outpatient cost 
growth rate (%)

-
-

7.5
1.4
5.5
7.6
9.9
9.7
7.8
7.1
7.2
6.6
6.3
5

4.7
6.7

Outpatient drug 
expenses (%)

64.2
58.6
52.1
50.5
50.0
51.3
51.5
51.3
50.6
50.3
49.3
48.3
47.3
45.5
42.7
40.9

Inpatient cost per 
discharge (RMB)

1667.8
3083.7
4661.5
4668.9
4964.4
5463.8
5684.0
6193.9
6632.2
6980.4
7442.3
7832.3
8268.1
8604.7
8890.7
9291.9

Inpatient cost 
growth rate (%)

-
-

8.8
0.2
6.3
9.9
8.6
9

7.1
5.3
6.6
5.2
5.6
4.1
3.3
4.5

Inpatient drug 
expenses (%)

52.8
46.1
43.9
42.7
43.2
43.5
43.6
43.1
41.8
41.1
39.5
38.3
36.8
34.6
31.1
28.8
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hospitals account for 6-8% of all hospitals, but tertiary 
hospitals account for 46% of inpatient admissions and 
52% of outpatient visits.
 The patient preference for large hospitals places 
a substantial burden on physicians in those hospitals. 
Physicians worked an average of 10 hours a day 
and slept 6 hours on average. Only 35.78% thought 
that they were in good health (15) and 64.8% were 
dissatisfied with their jobs (18). The prevalence of 
burnout among Chinese physicians ranged from 66.5 
to 87.8%, according to a systematic review of 9,302 
participants in 11 studies (19). In the United States, 
the burnout rate was 45.2% among resident physicians 
(20). Long working hours and severe burnout symptoms 
were independently associated with an increased risk of 
medical errors. According to a cross-sectional survey 
of 1,537 physicians in 46 hospitals across China, 39.6% 
of physicians in primary hospitals, 50.0% in secondary 
hospitals, and 59.5% in tertiary hospitals had recently 
made a medical error (21).

4. Financial stress

Controlling rising medical costs is one of the top 
priorities for healthcare reform. China's efforts to 
control the growth of costs are focused on eliminating 
markups in drug prices, reducing the price of drugs, 
and controlling the behavior of public hospitals. Public 

of pediatricians was 12.6% (14). According to another 
survey, 71.0% of physicians in China would not 
encourage their children to pursue a medical specialty 
(15). An inadequate supply, uneven distribution, and 
low job satisfaction among physicians are the major 
obstacles facing China's healthcare system.

3. Work stress

A hierarchical medical system is at the core of the 
sustainable development of public healthcare in China. 
Since 2009, various approaches have been explored 
to establish an efficient, stable, and standardized 
mechanism for cooperation between public hospitals 
and primary healthcare providers, including prioritizing 
the development of primary care, building primary 
care facilities, a tiered reimbursement to encourage 
patients to receive primary care, dual referral systems, 
a standardized residency training program to equalize 
the delivery of quality care at all levels, and improving 
standard operating procedures for clinical practice 
(16,17). However, the uneven distribution of quality 
healthcare resources has not been properly addressed. 
Patients are still more willing to visit hospitals, and 
especially tertiary hospitals. Therefore, hospitals account 
for only a small proportion of total medical facilities (2-
3%) in China, but they provided 43% of the outpatient 
care and 79% of the inpatient care in 2018 (6). Tertiary 

Figure 2. The trends in and features of the healthcare workforce supply in China. (A) Changes in the healthcare workforce supply and 
workload in China, 1998-2018. (B) Characteristics of licensed physicians, 2005-2017. Starting from the inside, each ring represents the years 
2005, 2009, 2011, 2013, 2015, and 2017. *Data are from the National Health Commission of the People's Republic of China.
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hospitals used to recoup medical costs through income 
from mark-ups on drugs because healthcare providers 
are underfunded and medical care is undervalued. Now, 
the brutal separation of medical care from drug sales 
prior to the establishment of a corresponding mechanism 
of compensation will place a great financial burden 
on hospitals and affect the income of medical staff. It 
will also reduce the motivation of medical personnel to 
implement healthcare reforms and raise doubts about the 
sustainability of those reforms.
 According to a national survey of 17,945 physicians 
across China in 2016, 60.31% of physicians felt that 
the current medical pricing system did not reflect their 
value (15). The income distribution policy was one 
of the leading factors that influenced job satisfaction, 
according to 45.92% of physicians. Among 762 young 
physicians aged 15-45, 76.1% have a monthly income 
of 2,000 to 7,000 RMB (22). How to value physicians 
is one of the most discussed and highlighted problems 
for healthcare reform to address. Efforts are underway 
to more closely involve physicians in healthcare reform. 
Ways to encourage physicians include: prompting 
private actors to help supply medical care, encouraging 
physicians' mobility, and allowing multisite practice 
(23). Ultimately, how the society pays for care strongly 
influences how care is delivered.

5. Physician-patient relationship

Trust between physicians and patients is essential for 
the free flow of information necessary for medical care. 
However, there has been an unprecedented deterioration 
in the physician-patient relationship over recent years. 
Violence against physicians in China is particularly 
prevalent and severe. According to a survey of 2,617 
physicians, respondents were often subjected to verbal 
abuse (76.2%), unreasonable demands (58.3%), baseless 
complaints (40.8%), disruptions (40.2%), threatening 
behavior (27.6%), physical violence (24.1%), and sexual 
harassment (7.8%) (24). From 2013 to 2016, there were 
459 criminal cases of patient-initiated violence against 
medical staff in China (25). On December 24, 2019, 
Wen Yang, an emergency physician at the Beijing Civil 
Aviation General Hospital, was brutally killed by a 
patient's son who was dissatisfied with what he thought 
was the inadequate treatment of his 95-year-old mother 
(26). Workplace violence has strongly influenced 
physicians' regret of their career choice, professional 
turnover, and word-of-mouth communication (27).
 Patient disappointment and resentment reflect a 
flawed medical system that victimizes both patients 
and physicians. In an effort to control medical fees, 
physicians need to be more productive and increase 
their competitiveness in order to make a profit, which 
means seeing patients faster. The average physician was 
seeing 40 patients per day, and 67.2% of physicians 
spent no more than 10 minutes with each outpatient 

(28). Moreover, there are many restrictions imposed 
on physicians that affect aspects of their work such as 
drugs they can prescribe and hospitalization. Paperwork, 
meetings, and scientific research have distracted 
physicians from actual patient care. Patients feel that 
physicians ignore their needs and are rushing them 
through simply to make a profit. The large proportion of 
negative news (74.9%) regarding the physician-patient 
relationship on Chinese social media has negatively 
affected the perceptions of both patients and physicians 
(29,30). Fixing this damaged relationship is central to 
healthcare reform.

6. Directions for the future

Physicians play a major decisive role in patient 
assessment, examination, diagnosis, and treatment 
planning, determining the total costs for medical care. 
Through direct communication with patients, physicians 
are key actors in the formation and development of the 
physician-patient relationship. Physicians' roles extend 
beyond an individual patient's health. They can shape 
and implement government public healthcare policy. 
They are of critical importance to medical research, 
basic health education, combating misinformation, 
and fighting epidemics. Following the outbreak of 
SARS, Ebola virus, H7N9 virus, and SARS-CoV-2, 
physicians are on the front line of the fight against 
disease regardless of the risks (31,32). While physicians 
are widely considered to be the most important human 
resources in the field of healthcare, the welfare of 
physicians is overlooked. The slow-growing and aging 
physician population cannot meet the ever-increasing 
medical demand. Physicians have a heavy workload, 
work long hours, have unsatisfactory income, and have 
a fraught relationship with patients. Rethinking the value 
of physicians and rebuilding trust between physicians 
and patients should be prioritized. The solution lies 
in further healthcare reform that equitably allocates 
physicians with adequate training, time, and resources 
to deliver evidence-based practices and patient-centered 
care throughout the country.
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Coronavirus disease 2019 (COVID-19) has caused more 
than 1 million confirmed cases and approximately 70,000 
deaths worldwide as of April 6, 2020 (1). Drugs that are 
specifically efficacious against SARS-CoV-2 have yet 
to be established. Chloroquine and hydroxychloroquine 
have garnered considerable attention for their potential to 
treat COVID-19. In China, chloroquine was added to the 
"Guidance for Corona Virus Disease 2019: Prevention, 
Control, Diagnosis, and Management" issued by the 
National Health Commission on February 18, 2020 
(2). The U.S. Food and Drug Administration (FDA) 
issued an emergency use authorization for chloroquine/
hydroxychloroquine to treat COVID-19 on March 28, 
2020 (3). The European Medicines Agency contended 
that the two drugs should be used in clinical trials or 
national emergency use programs for the treatment of 
COVID-19 on April 1, 2020 (4). The low cost and easy 
availability of chloroquine/hydroxychloroquine may 
help to curb this global public health emergency if their 
efficacy and safety are ultimately verified in clinical 
studies. 
 Chloroquine phosphate is the first drug reported 
to display efficacy against COVID-19 in early clinical 
studies in China (5,6). Based on this encouraging finding, 
chloroquine phosphate was added to the Sixth Edition 
of the Guidance for tentative treatment of COVID-19 
(2). The Sixth Edition recommended that adult patients 
in whom chloroquine is not contraindicated should take 
chloroquine phosphate tablets, 500 mg (300 mg for 
chloroquine) twice a day for no more than 10 days (7). 
To reduce the risk of adverse effects of chloroquine, 
the Seventh Edition of the Guidance, issued on March 

3, 2020, recommends a reduced dosage and shortened 
duration of treatment (8). Specifically, the dosage of 
chloroquine phosphate for adult patients (ages 18-65) 
with a body weight greater than 50 kg is 500 mg twice 
a day for 7 days and that for adult patients (ages 18-65) 
with a body weight less than 50 kg is 500 mg twice a 
day for the first 2 days and 500 mg once a day for the 
following 3-7 days (8). Regarding the treatment strategy, 
chloroquine and another antiviral favipiravir that also 
displayed efficacy in clinical trials are highlighted for 
their use in mild and moderate COVID-19 cases to 
prevent disease progression (9). 
 In a pilot study (10) aiming to evaluate the efficacy 
and safety of chloroquine in inpatients with COVID-19, 
10 patients (3 with severe disease and 7 with moderate 
disease) received chloroquine phosphate 500 mg 
orally twice a day for 10 days, and 12 patients (5 with 
severe disease and 7 with moderate disease) received 
lopinavir/ritonavir 400/100 mg orally twice a day for 
10 days. Chloroquine was slightly superior to lopinavir/
ritonavir in terms of virus-negative conversion since 
the chloroquine group tested negative for SARS-CoV-2 
at a slightly higher rate than the control group on day 
7, day 10, and day 14 post-treatment (10). However, 
chloroquine was superior to lopinavir/ritonavir in 
improving the radiological appearance of the lungs 
and decreasing the duration of hospitalization. Adverse 
events including vomiting, abdominal pain, nausea, 
diarrhea, a rash or itch, a cough, and shortness of breath 
were observed in the chloroquine group, but chloroquine 
was not discontinued in any of the patients during the 
treatment period. The efficacy and safety of chloroquine 

DOI: 10.5582/bst.2020.03072Communication

SUMMARY

Keywords SARS-CoV-2, COVID-19, chloroquine, hydroxychloroquine 

Drugs that are specifically efficacious against SARS-CoV-2 have yet to be established. Chloroquine 
and hydroxychloroquine have garnered considerable attention for their potential to treat coronavirus 
disease 2019 (COVID-19). Increasing evidence obtained from completed clinical studies indicates the 
prospects for chloroquine/hydroxychloroquine to treat COVID-19. More randomized control clinical 
studies are warranted to determine the feasibility of these two drugs in treating COVID-19. 
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phosphate was also tested in an open-label, multicenter, 
non-randomized trial in China and the results were 
disclosed in an international meeting to share experiences 
to prevent and control COVID-19 (11). Chloroquine 
demonstrated significant efficacy in reducing the time 
until virus-negative conversion and returning body 
temperature to normal (11). 
 Hydroxychloroquine, a more tolerable derivative 
of chloroquine, also displayed potent activity against 
SARS-CoV-2 in vitro (12). A study in France by Raoult 
et al. (13) evaluated the efficacy of hydroxychloroquine 
in 26 patients with COVID-19 and found that 
administration of hydroxychloroquine 200 mg, three 
times a day led to a significant reduction in viral carriage 
on day 6 post-treatment compared to that in the control 
group, which did not receive hydroxychloroquine. 
That study also revealed that adding azithromycin to 
hydroxychloroquine appears to more efficiently clear the 
virus. A subsequent study by Raoult et al. (14) involving 
80 patients with COVID-19 found that treatment with 
hydroxychloroquine and azithromycin resulted in a rapid 
decline in the nasopharyngeal viral load, with a virus-
negative rate of 83% on day 7 and a rate of 93% on day 8. 
Although a control group was not included in that study, 
its results suggest the potential of hydroxychloroquine 
to treat COVID-19 given that the recorded median 
duration of viral shedding is 20 days in survivors (15). 
In addition to the studies cited above, a Chinese team 
recently released the results of a clinical study on 
hydroxychloroquine to treat COVID-19 (16). That study 
divided 62 patients into a hydroxychloroquine group and 
a control group at a ratio of 1:1. Patients in the control 
group received standard treatment including oxygen 
therapy, antivirals, antibacterials, and immunoglobulin 
with or without corticosteroids. Patients in the 
hydroxychloroquine group received hydroxychloroquine 
sulfate 200 mg, twice a day for 5 days in addition 
to the standard treatment. Results indicated that 
hydroxychloroquine helped reduce the time until body 
temperature returned to normal, it decreased the duration 
of cough, and it improved lung imaging findings (16). 
The above studies together favors the usefulness of 
hydroxychloroquine in treating COVID-19.
 A point worth noting is that a pilot study (17) in 
China found that hydroxychloroquine might not help 
promote virus-negative conversion, reduce the time 
until body temperature returned to normal, or prevent 
disease progression. The pilot study involved 30 patients 
who were randomly divided into a hydroxychloroquine 
group and a control group at a ratio of 1:1. Patients in the 
control group received antivirals recommended in the 
Guidance including IFN-α (100% of patients), arbidol 
(66.7% of patients), and lopinavir/ritonavir (13.3% of 
patients). Patients in the hydroxychloroquine group 
received hydroxychloroquine 400 mg once a day for 
5 days (100% of patients), IFN-α (100% of patients), 
and arbidol (80% of patients). Results indicated that 

on day 7 post-inclusion the virus-negative rate was 
86.7% in the hydroxychloroquine group and 93.3% in 
the control group (17). The median time until virus-
negative conversion, the time until body temperature 
returned to normal, and the rate of disease progression 
were comparable in both groups (17). As patients in 
both groups received multiple antivirals except for 
hydroxychloroquine and prognosis was good for all 
patients, distinguishing the effects of hydroxychloroquine 
from those of the other antivirals used is difficult. 
Another possibility is that the combination of antivirals 
had a ceiling effect since both groups had a high rate of 
virus-negative conversion. 
 In general, completed clinical studies have yielded 
relatively promising results regarding the efficacy 
and safety of chloroquine/hydroxychloroquine in the 
treatment of COVID-19. More randomized control 
clinical studies are warranted to verify the value of these 
two drugs. To obtain clear and strong evidence, the 
World Health Organization is launching multi-country 
clinical trials to test the feasibility of chloroquine/
hydroxychloroquine in treating COVID-19, and those 
results are keenly awaited.
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The severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) outbreak in late 2019 and 2020 is 
taking a severe toll on human health, and has been 
acknowledged as a pandemic. Since no vaccines or drugs 
to combat the disease (COVID-19) have been approved 
for use until now, all efforts at developing drugs and/
or carrying out clinical trials of already approved drugs 
based on their mechanism of action are worthy and 
creditable. Anti-viral drugs include inhibitors against 
protease, integrase, and polymerase enzymes. Among 
these, the protease inhibitors appear to be effective in 
terms of blocking virus replication and may prove to 
be a promising treatment for COVID-19 (1). Dayer 
found several candidates for COVID-19 treatment using 
structure-based drug selection for the identification of 
SARS-CoV-2 protease inhibitors. The candidates with 
binding capacity and inhibitory potency are as follows: 
tipranavir > indinavir> atazanavir > darunavir > ritonavir 
> amprenavir used as human immunodeficiency 
virus-1 protease inhibitors, and cefditoren > cefixime 
> erythromycin (EM) > clarithromycin (CAM) used as 
anti-bronchitis medicines (1). Macrolides (MAC) such 
as erythromycin, clarithromycin, and azithromycin 
(AZM) not only have anti-bacterial activity but also 
have immunomodulatory effects, including anti-
inflammatory effects. Lately, the anti-viral effects 
of macrolides have attracted considerable attention. 

Erythromycin is the first macrolide proved to have 
efficacy in the treatment of rhinovirus (RV) and 
influenza virus (INFV) (2). Thereafter, clarithromycin 
and azithromycin were also proved to be effective for 
rhinovirus, respiratory syncytial virus, and influenza 
virus (2,3). Apart from the above-mentioned respiratory 
viruses, Zika and Ebola viruses have been reported to 
be inhibited by azithromycin (4,5). Tran et al. indicated 
that influenza progeny virus replication was remarkably 
inhibited by treating influenza virus with azithromycin 
before infection. During the early phase of influenza 
virus infection, azithromycin blocked influenza virus 
internalization into host cells. Furthermore, azithromycin 
targeted newly budded progeny virus from the host cells 
and inactivated their endocytic activity. These findings 
indicate the potential of azithromycin treatment before 
and after influenza virus infection (3).
 Regarding macrolides treatment for COVID-19, 
Gautret et al. enrolled patients with COVID-19 and 
divided them into three groups: six patients with 
COVID-19 treated with hydroxychloroquine (HC) (200 
mg, 3 times per day, for 10 days) in combination with 
azithromycin (500 mg on day 1, followed by 250 mg 
per day for the next 4 days), 14 patients with COVID-19 
treated with hydroxychloroquine as a single drug, and 
16 control patients with COVID-19. In these three 
groups, patient viral load was assessed daily by real-
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic that has developed 
in late 2019 and 2020 is a serious threat to human health. With no vaccines or drugs approved 
for prevention and treatment until now, all efforts at drug design and/or clinical trials of already 
approved drugs are worthy and creditable. Using structure-based drug selection for identification 
of SARS-CoV-2 protease inhibitors, old drugs such as macrolides (MAC) were predicted to be 
effective for COVID-19. Lately, the anti-viral effects of macrolides have attracted considerable 
attention. Very recently, hydroxychloroquine in combination with azithromycin treatment was 
reported to be effective for COVID-19. We believe that treatments with macrolides alone or in 
combination with other drugs are promising and open the possibility of an international strategy to 
fight this emerging viral infection.
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time reverse transcription polymerase chain reaction 
(PCR)-based analysis of nasopharyngeal swabs. 
As a result, on day 6, 100% of patients treated with 
hydroxychloroquine in combination with azithromycin 
exhibited virological cure. In comparison, only 57.1% 
of the patients treated with hydroxychloroquine as a 
single drug and 12.5% in the control group exhibited 
virological cure (P < 0.001). Furthermore, one patient, 
who was treated with hydroxychloroquine as a 
single drug and still PCR-positive at day 6, received 
azithromycin, resulting in virological cure. The authors 
propose that hydroxychloroquine in combination with 
azithromycin treatment might be an efficient anti-viral 
therapy for COVID-19 (6). Based on the findings for the 
above-mentioned candidates for COVID-19 treatment, 
macrolides, especially erythromycin, may generally be 
effective for COVID-19. Although the mechanism of 
azithromycin against SARS-CoV-2 is unclear at present 
unlike the clearly established mechanism of macrolides 
against influenza virus, we may be able to prescribe 
the low-priced erythromycin not only as a drug for 
treatment but also as a preventive drug. We believe that 
treatments with macrolides alone or in combination 
with other drugs are promising and open the possibility 
of an international strategy to fight this emerging viral 
infection.
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Guide for Authors 
 

1. Scope of Articles 

 

BioScience Trends (Print ISSN 1881-7815, Online ISSN 1881-7823) is an international peer-reviewed journal. BioScience Trends 

devotes to publishing the latest and most exciting advances in scientific research. Articles cover fields of life science such as 

biochemistry, molecular biology, clinical research, public health, medical care system, and social science in order to encourage 

cooperation and exchange among scientists and clinical researchers. 

 

2. Submission Types 

 

Original Articles should be well-documented, novel, and significant to the field as a whole. An Original Article should be arranged 

into the following sections: Title page, Abstract, Introduction, Materials and Methods, Results, Discussion, Acknowledgments, and 

References. Original articles should not exceed 5,000 words in length (excluding references) and should be limited to a maximum of 

50 references. Articles may contain a maximum of 10 figures and/or tables. Supplementary Data are permitted but should be limited 

to information that is not essential to the general understanding of the research presented in the main text, such as unaltered blots and 

source data as well as other file types. 

 

Brief Reports definitively documenting either experimental results or informative clinical observations will be considered for 

publication in this category. Brief Reports are not intended for publication of incomplete or preliminary findings. Brief Reports 

should not exceed 3,000 words in length (excluding references) and should be limited to a maximum of 4 figures and/or tables and 30 

references. A Brief Report contains the same sections as an Original Article, but the Results and Discussion sections should be 

combined. 

 

Reviews should present a full and up-to-date account of recent developments within an area of research. Normally, reviews should 

not exceed 8,000 words in length (excluding references) and should be limited to a maximum of 10 figures and/or tables and 100 

references. Mini reviews are also accepted, which should not exceed 4,000 words in length (excluding references) and should be 

limited to a maximum of 5 figures and/or tables and 50 references. 

 

Policy Forum articles discuss research and policy issues in areas related to life science such as public health, the medical care system, 

and social science and may address governmental issues at district, national, and international levels of discourse. Policy Forum 

articles should not exceed 3,000 words in length (excluding references) and should be limited to a maximum of 5 figures and/or 

tables and 30 references. 

 

Communications are short, timely pieces that spotlight new research findings or policy issues of interest to the field of global health 

and medical practice that are of immediate importance. Depending on their content, Communications will be published as 

“Comments” or “Correspondence”. Communications should not exceed 1,500 words in length (excluding references) and should be 

limited to a maximum of 2 figures and/or tables and 20 references. 

 

Editorials are short, invited opinion pieces that discuss an issue of immediate importance to the fields of global health, medical 

practice, and basic science oriented for clinical application. Editorials should not exceed 1,000 words in length (excluding references) 

and should be limited to a maximum of 10 references. Editorials may contain one figure or table. 

 

News articles should report the latest events in health sciences and medical research from around the world. News should not exceed 

500 words in length. 

 

Letters should present considered opinions in response to articles published in BioScience Trends in the last 6 months or issues of 

general interest. Letters should not exceed 800 words in length and may contain a maximum of 10 references. Letters may contain 

one figure or table. 

 

3. Editorial Policies 
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Ethics: BioScience Trends requires that authors of reports of investigations in humans or animals indicate that those studies were 

formally approved by a relevant ethics committee or review board. 

 

Conflict of Interest: All authors are required to disclose any actual or potential conflict of interest including financial interests or 

relationships with other people or organizations that might raise questions of bias in the work reported. If no conflict of interest exists 

for each author, please state "There is no conflict of interest to disclose". 

 

Submission Declaration: When a manuscript is considered for submission to BioScience Trends, the authors should confirm that 1) 

no part of this manuscript is currently under consideration for publication elsewhere; 2) this manuscript does not contain the same 

information in whole or in part as manuscripts that have been published, accepted, or are under review elsewhere, except in the form 

of an abstract, a letter to the editor, or part of a published lecture or academic thesis; 3) authorization for publication has been 

obtained from the authors’ employer or institution; and 4) all contributing authors have agreed to submit this manuscript. 

 

Cover Letter: The manuscript must be accompanied by a cover letter prepared by the corresponding author on behalf of all authors. 

The letter should indicate the basic findings of the work and their significance. The letter should also include a statement affirming 

that all authors concur with the submission and that the material submitted for publication has not been published previously or is not 

under consideration for publication elsewhere. The cover letter should be submitted in PDF format. For example of Cover Letter, 

please visit: (Download Centre) 

 

Copyright: Before a manuscript is accepted for publication in BioScience Trends, the transfer of copyright is necessary. A 

JOURNAL PUBLISHING AGREEMENT (JPA) form will be e-mailed to the authors by the Editorial Office and must be returned by 

the authors as a scan. Only forms with a hand-written signature are accepted. This copyright will ensure the widest possible 

dissemination of information. Please note that your manuscript will not proceed to the next step in publication until the JPA Form is 

received. In addition, if excerpts from other copyrighted works are included, the author(s) must obtain written permission from the 

copyright owners and credit the source(s) in the article. 

 

Suggested Reviewers: A list of up to 3 reviewers who are qualified to assess the scientific merit of the study is welcomed. Reviewer 

information including names, affiliations, addresses, and e-mail should be provided at the same time the manuscript is submitted 

online. Please do not suggest reviewers with known conflicts of interest, including participants or anyone with a stake in the proposed 

research; anyone from the same institution; former students, advisors, or research collaborators (within the last three years); or close 

personal contacts. Please note that the Editor-in-Chief may accept one or more of the proposed reviewers or may request a review by 

other qualified persons. 

 

Language Editing: Manuscripts prepared by authors whose native language is not English should have their work proofread by a 

native English speaker before submission. If not, this might delay the publication of your manuscript in BioScience Trends. 

 

The Editing Support Organization can provide English proofreading, Japanese-English translation, and Chinese-English translation 

services to authors who want to publish in BioScience Trends and need assistance before submitting a manuscript. Authors can visit 

this organization directly at http://www.iacmhr.com/iac-eso/support.php?lang=en. IAC-ESO was established to facilitate manuscript 

preparation by researchers whose native language is not English and to help edit works intended for international academic journals. 

 

4. Manuscript Preparation 

 

Manuscripts are suggested to be prepared in accordance with the "Recommendations for the Conduct, Reporting, Editing, and 

Publication of Scholarly Work in Medical Journals", as presented at http://www.ICMJE.org. 

 

Manuscripts should be written in clear, grammatically correct English and submitted as a Microsoft Word file in a single-column 

format. Manuscripts must be paginated and typed in 12-point Times New Roman font with 24-point line spacing. Please do not 

embed figures in the text. Abbreviations should be used as little as possible and should be explained at first mention unless the term 

is a well-known abbreviation (e.g. DNA). Single words should not be abbreviated. 

https://ircabssagroup.com/downcentre
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Title page: The title page must include 1) the title of the paper (Please note the title should be short, informative, and contain the 

major key words); 2) full name(s) and affiliation(s) of the author(s), 3) abbreviated names of the author(s), 4) full name, mailing 

address, telephone/fax numbers, and e-mail address of the corresponding author; and 5) conflicts of interest (if you have an actual or 

potential conflict of interest to disclose, it must be included as a footnote on the title page of the manuscript; if no conflict of interest 

exists for each author, please state “There is no conflict of interest to disclose”). Please visit Download Centre and refer to the title 

page of the manuscript sample. 

 

Abstract: The abstract should briefly state the purpose of the study, methods, main findings, and conclusions. For articles that are 

Original Articles, Brief Reports, Reviews, or Policy Forum articles, a one-paragraph abstract consisting of no more than 250 words 

must be included in the manuscript. For Communications, Editorials, News, or Letters, a brief summary of main content in 150 

words or fewer should be included in the manuscript. Abbreviations must be kept to a minimum and non-standard abbreviations 

explained in brackets at first mention. References should be avoided in the abstract. Three to six key words or phrases that do not 

occur in the title should be included in the Abstract page. 

 

Introduction: The introduction should be a concise statement of the basis for the study and its scientific context. 

 

Materials and Methods: The description should be brief but with sufficient detail to enable others to reproduce the experiments. 

Procedures that have been published previously should not be described in detail but appropriate references should simply be cited. 

Only new and significant modifications of previously published procedures require complete description. Names of products and 

manufacturers with their locations (city and state/country) should be given and sources of animals and cell lines should always be 

indicated. All clinical investigations must have been conducted in accordance with Declaration of Helsinki principles. All human and 

animal studies must have been approved by the appropriate institutional review board(s) and a specific declaration of approval must 

be made within this section. 

 

Results: The description of the experimental results should be succinct but in sufficient detail to allow the experiments to be 

analyzed and interpreted by an independent reader. If necessary, subheadings may be used for an orderly presentation. All figures and 

tables must be referred to in the text. 

 

Discussion: The data should be interpreted concisely without repeating material already presented in the Results section. Speculation 

is permissible, but it must be well-founded, and discussion of the wider implications of the findings is encouraged. Conclusions 

derived from the study should be included in this section. 

 

Acknowledgments: All funding sources should be credited in the Acknowledgments section. In addition, people who contributed to 

the work but who do not meet the criteria for authors should be listed along with their contributions. 

 

References: References should be numbered in the order in which they appear in the text. Citing of unpublished results, personal 

communications, conference abstracts, and theses in the reference list is not recommended but these sources may be mentioned in the 

text. In the reference list, cite the names of all authors when there are fifteen or fewer authors; if there are sixteen or more authors, list 

the first three followed by et al. Names of journals should be abbreviated in the style used in PubMed. Authors are responsible for the 

accuracy of the references. The EndNote Style of BioScience Trends could be downloaded at  

 

Examples are given below: 

 

Example 1 (Sample journal reference): 

 

Inagaki Y, Tang W, Zhang L, Du GH, Xu WF, Kokudo N. Novel aminopeptidase N (APN/CD13) inhibitor 24F can suppress invasion 

of hepatocellular carcinoma cells as well as angiogenesis. Biosci Trends. 2010; 4:56-60. 

 

Example 2 (Sample journal reference with more than 15 authors): 
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Darby S, Hill D, Auvinen A, et al. Radon in homes and risk of lung cancer: Collaborative analysis of individual data from 13 

European case-control studies. BMJ. 2005; 330:223. 

 

Example 3 (Sample book reference): 

 

Shalev AY. Post-traumatic stress disorder: Diagnosis, history and life course. In: Post-traumatic Stress Disorder, Diagnosis, 

Management and Treatment (Nutt DJ, Davidson JR, Zohar J, eds.). Martin Dunitz, London, UK, 2000; pp. 1-15. 

 

Example 4 (Sample web page reference): 

 

World Health Organization. The World Health Report 2008 – primary health care: Now more than ever. 

http://www.who.int/whr/2008/whr08_en.pdf (accessed September 23, 2010). 

 

Tables: All tables should be prepared in Microsoft Word or Excel and should be arranged at the end of the manuscript after the 

References section. Please note that tables should not in image format. All tables should have a concise title and should be numbered 

consecutively with Arabic numerals. If necessary, additional information should be given below the table. 

 

Figure Legend: The figure legend should be typed on a separate page of the main manuscript and should include a short title and 

explanation. The legend should be concise but comprehensive and should be understood without referring to the text. Symbols used 

in figures must be explained. Any individually labeled figure parts or panels (A, B, etc.) should be specifically described by part 

name within the legend. 

 

Figure Preparation: All figures should be clear and cited in numerical order in the text. Figures must fit a one- or two-column 

format on the journal page: 8.3 cm (3.3 in.) wide for a single column, 17.3 cm (6.8 in.) wide for a double column; maximum height: 

24.0 cm (9.5 in.). Please make sure that the symbols and numbers appeared in the figures should be clear. Please make sure that 

artwork files are in an acceptable format (TIFF or JPEG) at minimum resolution (600 dpi for illustrations, graphs, and annotated 

artwork, and 300 dpi for micrographs and photographs). Please provide all figures as separate files. Please note that low-resolution 

images are one of the leading causes of article resubmission and schedule delays. 

 

Units and Symbols: Units and symbols conforming to the International System of Units (SI) should be used for physicochemical 

quantities. Solidus notation (e.g. mg/kg, mg/mL, mol/mm2/min) should be used. Please refer to the SI Guide www.bipm.org/en/si/ for 

standard units. 

 

Supplemental data: Supplemental data might be useful for supporting and enhancing your scientific research and BioScience 

Trends accepts the submission of these materials which will be only published online alongside the electronic version of your article. 

Supplemental files (figures, tables, and other text materials) should be prepared according to the above guidelines, numbered in 

Arabic numerals (e.g., Figure S1, Figure S2, and Table S1, Table S2) and referred to in the text. All figures and tables should have 

titles and legends. All figure legends, tables and supplemental text materials should be placed at the end of the paper. Please note all 

of these supplemental data should be provided at the time of initial submission and note that the editors reserve the right to limit the 

size and length of Supplemental Data. 

 

5. Submission Checklist 

 

The Submission Checklist will be useful during the final checking of a manuscript prior to sending it to BioScience Trends for review. 

Please visit Download Centre and download the Submission Checklist file. 

 

6. Online Submission 

 

Manuscripts should be submitted to BioScience Trends online at http://www.biosciencetrends.com. The manuscript file should be 

smaller than 5 MB in size. If for any reason you are unable to submit a file online, please contact the Editorial Office by e-mail 

at office@biosciencetrends.com 

https://ircabssagroup.com/downcentre
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7. Accepted Manuscripts 

 

Proofs: Galley proofs in PDF format will be sent to the corresponding author via e-mail. Corrections must be returned to the editor 

(proof-editing@biosciencetrends.com) within 3 working days. 

 

Offprints: Authors will be provided with electronic offprints of their article. Paper offprints can be ordered at prices quoted on the 

order form that accompanies the proofs. 

 

Page Charge: Page charges will be levied on all manuscripts accepted for publication in BioScience Trends ($140 per page for black 

white pages; $340 per page for color pages). Under exceptional circumstances, the author(s) may apply to the editorial office for a 

waiver of the publication charges at the time of submission. 
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