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Asthma is a chronic airway disorder associated with aberrant inflammatory and remodeling responses. Angiogenesis and
associated vascular remodeling are one of the pathological hallmarks of asthma. The mechanisms underlying angiogenesis
in asthmatic airways and its clinical relevance represent a relatively nascent field in asthma when compared to other
airway remodeling features. Matrix metalloproteinases (MMPs) are proteases that play an important role in both
physiological and pathological conditions. In addition to facilitating extracellular matrix turnover, these proteolytic enzymes
cleave bioactive molecules, thereby regulating cell signaling. MMPs have been implicated in the pathogenesis of asthma by
interacting with both the airway inflammatory cells and the resident structural cells. MMPs also cover a broad range of
angiogenic functions, from the degradation of the vascular basement membrane and extracellular matrix remodeling to the
release of a variety of angiogenic mediators and growth factors. This review focuses on the contribution of MMPs and the
regulatory role exerted by them in angiogenesis and vascular remodeling in asthma as well as addresses their potential as
therapeutic targets in ameliorating angiogenesis in asthma.

1. Introduction

Asthma is a highly heterogeneous chronic respiratory disease
characterized by inflammation, hyperresponsiveness, and
remodeling of the airways. Frequent asthma exacerbations
triggered mainly by allergen exposure or viral or bacterial
infections are primarily caused by chronic inflammatory pro-
cesses that progress to a series of structural changes to the
bronchial wall, including the resident airway epithelium,
basal membrane, fibroblasts, smooth muscles, and blood
vessels.

Angiogenesis is characterized by the emergence of new
blood vessels from preexisting endothelial lined vessels. It is
a normal physiological process that plays an important role
in development and wound healing. At the same time, it is
also a fundamental process in the pathogenesis of various
diseases, such as cancer, obesity, rheumatoid arthritis, psori-
asis, cardiovascular diseases, and asthma. Proteolysis being a

key regulator of angiogenesis, proteases such as matrix metal-
loproteases (MMPs), the closely related family of a disinte-
grin and metalloprotease (ADAM) domain proteins, which
includes ADAM and ADAMTS (a disintegrin and metallo-
protease domain with thrombospondin motifs), as well as
cysteine and serine proteases, have been implicated in regu-
lating the angiogenic process.

The various proteolytic enzymes within the MMP family
share a similarity in their structures and collectively are capa-
ble of breaking down the various known extracellular matrix
(ECM) proteins. The growing family of MMPs comprise of
members including collagenases, gelatinases, stromelysins,
membrane-type MMPs (MT-MMPs), matrilysins, and vari-
ous other MMPs. Depending on the presence of a transmem-
brane domain, the MMPs are broadly classified into
two—MT-MMPs and secreted MMPs. As part of the homeo-
static mechanism, the activated MMPs are deterred by a
group of endogenous inhibitors called tissue inhibitors of
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metalloproteases (TIMPs). Four members of this family,
namely, TIMP-1, TIMP-2, TIMP-3, and TIMP-4, have been
identified till date.

This review discusses the current understanding of
MMPs and their role in the development of angiogenesis in
asthma. Furthermore, we summarize the therapeutic modal-
ities currently under investigation to target MMPs and their
implications in improving angiogenesis and vascular remod-
eling in asthma.

2. Tissue Remodeling in Asthma

Tissue remodeling refers to modifications associated with the
normal composition and structural organization of tissues.
This can occur in a wide range of tissues and organs, includ-
ing the airways, lung [1], blood vessels [2], heart [3], and gas-
trointestinal tract [4, 5]. Airway remodeling is a characteristic
feature in patients with pulmonary disorders, such as asthma,
chronic obstructive pulmonary disease (COPD), and cystic
fibrosis. This event is mainly driven by inflammatory media-
tors that bring about cellular and structural changes resulting
in thickening of the airway wall, thereby leading to airway
narrowing and airflow limitation. Airway remodeling in
asthmatic patients involves a wide array of pathophysiologic
features, including epithelial changes, subepithelial fibrosis,
increased smooth muscle mass, and vascular changes, pri-
marily around the large airways. These structural modifica-
tions thus affect all cellular layers of the bronchial wall,
from airway epithelium, basement membrane, subepithelial
fibroblasts, smooth muscles, and cartilage to blood vessels
lining the airway wall. Whereas remodeling in patients with
COPD involves structural changes mainly to the small air-
ways, remodeling in patients with cystic fibrosis is character-
ized by fibrotic, glandular, muscular, and vascular changes
throughout the lung.

Structural changes in the airway walls are predominantly
detected in the more severe forms of asthma, where they are
characterized by ECM remodeling, epithelial desquamation,
goblet cell hyperplasia, prominent smooth muscle area, vas-
cular remodeling, collagen deposition below the basement
membrane, loss of cartilage integrity, and elastolysis [1].
The clinical consequences of remodeling are severe thicken-
ing of the airway walls leading to bronchial obstruction dur-
ing an asthma attack [6]. Some of the earliest structural
remodeling changes are observed in the basement mem-
brane, where excessive ECM deposition leads to its thicken-
ing and reduction in elasticity. Airway smooth muscle
(ASM) cell hyperplasia and hypertrophy are also demon-
strated within the smooth muscle layer. Additionally, the
mucosal glands are enlarged and associated with excessive
mucus production. The continuing inflammation is further
linked with the persistence of exacerbations and nonspecific
airway hyperresponsiveness (AHR). Besides, the degradation
of elastin and cartilage may result in decreased airway wall
stiffness and increased airway narrowing. In asthma, remod-
eling is usually detected in biopsy specimens but is not always
clinically demonstrated [7]. Nevertheless, structural remod-
eling of the bronchial tree paves way for increased AHR
and progressively more severity in the course of the disease.

3. Angiogenesis in Asthma

The airways are supplied with blood vessels localized in the
bronchial smooth muscle layer, as well as through the capil-
lary network in lamina propria [8]. The bronchial blood ves-
sels are known to undergo alterations in their density,
dilation, and permeability under both physiological and
pathological conditions. As early as 1960, increased vascular-
ity has been reported in the bronchial mucosa in association
with the pathology of asthma [9]. Since the mechanisms
underlying angiogenesis in asthmatic airways and its clinical
relevance represent a relatively nascent field in asthma when
compared to other airway remodeling features, there is a
growing interest among scientists in the fields of angiogenesis
and neovascularization in asthmatic patients.

Angiogenesis is a process of new blood vessel formation,
and it involves several stages that are highly regulated. The
early stage of angiogenesis occurs in a preexisting blood ves-
sel localized in close proximity to the inflammatory process.
This stage involves increased blood vessel permeability,
endothelial cell activation by growth factors, and increased
endothelial mitosis. The ensuing second stage involves the
degradation of the endothelial basement membrane by
matrix metalloproteinases. This is followed by the migration
of endothelial cells towards the different angiogenic factors
and the establishment of branch points and capillary lumen.
The final stage comprises of modeling and stabilization of the
new capillary vessel. In the last leg, the endothelial cell junc-
tions are tightened, the basement membrane is established,
and the pericytes are recruited.

Several studies have suggested an abnormal increase in
the number and size of microvessels within bronchial tissue
in remodeled asthmatic airways [10–12]. These vascular
changes were observed below the basal lamina in the space
between the muscle layer and the surrounding parenchyma.
The vascular bed in bronchial lamina propria of asthmatic
subjects was significantly enriched with blood vessels than
in nonasthmatic subjects [13]. The vasculature also showed
marked structural alterations in terms of edematous walls
and subendothelial basement membrane thickening. Besides
intense eosinophil recruitment and intravascular activation,
the intra-arteriolar muscular formations in asthmatics exhib-
ited hypotrophic or atrophic myocytes and fibrosis. Bron-
chial mucosa microvascularization, in addition to being
increased in asthmatic patients in comparison to control,
was also found to correlate with the clinical stage of the dis-
ease and forced expiratory volume in one second (FEV1)
values [13, 14]. Notably, severe asthmatic patients demon-
strated a 46% increase in capillary vasculature in the bron-
chial submucosa when compared to controls [14].

Furthermore, the infiltrating eosinophils, basophils, and
mast cells as well as the resident epithelial, endothelial, and
ASM cells secrete various angiogenic factors, including hyp-
oxia inducible factor (HIF), vascular endothelial growth fac-
tor (VEGF), and angiopoietins, which direct the
development of angiogenesis in the submucosa. Airway
obstruction and chronic inflammatory processes in asth-
matic airways are known to cause the induction of a locally
restricted hypoxic environment which further triggers the
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initiation of angiogenesis [15]. Elevated HIF levels have been
reported across both endobronchial biopsies and in the bron-
choalveolar lavage (BAL) fluid of asthmatics [16, 17]. The
increased HIF subunits (HIF-1α and HIF-1β) in lung tissues
also further correlated with VEGF levels [17]. VEGF is
known to inhibit the apoptosis of vascular endothelial cells.
Elevated VEGF and cysteinyl leukotrienes (Cyst-LTs) levels
were detected in asthmatic sputum supernatant when com-
pared to normal subjects [18]. In this study, the authors sug-
gest that Cyst-LTs modulate vascular permeability by
stimulating VEGF expression. VEGF causes vessel dilation
and edema by increasing the permeability of these abnormal
blood vessels [19] resulting in airway thickening and subse-
quent narrowing. Thus, these vessels, in addition to provid-
ing nutrition to the airways, are the source of inflammatory
cells and plasma-derived mediators and cytokines [10]. The
imbalance in the levels of VEGF and angiopoietin-1 contrib-
utes to these vascular abnormalities in asthmatic airways
[20]. Angiopoietins play a particularly important role in the
final stage of angiogenesis where they stimulate the migration
of pericytes and help stabilize the newly formed capillary
tubes.

4. Matrix Metalloproteinases in Asthma

In the airways, the basement membrane supporting the sur-
face epithelium is composed of several layers: the basal lam-
ina and the lamina reticularis. In asthma, the basal lamina
is of normal thickness, whereas the reticular layer is thick-
ened leading to subepithelial fibrosis of the airways. Clini-
cally, the thickening of the lamina reticularis is a
characteristic early feature of the asthmatic bronchus. These
features represent one of the most common remodeling pat-
terns of asthma. The ECM produced by connective tissue
cells forms a complex network filling the extracellular space
of the submucosa. In addition to their role in supporting
and maintaining the tissue structure, ECM influences many
cellular functions such as development, migration, and pro-
liferation [21]. Abnormal deposition of ECM elements has
been described in the submucosal and adventitial areas of
the large and small airways of asthmatic patients [22–25].
Although deposition of collagen IV and elastin appears to
be decreased in the airway walls of asthmatic patients, colla-
gens I, III, and V, fibronectin, tenascin, hyaluronan, versican,
and laminin are increased compared with those seen in
healthy subjects [26–30].

MMPs belong to a family of zinc-dependent endopepti-
dases that play key roles in both physiological processes, such
as wound healing [31, 32], as well as in pathological condi-
tions, including inflammation [33] and fibrosis [34]. MMPs
are well known to degrade ECM and to regulate cell signaling
through the cleavage and processing of bioactive molecules,
including growth factors and cytokines. Multiple cell types
secrete MMPs including both inflammatory cells, such as
macrophages [35] and leukocytes [36, 37], and airway struc-
tural cells, such as airway epithelial cells [38, 39], fibroblasts
[40, 41], and smooth muscle cells [42]. Several subclasses of
MMPs have been identified, including collagenases, gelati-
nases, stromelysins, and membrane-type MMPs that can

degrade many ECM proteins including collagens, fibronec-
tin, laminin, proteoglycans, entactins, and elastin. Normally,
MMPs are secreted as inactive proenzymes, which are acti-
vated by the loss of the propeptide under physiologic condi-
tions [21]. MMP expression and activity are tightly regulated
by the action of endogenous inhibitors of MMPs, referred to
as tissue inhibitors of metalloproteinases (TIMPs). Excessive
ECM breakdown resulting from an MMP-TIMP imbalance
occurs in various pathologic processes, including inflamma-
tion, chronic degenerative diseases, and tumor invasion.

The restoration of functional connective tissue is a major
goal of the wound healing process. This regenerative event
requires the deposition and accumulation of collagenous
and noncollagenous ECM molecules as well as the remodel-
ing of ECM by MMPs. The inhibitors, TIMP-1 and TIMP-
2, obstruct the activities of all known MMPs and as such play
a key role in maintaining the balance between ECM deposi-
tion and degradation in different physiologic processes. Loss
of balance in the expression of proteinases and inhibitors
may result in tissue degradation in inflammatory diseases
[43].

MMP-9 was among the first to be implicated in asthma
pathogenesis, where abundant MMP-9 mRNA expression
was noted in submucosal regions of asthmatic bronchial
biopsies when compared to normal subjects, especially
within the eosinophils in asthmatic tissues [44]. Interestingly,
the protein expression was not abundantly seen in the
inflammatory cells, but immunoreactivity was rather
detected in the ECM. Additionally, neutrophils are another
important source of MMP-9 in allergic asthmatic patients
[36]. In a 5-year follow-up study, increased MMP-9 and
MMP-9/TIMP-1 ratio in the fast FEV1 decline group in asth-
matic bronchial biopsy specimens and alveolar macrophages
imply their contribution to a greater decline in lung function
of patients with chronic asthma [45].

5. Immunomodulatory Role of
MMPs in Asthma

MMPs play a key role in immune cell development, effector
function, migration, and ligand-receptor interactions. They
carry out ectodomain shedding of cytokines and their cog-
nate receptors. MMPs influence immune responses by regu-
lating signal transduction pathways downstream of tumor
necrosis factor receptor, interleukin- (IL-) 6 receptor, epider-
mal growth factor receptor, and Notch signaling, which are
all pertinent for inflammatory responses [43].

Inflammation, a key hallmark feature of asthma, is also
regulated by MMPs, which exhibit both proinflammatory
and anti-inflammatory properties. MMPs facilitate both the
recruitment and clearance of inflammatory cells through
the cleavage of inflammatory mediators such as chemokine
substrates [46]. For instance, MMP-7 (matrilysin)-mediated
shedding of syndecan-1, a heparan sulfate proteoglycan, is
required for establishing a chemokine gradient for the trans-
epithelial migration of leukocytes into the alveolar air spaces
[47].

IL-13, a T helper type 2 cytokine, demonstrated the abil-
ity to regulate most of pathological processes in allergic
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asthma. For example, mice with inducible lung-targeted
overexpression of IL-13 showed the pathogenic effects of
IL-13 on inflammation and airway remodeling [48, 49]. IL-
13 overexpression was found to be sufficient enough to
induce most of the features of allergic asthma seen in human
patients in other murine models of allergen challenge. These
IL-13 transgenic mice harbored significantly high levels of
MMP-2, MMP-9, MMP-12, MMP-13, MMP-14, and TIMP-
1 mRNA expression and MMP-2, MMP-9, and MMP-12
activity in the lung tissue as compared to nontransgenic ani-
mals [49]. This highlights the pathological and immunomod-
ulatory role of MMPs in allergic asthma.

MMP-deficient mouse models have revealed important
information regarding their role in airway inflammation in
asthma. MMPs, in particular MMP-9, are secreted by inflam-
matory cells following allergen provocation and in response
to T helper type 2 cytokine signaling [50]. These factors facil-
itate inflammatory cell egress from the tissues to the airway
lumen. Additionally, inflammatory cell- and structural cell-
derived MMPs also contribute to AHR and remodeling by
altering ECM turnover, which affects smooth muscle con-
traction, airway fibroblast invasion, and submucosal accu-
mulation of collagen. Furthermore, MMP-induced
regulation of cell signaling through proteolytic shedding
and activation of key growth factors, such as TGF-β1, stimu-
lates airway cell proliferation and modulates matrix produc-
tion, contributing to airway fibrosis [50]. MMP-9 and MMP-
2 have been implicated in the infiltration of eosinophils
through the basement membrane into the asthmatic airway
walls and the subsequent induction of AHR [51, 52]. This
immunomodulatory role of MMPs in asthma provides the
attractive possibility of MMP inhibition as a therapeutic
option in bronchial asthma.

6. Role of MMPs in Angiogenesis and Asthma

Angiogenesis involves the destruction of the vascular base-
ment membrane and remodeling of the ECM, which paves
way for the migration and proliferation of endothelial cells
as well as the synthesis of new matrix components. MMPs
play an important role in this disruption and neovascular-
ization process, thus constituting a key element in the
pathophysiological mechanisms underlying vascular
remodeling in asthma. Airway inflammation entails the
migration of activated inflammatory cells from the circula-
tion into the airway wall towards the site of injury, and
the airway structural cells closely interact with the ECM
components in promoting angiogenesis in asthmatic air-
ways. MMPs have largely been studied in aiding this
extravasation across the vascular and airway membranes.
Table 1 enlists the various MMPs (in their order of rele-
vance) implicated in promoting angiogenesis in asthma.

The major role of MMPs is the breakdown of the vas-
cular basement membrane and ECM paving the way to
tissue remodeling and angiogenesis. MMPs cover a broad
range of angiogenic functions, from the degradation of
the preexisting basement membrane and ECM to the
release of a variety of angiogenic and growth factors as
well as stimulation of endogenous angiogenic inhibitors.

MMPs thus contribute to vascular remodeling through
multiple mechanisms involving proteolysis of type I colla-
gen, regulation of perivascular or smooth muscle cells,
modification of platelet-derived growth factor (PDGF) sig-
naling, and processing and mobilization of VEGF [53]. As
discussed earlier, among the numerous MMPs, MMP-9 is
the most commonly implicated in asthmatic airways.
MMP-9 is well known to trigger the angiogenic switch in
carcinogenesis [54]. The elevated levels of MMP-9 in asth-
matic airways make MMP-9 a likely pathological angio-
genic player in asthma as well. The airway infiltrating
cells, including mast cells and basophils, are sources of
VEGF in the airways [55, 56]. In a study by Lee et al.,
VEGF signaling was found to regulate MMP-9 expression
in a murine model of asthma with the inhibition of VEGF
receptor contributing to the downregulation of MMP-9
[57]. Furthermore, VEGF receptor inhibition also led to
a reduction in plasma extravasation as well as the number
of inflammatory cells (eosinophils, lymphocytes, and neu-
trophils) in BAL fluids, suggesting a role for MMP-9 in
promoting the migration of inflammatory cells across the
endothelial basement membrane. Mmp-9, Mmp-2, and
Mmp-14 mutant mice show defects in angiogenesis despite
normality in their VEGF and VEGFR2 levels [58–60]. The
reduction in bronchial vascular extracellular remodeling
brought about by inducible NO synthase (iNOS) inhibition
was found to be associated with MMP-9/TIMP-1 vascular
expression [61], reinforcing the regulatory potential of
MMP expression on vascular remodeling.

Extracellular vesicles (EVs) containing MMPs are novel
mediators of ECM remodeling [62]. Several cells of the respi-
ratory system, including bronchial epithelial cells, vascular
endothelial cells, alveolar macrophages, eosinophils, neutro-
phils, and fibroblasts, secrete EVs that are crucial for intercel-
lular communications [63, 64]. Exposure to tobacco smoke
reportedly induced the release of proteolytic EVs from
human macrophages [65]. The gelatinolytic and collagenoly-
tic activities exhibited by these EVs can be predominantly
attributed to MT1-MMP/MMP-14. MMP-containing EVs
have been largely studied in cancer models, where they were
shown to promote angiogenic activities in vitro as well as
in vivo [66, 67]. Platelet-derived microvesicles stimulated
the expression of angiogenic factors, MMP-9, VEGF, and
IL-8, which promoted angiogenesis in a human syngeneic
mouse model of lung cancer [68]. Since asthma patients
demonstrate increased levels of EVs [69, 70], it is highly likely
that MMP-containing EVs contribute to angiogenesis in
asthma.

7. MMP-Targeted Therapeutic
Advances in Asthma

Considering the pathological role of angiogenesis in asthma
and the limited effectiveness of standard asthma therapy in
ameliorating airway remodeling in asthma underlines the
importance of identifying potential targets to control the
development of angiogenesis and associated vascular remod-
eling in asthma. The identification of MMPs as crucial regu-
lators of the angiogenic process had led to the development of
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Table 1: MMPs implicated in promoting angiogenesis in asthma.

Name Substrates Cellular sources Functions References

MMP-9
(gelatinase-B)

Collagens IV, V, VII, X, and XIV, gelatin,
pro-MMP-9, pro-MMP-13, elastin,

aggrecan, laminin

Bronchial epithelial cells, endothelial
cells, fibroblasts, neutrophils, alveolar
macrophages, mast cells, eosinophils,

dendritic cells, T cells

(i) Triggers angiogenic
switch
(ii) Cryptic epitope
exposure within
collagen IV
(iii) Cleavage of latent
TGF-β
(iv) Proteolytic
activation of IL-8 and
inactivation of platelet
factor-4
(v) VEGF mobilization
from ECM
(vi) iNOS activation
(vii) Endothelial
basement membrane
disruption
(viii) EC growth &
migration
(ix) Eosinophil
infiltration
(x) Pericyte
recruitment
(xi) Hydrolyze
plasminogen to
angiostatin

[51, 52, 54,
61, 71–74]

MMP-2
(gelatinase-A)

Collagens I, II, III, IV, V, VII, X, XI, and
XIV, gelatin, elastin, fibronectin,

aggrecan, CCL7, CXCL12

Fibroblasts, bronchial epithelial cells,
smooth muscle cells, endothelial cells,
neutrophils, macrophages, T cells

(i) Triggers angiogenic
switch
(ii) Cryptic epitope
exposure within
collagen IV
(iii) Binding to integrin
αvβ3
(iv) VEGF mobilization
from ECM
(v) Cleavage of latent
TGF-β
(vi) Smooth muscle
proliferation
(vii) Endothelial
basement membrane
disruption
(viii) Eosinophil
infiltration
(ix) Hydrolyze
plasminogen to
angiostatin

[51, 52, 71,
75, 76]

MMP-7
(matrilysin-2)

Collagens II, III, IV, IX, X, and XI, elastin,
pro-MMP-1, pro-MMP-7, pro-MMP-8,
pro-MMP-9, pro-MMP-13, gelatin,

aggrecan, fibronectin, laminin, syndecan-
1, E-cadherin

Smooth muscle cells, epithelial cells,
macrophages

(i) EC proliferation
(ii) Upregulation of
endothelial expression
of MMP-1 and MMP-2
(iii) CTGF cleavage to
release active VEGF165

(iv) Endostatin
fragment release from
ECM
(v) Hydrolyze

[47, 72,
77–79]
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therapeutic strategies targetingMMPs. Some of the therapeu-
tic strategies targeting MMPs that are currently under inves-
tigation include the use of small molecular MMP inhibitors,
TIMPs, antisense technologies, and blocking antibodies, as
have been extensively reviewed in [88–90].

Although the airways are equipped with physiological or
endogenous inhibitors such as TIMPs, diseased airways crip-
ple the MMP/TIMP ratio favoring pathogenesis and airway
remodeling. TIMP-1 antagonizes MMP-9 activity, and a
lower MMP-9/TIMP-1 ratio in sputum from untreated stable
asthmatics suggests an overproduction of TIMP-1 over
MMP-9 in patients with stable asthma [91]. Since TIMP-1

shows anti-angiogenic activity by blocking the endothelial
cell response to angiogenic factors and cell migration [92–
96], this natural endogenous activity of TIMP-1 may be har-
nessed to impede angiogenic activity in asthma. However,
altering the delicate protease/anti-protease balance needs to
be considered with caution as this strategy may backfire lead-
ing to worsening outcomes in asthma. The different binding
rates and binding affinity of TIMPs constitute another chal-
lenge in using it to target the different MMPs.

There are also several exogenous MMP inhibitors avail-
able such as hydroxamate derivatives including batimastat,
marimastat, and ilomastat. Although these agents have

Table 1: Continued.

Name Substrates Cellular sources Functions References

plasminogen to
angiostatin

MMP-1
(collagenase-1)

Collagens I, II, III, VII, VIII, and X,
aggrecan, gelatin, pro-MMP-2, pro-

MMP-9

Fibroblasts, smooth muscle cells,
alveolar epithelial cells, endothelial cells,

alveolar macrophages

(i) Degradation of
interstitial collagen
types I-III
(ii) Degradation of
perlecan in endothelial
basement membrane to
release bFGF
(iii) CTGF cleavage to
release active VEGF
(iv) Promotes VEGFR2
expression
(v) Endothelial
invasion capacity
(vi) Smooth muscle
hyperplasia

[79–81]

MMP-8
(collagenase-2)

Collagens I, II, III, VII, VIII, and X,
aggrecan, gelatin

Neutrophils, fibroblasts, endothelial
cells

(i) EC proliferation and
migration
(ii) PECAM-1
expression
(iii) Neutrophil
clearance

[82]

MMP-14 (MT1-
MMP)

Pro-MMP-2, pro-MMP-13, collagens I,
II, and III, gelatin, aggrecan, fibronectin,

laminin, proteoglycan, CD44, E-
cadherin, syndecan-1

Bronchial epithelial cells, endothelial
cells, fibroblasts, alveolar epithelial cells,

macrophages

(i) Stimulate invasion
into collagen
(ii) Pericellular
collagenolysis
(iii) Proteolytic
degradation of
antiangiogenic factors
(such as decorin)
(iv) Stimulate VEGF
production
(v) Induce EC
migration

[83–85]

MMP-12
(metalloelastase)

Elastin, collagen IV, laminin Epithelial cells, alveolar macrophages

(i) Angiostatin
production
(ii) Hydrolyze
plasminogen to
angiostatin
(iii) Endostatin release

[86, 87]

Abbreviations: TGF: transforming growth factor; iNOS: inducible nitric oxide synthase; EC: endothelial cell; CTGF: connective tissue growth factor; bFGF: basic
fibroblast growth factor; PECAM: platelet endothelial cell adhesion molecule; VEGFR: vascular endothelial growth factor receptor.
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Figure 1: Schematic illustration of the involvement of MMPs in facilitating angiogenesis in asthma. In an asthmatic airway
microenvironment, MMPs are involved in (1) the extravasation of inflammatory cells into the airways as well as their egress into the
airway lumen across the vascular and airway membranes, (2) the degradation of vascular basement membrane, (3) degradation of ECM
components (collagen, proteoglycans, elastin, gelatin, fibrin, fibronectin, aggrecan, and laminin), (4) aiding the endothelial sprouting tip to
invade into the surrounding stroma, (5) release of proangiogenic cytokines and growth factors (HIF, VEGF, bFGF, PDGF, and TGF-β)
from ECM, activated airway structural cells (epithelial, endothelial, fibroblast, and smooth muscle cells), and infiltrating inflammatory
cells (eosinophils, neutrophils, basophils, mast cells, and macrophages), (6) regulation of perivascular or smooth muscle cells, and (7)
ectodomain shedding of cytokines and their cognate receptors. This complex interplay between the activated cells, MMPs, cytokines, and
growth factors directs the development of a vascular network within asthmatic airways. Created with http://BioRender.com/.
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shown effectiveness in reducing AHR and airway inflamma-
tion in murine asthma models, their low specificity renders
their activity against various other zinc-containing metallo-
proteins, including numerous non-MMP enzymes and tran-
scription factors, and hence severe side effects leading to their
withdrawal from clinical practice. Their low clinical effectiv-
ity could also be due to the compensatory induction of other
MMPs despite downregulation of the specific targeted MMP.

In addition, various other clinically used drugs are also
known to modulate MMP activity either directly or indi-
rectly. Corticosteroids, statins, angiotensin-converting
enzyme (ACE) inhibitors, and tetracyclines belong to this
category. Dexamethasone, a commonly used corticosteroid,
selectively and potently inhibits a variety of MMPs, including
collagenases and stromelysins, in addition to TIMPs in
human alveolar macrophages [97]. The inhaled corticoste-
roid (ICS), beclomethasone dipropionate (BDP), attenuated
the expression of submucosal MMP-9 and increased that of
submucosal TIMP-1, suggesting corticosteroid treatment of
asthma to ameliorate angiogenesis [98]. In a murine asthma
model, inhaled administration of budesonide significantly
reduced the vascularity and the expression levels of HIF-1α
and VEGF, supporting an anti-angiogenic role for budeso-
nide in the treatment of human asthma [99]. A placebo-
controlled intervention study exploring angiogenic modula-
tion upon ICS treatment in patients with asthma revealed a
reduction in microvascular angiogenic remodeling in asth-
matic airways in terms of a decrease in vessel numbers, VEGF
staining, and number of sprouted vessels in airway biopsy
specimens [100].

The subject of targeting angiogenesis in asthma is one of
considerable debate considering its role in normal physiolog-
ical functions. During airway and lung growth, they progres-
sively require good blood supply, which is paralleled by the
expression of VEGF and its receptors [101]. Therefore, with
therapeutic strategies targeting VEGF using anti-VEGF anti-
body (Avastin) and anti-VEGFR-1 and anti-VEGFR-2 anti-
bodies, such as in cancer therapeutics, arises the possibility
of excessive vascular regression that could compromise drug
delivery to the target site and set off unwanted side effects
[102].

8. Future Perspectives

Initially thought of as an immunological disorder, asthma is
now increasingly appreciated as a disorder affecting the air-
way wall with aberrant inflammatory and remodeling
responses. Asthma is a complex heterogenous disorder with
multiple hallmark features, one among which is angiogenesis
and vascular remodeling. Angiogenesis appears to facilitate
the development of airway edema in the initial stages and fur-
ther on progress to contribute towards bronchial wall thick-
ening with concomitant reduction in distensibility. MMPs
through their actions on ECM degradation and regulation
of cell signaling play a role across multiple pathological pro-
cesses of asthma, including angiogenesis. Figure 1 illustrates
the various pathological roles of MMPs in facilitating angio-
genesis in asthma.

Although there are improved research and insights into
various aspects of angiogenesis and vascular remodeling in
asthma, there are several unanswered questions, answers to
which could provide a well-rounded understanding of the
implications of MMPs in the pathology of angiogenesis in
asthma. In comparison to their healthy counterparts, the var-
ious cellular players in asthma secrete increased levels of
cytokines, chemokines, growth factors, and angiogenic medi-
ators. Despite the well-known anti-inflammatory activity of
corticosteroids, their ability to reverse or reduce airway
remodeling continues to remain a subject of controversy.
Although high doses of ICS affect certain components of
remodeling, increased vascularity, for example [100, 103,
104], they do not uniformly target the various remodeling
features. The ability of MMPs in regulating both the inflam-
matory and remodeling aspects of asthma pathology opens
the possibility of completely unexplored avenues of asthma
therapy. A detailed understanding of the various members
of the MMP family and their contribution towards angiogen-
esis across the various asthma endotypes and phenotypes is
lacking. Depending on the disease endotype, targeting spe-
cific MMPs and averting their pathological signaling can be
beneficial in that subset of patients. Future studies could also
potentially help identify novel angiogenic signaling pathways
in asthma, and their regulation by MMPs provides opportu-
nities to categorize the various roles played by MMPs in
asthma which could be harnessed for therapeutic interven-
tion. Since miRNAs are increasingly being implicated in
angiogenesis and endothelial cell function, the ability of
MMPs to modulate specific miRNAs is another interesting
avenue for research. The search for a non-invasive therapy
capable of reducing or even completely abrogating vascular
and other remodeling features is another meaningful
approach.

In conclusion, asthma being a multifaceted disease calls
for the development of new therapeutic strategies that can
target the various remodeling features observed in asthmatic
airways. The studies discussed above provide insights into
the role of MMPs as a potential target to ameliorate angio-
genesis among various other remodeling features. The ability
of MMPs to target both inflammatory and remodeling pro-
cesses makes it an attractive option for therapy. Furthermore,
MMP levels and vascularity are also correlated with asthma
severity indicating their role in asthma pathogenesis and pro-
gression. Several animal studies have further reinforced this
data supporting the notion that reducing or reversing vascu-
lar remodeling may prove beneficial in treating asthma.
Although corticosteroids have potential MMP-mediated
anti-angiogenic activities, there is a need for novel strategies
targeting MMPs. Targeting MMPs is a novel therapeutic
strategy for treating the microvascular changes observed in
asthma considering their ability to reduce angiogenesis,
inflammatory response, and thereby asthma symptoms. Nev-
ertheless, it is crucial to identify the subset of asthma patients
that respond and benefit the most from such an approach.
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Stroke is a cerebrovascular disease that results in decreased blood flow. Although Panax notoginseng (PN), a Chinese herbal
medicine, has been proven to promote stroke recovery, its molecular mechanism remains unclear. In this study, middle cerebral
artery occlusion (MCAO) was induced in rats with thrombi generated by thread and subsequently treated with PN. After that,
staining with 2,3,5-triphenyltetrazolium chloride was employed to evaluate the infarcted area, and electron microscopy was used
to assess ultrastructural changes of the neurovascular unit. RNA-Seq was performed to determine the differential expressed
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genes (DEGs) which were then verified by qPCR. In total, 817 DEGs were identified to be related to the therapeutic effect of PN on
stroke recovery. Further analysis by Gene Oncology analysis and Kyoto Encyclopedia of Genes and Genomes revealed that most of
these genes were involved in the biological function of nerves and blood vessels through the regulation of neuroactive live receptor
interactions of PI3K-Akt, Rap1, cAMP, and cGMP-PKG signaling, which included in the 18 pathways identified in our research, of
which, 9 were reported firstly that related to PN’s neuroprotective effect. This research sheds light on the potential molecular
mechanisms underlying the effects of PN on stroke recovery.

1. Introduction

Stroke is a major cause of death in the world, and it can also
lead to long-term disability [1]. Ischemic stroke is due to
cerebral artery occlusion, which interrupts the blood supply
of the brain, resulting in hypoxia and a lack of nutrients,
proceeded by a series of complex pathological changes. A
common feature of ischemic stroke is cerebral ischemia
and reperfusion injury (CIRI) which results in serious dam-
age (Eltzschig and Eckle, 2011), including pathological
processes such as excitatory glutamate toxicity, energy fail-
ure, free radical formation, oxidative stress, inflammatory
response, Ca2+ overload, and apoptosis [2]. The concept of
neurovascular unit (NVU) was first recognized in 2001,
and alterations in the composition of the NVU have been
shown to increase vulnerability to the damaging effects of
ischemic stroke [3]. While the NVU has become an integral
component in the study of biomarkers of ischemic stroke
[4], effective neuroprotective drug targets in CIRI are yet to
be determined.

Panax notoginseng is a precious Chinese herbal medicine,
which is grown mainly in Wenshan Prefecture, Yunnan
Province, China. It has been reported that at least twenty
saponins were contained in this material, including notogin-
senoside R1, ginsenoside Rb1, and ginsenoside Rg1 [5, 6].
It is anti-inflammatory and antioxidative, and it is able
to regulate the balance of neurotransmitters and promot-
ing the regeneration of nerves and blood vessels [7–9].
Our previous studies have shown that Panax notogin-
seng saponins (PNS), an extract of PN, have both anti-
inflammatory and neuroprotective effects [10]. Previously,
it has been reported that PN exerted neuroprotective effect
in stroke through antioxidative and anti-inflammatory
properties [11]; in combination with Angelica sinensis, it
could also inhibit NF-κΒ signaling and DNA binding activ-
ity, downregulate NO, NLRP3 inflammasome formation,
and influence microglial pyroptosis [12, 13]. PN may also
influence the expression of Nogo-A, NgR, and p75, regulate
NgR1/RhoA/Rock2 pathway, thus contribute to the recov-
ery of nerve function in stroke [14, 15]. However, further
studies need to be conducted to explore underlying mecha-
nism(s) of PN’s protective effects on NVU, especially in
stroke.

In this study, we first evaluated the effect of PN on the
ultrastructure of the NVU, and then used the RNA-
sequencing methods to study the gene expression changes
caused by PN on the brain ischemia-reperfusion injury rats.
The differentially expressed genes (DEGs) and their signal
pathways were also examined in an attempt to gain a better
understanding of all the biochemical mechanisms involved
in this process.

2. Materials and Methods

2.1. Animal and Experimental Design. Sprague-Dawley (SD)
female rats (250 ± 30 g) were purchased from Changsha
Tianqin Biotechnology Co., Ltd, (Hunan, China). Before
the experiments, all rats were maintained under standard
laboratory conditions (a 12 : 12 hours of day and night cycle,
a relative humidity of 60 ± 5% at room temperature of
22 ± 2°C and free access to food and water). This research
was approved by the Animal Experimental Ethics Com-
mittee of Youjiang Medical University for Nationalities.

The middle cerebral artery occlusion (MCAO) model has
been described in detail [16]. Briefly, we exposed the right
internal and external carotid arteries; then, we cut external
carotid artery about 3mm above the common carotid artery
bifurcation. After a silk suture was tied around the external
carotid stump, a nylon filament (diameter: 0.265mm,
rounded tip, dipped in heparin) was then inserted into the
external carotid artery and gently advanced into the internal
carotid artery, 17-19mm from the carotid bifurcation until a
detection of slight resistance. A nylon thread was then tied
into the vascular lumen. After sterilization, suture incision
and following 2h of ischemia, the thrombus was pulled out
for about 1 cm to complete reperfusion injury. Rats in the
sham group underwent the same surgical procedures except
for the nylon thread procedure. The ambient temperature
was kept constant by maintaining the rectal temperature in
the rats at 37 ± 1°C.

After being allowed to adapt to the environment for 7
days, at least 10 animals were randomly distributed in each
group. The intervention group was administrated with PN
(Sigma-Aldrich, #1291719) intragastrically at a dose of
100mg·kg-1 every 12 hours. The dose in this studywas chosen
based on previous study [13] and our preliminary experi-
ments. Basically, 3 groups were designed in our study: the
Sham group, the MCAO group which treated with saline for
7 days, and the MCAO group which treated with PN for 7
days. Both saline and PN administration started 2 hours after
surgery. All rats were fasted but allowed free access to water.

2.2. Evaluation of Neurological Defects. Neurobehavioral
impairment of rats was assessed in a double-blind manner
by two independent observers according to Longa’s [16].
Detailed information of this evaluation method was summa-
rized in the supplementary table (available here).

The rats with 1-3 points were considered as successful
modeling for I/R injury and were scored again for validation
7 days after surgery.

After 7 days, 6 rats were selected from each group and
anesthetized. The rats in this study were anesthetized by IP
injection of Ketamine (80mg/kg) and Xylazine (8mg/kg);

2 Journal of Immunology Research



supplemental heat was provided to avoid hypothermia dur-
ing anesthesia, according to IACUC guidelines [17, 18].
Brain tissue was separated rapidly, and the area of cerebral
infarction was measured using 2,3,5-triphenyltetrazolium
chloride (TTC) staining in order to show the impaired area
of cerebral ischemia.

2.3. Ultrastructural Changes of NVU [19, 20]. 7 days after
the procedure, the cortex around the ischemic focus
(1mm × 1mm × 1mm) was immersed in 2.5% glutaralde-
hyde for 2-4 hours and washed 3 times with 0.1M phos-
phate buffer (pH7.4) for 15 minutes. The samples were
fixed in osmic acid for 2 hours at room temperature,
washed 3 times with 0.1M phosphate buffer (pH7.4)
for 15 minutes, and fixed and stored at 4°C. Subsequently,
samples were dehydrated in an alcohol gradient (50%-70%-
80%-90%-95%-100%-100% ethanol-100% acetone-100%
acetone) and embedded in EPON 812 epoxy resin. Ultrathin
sections of 50nm were stained with 3% saturated solution of
uranyl acetate and 6% lead citrate staining solution. The
ultrastructure of neurons, astrocytes, and endothelial cells
was observed using a JEOL-1011 transmission electron
microscope (JEOL, Japan) at 80 kV.

2.4. RNA Extraction, Library Construction, and Sequencing.
According to the manufacturer’s protocol, total RNA was
extracted with Trizol kit (Invitrogen, USA). RNA quality
was evaluated on the Agilent 2100 Bioanalyzer (Agilent
Technologies, USA) and verified by RNase-free agarose gel
electrophoresis. After extraction, oligo (dT) beads were used
to enrich eukaryotic mRNA; then, Ribo-ZeroTM magnetic
kit (Epicentre, USA) was used to remove rRNA.

The mRNA acquired above was treated with fragmenta-
tion buffer, then reverse transcribed into cDNA. Second-
strand cDNA was synthesized with DNA polymerase I,
RNase H, and dNTP, and then purified with a QiaQuick
PCR extraction kit (Qiagen, Netherlands); end-repaired,
poly(A) tails were added and ligated to Illumina sequencing
adapters. The ligation products were separated and selected
based on size with agarose gel electrophoresis, and PCR
amplification and sequencing were performed with Illumina
HiSeq2500.

2.5. Assembling and Processing Sequencing Raw Data. Clean
readings were obtained by removing reads which contain
adapters, those with more than 10% of unknown nucleotides
(N) and low-quality reads containing more than 50% of
low quality (Q value ≤ 20) bases. Using StringTie v1.3.1
[21, 22], transcripts were assembled from sequenced raw
data processed by the HISAT2. 2.4 [23] method. For each
transcription region, a fragment per kilobase of transcript
per million mapped reads (FPKM) [24] value was calcu-
lated to quantify its expression abundance and variation,
using the StringTie software.

2.6. Differentially Expressed Genes. RNAs differential expres-
sion analysis was performed by using DESeq2 [25] software
between two different groups (and by edge R [26] between
two samples). The genes with a false discovery rate (FDR)
below 0.05 and an absolute fold-change ≥ 2 were considered

to be DEGs. qPCR was performed in order to verify the
expression of these screened DEGs between the different
groups.

2.7. Validation of the RNA-Sequencing Results by qPCR. To
verify the reliability of sequencing results, qPCR was used
to verify gene expression in the same batches of MCAO
and PN samples (n = 6), and β-actin was used as an internal
reference. The 20μL reaction system contained 5μL of
cDNA, 0.5μL of each primer, 0.5μL 2 x SYBR Green qPCR
SuperMix (InVitrogen), and 4μL dH2O, and the reaction
conditions were as follows: 50°C for 2min, 95°C for 2min,
95°C for 15 s, and 60°C for 32 s plate read for 40 cycles
followed by melting curve analysis (60°C to 95°C). The
2−△△Ct method was used to determine the relative amount
of mRNA, and 3 measurements were made for each sample.
Primers used for Cttn amplification are 5′-ATGTGGAAA
GCTTCAGCAGGCC-3′ (forward) and 5′-TCACGGGCA
CT CCGGGACCCAA-3′ (reversed); primers used for Cxcl1
amplification are 5′-AAATGGTGAAGGTCGGTGTGAA-
3′ (forward) and 5′-CAACAATCTC CACTTTGCCACTG-
3′ (reversed); primers used for Snap25 amplification are 5′
-AGGACTTTGGTTATGTTGGAT-3′ (forward) and 5′
-GATTTAAGCTTGTT ACAGG-3′ (reversed); primers
used for Nox1 amplification are 5′-CTTTAGCATCCATA
TCCGCATT-3′ (forward) and 5′-GACTGGTGGCATTG

a1

a2

b1

b2

c1

c2

SalineSham PN
MCAO

Figure 1: Brain tissue samples of rats from each group. (a) Sham
group, (a1) cerebral vessels are abundant and clearly visible, (a2)
brain tissue is full and symmetrical. (b) MCAO group treated with
saline, (b1) blood vessels around the infarction show exudation,
blocked blood vessels are seen to be collapsed and atrophied, and
(b2) brain tissue is swollen and white. (c) MCAO group treated
with PN, (c1) blood vessels around the infarction are mostly new,
with less exudation than MCAO group and (c2) brain tissue is not
swollen obviously. The yellow lines indicate the infarct area.
Similar experiments were performed at least 5 times.
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TC ACAATA-3′ (reversed); primers used for Bcl2 amplifica-
tion are 5′-ACGAGTGG GATACTGGAGATG-3′ (forward)
and 5′-TAGCGACGAGAGAAGTCATCC-3′ (reversed);

primers used for Kdr amplification are 5′-TCACGGTTGGG
CTACTGC-3′ (forward) and 5′-AGACCTTCTGCCATCA
CG-3′ (reversed); primers used for Foxo3 amplification are
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Figure 2: The effects of PN on MACO in rat infarction volume. (a) Compared with the MCAO group treated with saline, scores of neural
function were decreased in the PN group (n = 10 in each group). (b) TTC staining, normal tissues are red and infarcted tissues are white.
PN can effectively reduce the range of cerebral infarction in rats. (c) Compared with MCAO group, the infarct area and percentage in the
PN group decreased significantly (n = 6 in each group). In (a) and (c), data shown indicated as mean ± SEM values. Similar experiments
were performed at least 3 times. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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Figure 3: The effect of PN on ultrastructural changes of NVU. Similar experiments were performed at least 4 times. BMEC represents brain
microvascular endothelial cell. The red triangle indicates a severe swollen/inflammation around neuron, the green triangle indicates an
irregular nucleus. The blue triangle indicates the lumen side of brain microvascular.
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5′-TGGATGACCTGCTAGATAACAT-3′ (forward) and 5′
-AACACGGTACTGTTAAAGGAGC-3′ (reversed); primers
used for Notch3 amplification are 5′-GCTGGCGTCTCTTC
AACAACA-3′ (forward) and 5′-TGGTCGGCGCAGTACT
TCTTAT-3′ (reversed); primers used for β-actin (reference
gene used in this study) amplification are 5′-AGGGAAATCG

TGCGTGACAT-3′ (forward) and 5′-GAACCGCTCATTGC
CGATAG-3′ (reversed).

2.8. Enrichment Analysis of DEGs. In order to understand the
biological functions and pathways of DEGs in rat cerebral
ischemia after PN intervention, we used an annotation and
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Figure 4: Volcano plots and hierarchical clustering heat map of DEGs and DETs. (a) Volcano map for DEGs where red represents
upregulated genes and green represents downregulated genes. (b) Heat map for hierarchical clustering of DEGs. (c) Volcano map for
DETs, red represents upregulated transcripts, and green represents downregulated transcripts. (d) Heat map for hierarchical clustering of
DETs). n = 3 in each group.
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visualization integrated OmicShare cloud platform to analyze
and visualize the biological functions and pathways of differ-
ential genes.

2.9. Statistical Analysis. All data are expressed as mean ±
SEM, and statistical analysis was performed using the SPSS
22.0 statistical software (IBM, Chicago, Illinois). The experi-
mental data were analyzed by one-way analysis of variance.
Student’s paired t-test was used to compare qPCR results,
and P values < 0.05 were considered statistically significant.
GO Analysis was based on the GO database. Fisher’s exact
test and multiple comparison test were used to calculate the
significance level (P value) and false positive rate (FDR) of
each function. P value < 0.05 was the criterion for signifi-
cance screening. Pathway analysis was based on the KEGG
database, and Fisher’s exact test and chi-square test were used
for the DEGs. A pathway in which the target gene partici-
pated in was analyzed for significance and selected according
to P value < 0.05.

3. Results

3.1. The Effects of PN onMCAO in Rats Infarction Volume. In
order to evaluate the protective effect of PN on cerebral ische-
mia, on the seventh day of the experiment, the neurological
functions were assessed blindly using the Longa Neurological
Severity Score; the brain was removed after anesthesia
(Figure 1) and subjected to TTC staining in order to evaluate
the scope of infarction (Figure 2). Comparing with the
MCAO group treated with saline, PN-treated animals

showed decreased disease score (Figure 2(a)) and signifi-
cantly less infarct area (Figures 2(b) and 2(c)).

3.2. Ultrastructural Regulation of the NVU after PN
Treatment. Ultrastructural changes in the NVU were
observed after 7 days of cerebral ischemia. Figure 3 shows
in the Sham group the neurons, and astrocytes are clearly vis-
ible and have large and rounded nuclei. The microvascular
endothelial cells are clear structures without edema around
them, and the lumen is normal. At high magnification, the
binuclear membrane appears clear and complete with a clear
field of view of the integrity of the cell structure. Organelles,
such as lysosomes, are distributed throughout the cytoplasm.
The surface of vascular endothelial cells is smooth and flat;
and the endothelium, basement membrane, and foot pro-
cesses are in close contact.

In the MCAO group, the neurons and astrocytes are
irregular and show an accumulation of chromatin. Cyto-
plasm lysis and vacuole formation were observed. There
appears to be estrogen receptor expansion, mitochondrial
bending, disorder, shrinkage, and vacuolation in the cyto-
plasm. Mitochondrial and other organ-related injuries were
more severe than those in the treatment group. Edema
around blood vessels is obvious, showing vacuoles or blank
areas (Figure 3).

In the PN group, the nuclei of neurons appear more nor-
mal with the nuclear membrane being intact, and the nucleoli
are visible. The astrocyte structure is more complete than in
the MCAO group with the nuclear morphology being more
complete and clear, the microvascular endothelial cells are

Table 1: The partially DEGs from RNA-Seq [MCAO(Saline)/MCAO(PN)].

Ensembl gene ID Gene symbol Log2-fold change P value P adj Style

ENSRNOG00000050994 Cttn 12.67967226 0.001172369 0.104286972 Up

ENSRNOG00000002802 Cxcl1 2.948761024 0.007257485 0.253659663 Up

ENSRNOG00000006037 Snap25 1.675988534 0.0003127 0.046747614 Up

ENSRNOG00000048706 Nox1 1.96651 0.011922266 0.31373928 Up

ENSRNOG00000002791 Bcl2 -1.777692036 0.003557504 0.176645472 Down

ENSRNOG00000046829 Kdr -1.524693848 0.000278591 0.044899468 Down

ENSRNOG00000000299 Foxo3 -1.159297737 0.035026006 0.476124441 Down

ENSRNOG00000004346 Notch3 -1.450412508 0.014108102 0.337843688 Down

Table 2: The partially DETs from RNA-Seq [MCAO(Saline)/MCAO(PN)].

Transcript ID Gene ID Gene symbol Log2-fold change P value P adj Style

ENSRNOT00000000508 ENSRNOG00000000439 Ager 3.050138008 0.022180829 0.401239754 Up

ENSRNOT00000000553 ENSRNOG00000000473 Pfdn6 2.208199784 0.002663896 0.121543007 Up

ENSRNOT00000000657 ENSRNOG00000000546 Nt5dc1 1.080452666 0.036038318 0.50948505 Up

ENSRNOT00000000817 ENSRNOG00000000657 Nek7 3.035450677 0.001253867 0.070869068 Up

ENSRNOT00000002487 ENSRNOG00000001816 Rfc4 1.358324579 0.00530658 0.182793209 Up

ENSRNOT00000000205 ENSRNOG00000024631 Chadl -1.127386831 0.006102632 0.202410056 Down

ENSRNOT00000000824 ENSRNOG00000000661 Hps4 -2.446591496 0.004995283 0.177592248 Down

ENSRNOT00000001185 ENSRNOG00000000886 Caln1 -1.460830778 0.015749777 0.338238335 Down

ENSRNOT00000001248 ENSRNOG00000000940 Flt1 -1.41782469 0.001002321 0.059826058 Down

ENSRNOT00000001479 ENSRNOG00000001117 Fbxl18 -1.477639058 0.020547561 0.386592868 Down
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not deformed significantly, and the lumen is basically unob-
structed. The peripheral edema is reduced compared with the
MCAO group (Figure 3).

3.3. Gene Expression and Transcript Data Analysis. To inves-
tigate the molecular mechanism of the protective effect of PN
on MCAO in rats, brain tissue gene expression profiles of the
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Figure 6: Gene ontology enrichment analysis of DEGs. The ordinate is the number of genes, the abscissa is the GO name. Blue refers to the
upregulated genes; orange refers to the downregulated genes.
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Sham, MCAO, and PN groups were measured by using
RNA-Seq. A total of 817 DEGs were observed in MCAO
group compared to PN group, of which, 390 genes were
upregulated and 427 were downregulated (Figures 4(a) and
4(b), Table 1). In addition, there were 1422 differentially
expressed transcripts (DETs) which included 692 upregu-
lated and 730 downregulated transcripts (Figures 4(c) and
4(d), Table 2).

3.4. RNA-Seq Validation by qPCR. To verify the expression of
the DEGs obtained from the RNA-Seq results between
MCAO and PN groups, we randomly selected 8 genes for val-
idation, including 4 upregulated genes (Cttn, Cxcl1, Snap25,
and Nox1) and 4 downregulated genes (Bcl2, Kdr, Foxo3 and
Notch3). The relative expression was determined by the 2−△△Ct

method, and the results were consistent with the expression
trends seen during RNA-Seq analysis (Figure 5). The qPCR
results were consistent with the sequencing experiments.

3.5. GO and Pathway Analyses. In order to determine the
functions and pathways of DEGs and DETs related to
PN treatment, we performed GO and pathway analysis.
Using P < 0:01 identified 332 GO terms, 202 of which
were related to nerves and 55 were related to blood ves-
sels, of which the following GO terms: cellular process
(GO:0009987), biological regulation (GO:0065007), meta-
bolic process (GO:0008152), regulation of biological pro-
cess (GO:0050789), response to stimulus (GO:0050896),
binding (GO:0005488), catalytic activity (GO:0003824),
transcription regulator activity (GO:0140110), molecular
transducer activity (GO:0060089), molecular function regula-
tor (GO:0098772), cell (GO:0005623), cell part (GO:0044464),
organelle (GO:0043226), membrane (GO:0016020), and
organelle part (GO:0044422) were significantly different
between saline and PN-treated groups. This indicates that
the above biological processes are potentially related to the
therapeutic function of PN.

Table 3: GO classification of DEGs in MCAO(Saline)/MCAO(PN) (Top30).

Term Description Type Count P value

GO:0031323 Regulation of cellular metabolic process BP 218 2.85E-06

GO:0001568 Blood vessel development BP 40 2.99E-06

GO:0001944 Vasculature development BP 41 3.22E-06

GO:0006836 Neurotransmitter transport BP 23 3.64E-06

GO:0080090 Regulation of primary metabolic process BP 213 3.85E-06

GO:0019222 Regulation of metabolic process BP 230 3.92E-06

GO:0065008 Regulation of biological quality BP 153 4.21E-06

GO:0072358 Cardiovascular system development BP 41 4.92E-06

GO:0050905 Neuromuscular process BP 14 5.87E-06

GO:0007626 Locomotory behavior BP 20 6.12E-06

GO:0003676 Nucleic acid binding MF 163 1.31E-06

GO:0097159 Organic cyclic compound binding MF 233 1.29E-05

GO:1901363 Heterocyclic compound binding MF 230 1.40E-05

GO:0046872 Metal ion binding MF 138 1.89E-05

GO:0043169 Cation binding MF 141 2.04E-05

GO:0005488 Binding MF 488 5.61E-05

GO:0016263 Ion binding MF 200 0.002322647

GO:0043565 Sequence-specific DNA binding MF 53 0.001285424

GO:0003677 DNA binding MF 85 0.001632778

GO:0003690 Double-stranded DNA binding MF 44 0.001941181

GO:0045202 Synapse CC 70 3.86E-08

GO:0044456 Synapse part CC 55 2.90E-06

GO:0098794 Postsynapse CC 40 4.36E-06

GO:0098984 Neuron to neuron synapse CC 23 0.000185124

GO:0005622 Intracellular CC 454 0.000264158

GO:0045211 Postsynaptic membrane CC 20 0.000272495

GO:0097060 Synaptic membrane CC 25 0.000310002

GO:0098978 Blutamatergic synapse CC 26 0.000423116

GO:0032279 Asymmetric synapse CC 21 0.000463989

GO:0034707 Chloride channel complex CC 6 0.000580336
∗BP: biological process; MF: molecular function; CC: cellular component; Count: gene number listed in GO term.
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According to the enrichment degree of functional anno-
tation, the top 10 biological processes, molecular functions,
and cellular composition are shown in Figure 6 and
Table 3. KEGG pathway analysis leads to a better under-
standing of the role of PN in the treatment of cerebral ische-
mia. 39 pathways were screened with P values of less than
0.05, of which 18 pathways were enriched with more
than 10 genes. These include PI3K-Akt (ko04151), Rap1
(ko04015), neuroactive ligand-receptor interaction (ko04080),
calcium (ko04020), focal adhesion (ko04510), oocyte meiosis
(ko04114), cAMP (ko04024), glutamatergic synapse (ko04724),
dopaminergic synapse (ko04728), apelin (ko04371), cGMP -
PKG (ko04022), chemokine (ko04062), cholinergic synapse
(ko04725), vascular smooth muscle contraction (ko04270),
AMPK (ko04152), and signaling pathways regulating pluri-
potency of stem cells (ko04550) (Figure 7), and the genes par-
ticipated in the above pathways were listed in Table 4. These
pathways and genes may play an important role in the anti-
ischemic effect of PN (Figure 8).

4. Discussion

It has been proven that PN possesses therapeutic properties
against stroke, and it has been reported in previous studies
about the molecular mechanism(s) explaining PN’s clinical
outcomes [11–13]. However, most of previous research
focused on single a gene/pathway, still no systemic evaluation
of PN’s molecular mechanism(s) in neuroprotection effect.

In this case, based on a rat stroke model treated with PN,
we employed the second generation sequencing technology,
which is a high-throughput method, in combination of qPCR
and transmission electron microscopy; this study identified
817 DEGs potentially related to PN’s neuroprotection effect,
and we firstly identified 18 pathways involved in its therapeu-
tic effect.

The development of stroke involves energy metabolism
disorder, inflammatory response, free radical formation, cal-
cium overload and apoptosis, and destruction of blood-brain
barrier [2]. These adverse factors cause pathological damage
to neurons, glial cells, and microvessels in the NVU [27].

In this study, we investigated the protective effect of PN
on ischemic stroke in rats. Compared with the MCAOmodel
group, PN treatment can significantly decrease the infarct
volume/size in rats with cerebral ischemia and reduce the
volume of cerebral infarction as shown by TTC staining.
Hence, PN has an anti-ischemic effect. Ultrastructural results
show that PN can reduce the pathological changes of the
NVU in ischemic stroke.

KEGG pathway analysis showed PN’s therapeutic effect
involves various pathways such as PI3K-Akt pathway, Neu-
roactive ligand-receptor interaction, Rap1 signaling pathway,
proteoglycans in cancer, calcium signaling pathway, focal
adhesion, oocyte meiosis, cAMP signaling pathway, Gluta-
matergic synapse, Dopaminergic synapse, Apelin signaling
pathway, cGMP-PKG signaling pathway, Alcoholism, Che-
mokine signaling pathway, Cholinergic synapse, Vascular

5 10
Gene number

p.adjust

PI3K-Akt signaling pathway 4.74E-07

Neuroactive ligand-receptor interaction 7.53E-07

Rap1 signaling pathway 1.39E-08

Proteoglycans in cancer 3.49E-08

Calcium signaling pathway 1.28E-07

Focal adhesion 1.42E-07

Oocyte meiosis 1.22E-08

Dopaminergic synapse 1.85E-08

cAMP signaling pathway 1.52E-06

Glutamatergic synapse 3.34E-08

Apelin signaling pathway 1.41 E-06

cGMP-PKG signaling pathway 7.05E-06

Alcoholism 8.81E-06

Chemokine signaling pathway 8.82E-06

Cholinergic synapse 1.58E-06

AMPK signaling pathway 3.76E-06

Vascular smooth muscle contraction 6.21E-06

Signaling pathways regulating pluripotency of stem cells 8.21E-06

15

Figure 7: The list of top 18 enriched pathway analysis of DEGs.
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smooth muscle contraction, and AMPK signaling pathway.
Nine of which were firstly reported in this research to be
related to PN.

It has been reported that PN exerts different molecular
mechanisms and pathways related to its neuroprotective
effect. Panax notoginseng saponins are the representative
bioactive agent of PN extracts, and it is widely used in the
treatment of ischemic stroke, probably due to its inhibition
of apoptosis via upregulation of SIRT1 and antioxidants
[28]. PN and its extract are known to have a variety of protec-
tive neurovascular mechanisms. For example, PNS protects
cerebral microvascular endothelial cells by activating the
PI3K/Akt/Nrf2 antioxidant signal pathway [29]. Notoginse-
noside R1 plays a neuroprotective role by activating the
estrogen receptor-dependent Akt/Nrf2 pathway to inhibit
NADPH oxidase activity and mitochondrial dysfunction
[30]. Ginsenoside Rb1 can upregulate the expression of
GDNF to inhibit neuron apoptosis [31] and promote motor
function recovery and axon regeneration in mice after stroke
through the cAMP/PKA/CREB signaling pathway [32]. Gin-
senoside Rd has been shown to inhibit microglial proteasome
activity and inflammatory response [33, 34] through mito-
chondrial protection, apoptosis inhibition, and energy recov-

ery. Ginsenoside Rg1 can regulate the inhibition of NMDA
receptor channels and L-type voltage-dependent calcium
channels on Ca2+ influx and the decrease of intracellular-
free Ca2+ caused by it, thus playing a neuroprotective role
[2]. Studies have also shown that the cGMP-PKG pathway
mediates the proliferation of neural stem cells after cerebral
ischemia [35]. Ras-associated protein 1 (Rap1) is known to
be involved in integrin and cadherin-mediated adhesion,
which can mediate angiogenesis in endothelial cells [36].

In our research, we identified another 9 pathways poten-
tially related to PN’s neuroprotective effect, including Neuro-
active ligand-receptor interaction, proteoglycans in cancer,
focal adhesion, oocyte meiosis, Apelin signaling pathway,
Alcoholism, Chemokine signaling pathway, Cholinergic syn-
apse, and Vascular smooth muscle contraction.

Genetically modified animals should be used to confirm
the biological/pathological role of these newly identified
pathways related to PN’s therapeutic effect against stroke.

5. Conclusions

The NVU is the structural and functional unit of the nervous
system. Our study shows that PN has a protective effect on

Table 4: A list of the top 18 KEGG pathway DEGs.

Pathway ID Pathway Genes

ko04151 PI3K-Akt signaling pathway
Lpar4, Col6a5, Ppp2r3c, Foxo3, Flt1, Bcl2, Gsk3b, Pdpk1,Erbb2, Epha2, Gnb4, Igf1r,

Fn1, Kdr, Chrm2, Itga1, Ppp2r2c.

ko04080
Neuroactive ligand-receptor

interaction
Rxfp2, Lpar4, Gcgr, Adora2a, Adora1, Apln, Gabrb2, Drd2, Grin2b, Grik3, Aplnr,

Adra1a, Oprd1, Ednrb, Cysltr2, Grin2a, Chrm2.

ko04015 Rap1 signaling pathway
Lpar4, Map2k3, Flt1, Adora2a, Rapgef4, Adcy5, Drd2, Grin2b, Epha2, Igf1r, Plce1,

Rapgef1, Tln2, Grin2a, Kdr, Adcy1.

ko05205 Proteoglycans in cancer
Rock1, Plaur, Cttn, Itpr2, Timp3, Pdpk1, Erbb2, Itpr1, Igf1r, Plce1, Fn1, Ank1,

Camk2a, Kdr, Fzd3.

ko04020 Calcium signaling pathway
Ppp3r1, Adora2a, Itpr2, Itpkb, Erbb2, Itpr1, Adra1a,Ednrb, Plce1, Cysltr2, Camk2a,

Grin2a, Chrm2,A dcy1.

ko04510 Focal adhesion
Col6a5, Rock1, Flt1, Bcl2, Gsk3b, Pdpk1, Erbb2, Igf1r, Fn1, Rapgef1, Shc3, Tln2, Kdr,

Itga1.

ko04114 Oocyte meiosis
Rps6ka6, Pttg1, Spdya, Espl1, Fbxo5, Ppp3r1, Itpr2,Adcy5, Itpr1, Igf1r, Camk2a,

Cpeb3, Adcy1.

ko04024 cAMP signaling pathway
Rock1, Cftr, Adora2a, Rapgef4, Adcy5, Adora1, Drd2, Grin2b, Plce1, Camk2a, Grin2a,

Chrm2, Adcy1.

ko04724 Glutamatergic synapse
Ppp3r1, Arrb1,Itpr2,Adcy5, Itpr1, Grin2b, Grik3, Slc1a3, Shank1, Grin2a, Shank3,

Gnb4, Adcy1.

ko04728 Dopaminergic synapse
Ppp2r3c, Itpr2, Adcy5, Gsk3b, Ddc, Itpr1, Drd2, Grin2b, Gnb4, Camk2a, Grin2a,

Ppp2r2c.

ko04371 Apelin signaling pathway Itpr2, Adcy5, Apln, Notch3, Itpr1, Aplnr, Gnb4, Klf2, Hdac4, Acta2, Adcy1.

ko04022 cGMP-PKG signaling pathway Rock1, Ppp3r1, Itpr2, Adcy5, Adora1, Itpr1, Adra1a, Oprd1, Ednrb, Gucy1a2, Adcy1.

ko05034 Alcoholism
Adora2a, Camkk2, Adcy5, Ddc, Drd2, Grin2b, Gnb4, Shc3, Hdac4, Grin2a,

LOC103690190.

ko04062 Chemokine signaling pathway Cxcl1, Rock1, Foxo3, Adcy5, Gsk3b, Gnb4, Grk5, Cxcl12, Shc3, Arrb1, Adcy1.

ko04725 Cholinergic synapse Itpr2, Adcy5, Bcl2, Kcnq3, Itpr1, Gnb4, Camk2a, Chrm2, Adcy1, Slc18a3.

ko04270 Vascular smooth muscle contraction Rock1, Adora2a, Itpr2, Adcy5, Prkch, Itpr1, Adra1a, Gucy1a2, Acta2, Adcy1.

ko04152 AMPK signaling pathway Ppp2r3c, Cftr, Foxo3, Camkk2, Pdpk1, Adipor2, Adra1a, Scd, Igf1r, Ppp2r2c.

ko04550
Signaling pathways regulating
pluripotency of stem cells

Gsk3b, Tbx3, Skil, Lifr, Isl1, Igf1r, Bmpr1, Neurog1, Apc2, Fzd3.
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cerebral ischemia by protecting the NVU. The molecular
mechanisms involved may include the PI3K-Akt pathway,
neuroactive ligand-receptor interactions, Rap1 signaling
pathway, cAMP signaling pathway, and cGMP-PKG signal-
ing pathway. The interaction of proteins in these pathways
may be potential key targets for our future understanding
of the neuroprotective effects of PN in ischemic stroke.
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The remodeling of the extracellular matrix (ECM) in the parenchyma plays an important role in the development of acute
respiratory distress syndrome (ARDS), a disease characterized by lung injury. Although it is clear that TGF-β1 can modulate the
expression of the extracellular matrix (ECM) through intracellular signaling molecules such as Smad3, its role as a therapeutic
target against ARDS remains unknown. In this study, a rat model was established to mimic ARDS via intratracheal instillation
of lipopolysaccharide (LPS). A selective inhibitor of Smad3 (SIS3) was intraperitoneally injected into the disease model, while
phosphate-buffered saline (PBS) was used in the control group. Animal tissues were then evaluated using histological analysis,
immunohistochemistry, RT-qPCR, ELISA, and western blotting. LPS was found to stimulate the expression of RAGE, TGF-β1,
MMP2, and MMP9 in the rat model. Moreover, treatment with SIS3 was observed to reverse the expression of these molecules.
In addition, pretreatment with SIS3 was shown to partially inhibit the phosphorylation of Smad3 and alleviate symptoms
including lung injury and pulmonary edema. These findings indicate that SIS3, or the blocking of TGF-β/Smad3 pathways,
could influence remodeling of the ECM and this may serve as a therapeutic strategy against ARDS.

1. Introduction

Acute respiratory distress syndrome (ARDS) is a diffuse pul-
monary parenchymal injury characterized by injury of the
pulmonary epithelium and vascular endothelial cells as well
as inflammatory infiltration, hyaline membrane formation,
matrix repair, and pulmonary interstitial fibrosis. Lipopoly-
saccharide (LPS) is a major component of the cell walls of
gram-negative bacteria that possesses powerful inflammatory
effects and plays a significant role in the occurrence and pro-

gression of ARDS [1]. The pathogenesis of ARDS is complex
and is a hotspot in the study of pulmonary diseases [2, 3].

Extracellular matrix (ECM) metabolism serves in the reg-
ulation of lung function and morphology. ECM remodeling
encompasses changes in fibrin collagen, the basement mem-
brane, and elastin. Matrix cells synthesize and secrete extra-
cellular polysaccharides and macromolecules, such as
proteins and proteoglycans, which are distributed on the cell
surface or between cells, forming a network structure
between cells. During the course of ARDS, activated
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polymorphonuclear leukocytes (PMNs) and macrophages
release various inflammatory cytokines and proteolytic
enzymes that degrade the ECM, affecting and changing the
functions of the cell and matrix and triggering ECM remod-
eling. At the same time, proteolytic enzymes released by the
PMNs and macrophages can digest alloproteins and damage
host proteins, including the ECM.

Proteolytic enzymes also support and establish connec-
tions as well as affecting various pathophysiological pro-
cesses, such as cell shape, metabolism, function, adhesion,
proliferation, and differentiation through the cell signaling
transduction system [3]. The temporary pulmonary matrix
formed following ARDS injury can activate an inflammatory
reaction and induce the transformation of epithelial cells into
fibroblasts, leading to local connective tissue and continuous
matrix remodeling during the repair of lung injury. Intra-
alveolar fibrosis (remodeling) can cause alveolar occlusions
and eventually a loss of alveolar function [4].

Persistent inflammatory and fibrotic alveolitis and
increased inflammation in the early stages of ARDS are the
primary mechanisms which lead to alveolar membrane and
fibrosis injuries. The resulting persistent inflammatory
response can destroy the ECM, leading to changes in a lung
structure. Some studies have shown that changes in the fibro-
plasia in ARDS may be related to persistent inflammation
following lung injury, the generation and degradation of the
temporary matrix after lung injury, and the change in the lin-
ing components of the epithelial cells [5]. According to the
extent of ECM remodeling, the injured lung may be
completely repaired. However, ECM remodeling disorders
can lead to pulmonary fibrosis (PF); therefore, the prognosis
for ARDS can be very poor [6].

Receptor for advanced glycation end-products (RAGE),
matrix metalloproteinases (MMPs), and tissue inhibitors of
metalloproteinases (TIMPs) participate in remodeling of
the ECM in ARDS [4]. RAGE is also one of the biomarkers
of pulmonary epithelial injury [7, 8] and is a transmembrane
and multiligand receptor belonging to the immunoglobulin
superfamily. The receptor structure includes three parts:
extramembrane, transmembrane, and intracellular mem-
brane domains. RAGE is primarily distributed in type I alve-
olar epithelial cells, alveolar macrophages, and bronchiole
epithelial cells, and it is highly expressed in the lung but
low in other organs of the body. RAGE also plays a protective
role in the lung, where its activation modulates cell signaling
and propagation of the inflammatory response [9]. Overex-
pression of RAGE can increase alveolar cell apoptosis and
inhibit cell proliferation [10]. Moreover, the absence of
RAGE in pulmonary epithelial cells can lead to their fibrosis
which can, in turn, lead to the occurrence and development
of PF [11]. Calfee et al. [12] reported an increase in RAGE
plasma levels in patients with severe ARDS, and a relation-
ship between mortality in ARDS patients with high tidal
volume ventilation was further established.

MMPs usually play important roles in various patholog-
ical conditions, such as wound repair and inflammatory
leukocyte infiltration. In destructive lung diseases, it has been
reported that MMP1, MMP2, MMP3, MMP7, MMP8,
MMP9, MMP10, and MMP12 contribute to tissue injury

[13]. However, in acute lung injury, especially in LPS-
induced ARDS, the activation of MMP2 and MMP9 exacer-
bates pulmonary inflammation [14]. MMP2 can degrade a
variety of collagen substrates, and it stimulates the release
of vascular endothelial growth factor, thus driving endothe-
lial genesis, and contributes to tissue repair and/or damage,
while MMP9 degrades the ECM components such as gelatin,
fibronectin, and fibrillin. Uncontrolled synthesis and degra-
dation of the ECM play an important role in various patho-
logical conditions. The pathogenesis of ARDS can lead to
expression of MMPs in cells including alveolar epithelial
cells, macrophages, neutrophils, and fibroblasts [3, 5, 15].
MMPs are zinc-dependent endopeptidases that are upregu-
lated in most pulmonary inflammatory diseases, which lead
to the degradation of the pulmonary ECM [16]. MMPs pri-
marily affect the biological activities of these mediators by
degrading the ECM and participating in the lysis of inflam-
matory cytokines and chemokines secreted into the ECM,
thus influencing cell behavior or aggravating lung injury
[17, 18]. MMPs, in turn, regulate inflammation by interact-
ing with cytokines and chemokines [19].

The prognosis is affected by cell proliferation and
fibrosis-induced PF after ARDS. Many studies have shown
that transforming growth factor- (TGF-) β is related to the
repair of posttraumatic fibrosis. TGF-β is produced by
monocytes, lymphocytes, epithelial cells, and fibroblasts,
and these regulate the proliferation, differentiation, migra-
tion, adhesion, and metabolism of the ECM through auto-
crine or paracrine mechanisms while participating in
embryonic development, injury, and repair [20]. TGF-β is
highly expressed in injured cells and tissues and is involved
in the repair of fibrosis and proliferation of various injuries
including ARDS [21, 22]. The longer the duration of highly
expressed TGF-β, the more difficult it is to alleviate the clin-
ical manifestations of ARDS. Clinical studies have shown
that high levels of TGF-β were associated with more serious
cases of ARDS and those with worse prognosis [23].

The most important role of TGF-β1 in the pathology of
PF is the expression of the ECM gene mediated by the mole-
cules referred to as small mothers against decapentaplegic 3
(Smad3). In canonical TGF-β/Smad signaling, the active
TGF-β ligand binds to the receptor, TbRII, which then
recruits TbRI. TGF-β subsequently triggers a cell response
by activating the TGF-β receptor, which triggers the phos-
phorylation of Smad2 and Smad3 proteins. Phosphorylated
Smad2 or 3 can bind with common-mediator Smad (co-
Smad) and is translocated into the nucleus to exert its tran-
scriptional activity in order to regulate downstream gene
expression [24]. Smad3, unlike Smad2, has been shown to
play a profibrotic role in kidney fibrosis [25]. Smad3 directly
regulates the expression of various fibrogenic genes, such as
those associated with the ECM and TIMPs [26]. Further-
more, Smad3 can also stimulate TGF-β1 expression to
enhance TGF-β/Smad signaling through positive feedback.
The prognosis is thereby influenced by cell proliferation fol-
lowing ARDS. Selective inhibitors of Smad3 (SIS3) are syn-
thetic chemicals which strongly inhibit the phosphorylation
of Smad3 induced by TGF-β1 [27]. Recent studies have
shown that SIS3 has antifibrotic and anti-inflammatory
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effects in bleomycin- (BLM-) induced PF in mice [28]. Evi-
dently, SIS3 attenuates the regulatory mechanism of TGF-β
by selectively inhibiting Smad3 [28].

These data illustrate the antifibrotic and anti-
inflammatory effects of SIS3 in vivo. However, its role in
the pathogenesis of ARDS requires further elucidation. It is
anticipated that studies into matrix remodeling and repair
in ARDS may provide potential intervention indicators for
improving the prognosis of ARDS [2, 3].

2. Materials and Methods

2.1. LPS-Induced ARDS Rat Model and Experimental
Program. All procedures in this study were conducted in
accordance with the guidelines of the National Institute of
Health and approved by the Animal Protection and Utiliza-
tion Committee of the Youjiang Medical University for
Nationalities. Six- to eight-week-old male Sprague-Dawley
(SD) rats were obtained from the Laboratory Animal Center
of the Youjiang Medical University for Nationalities (Baise,
Guangxi Province, China) and raised in a pathogen-free
environment. A total of 40 adult male SD rats were randomly
divided into four groups: a control group (CTL, n = 10, no
treatment); a ARDS group (ARDS, n = 10, intratracheal
instillation of 5mg/kg of LPS, Sigma-Aldrich, St. Louis,
MO, USA); and a ARDS and SIS3 group (ARDS + SIS3, n
= 10, intraperitoneal injection of 2.5mg/kg of SIS3 [29] for
2 h following 5mg/kg of LPS intratracheal instillation). The
ARDS and phosphate-buffered saline (PBS) group
(ARDS + PBS, n = 10), the same as in the ARDS + SIS3 group
but where an equal amount of PBS replaced the SIS3.

The rats used in this study were anesthetized 24h after
LPS intratracheal instillation, with ketamine at a dose of
80mg/kg, together with xylazine at a dose of 8mg/kg, by
intraperitoneal injection, as recommended by the IACUC
guidelines. 5-8mL blood biopsies were collected by cardiac
puncture under deep terminal anaesthesia with 25G needled
syringes inserted into the left ventricle. Blood biopsies were
withdrawn slowly to avoid the heart from collapsing. After
taking blood biopsies, the rats were killed by cervical disloca-
tion, and then, the lung tissues were collected.

Following 30min of coagulation, tubes were centrifuged
at 2000×g for 20min and stored at −80°C for subsequent
analysis. The bronchoalveolar lavage fluid (BALF) of the left
lung was obtained using endotracheal intubation 24 h after
LPS intratracheal instillation, and the lung was then washed
with PBS (4°C, 15mL/kg) five times. The flushing fluid was
centrifuged at 4°C for 10min at 1500×g, and the supernatant
was collected for protein concentration measurements. The
sediment was resuspended using 50μL of PBS, and the num-
ber of cells was counted. The right upper lobe was examined
via histopathology and immunohistochemistry, and the right
part of the middle lobe was weighed to obtain the wet-to-dry
(W/D) weight ratio. The rest of the lower lobe of the right
lung was preserved at −80°C, and the total RNA and/or pro-
tein was isolated. For histopathology and immunohisto-
chemical staining, tissues were fixed in 10% neutral
formaldehyde and paraffin embedded, and 4μm thickness
sections were cut. These were either stained with hematoxy-

lin and eosin (HE) or subjected to immunohistochemical
staining.

2.2. Masson’s Trichrome Staining. A commercial Masson’s
trichrome staining kit (Solarbio, #G135) was used to perform
Masson’s staining, considering collagen is the main part of
ECM [30]. Briefly, lung biopsies were embedded in paraffin
after fixation with 4% buffered paraformaldehyde, and sec-
tioned into 4μm. After dipping in to Bouin’s solution for
2 h at 37°C, the slides were stained with Celestine blue dye
for 2min and Mayer’s solution for 3min. Following an acid
ethanol differentiation step for 10 sec, sections were dipped
in Lichun red magenta solution for 10min, phosphomolyb-
dic acid solution for 10min, aniline blue solution for 5min,
and a weak acid for 2min. The slides were carefully washed
with PBS after each staining procedure. Then, the slides were
dipped twice in ethanol for 10 sec each. After two dips of
2min in xylene, the slides were mounted with Balsam.

2.3. RT-qPCR. Gene expressions for RAGE, TGF-β1, MMP2,
and MMP9 mRNAs from rat lung tissue were evaluated
using the FastStart Universal SYBR Green Master (ROX)
(Roche, Germany) and real-time PCR. The RNA of the fro-
zen lung tissue was isolated using a total RNA rapid separa-
tion kit (Tiangen, China), and the DNA strand was
synthesized by using the first-strand cDNA synthesis kit
(Thermo Scientific k1622, USA) according to the manufac-
turer’s instructions. All primers used were synthesized by
Shenggong (Shanghai, China; Table 1). Following 5min of
initial activation at 95°C, PCR was carried out for 40 cycles
at 95°C for 10 s and 60°C for 30 s. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was measured simulta-
neously and used as the housekeeping gene. The threshold
cycle (Ct) values were measured as previously described,
and the comparative gene expression was calculated using
the 2-ΔΔCt method.

2.4. ELISA. RAGE, TGF-β1, MMP2, and MMP9 concentra-
tions in the rat sera and BALF were determined using a rat
RAGE ELISA kit (EK0971 from Boster Biological Technol-
ogy, China), a rat TGF-β1 ELISA kit (MB100B, R&D Sys-
tems), a rat MMP2 ELISA kit (MMP200, R&D Systems),
and a rat MMP9 ELISA kit (CSB-E08008r Cusabio, Wuhan,
China), respectively, following the manufacturer’s protocols.

2.5. Lung W/D Ratio Analysis. The ARDS rats were eutha-
nized after 24 h, and the right middle lobe was dissected
and weighed. Subsequently, the tissues were dried in an oven
at 60°C for 72h and reweighed. The corresponding W/D
weight ratios were then calculated.

2.6. Neutrophil Number. The total cell number and neutro-
phils in the BALF were counted using a hemocytometer
and light microscopy, and the ratio of neutrophils to total
cells was calculated.

2.7. Western Blot Analysis. The protein concentration of lung
homogenate was measured using bovine serum albumin
(BSA) as the standard. Equivalent amounts of total protein
(50mg) were separated on 10–12% SDS-PAGE gels subjected
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to electrophoresis and were electrophoretically transferred
onto nitrocellulose membranes. These were blocked with
5% milk for 30–60min and incubated with primary antibod-
ies against RAGE (1 : 500 dilution, Sc365154, Santa Cruz Bio-
technology), TGF-β1 (1 : 1000 dilution, 3711, Cell Signaling
Technology), MMP2 (1 : 1000 dilution, GTX104577, Gene
Tex), MMP9 (1 : 1000 dilution, 13667, Cell Signaling Tech-
nology), Smad3 (1 : 1000 dilution, 9523, Cell Signaling Tech-
nology), phospho-Smad3 (1 : 1000 dilution, 9520, Cell
Signaling Technology), and GAPDH (1 : 20000 dilution,
10494-1-AP, Proteintech Group) at 4°C overnight. Following
primary antibody incubation, membranes were incubated
with goat anti-rabbit/rat IgG (1 : 5000 dilution, 9936, Cell Sig-
naling Technology) linked to horseradish peroxidase at room
temperature for 60min. The proteins recognized by the anti-
body complexes were then visualized using enhanced chemi-
luminescence (Solarbio, Beijing, China). The optical density
of each marker band was analyzed using ImageJ version
1.48 software.

2.8. Immunohistochemistry. 4μm thickness paraffin sections
were pasted onto slides for conventional dewaxing treatment.
The sections were microwaved in a citrate buffer for 15min
(pH6.0), and endogenous peroxidase was blocked by hydro-
gen peroxide and goat serum. The slices were then incubated
with polyclonal RAGE (1 : 200, Sc365154, Santa Cruz Bio-
technology, United Kingdom), TGF-β1 (1 : 100, BS6152, Bio-
word Technology, Inc., China), MMP2 (1 : 200, GTX104577,
GeneTex, North, America), and MMP9 (1 : 50, BM4089,
Boster Biological Technology, China) antibodies overnight
at 4°C. The equivalent concentrations of polyclonal nonim-
mune IgG were used as controls. Then, sections were incu-
bated with secondary HRP-En Vision IgG antibody at
room temperature for 20min and followed by incubation
with a streptavidin solution. Color development was carried
out using 3,3-diaminobenzidine tetrahydrochloride.

2.9. HE Staining and Lung Injury Score. The lung tissues were
immersed in 4% paraformaldehyde for 24h and transferred
to ethanol, dehydrated through a serial alcohol gradient,
and embedded in paraffin wax blocks. 4μm thickness lung
tissue sections were dewaxed in xylene, which then under-
went HE staining. Lung injury was scored according to the
following five categories, which were assessed using a rating
of 0–2 for each of the following standards: (a) neutrophils
in the alveolar space, (b) neutrophils in the interstitial space,
(c) hyaline membranes, (d) protein fragments filled with air
spaces, and (e) thickening of the alveolar septum. The total

damage score was calculated by the following equation:
score = ð20 × a + 14 × b + 7 × c + 7 × d + 2 × eÞ/ðnumber of
fields × 100Þ [31].

2.10. Statistical Analysis. The data are expressed as the
means ± standard deviations (SD). The statistical analysis
was conducted using SPSS 19.0 software and GraphPad
Prism 5.0 (San Diego, California, USA). The comparisons
between two groups were analyzed using Student’s t-test.
The differences among multiple groups were analyzed using
ANOVA. In all cases, P < 0:05 was considered to be statisti-
cally significant.

3. Results

3.1. LPS-Induced RAGE, TGF-β1, MMP2, and MMP9 Genes
Were Suppressed by SIS3 in the ARDS Rat Model. The expres-
sion of RAGE, TGF-β1, MMP2, and MMP9 mRNA in lung
tissues was analyzed using RT-qPCR in the ARDS rat model.
Accordingly, RAGE, TGF-β1, MMP2, and MMP9 mRNA
expression was found to be increased in lung homogenates
after LPS induction. Meanwhile, the expression of RAGE,
TGF-β1, MMP2, and MMP9 mRNA in lung homogenates
was observed to be suppressed by SIS3 (P < 0:05 in all cases;
Figures 1(a)–1(d)).

3.2. SIS3 Inhibited LPS-Induced RAGE, TGF-β1, MMP2, and
MMP9 Protein Expression in ARDS Rats. Immunohisto-
chemical staining of lung tissue sections showed that RAGE,
TGF-β1, MMP2, and MMP9 were primarily expressed in the
cytoplasm of alveolar epithelial cells in normal lung tissues of
rats. RAGE, TGF-β1, MMP2, and MMP9 expression in the
ARDS group was observed to be significantly higher than
those in the control group. Notably, treatment with SIS3
decreased RAGE, TGF-β1, MMP2, and MMP9 expression.
However, PBS did not affect RAGE, TGF-β1, MMP2, and
MMP9 expression in the ARDS + PBS group of rats
(Figure 2).

3.3. SIS3 Relieved Acute Lung Inflammation and Injury in the
ARDS Rat Model.HE staining of pathological rat lung tissues
demonstrated the presence of clear lung structures, with little
or no alveolar and alveolar interstitial inflammatory cell infil-
tration, no edema, and no erythrocytes or other exudates in
the control group. In the ARDS group, lesions were identified
to be extensive and primarily manifested as lung edema,
hemorrhage, infiltration of neutrophils, alveolar damage,
pulmonary interstitial thickening, narrowing of the alveolar

Table 1: The rat primer sequences used in this study.

Gene GenBank number Sense primer (5′-3′) Antisense primer (5′-3′)
RAGE G170807E03 ACCTTCAGGCTCAACCAAC GGGACTCTTCACGCTTCG

TGF-β1 59086 ACCAAGGAGACGGAATACAGG AGGTGTTGAGCCCTTTCCAG

MMP2 G170807E05 ACCACGGATCTGAGCAAT TACTGGACCCACGCCTAC

MMP9 G170807E09 TTGGCTTCCTCCGTGATT CCCTACTGCTGGTCCTTC

β-Actin G170807E01 GAGAGGGAAATCGTGCGT GGAGGAAGAGGATGCGC
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cavity, and an increasing lung injury score. The pathological
changes in the ARDS + SIS3 group were evident by slight
edema with a small amount of spotting and sheet
hemorrhaging. Lung injury and inflammation (usually char-
acterized by leukocyte infiltration) in the rats were alleviated
by the inhibitor of SIS3 (Figure 3(a)). Moreover, the lung
injury scores decreased from 0:77 ± 0:01 to 0:54 ± 0:01
(Figure 3(b)), whereas pretreatment with PBS had no effect
in ARDS rats.

Rats administered with LPS exhibited an altered alveolar
capillary barrier with increased lung W/D weight ratios
(Figure 4(a)), upregulated inflammatory responses with an
increased number of cells (Figure 4(b)), increased number
of neutrophils (Figure 4(c)), and increased neutrophil ratios
(Figure 4(d)) in the BALF. As illustrated in Figure 4(a), the
W/D ratio of the ARDS group was observed to be 33:7 ±
4:7% which was higher than that of the control group, indi-
cating the presence of pulmonary edema (P < 0:05, n = 10).
However, the W/D ratio in the ARDS + SIS3 group was
18:3 ± 2:15%, which was lower than that in the ARDS group,
indicating that SIS3 attenuated the degree of pulmonary
edema induced by LPS (P < 0:05 in all cases).

The total number of cells in the BALF was markedly
higher in the ARDS group than the control group (control
group: 3:31 ± 0:2 × 105/mL, ARDS group: 16:54 ± 0:33 × 10
5/mL; P < 0:05 in all cases). Additionally, the total number
of cells in the BALF decreased by 31:2 ± 1:7% in the ARDS

+SIS3 group when compared to the ARDS group. The num-
ber of neutrophils was observed to be higher in the ARDS
group than in the control group (control group: 0:93 ± 0:07
× 105/mL, ARDS group: 13:55 ± 0:29 × 105/mL; P < 0:05).
The number of neutrophils also decreased by 50:7 ± 2:35%
in the ARDS + SIS3 group when compared to the ARDS
group (P < 0:05 in all cases). The changes in the neutrophil
ratios were found to be consistent with changes in the total
number of cells as well as the number of neutrophils.

3.4. The Effect of SIS3 on the ECM Expression due to LPS-
Induced ARDS Rats. SIS3 pretreatment reduced inflamma-
tion in the ARDS rat model. Western blot analysis of homog-
enized rat lung tissue showed that, compared to those of the
control group, the protein levels of RAGE (Figure 5(a)),
TGF-β1 (Figure 5(b)), MMP2 (Figure 5(c)), and MMP9
(Figure 5(d)) in the lung tissues of the ARDS group increased
by 1:54 ± 0:05, 2:87 ± 0:07, 2:44 ± 0:12, and 6:38 ± 1:27
times, respectively, while those of the ARDS + SIS3 group
decreased by 19:34 ± 1:74, 63:10 ± 1:89, 57:90 ± 4:97, and
81:78 ± 2:09% compared to that of the ARDS group, respec-
tively (P < 0:05 in all cases). The levels of RAGE, TGF-β1,
MMP2, and MMP9 in the ARDS+SIS3 group were 19:34 ±
1:74, 63:10 ± 1:89, 57:90 ± 4:97, and 81:78 ± 4:97% lower
than those in the ARDS group, respectively.

Immunohistochemistry measurements of the lung sec-
tions showed markedly increased leukocyte infiltration in

★ ★

#

CTL ARDS
ARDS

PBS SIS3

0.5

0.0

1.0
RA

G
E 

m
RN

A
 le

ve
ls

1.5

2.0

(a)

#

★ ★

CTL ARDS
ARDS

PBS SIS3

0.5

0.0

1.0

TG
F-
𝛽

1 
m

RN
A

 le
ve

ls

1.5

2.0

(b)

#

★ ★

CTL ARDS
ARDS

PBS SIS3

0.5

0.0

1.0

M
M

P2
 m

RN
A

 le
ve

ls

1.5

2.0

(c)

★ ★

CTL ARDS
ARDS

PBS SIS3

10

0

20

M
M

P9
 m

RN
A

 le
ve

ls

30

40

#

(d)

Figure 1: SIS3 inhibits mRNA expression of RAGE, TGF-β1, MMP2, and MMP9 in lung homogenates of ARDS rats. The mRNA levels of
RAGE, TGF-β1, MMP2, and MMP9 were determined using real-time PCR and were standardized to β-actin. The results suggested that SIS3
inhibited the increase of (a) RAGE, (b) TGF-β1, (c) MMP2, and (d) MMP9 in LPS-induced lung homogenates of ARDS rats, while no effect
was seen upon pretreatment with PBS. The data are presented as the means ± SD (n = 10). ★P < 0:05 vs. CTL; #P < 0:05 vs. ARDS.

5Journal of Immunology Research



the ARDS group, and considering that ARDS is an acute
inflammatory disease, most of these should be neutrophils
[32] (Figures 2 and 3). Neutrophils play an important role
in host defense against infection through the secretion of var-
ious factors such as proteinases and neutrophil extracellular
traps. However, these factors can also be toxic which will
therefore result in tissue damage [33]. After treatment with
SIS3, the infiltrated leukocytes were markedly decreased
(Figures 2 and 3).

In addition, ELISA demonstrated that the serum and
BALF levels of RAGE, TGF-β1, MMP2, and MMP9 in the
ARDS group were 8:02 ± 1:7, 4:16 ± 0:49, 2:87 ± 0:29, and
2:13 ± 0:12 times (for sera) and 10:70 ± 1:36, 5:38 ± 0:87,
2:93 ± 0:24, and 2:76 ± 0:24 times (for BALF) higher than
those in the control group (P < 0:05 in all cases). The levels
of RAGE, TGF-β1, MMP2, and MMP9 in the ARDS + SIS3
group were 68 ± 4:98, 55:20 ± 4:71, 49:20 ± 3:90, and 28:40
± 4:48% (for sera) and 64:30 ± 4:37, 58:80 ± 3:04, 42:70 ±
3:49, and 47:40 ± 6:38% (for BALF), which were lower than
those in the ARDS group (P < 0:05 in all cases,
Figures 6(a)–6(d)). The protein levels of RAGE, TGF-β1,
MMP2, and MMP9 in rats pretreated with PBS were not sig-
nificantly different from those seen in the ARDS group. In
summary, SIS3 inhibited the RAGE, TGF-β1, MMP2, and
MMP9 protein expression levels in both the serum and BALF
of ARDS rats.

3.5. SIS3 Inhibited the Activation of Phospho-Smad3 in the
ARDS Rat Model. Western blot analysis showed that LPS
activated Smad3 signaling by increasing Smad3 phosphoryla-
tion, while SIS3 pretreatment blocked LPS-induced phospho-
Smad3 (P < 0:05 in all case; Figure 7).

3.6. SIS3 Alleviated Abnormal Collagen Expression and
Distribution. With Masson’s trichrome staining, the fibrosis
in different groups was compared and analyzed
(Figure 3(a)). It was seen that pathological fibrosis was usu-
ally driven by the ECM. In this experiment, collagen fibers
were shown in blue. In the ARDS group, markedly, more blue
stain was seen in the lung interstitium which means there was
an upregulated expression of collagen when compared with
the CTL group. After treatment with SIS3, the abnormal
collagen distribution was significantly alleviated, but this
was not seen in the ARDS group treated with PBS.

4. Discussion

Acute lung injury (ALI) and ARDS are two types of pulmo-
nary complications that are caused by various conditions,
such as sepsis, trauma, and pulmonary inflammation. A key
step in its development is an uncontrolled inflammatory
response. In this regard, LPS has been shown to trigger the
inflammatory response in a dose-dependent and cell-
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Figure 2: SIS3 pretreatment decreases the protein expression and localization of RAGE, TGF-β1, MMP2, and MMP9 in ARDS rats.
Immunohistochemical staining of lung tissue sections showed that RAGE, TGF-β1, MMP2, and MMP9 were expressed in the bronchial
smooth muscle, airways, and alveolar epithelial cells of rats. The expression levels of RAGE, TGF-β1, MMP2, and MMP9 in the ECM of
ARDS rats induced by LPS were significantly higher than those of the control group. RAGE, TGF-β1, MMP2, and MMP9 were reduced
by pretreatment with SIS3, and no effect was found upon pretreatment with PBS. The micrographs were magnified at 400x. The red
triangles indicate infiltrated leukocytes.
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specific manner. Sepsis is the most important cause of ARDS
[34]. LPS is a major component of gram-negative bacteria
and has been used to induce ALI/ARDS and other inflamma-
tory diseases in several in vivo experiments. Moreover, LPS
has been successfully used in establishing an ARDS rat model
[35]. Therefore, in this study, an LPS-induced ARDS rat
model was established in our laboratory, and the remodeling
role of the ECM gene, SIS3, in LPS-induced ARDS rats was
analyzed. Accordingly, SIS3 treatment was found to regulate
the secretion of cytokines as well as the degradation of colla-
gen synthesis in remodeling and repairing the ECM, which
reversed LPS-induced lung injury, improved pulmonary
edema, improved histopathological features, reversed the
protein and RNA expression of several ECM genes, downreg-
ulated the phosphorylation of Smad3, and repressed LPS-
induced acute lung inflammation.

The ECM plays an important role in lung growth, devel-
opment, lung tissue damage, and repair as well as being
involved in the development of some lung diseases, signifi-
cantly affecting the prognosis of ARDS. Li et al. [36] suggested

that the inhibition of RAGE or NF-κB could alleviate LPS-
induced lung injury in neonatal rats. Additionally, accumulat-
ing data have suggested a crucial role of RAGE in the patho-
genesis of ALI and ARDS, indicating that this receptor is
potentially an important therapeutic participant in ALI/ARDS
[10]. In an environment of advanced glycated end-products,
the ECM is regulated by the RAGE-dependent pathway,
which increases the expression of RAGE as well as MMP2
andMMP9 [37]. Both of these gelatinases degrade type IV col-
lagen and are primary constituents of basement membranes
and play an important role in lung pathology [38]. The action
of gelatinase is essential for basement membrane remodeling,
which is observed in various pulmonary inflammatory dis-
eases such as ARDS. MMP primarily affects the biological
activities of these mediators by degrading the ECM and partic-
ipating in the lysis of inflammatory cytokines and chemokines
secreted into the ECM, which ultimately influence cell behav-
ior and aggravate lung injury [17, 18].

Torii et al. demonstrated a significantly higher concentra-
tion of MMP2 and MMP9 in the BALF of ARDS patients
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Figure 3: The inflammatory response was reduced by SIS3 pretreatment in LPS-induced acute lung injury. (a) Histological staining was
performed to compare lung injury among the different groups. Both HE staining (upper panel) and Masson’s trichrome staining (lower
panel) show drastic leukocyte infiltration in the lung interstitium in the ARDS group, and the leukocyte infiltration was markedly
alleviated after treatment of SIS3. Masson’s trichrome staining reveals abnormal fibrosis and collagen distribution which was stained as
blue, in the ARDS group, and significantly less blue stain is seen in the ARDS group treated with SIS3. The red triangles indicate the
infiltrated sites. The photomicrographs were magnified to 400x. (b) HE staining was used to score lung injury. In the ARDS group, the
lung injury was 0:77 ± 0:01, and after treatment with SIS3, the score decreased to 0:54 ± 0:01 (★P < 0:05 vs. CTL; #P < 0:05 vs. ARDS).
Data are presented as the means ± SD (n = 10).
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compared to healthy subjects [39]. The levels of these MMPs
were found to be elevated in BALF of ALI patients [40]. LPS
stimulation was shown to immediately activate MMP2 and
MMP9 production in BALF among ALI rats [41]. In this study,
LPS was found to increase RAGE, TGF-β1, MMP2, and
MMP9 mRNA and protein expression in LPS-induced ARDS
rats. These results were in accord with those of previous studies,
which primarily implicated MMPs in the pathogenesis of
ARDS in promoting lung inflammation and/or injury to the
alveolar capillary barrier in animal models of ALI [42]. The
present data suggest that RAGE, TGF-β1, MMP2, and
MMP9 may all participate in airway remodeling associated
with inflammatory processes of the lung. During onset of ALI
and ARDS, lung edema appears as a consequence of microvas-
cular leakage associated with endothelial injury [43, 44].

Smad3 is considered the final integration factor of vari-
ous fibrogenic signals and can regulate the expression of
ECM-involved genes directly. Moreover, SIS3 is a small mol-
ecule which is a specific inhibitor of Smad3 and acts by inhi-
biting its phosphorylation. In this study, the lungs of the LPS-
induced ARDS rats showed markedly increased levels of
phosphorylated Smad3 when compared to the control group,
and the signaling ligand, TGF-β1, also exhibited increased
levels of expression. However, levels of phosphorylated
Smad3 and TGF-β1 were both found to be suppressed in
the SIS3-treated lungs of LPS-induced ARDS rats. These

findings suggest that blocking Smad3 phosphorylation by
SIS3 may have a therapeutic potential for ARDS, although
further studies are required to confirm these findings.

TGF-β signaling is necessary in many fibrogenic events,
including fibroblast activation and eventual ECM deposition
[45–47]. SIS3 is a useful tool to evaluate TGF-β-regulated cel-
lular mechanisms via selective inhibition of Smad3 [27]. The
corresponding results suggest that SIS3 significantly inhib-
ited LPS-induced ALI and significantly improved the lung
histopathological features of LPS-induced ARDS in rats as
well as reducing the expression levels of RAGE, TGF-β,
MMP2, and MMP9. Recent studies have indicated that SIS3
treatment delays the early development of diabetic nephrop-
athy in type I diabetic mouse models by inhibiting epithelial-
mesenchymal transition and fibrosis [48].

SIS3 has also been shown to attenuate BLM-induced PF
in mice [28]. SIS3 has been shown to protect unilateral ure-
teral obstruction of the kidneys against fibrosis, apoptosis,
and inflammation injury through the inhibition of TGF-
β/Smad3 signaling [49]. Through Smad-dependent signal
transduction [50], TGF upregulates MMP2 and changes the
matrix components to promote epithelial repair [51].
Another study carried out an immunohistochemical analysis
and demonstrated that MMP2 and MMP9 expression was
evident in alveolar macrophages and interstitial neutrophils
[52]. The present study demonstrated through in vivo
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Figure 4: SIS3 pretreatment alleviates lung injury and focal inflammation in LPS-induced ARDS. (a) BALF was collected 24 h after
intratracheal instillation of LPS. The alternation of the alveolar capillary barrier was weakened by SIS3 pretreatment in ARDS rats, which
was seen in an increase of the lung W/D ratio. (b–d) The total cells, neutrophils, and neutrophil ratio in the BALF were higher in the
ARDS group than in the control group. The values were also lower in the ARDS + SIS3 group when compared to the ARDS group,
respectively. The data are presented as the means ± SD (n = 10). ★P < 0:05 vs. CTL; #P < 0:05 vs. ARDS.

8 Journal of Immunology Research



experiments that LPS increased RAGE, TGF-β1, MMP2, and
MMP9 expression in the ECM and caused rat lung injury.
Furthermore, this study illustrated that SIS3 inhibited these
effects and reduced lung injury in ARDS rats. Immunohisto-
chemical staining indicated that pretreatment of ARDS rats
with SIS3 reduced lung injury caused by LPS, which was con-
sistent with a previous study showing that SIS3 attenuated
BLM-induced PF in mice [28]. Moreover, pharmacological
inhibition of Smad3 or phospho-Smad3 has been shown to
reduce BLM-induced PF in rats [53, 54]. The findings of this
study indicated that blocking of Smad3 by the chemical
inhibitor, SIS3, had a tendency to repair the ECM.

Intratracheal instillation of LPS induces acute lung
inflammation with infiltration of inflammatory cells, which
synthesize and secrete a wide variety of cytokines, chemo-
kines, reactive oxygen species, and proteases, leading to aber-
rant fibroproliferation and matrix synthesis in mice. In this
study, the intratracheal injection of LPS resulted in lung
injury characterized by a significant increase in the lung W/
D ratio and BALF total protein concentration, an upregulated
inflammatory response with an increased number of total
cells, an increased number of neutrophils, and an increased
neutrophil ratio in the BALF. In addition, pretreatment with
SIS3 significantly decreased the lungW/D ratio as an index of
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Figure 5: SIS3 inhibited the protein expression of RAGE, TGF-β1, MMP2, and MMP9 proteins in lung homogenates acquired from ARDS
rats. The expression levels of RAGE, TGF-β1, MMP2, andMMP9 proteins in lung tissue homogenates, sera, and BALF of ARDS rats and were
determined using western blotting analysis at 24 h after LPS intervention. The results of western blotting showed that SIS3 inhibited LPS-
induced (a) RAGE, (b) TGF-β1, (c) MMP2, and (d) and MMP9 protein expression in the lung homogenates. The data are presented as
the means ± SD (n = 10). ★P < 0:05 vs. CTL; #P < 0:05 vs. ARDS.
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interstitial edema, number of total cells, neutrophils, and the
neutrophil ratio in the BALF in LPS-induced rats. These find-
ings were consistent with a previous study that demonstrated
that the number of lymphocytes, macrophages, and neutro-

phils in the BALF was significantly decreased after adminis-
tration of SIS3 to BLM-treated mice [28]. Overall, the
present study showed that the inhibitory effect of SIS3 on
LPS-induced ARDS in the rat model may be due to its
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Figure 6: SIS3 pretreatment prevented the reduction of the expression of RAGE, TGF-β1, MMP2, and MMP9 in LPS-induced ARDS. The
effects of SIS3 on the protein expression levels of (a) RAGE, (b) TGF-β1, (c) MMP2, and (d) MMP9 in the BALF and sera of the ARDS
rats were determined using ELISA. The results demonstrated that the levels of RAGE, TGF-β1, MMP2, and MMP9 proteins were
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group were lower than those in the ARDS group. The protein levels of RAGE, TGF-β1, MMP2, and MMP9 in LPS-administered
pretreatment with PBS were not different from those of the ARDS group. The data are presented as the means ± SD of three independent
experiments in triplicate (n = 10). ★P < 0:05 vs. CTL; #P < 0:05 vs. ARDS.
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inhibition of acute pulmonary inflammatory cell infiltration,
regulation of cytokines, and reduction of related collagen
synthesis.

5. Conclusions

The inhibitory effect of SIS3 on LPS-induced ALI in ARDS
rats may be related to the inhibition of inflammatory cell
infiltration, regulation of cytokine secretion, and degradation
of collagen synthesis, thereby remodeling and repairing the
ECM by TGF-β/Smad3. This may be a potential area for
exploring a novel therapeutic strategy to combat ARDS.
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The sirtuins (SIRTs), including seven family members, belong to class III histone deacetylase (HDAC) enzymes, which have been
intensively investigated in cancers. Although the function of SIRTs in the cancer immunology is explored, SIRT-specific
mechanisms regulating necroptosis-related innate immune response are not clear. In our present study, we found that both the
mRNA and protein expression levels of SIRT3 and SIRT6 are significantly increased in the PCa tissues (HR, CI P = 3:30E − 03;
HR, CI P = 2:35E − 08; and HR, CI P = 9:20E − 08) and were associated with patients’ Gleason score and nodal metastasis.
Furthermore, multivariate analysis showed that the PCa patients with higher expression levels of SIRT3 and SIRT6 had shorter
overall survival (OS). Mechanistically, we found that SIRT3 and SIRT6 promote prostate cancer progress by inhibiting RIPK3-
mediated necroptosis and innate immune response. Knockdown of both SIRT3 and SIRT6 not only activates TNF-induced
necroptosis but also refreshes the corresponding recruitment of macrophages and neutrophils. Overall, our study identified that
SIRT3 and SIRT6 are key regulators of necroptosis during prostate cancer progression.

1. Introduction

Prostate cancer (PCa) is the fifth leading cause of cancer-
associated death worldwide. In 2018, over 1.3 million new
cases and 359,000 deaths were reported [1], suggesting that
it is urgent to identify novel diagnostic and prognostic
biomarkers for PCa’s better treatment. As a heterogeneous
tumor, PCa undergoes epigenetic alterations, such as histone
acetylation, to provide driving forces for its reprograming [2,
3]. Histone acetyltransferases (HAT) and deacetylases
(HDACs) are central enzymes to alter protein acetylation [4].

The sirtuin (SIRT) family, consisting of seven members
(SIRT1-7), is highly conserved NAD+-dependent class III
histone deacetylases (HDACs) [5, 6]. Although the SIRT
family shares a conserved catalytic core domain, they are
functionally distinct due to their divergent enzymatic activity
and cellular localization. Studies have found that the SIRT
family members act as critical modulators in cellular metab-
olism [7], DNA repair [8], gene expression [9], mitochon-
drial biology in cancer [10], metabolic diseases [11],
neurodegeneration [12], aging [13], etc. In addition, evidence
suggests that the SIRTs have dual function in the cancer

development [12]. Until now, the SIRT modulators such as
nicotinamide, suramin, EX-527, sirtinol, and salermide have
emerged as innovative anticancer strategies [14, 15]. These
SIRT modulators have shown promising therapeutic effec-
tiveness in lymphoma [16], glioma [17], melanoma [18],
gastric cancer [19], and chronic myeloid leukemia [20].
Therefore, it is needed to further understand the clinical
values of SIRTs in PCa. In fact, the clinical significance of
SIRTs in PCa was found several years ago. A study has dem-
onstrated that SIRT6 was overexpressed in the PCa tissues
compared with normal tissues, and its inhibition led to apo-
ptosis and enhanced sensitivity of chemotherapeutical drugs
[21]. In addition, SIRT7 was increased and could serve as a
predicative biomarker for PCa aggressiveness and chemore-
sistance [22].

Necroptosis is an inflammatory cell death, which is medi-
ated by receptor-interacting serine/threonine-protein kinase
1 (RIPK1), RIPK3, and downstream initiator pseudokinase
mixed lineage kinase domain-like protein (MLKL). Upon
stimulation by TNFa, RIPK1 was recruited to the cytoplasmic
membrane and formed a complex with several death-domain
containing proteins, such as TRADD, TRAF2/5, and RIPK3.
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RIPK1 subsequently activates RIPK3, which is required for
their substrate MLKL phosphorylation [23]. The phosphory-
lated MLKL then traffics to the membrane and enables mem-
brane rupture and the release of cellular contents including
damage-associated molecular patterns (DAMPs), thus lead-
ing to the induction of inflammation [24]. Within the whole
process, the kinase activities of RIPK1 and RIPK3 are critical
for activating necroptosis. Plenty of studies suggest that
necroptosis is closely linked with autoimmune, inflamma-
tory, neurodegenerative disease [25]. Several inhibitors of
RIPK1 have been applied in clinical trials. One recent study
identified a RIP1-HAT1-SIRT complex and demonstrated
that targeting them is a promising strategy in the treatment
and prevention of cancer [26] .

However, it is still unclear how SIRT3 and SIRT6 regulate
RIPK1/RIPK3-mediated necroptosis and in turn maintain
prostate cancer progress. In the present study, we analyzed
the expression levels and genetic alterations of SIRTs in the
PCa patients and tried to reveal the clinical significance of
SIRTs in PCa progression using online databases. Our data
showed that the expressions of both SIRT3 and SIRT6 are
dramatically increased, which is closely linked with the over-
all survival of prostate cancer patients. With regard to the
biology function of SIRT3/6, we found that SIRT3 and SIRT6
strongly control the necroptosis signaling pathway and in
turn suppress the recruitment of innate immune cell macro-
phages and neutrophils.

2. Results

2.1. The Expression Level of SIRT3 and SIRT6 Is Upregulated
in the PCa Patients. To explore the clinical significance of the
SIRT family, we analyzed the mRNA and protein levels in the
UALCAN (http://ualcan.path.uab.edu) and Human Protein
Atlas websites (https://www.proteinatlas.org). As shown in
Figure 1(a), higher mRNA levels of SIRT3, SIRT6, and SIRT7
were observed in the PCa samples compared with those of
the normal tissues (HR, CI P = 3:30E − 03; HR, CI P = 2:35
E − 08; and HR, CI P = 9:20E − 08). However, other SIRT
members indiscriminately expressed between normal and
PCa tissues. The protein expressions of individual SIRT
members were also examined. As indicated in Supplemen-
tary Figure 1A and 1C, the protein levels of SIRT6 and
SIRT7 were obviously higher in the PCa tissues, whereas, in
the normal prostate tissues, the SIRT6 and SIRT7 were
rarely expressed.

Next, we analyzed the relationship between the mRNA
expression levels of SIRT members and the clinicopathologi-
cal parameters of the PCa patients in UALCAN (including
patients’ Gleason score and nodal metastasis status). Com-
pared with the normal prostate tissues, the mRNA expression
levels of SIRT3, SIRT6, and SIRT7 were significantly associ-
ated with the Gleason score, that is, patients with higher
Gleason scores tended to have higher expression of SIRT3,
SIRT6, and SIRT7. However, other SIRT family members
did not show a consistent trend (Figure 1(b)). Importantly,
patients with the nodal metastasis also tended to have higher
expression levels of SIRT3, SIRT6, and SIRT7 (Figure 2(a)),

suggesting that these they may be involved in the regulation
of PCa metastasis.

2.2. The Higher Expression of SIRT3 and SIRT6 in PCa
Patients Is Linked to Unfavorable Outcome. The patients
from the TCGA dataset (PCa multiforme, n = 499) in Sur-
vExpress (http://bioinformatica.mty.itesm.mx:8080/Biomatec/
SurvivaX.jsp) were divided into low-risk and high-risk groups
using the median expression level of individual SIRT as a
cutoff (Figure 2(b)). Our results showed that the high-risk
PCa patients with high expression levels had poorer OS
compared with the low-risk group (Figure 2(b), HR = 7:58,
95% CI: 82.17, and P = 0:026).

Then, we downloaded the clinical data (Supplementary
Table 1) and mRNA expression levels of SIRTs from the
FireBrowse website (http://firebrowse.org/api-docs/) for
Cox survival regression analysis. In the univariate analysis,
we found that age (HR = 1:039, 95% CI: 1.006-1.074, and
P = 0:020), Gleason score (HR = 1:629, 95% CI: 1.329-
1.997, and P < 0:001), stage (HR = 1:693, 95% CI: 1.051-
2.726, and P = 0:030), SIRT3 (HR = 0:999, 95% CI: 0.998-
1.000, and P = 0:014), and SIRT6 (HR = 0:999, 95% CI:
0.997-1.000, and P = 0:037) were all independent risk
factors for OS of PCa patients (Supplementary Table 2).
The multivariate analysis exhibited that PCa patients with
higher mRNA levels of SIRT3 (HR = 0:998, 95% CI: 0.997-
0.999, and P = 0:003) and SIRT6 (HR = 0:998, 95% CI:
0.997-0.999 P = 0:007) tended to have poorer OS
(Supplementary Tables 3-9).

In addition, the results also confirmed that the SIRT6 and
SIRT7 protein levels were associated with the OS of PCa
patients (P = 0:044 and P = 0:017, respectively, Supplemen-
tary Figure 1B and 1D). However, other SIRT members
showed no correlation with the survival (data not shown).

Genetic mutation in the SIRT gene may serve as a prog-
nostic biomarker for PCa patients. We analyzed the genetic
alterations and their associations with OS in cBioPortal
(http://www.cbioportal.org). Data displayed that the pre-
dominant alteration in SIRT genes was gene amplification.
And in the 3801 sequenced PCa patients, genetic alterations
were observed in 183 PCa patients, and the mutation rate
was 11% (Figure 2(c)). Of note, the frequency of each alter-
ation in the SIRT gene from 16 PCa studies is shown in
Figure 2(d). Furthermore, results from the Kaplan-Meier plot
and log-rank test revealed that the PCa patients with genetic
alterations in SIRTs tended to have shorter OS (Figure 2(d),
P < 0:001), indicating that SIRT gene mutations indeed could
affect the PCa progression.

2.3. Both SIRT3 and SIRT6 Control RIPK3-Induced
Necroptosis. Necroptosis is a kind of programmed inflam-
matory cell death. The dysregulated necroptosis signaling
pathway is linked to various cancer progressions. A recent
study showed that pan-SIRT inhibitor, MC2494, can effi-
ciently prevent the early steps of carcinogenesis via promot-
ing RIPK1 acetylation [26]. In order to determine whether
SIRT3 and SIRT6 regulate TNF-induced necroptosis, we
stably knock down either SIRT3 or SIRT6 genes that fused
with a GFP cDNA controlled by an inducible promoter in
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prostate cell lines, LNCaP, PC3, and DU145. The cell death
was analyzed by tracking a cytotoxic red signal using a live
image system. As shown in Figures 3(a) and 3(b) and S2A-

C, in comparing with shRNA control, loss of SIRT3 and
SIRT6 dramatically increases TNF-induced cell death,
which is manifested by an enhanced red signal. To validate
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Figure 1: The higher expression of SIRT3 and SIRT6 in the PCa patients. (a) mRNA expression levels of SIRT3/6/7 were found to be
overexpressed in primary PCa tissues compared to normal prostate samples. ∗∗P < 0:01 and ∗∗∗P < 0:001. (b) Compared to the normal
prostate tissues, the mRNA expression levels of SIRT3/6/7 in PCa samples were significantly correlated with the Gleason score;
SIRT1/2/4/5 did not show consistent trend. ∗P < 0:01, ∗∗P < 0:01, and ∗∗∗P < 0:001.

3Journal of Immunology Research



30

Expression of SIRT1 in PRAD based on nodal metastasis
status

25

20

15

Tr
an

sc
rip

t p
er

 m
ill

io
n

10

5

0
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

5

Expression of SIRT4 in PRAD based on nodal
metastasis status

4

3

Tr
an

sc
rip

t p
er

 m
ill

io
n

2

1

0
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

15

Expression of SIRT5 in PRAD based on nodal
metastasis status

12.5

10

Tr
an

sc
rip

t p
er

 m
ill

io
n

7.5

5

2.5
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

90

Expression of SIRT2 in PRAD based on nodal metastasis
status

Tr
an

sc
rip

t p
er

 m
ill

io
n

20
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

80

70

60

50

40

30

90

Expression of SIRT3 in PRAD based on nodal metastasis
status

Tr
an

sc
rip

t p
er

 m
ill

io
n

20
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

80

70

60

50

40

30

★

★

★★

35

Expression of SIRT6 in PRAD based on nodal
metastasis status

30
25

Tr
an

sc
rip

t p
er

 m
ill

io
n

20
15
10

5
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

★★★

★★★ 30

Expression of SIRT7 in PRAD based on nodal
metastasis status

25

Tr
an

sc
rip

t p
er

 m
ill

io
n

20

15

10

5
Normal
(n = 52)

TCGA samples

N0
(n = 345)

N1
(n = 79)

★★★

★★★

(a)

P
 =

 5
.1

0e
–0

2
SI

RT
1

SI
RT

2

SI
RT

3

SI
RT

4

SI
RT

5

SI
RT

6

SI
RT

7

P
 =

 3
.8

8e
–0

2

P
 =

 1
.5

1e
–0

4

P
 =

 2
.2

7e
–0

8

P
 =

 8
.0

7e
–0

1

P
 =

 3
.7

4e
–0

8

P
 =

 1
.7

4e
–1

8

3

2

G
en

e e
xp

re
ss

io
n 

le
ve

l

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y

Gene expression by risk group

1.0

1

2-low risk
2-high risk

0.8 P = 0.02574

0.6

0.4

0.2

0.0

0 1000 2000
Time (days)

3000 4000 5000

249, +:248, CI=NA
248, +:239, CI=79.8

P = 0.02574

(b)

Figure 2: Continued.
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whether shSIRT3 and shSIRT6 induce RIPK3-mediated
necroptosis, we treated cells with RIPK3 inhibitor GSK′
872. As shown in Figure 3(d), RIPK3 inhibition via GSK′
872 completely rescues shSIRT3- and shSIRT6-induced cell

death. Correspondingly, loss of SIRT3 and SIRT6 dramati-
cally activates RIPK3 phosphorylation and their down-
stream effector MLKL phosphorylation (Figure 3(c)).
However, there is no alteration in the expression of RIPK1
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Figure 2: The higher expression of SIRT3 and SIRT6 in PCa patients is linked to unfavorable outcome. (a) The mRNA expression levels of
SIRT3/5/6/7 were correlated with the nodal metastasis of PCa. N0: no reginal lymph node metastasis; N1: metastases in 1 to 3 axillary lymph
nodes. ∗P < 0:01, ∗∗P < 0:01, and ∗∗∗P < 0:001. (b) The box plots of expression of SIRT genes in low (green) and high (red) risk groups of
TCGA-PRAD patients. x-axis: gene expression value of each gene; P values are above the box plot. Kaplan-Meier survival plots showed
that the high expression of the SIRTs was associated with poor survival in TCGA-PRAD patients. Red: high-risk group; green: low-risk
group; top right corner inset: numbers of high- and low-risk samples, numbers of censored samples marked with and CI of each risk
group; x-axis: time (days); y-axis; overall survival probability. (c) Gene alterations in SIRT genes queried from 3801 patients in 16 studies.
(d) The frequency of alterations in SIRT genes in 16 individual prostate cancer studies. Genetic alterations in SIRTs were associated with
shorter OS of PRAD patients.
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phosphorylation and cleaved caspase 8 (Figure S2B).
Overall, these data suggest both SIRT3 and SIRT6 are
required to control RIPK1/RIPK3-induced necroptosis.

2.4. Both SIRT3 and SIRT6 Promote Prostate Cancer Progress
via Suppressing Necroptosis-Mediated Innate Immune
Response. To determine whether SIRT3 and SIRT6 are
required for the growth of prostate cancer in vivo, we gener-
ated the LNCaP cell line with shRNA of SIRT3 and SIRT6
after doxycycline induction using a lentivirus transduction
system. These cells were subsequently injected in mice. When
tumors grew to 30-60mm3, shRNA expression was induced.
As shown in Figure 4(a), the expression of SIRT3 and SIRT6
shRNAs dramatically inhibited tumor growth in comparison
with controls. There is no alteration in the mouse body
weight. Necroptosis is widely regarded as an inflammatory
lytic cell death. Therefore, shSIRT3- and shSIRT6-mediated
necroptosis activation would be expected to promote innate
inflammation. We next assessed the recruitment of immune
cells including CD4+ T cells, macrophages, and neutrophils.
As shown in Figures 4(b) and 4(c), deletion of SIRT3 and
SIRT6 dramatically increased the infiltration of CD4+ T cells
and macrophages as well as neutrophils. Accordingly, CCL8
and CXCL2 were significantly upregulated in shSIRT3- and
shSIRT6-implanted mice but showed impaired induction in
shCtrl mice (Figure 4(d)). In summary, these results suggest
that SIRT3 and SIRT6 promote prostate cancer progress by
suppressing necroptosis-mediated immune response.

3. Materials and Methods

3.1. Ethics Statement. Our study protocol was approved by
the Ethics Committee of the Affiliated Hospital of Qingdao

University. As all the data were retrieved from the online
databases, it could be confirmed that all informed consent
had been obtained.

We utilized the UALCAN (http://ualcan.path.uab.edu)
[27] which is from the TCGA database to analyze the
mRNA expressions of seven SIRT members in the PCa tis-
sues and their association with clinicopathologic parame-
ters. Direct comparison of protein expression between
human normal and cancer tissues was performed by immu-
nohistochemistry in the Human Protein Atlas (https://www
.proteinatlas.org) [28].

3.2. The Cancer Genome Atlas (TCGA) Database. We down-
loaded the PCa mRNA profile and corresponding clinical
data from the TCGA database (http://gdac.broadinstitute
.org/) [29]. We investigated the associations of SIRT expres-
sion with clinicopathological parameters and outcomes. The
correlations between SIRT expression and clinicopathologi-
cal parameters were analyzed by the chi-square (χ2) or Fish-
er’s exact test. Statistical analyses were conducted with the
software GraphPad Prism 6 and SPSS 19.0.

3.3. Construction and Validation of the Prognostic Gene
Signature. The association of mRNA expression with survival
was further analyzed with multivariate Cox regression
using SurvExpress [30]. A prognosis risk score was calcu-
lated on the basis of a linear combination of seven gene
expressions multiplied by a regression coefficient (β) derived
from the multivariate Cox proportional hazard regression
model of each gene with the following formula: risk
score = expression of gene1 × β1gene1 + expression of gene2
× β2gene2 +⋯expression of genen × β7gene7. We selected
the data from a total of 499 patients in the PCa cohorts available
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Figure 3: RIPK3-induced necroptosis is mediated by SIRT3 and SIRT6. (a) LNCaP cells stabilized expressed shSIRT3 and shSIRT6 with
recombinant GFP and were treated with TNF (20 ng/ml). Cell death was tracked by staining with cytotoxic red and monitored by
Incucyte. (b) Cell death curve of LNCaP, PC3, and DU145 cells after induction of control, SIRT1, SIRT3, or SIRT6 shRNA expression
with doxycycline. (c) Western blot analysis of p-RIPK3 and p-MLKL protein levels in LNCaP and PC3 cells treated with 20 ng/ml TNF.
(d) Cell death curve of LNCaP cells treated by RIPK3 inhibitor GSK′872 after induction of control, SIRT3, or SIRT6 shRNA expression
with doxycycline.
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in the SurvExpress database: the TCGA-PCa cohort for individ-
ual survival analysis.

3.4. cBioPortal. The cBioPortal is an open access resource
(http://www.cbioportal.org/) for interactive exploration of
multidimensional cancer genomic data [31]. To investigate
various aspects of SIRTs, genomic profiles including amplifi-
cation, deep deletion, missense mutations, and copy number
variance (CNV) data have been extracted from GISTIC and
mRNA Expression z-Scores (RNASeq V2 RSEM). OS was
also measured based on online instruction of cBioPortal.

3.5. Generation of Lentiviruses. To generate recombinant
SIRT3 and SIRT6 shRNA with green fluorescent protein
(GFP), we used pLKO.1 lentiviral expression vector contain-
ing the puromycin resistance gene. The lentiviruses were
generated by coexpressing VSV-G and delta-8.9 in HEK-
293T cells and then concentrated using PEG-it (System
Biosciences).

For inducible expression of SIRT3 and SIRT6 shRNAs in
tumor xenograft studies, we used pLVUTH-KRAB-KM vec-
tor with tet-inducible promotor. Cells were transduced with a
lentivirus containing SIRT3 and SIRT6 shRNA for at least
three days before adding puromycin for selection.

3.6. Western Blotting. For immunoblot analysis of
necroptosis-related proteins, cell pellets were collected by
trypsin digestion followed by lysis in RIPA buffer. Total pro-
tein concentration was measured with a BCA protein assay
kit. Proteins were separated by electrophoresis through 4%–
12% polyacrylamide gels, following electrophoretic transfer
of proteins onto NC membranes with a Trans-Blot® Turbo™
Transfer System (Bio-Rad). Nonspecific binding was blocked
by incubation with 5% nonfat milk, and then membranes
were incubated with primary antibodies against p-RIPK3
(57220, Cell Signaling Technology [CST]), RIPK3 (95702,
CST), p-MLKL (74921, CST), and MLKL (37705, CST).
Membranes were then washed and incubated with the
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Figure 4: Necroptosis-induced innate immune cell recruitment controlled by both SIRT3 and SIRT6 is required to suppress prostate cancer
progress. (a) Growth curves of xenografted tumors (LNCaP) after induction of control, SIRT3, or SIRT6 shRNA expression with doxycycline
in vivo. Relative tumor volumes were calculated by normalizing against the tumor volume at day 1 following doxycycline administration.
Body weight was tested daily. (b) Representative experiment of flow cytometric analysis of T cells, macrophages, and neutrophils in
doxycycline-induced xenografted tumors (LNCaP). (c) The total number of T cells, macrophages, and neutrophils was showed in the
histograms. Results represent mean ± SD of three independent experiments. ∗P < 0:05. (d) The relative expression of CCL8 and CXCL2 is
shown in the histograms. GAPDH was used as the internal control. Results represent mean ± SD of three independent experiments. ∗P <
0:05 and ∗∗P < 0:01.

9Journal of Immunology Research

http://www.cbioportal.org/


appropriate HRP-conjugated secondary antibodies (7076,
anti-mouse IgG; 7074, anti-rabbit IgG). The proteins of inter-
est were visualized by enhanced chemiluminescence (Milli-
pore, Billerica, MA, USA).

3.7. RT-PCR Analysis. RNA was extracted using an RNeasy
Mini Kit (74104, QIAGEN) according to the manufacturer’s
instructions. The isolated RNA was reverse-transcribed into
cDNA using a First-Strand cDNA Synthesis Kit (4368814,
Applied Biosystems). Real-time quantitative PCR was per-
formed on an ABI 7500 RT-PCR instrument using 2x SYBR
Green (4368706, Applied Biosystems) and the appropriate
primers.

3.8. Cytotoxic Assay. LNCaP, PC3, and DU145 were cultured
as described in ATCC. For cell death assay, cells were seeded
in 96-well plates at 70% confluence for 1 day. On the next
day, cells were stimulated with 20 ng/ml TNF (T6674,
Milllipore Sigma) and 1μM GSK′872 (S8465, Selleckchem)
and stained with Cytotoxic Red (4632, Essen Bioscience
Inc.) following the manufacturers’ protocols. The plate
was scanned, and fluorescence and phase-contrast images
(4 image fields/well) were acquired in real time every 2
hours after stimulation. Resulting images were analyzed
using the software package supplied with the Incucyte
imager (Essen Bioscience).

3.9. Flow Cytometry. Tumors were first dissected and then
washed with ice-cold PBS. Washed tumors were cut into
small pieces, which were incubated in PBS containing
10mM HEPES, 5mM EDTA, and 1mM DTT at 37°C for
30 minutes with gentle shaking. The tumor segments were
further digested in RPMI medium containing 0.5mg/ml col-
lagenase D at 37°C for 1.5 hours. The supernatant from the
digested tumors was passed through a 70μm cell strainer
and enriched using 37.5% Percoll to isolate immune cells.
The following monoclonal antibodies were used for flow
cytometry: Gr1 (RB6-8C5; 108426), F4/80 (BM8; 123116),
and CD4 (GK1.5; 100408) from BioLegend; CD11b (M1/70;
48-0112-82) from Invitrogen; and CD11c (HL3; 557401)
from BD Pharmingen. Cells were gated on live single-cell
populations and hematopoietic cells using the CD45.2 gate
followed by separation of each of the specific cell populations
using the following cell surface markers: macrophages
(CD11b+, F4/80+), dendritic cells (CD11c+ Gr1–), neutro-
phils (CD11b+, Gr1hi), and CD4 T cells (CD3+, CD4+).

4. Discussion

The SIRTs comprise a family of NAD+-dependent protein-
modifying enzymes with activities in lysine deacetylation,
adenosinediphospho- (ADP-) ribosylation, and/or diacyla-
tion [32]. In the present study, we intended to explore
their expression levels and genetic alterations with the
clinicopathological characteristics of PCa from the online
public databases and assess their association with
necroptosis-mediated innate immune response. Our results
showed that the expression levels of SIRT3/6/7 were signifi-
cantly associated with patients’ Gleason score and nodal

metastasis. The PCa patients with higher expression of
SIRT3/6 had poorer OS, and the SIRTs’ genetic alterations
were served as predicative biomarkers for poor OS. Mecha-
nistically, the higher expression of both SIRT3 and SIRT6
inhibits RIPK3 and MLKL activation, which subsequently
blocks necroptosis-mediated innate immune response.
Blockade of both SIRT3 and SIRT6 ameliorated necroptosis
suppression. The xenograft mouse model further showed
that the SIRT3 and SIRT3 blockade enhances macrophage
and neutrophil recruitment and thereby suppresses prostate
cancer progress. Together, all these data suggested that the
SIRT expression levels and genetic mutations have essential
clinical values for PCa.

SIRT1 was widely studied in the PCa. Fu et al. [33] has
found that SIRT1 interacted with androgen receptor (AR)
and deacetylated its Lys630, leading to PCa cell growth sup-
pression. Dai et al. [34] also found that SIRT1 acted as the
AR’s corepressor, and downregulation of SIRT1 would
enhance the transcriptional regulation of AR. However,
Kojima et al. has reported that the upregulation of SIRT1
could promote the PCa cell growth and induce chemoresis-
tance in AR-negative PC3 and DU145 cells. These results
suggested the dual function of SIRT1 in PCa progression,
which are dependent on the AR status. In the present study,
our integrated network by cBioPortal also showed that AR
was tightly related with SIRT1.

Until now, little was known about the roles of SIRT2,
SIRT3, SIRT4, and SIRT5 in the PCa. SIRT2 was discovered
as a regulator of aging in the budding yeast Saccharomyces
cerevisiae [35]. Moreover, Damodaran et al. has reported that
SIRT2 deletion portended worse clinicopathological out-
comes [36]. SIRT3, SIRT4, and SIRT5 were primarily mito-
chondrial proteins, which have emerged as critical
regulators of diverse biological events, such as cancer pro-
gression [10]. In the present study, we found that a higher
expression level of SIRT3 was associated with poorer PCa
patients’ OS, suggesting that it plays a critical role in the
PCa development. Besides, a previous study demonstrated
that SIRT3 could suppress the PCa metastasis through pro-
moting FOXO3A and inhibiting the Wnt/β-catenin pathway
[37]. Inconsistent with it, our results showed that SIRT3 was
highly expressed in the PCa samples compared with the
normal tissues, and its level was associated with Gleason’s
score and nodal metastasis. The reason is due to the androgen
hormone condition, just as Lee et al. [38] showed that the
expression level of SIRT3 was overexpressed in hormone-
sensitive cells (LAPC4 and LNCaP), however, reduced in
castrate-resistant cells (PC3, DU145, 22RV1, and C4−2).

It is reported that the SIRT6 was overexpressed in PCa
tissues. Knockdown of SIRT6 could lead to cell cycle
arrest, apoptosis, and DNA damage through decreasing
BCL2 gene expression [21]. For SIRT7, Haider et al. [22]
showed that its expression level was increased as PCa pro-
gressed into the high grade stage. In the present study, the
upregulation of SIRT6/SIRT7 in PCa samples and their
strong association with Gleason score and nodal metastasis
could confirm their oncogenic roles.

Moreover, in search of SIRT gene mutations and their 50
frequently altered neighbor genes, we found that the SIRT
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mutations may regulate a large number of proteins which are
involved in the tumor growth. AR, RB1, and P53, which were
implicated in the PCa onset and progression [39, 40], were
highly associated with SIRT mutations. Interestingly, path-
way analysis in GO and KEGG also indicated that cellular
pathways, including NAD+-dependent histone deacetylase
activity and the apoptotic signaling pathway in response to
DNA damage by the p53 class mediator and regulation of
cellular response to heat, were highly related to SIRT gene
alterations. These findings unveiled several excellent candi-
dates for future study.

Necroptosis has already been intensively studied in the
last few decades. It was widely accepted that necroptosis is
a lytic inflammatory cell death that functions as an execu-
tioner in the antitumor immunity of cancer therapy. How-
ever, the specific function of necroptosis in cancer is
mysterious. One recent study demonstrated that sirtuins are
able to control RIPK1-caspase 8-induced apoptosis in cancer.
This occurs via a precise regulation of RIPK1 acetylation
[26]. Our data corroborate the close link between SIRT3
and SIRT6 with necroptosis key adaptor RIPK3 activation.
In conclusion, our study revealed the comprehensive clinical
significance of SIRTs in PCa and provided clear further
insights.
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Supplementary Figure 1: representative immunohistochemis-
try images and prognostic values of SIRT6/7 in PCa derived
from the Human Protein Atlas. (a, c) A little protein level of
SIRT6 was found in normal prostate tissues, while its level
was strongly detected in PCa samples. SIRT7 was expressed
in PCa but not in normal prostate tissues. (b, d) Higher
expression levels of SIRT6 and SIRT7 were associated with
poorer OS of PCa patients. Supplementary Figure 2: RIPK3-
induced necroptosis is mediated by SIRT3 and SIRT6. (a)
Western blot analysis of SIRT3 and SIRT6 protein levels in
LNCaP cells after induction of control, SIRT3, or SIRT6
shRNA expression with doxycycline. (b)Western blot analysis
of p-RIPK1 and cleaved caspase 8 in LNCaP and PC3 cells
treated with 20ng/ml TNF. (c) PC3 cells stabilized expressed
shSIRT3 and shSIRT6 with recombinant GFP and were
treated with TNF (20ng/ml). Cell death was tracked by stain-
ing with cytotoxic red and monitored by Incucyte. Supple-
mentary Table 1-8: basic characteristics of prostate cancer

patients and univariate/multivariate analysis of overall sur-
vival in prostate cancer patients. Clinical data of prostate can-
cer patients showed that SIRT3 and SIRT6 are all independent
risk factors for OS of PCa patients, which are independent on
age, Gleason score, tumor stage, and pathology stage. All of
these data are from the FireBrowse website (http://firebrowse
.org/api-docs/). Supplementary Table 1: basic characteristics
of prostate cancer patients. Supplementary Table 2: univariate
analysis of overall survival in prostate cancer patients. Supple-
mentary Table 3: multivariate analysis of overall survival in
prostate cancer patients. SIRT1. Supplementary Table 4: mul-
tivariate analysis of overall survival in prostate cancer patients.
SIRT2. Supplementary Table 5: multivariate analysis of overall
survival in prostate cancer patients. SIRT3. Supplementary
Table 6: multivariate analysis of overall survival in prostate
cancer patients. SIRT4. Supplementary Table 7: multivariate
analysis of overall survival in prostate cancer patients. SIRT5.
Supplementary Table 8: multivariate analysis of overall sur-
vival in prostate cancer patients. SIRT6. Supplementary Table
9: multivariate analysis of overall survival in prostate cancer
patients. SIRT7. (Supplementary Materials)
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In this study, the effects of single immunoglobin IL-1 receptor-related protein (SIGIRR) on tumor necrosis factor- (TNF-) receptor-
associated factor 6 (TRAF6) ubiquitination in acute lung injury (ALI) were evaluated in both alveolar epithelial cells and alveolar
macrophage cells in vitro. Our results found that SIGIRR negatively regulated TRAF6 ubiquitination and such SIGIRR inhibition
could enhance the TRAF6 expression in both alveolar epithelial cells (AECs) and alveolar macrophage cells (AMCs). SIGIRR
knockdown may increase NF-κB activity via TRAF6 regulation by the classical but not the nonclassical NF-κB signaling
pathway. Such modulation between TRAF6 and SIGIRR could affect cytokine secretion and exacerbate the immune response;
the IL-8, NFKB1, and NFKBIA mRNA levels were reduced after SIGIRR overexpression. The current study reveals the
molecular mechanisms of the negative regulatory roles of SIGIRR on the innate immune response related to the LPS/TLR-4
signaling pathway and provides evidence for strategies to clinically treat inflammatory diseases.

1. Introduction

Acute lung injury (ALI) is an acute hypoxic respiratory dys-
function resulting from multiple factors [1–3]. The continu-
ous progressive phase of ALI develops into acute respiratory
distress syndrome (ARDS) [4, 5]. The pathological feature of
the above process was the injury of alveolar capillary endo-
thelial cells and alveolar epithelial cells (AECs) combined
with extensive pulmonary edema and minimal atelectasis.
ALI has a poor prognosis and can rapidly progress to multi-
ple organ failures with a 30%~70% mortality rate [6–8].
Therefore, it is very important to study the pathogenesis
and prevention measures of ALI. It has been proven that
the lipopolysaccharide- (LPS-) Toll-like receptor-4 (TLR-4)
signaling pathway plays a key role in the pathologic process
of ALI [9–11]. Suppression of the LPS/TLR-4-mediated
innate immune response is highly effective for the control
of ALI.

In the development of ALI, TLRs play an important role
in the above pathology process and regulate the innate

immune response by inducing the release of various inflam-
matory factors [12, 13]. LPS/TLR-4 could modulate the
above process by NF-κB activation, leading to the release of
a large number of cytokines and chemokines from AECs
and alveolar macrophage cells (AMCs) [14, 15].

Single immunoglobin IL-1 receptor-related protein
(SIGIRR), also named Toll-like receptor/interleukin-1 recep-
tor 8 (TIR8), is a member of the TLR superfamily [16, 17]. It
has been demonstrated that SIGIRR is highly expressed in
epithelial tissues, including the kidney, colon, spleen, and
liver, but is weakly expressed in the brain and muscle [18,
19]. In our previous study [20], it was first discovered that
SIGIRR is highly expressed in human normal AECs obtained
from 20 lung cancer patients with surgically resected adjacent
lung normal tissues. Our data also provide evidence that
SIGIRR overexpression could effectively inhibit LPS-
induced ALI and inflammatory responses. The inflammatory
response induced by LPS, IL-1, or other proinflammatory
factors was more serious in SIGIRR knockout mice than in
wild-type mice [21, 22]. In addition, some reports have
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shown that IL-1R/TLR-4 can directly interact with the intra-
cellular TIR domain of SIGIRR [23, 24]. It has been shown
that TLRs play a key role in the pathological process of
ALI, and other studies have also proven that there are nega-
tive effects of SIGIRR on the TLR signaling pathway [25,
26], but the relationship between SIGIRR and lung injury
and the detailed molecular mechanism are still unknown; in
addition, there are few studies about the above process.
Thus, exploring the downstream target molecule of SIGIRR
and elucidating the mechanism of the above process will
help us find new therapeutic methods for the clinical treat-
ment of ALI.

It has been demonstrated that the downregulation of the
LPS-TLR-4 pathway could significantly inhibit the severity of
LPS-induced inflammation [27]. SIGIRR is one of the mole-
cules that inhibits TLR-4. In previous reports, high expres-
sion of SIGIRR was observed in normal human AECs, and
SIGIRR overexpression inhibited LPS-induced ALI [28, 29].
Tumor necrosis factor- (TNF-) receptor-associated factor 6
(TRAF6) can activate kinase 1 (TAK1) and TAK1-binding
protein 2 (TAB2), which are related to NF-κB activation
and cytokine secretion [30, 31]. In addition, TRAF6 was the
downstream target for IL-1R-associated kinase (IRAK) that
could be recruited by MyD88. It has been reported that NF-
κB activation resulted from the TRAF6-TRIF-binding pro-
cess, which could affect the immune response combined with
TLR-4 [32–34].

However, it was still unclear if there is a relationship
between SIGIRR and TRAF6 and if this interaction of the
above two molecules would affect the downstream targets
of the inflammatory response. Thus, in our current study,
the interaction between SIGIRR and TRAF6 was explored
by evaluating TRAF6 autoubiquitination regulated by
SIGIRR expression. However, it is known that the activation
of NF-κB is related to the ubiquitination of TRAF6.

We hypothesized that such modulation between the
above two molecules would change NF-κB activation and
cytokine secretion and affect the further immune response
related to the effects of the LPS/TLR-4 signaling pathway.
The implementation of the study will be helpful to reveal
the molecular mechanisms of the negative regulatory roles
of SIGIRR on the innate immune response and will provide
experimental evidence for the clinical treatment of inflam-
matory diseases, especially for ALI.

2. Materials and Methods

2.1. Cell Culture. AECs and AMCs were obtained from the
American Type Culture Collection (Manassas, VA). Cells
were cultured with Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS) and 1% penicillin/streptomycin at 37°C in a
humidified incubator with 95% air and 5% CO2. Cells were
passaged every 3 days to maintain growth. HEK293 cells
were used and transfected with the indicated vectors in the
glutathione S-transferase (GST) pull-down and coimmuno-
precipitation experiments as previously described [35, 36].
In brief, the SIGIRR with HA and TRAF6 with Flag were
prepared as previously described [20]. By immunoblotting

analysis, SDS-PAGE methods were used to elute proteins.
Anti-SIGIRR and anti-TRAF6 antibodies were used in the
above protocol.

2.2. Western Blotting. First, lysing buffer including 150mM
NaCl, 0.01M EDTA, 0.01M EGTA, 0.01M Tris-HCl
(pH7.5), 1% Triton X-100, 0.01M β-glycerophosphate,
0.01M Na3VO4, and 1μg/ml leupeptin was used to obtain
the protein from AECs and AMCs. A BCA test was per-
formed to determine the protein concentrations of the cell
lysates. Then, the normal procedure of western blotting was
performed as previously described [20]. Antibodies against
TRAF6 (1 : 1000) and SIGIRR (1 : 1000) were purchased from
Cell Signaling Technology (Beverly, MA, USA).

2.3. Quantitative PCR. Quantitative PCR, which was per-
formed as previously described [20, 37], was used to observe
the mRNA expression levels of TRAF6, SIGIRR, and the
above cytokines.

2.4. NF-κB Reporter Assay. After cell transfection, an NF-κB
firefly luciferase reporter was used to evaluate NF-κB activity
according to the manufacturer’s instructions. First, the above
cells were lysed in passive lysis buffer, and then, a dual-
luciferase assay was used to quantify the luciferase activity
[38, 39].

2.5. Statistics. Statistical analyses were performed using
GraphPad Prism. All data are expressed as the mean ± SEM
. P < 0:05 was considered statistically significant.

3. Results

3.1. Effect of SIGIRR on TRAF6 Ubiquitination. The interac-
tion between SIGIRR and TRAF6 was observed through
GST pull-down and coimmunoprecipitation experiments
using anti-SIGIRR and anti-TRAF6 antibodies. GST pull-
down assay was performed using purified GST-fusion
SIGGRR and His-tagged TRAF6 proteins. His-TRAF6 inter-
acted with GST-SIGGRR, whereas GST alone did not exhibit
any pull-down activity with His-TRAF6 protein. Lysed
HEK293 cells including proteins were pulled down with puri-
fied GST-GFP or GST-SIGIRR (Figures 1(a) and 1(b)).

The results from the GST pull-down and coimmunopre-
cipitation experiments showed that there is an interaction
between SIGIRR and TRAF6. HEK293 cells were cotrans-
fected with SIGIRR, Flag-TRAF6, and HA-ubiquitin, and
the results showed that the above cotransfection could reduce
the TRAF6 ubiquitination level in HEK293 cells
(Figure 1(c)). Ubiquitination modification could also regu-
late the following gene expression or function changes in
the physiological processes. And thus, NF-κB activation
could be regulated by the ubiquitination of TRAF6 [40, 41].
HEK293 cells (Figure 1(d)) were cultured and transfected
according to the previous protocol [35, 36]. In addition, colo-
calization between SIGIRR and TRAF6 in HEK293 cells was
also evaluated by immunofluorescence confocal microscopy.
The results suggested that SIGIRR and TRAF6 colocalized to
the cytoplasm or the cytoplasmic membrane (Figure 1(e)).
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3.2. Effect of SIGIRR on TRAF6 Expression Both in AECs and
in AMCs. AECs and AMCs were first cultured by a normal
protocol. To evaluate the effect of SIGIRR on TRAF6 expres-
sion, western blotting analyses and quantitative PCR assay
were performed in the following experiments to detect
TRAF6 expression and mRNA levels both in AECs and in
AMCs, respectively. The results demonstrated that SIGIRR
expression and the mRNA levels were reduced significantly
both in AECs (Figures 2(a) and 2(c)) and in AMCs

(Figures 2(b) and 2(d)) after transection with SIGIRR_
shRNA#1 or SIGIRR_shRNA#2. After that, our results also
provided clear evidence that both TRAF6 expressions
(Figures 2(e) and 2(f)) and the mRNA levels (Figures 2(g)
and 2(h)) increased obviously in cells that were treated with
SIGIRR_shRNA compared with those in the untreated cells
for both AEC and AMC groups.

Furthermore, SIGIRR_cDNA was transfected to obtain
the overexpression of SIGIRR both in AECs and in AMCs.
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Figure 1: Analysis by pull-down and coimmunoprecipitation experiments of the interaction between SIGIRR and TRAF6 and resultant
(auto) ubiquitinylation of TRAF6. (a) GST pull-down assay was performed using purified GST-fusion SIGIRR and His-tagged TRAF6
proteins. (b) A lysate from HEK293 cells cotransfected with Flag-TRAF6 or HA-SIGIRR was subjected to immunoprecipitation with anti-
HA or anti-Flag antibody, respectively. (c) A lysate from HEK293 cells cotransfected with SIGIRR, Flag-TRAF6, or HA-ubiquitin,
respectively, was subjected to immunoprecipitation with anti-Flag antibody. (d) HEK293 cells were cultured and cotransfected with the
above regents. (e) Colocalization between SIGIRR and TRAF6 in HEK293 cells was also evaluated by immunofluorescence confocal
microscopy.
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Figure 2: Effect of SIGIRR on TRAF6 expression both in AECs and in AMCs. (a, b) The results using western blot demonstrated that SIGIRR
expression was reduced significantly both in AECs and in AMCs after transfection with SIGIRR_shRNA#1 or SIGIRR_shRNA#2. (c, d) The
results using quantitative PCR demonstrated that SIGIRR mRNA levels were reduced significantly in AECs and AMCs after the above
transfection. (e, f) TRAF6 expression by using western blot obviously increased in SIGIRR_shRNA-treated cells compared with those in
control cells both in AECs and in AMCs. (g, h) TRAF6 mRNA levels by using quantitative PCR obviously increased in SIGIRR_shRNA-
treated cells compared with those in control cells both in AECs and in AMCs. The data represent three independent experiments with
four samples for each treatment. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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Using western blotting analyses, increased SIGIRR expres-
sion was observed after SIGIRR_cDNA transfection, and
TRAF6 expression was decreased significantly both in AECs
(Figure 3(a)) and in AMCs (Figure 3(b)) compared with that
in control cells. Thus, the above data suggested that the neg-
ative regulation of SIGIRR on TRAF6 was observed and that
such inhibition of SIGIRR by a specific shRNA could
enhance TRAF6 expression both in AECs and in AMCs.

3.3. Effect of SIGIRR/TRAF6 on the NF-κB Signaling Pathway
Both in AECs and in AMCs. Next, the effect of SIGIRR
expression on the NF-κB target gene network was observed
by quantitative PCR assay. After specific inhibition of
SIGIRR expression by using SIGIRR_shRNA, the mRNA
levels of several downstream NF-κB signaling molecules,
including IL-6, IL-8, TNF-α, and NFKBIA, were significantly
increased both in AECs and in AMCs compared with the
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Figure 3: Effect of TRAF6 reversal of SIGIRR in AMCs. (a, b) SIGIRR overexpression was performed to detect changes on SIGIRR and
TRAF6 in AECs and AMCs. (c, d) The mRNA levels of downstream NF-κB signaling molecules, including IL-6, IL-8, TNF-α, NFKBIA,
NFKB1, and RelA, were observed in the presence or absence of SIGIRR_shRNA in AECs and AMCs. (e) The rescue experiments were
performed by cotransfection with TRAF6_cDNA and SIGIRR_shRNA in AMCs. The data represent three independent experiments with
four samples for each treatment. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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levels in the control group. However, for another two mole-
cules, NFKB1 and RelA, the above significant enhancements
in the mRNA levels were not obtained, and there were no
changes in the presence or absence of SIGIRR_shRNA in
AECs and AMCs. The difference was that IL-6, IL-8, TNF-
α, and NFKBIA belong to the classical NF-κB signaling path-
way between the two above groups of downstreammolecules,
but NFKB1 and RelA were the molecules of the nonclassical
pathway [31, 32]. The above results provide evidence that
SIGIRR knockdown may affect the classical but not the non-
classical NF-κB signaling pathway both in AECs (Figure 3(c))
and in AMCs (Figure 3(d)), but further details should be
focused to clarify the underlying mechanism in the future.
In addition, overexpression of SIGIRR was also performed
to detect the changes on the above downstream molecules.
The results showed that obvious inhibition of the IL-8,
NFKB1, and NFKBIA mRNA levels in AMC was obtained
after SIGIRR_cDNA transfection (Figure 3(e)).

Furthermore, the rescued experiments were also performed
by cotransfection with TRAF6_cDNA in the presence or
absence of SIGIRR overexpression in AMC, which reversed
the effect of SIGIRR on NF-κB downstream molecules. The
IL-8, NFKB1, and NFKBIA mRNA levels were significantly
enhanced after SIGIRR overexpression transfection in the pres-
ence of TRAF6_cDNA transfection in AMC (Figure 3(e)).
Thus, the above data provide evidence that SIGIRR affects the
downstream molecules of the classical NF-κB signaling path-
way by modulating TRAF6.

NF-κB receptor experiments were performed to observe
the effect of SIGIRR on NF-κB activity. AECs and AMCs
were transfected with SIGIRR_shRNA to reduce SIGIRR
expression. The results of the NF-κB activity assay showed
that inhibition of SIGIRR expression significantly increased
NF-κB activity both in AECs and in AMCs (Figure 4).

3.4. Effect of SIGIRR on TNFAIP3 Expression Both in AECs
and in AMCs. TNFAIP3 expression and the mRNA levels
both in AECs and in AMCs were evaluated after SIGIRR_
shRNA transfection using western blotting and quantitative

PCR assay, respectively. It has been proven that NF-κB activ-
ity was regulated by TNFAIP3 negatively [42–44]. The
results showed that inhibition of SIGIRR expression could
significantly reduce TNFAIP3 expression and the mRNA
levels in the above cells compared with those in the control
cells (Figures 5(a) and 5(b)). In addition, SIGIRR overexpres-
sion by SIGIRR_cDNA enhanced TNFAIP3 expression and
the mRNA levels both in AECs (Figure 5(c)) and in AMCs
(Figure 5(d)).

4. Discussion

ALI is a progressive, acute, hypoxic respiratory dysfunction
that results from multiple factors [3, 4]. It has been demon-
strated that suppression of LPS/TLR-4 greatly promotes the
development of ALI. Inhibition of LPS/TLR-4 plays a key
role in the above pathological process and mediates the
innate immune response that is induced by different inflam-
matory factors [11–14].

In this study, we addressed the mechanisms through
which the interaction of SIGIRR and TRAF6 affects ALI.
The effect of SIGIRR on TRAF6 was observed by different
methods. Our current study provided the following evi-
dences: (1) SIGIRR and TRAF6 were colocalized in the cells,
and overexpression of SIGIRR could reduce the ubiquitina-
tion level of TRAF6; (2) negative regulation of SIGIRR on
TRAF6 was observed, and inhibition of SIGIRR could
enhance the expression of TRAF6 both in AECs and in
AMCs; (3) SIGIRR knockdown by shRNA may increase the
NF-κB activity by the classical NF-κB signaling pathway but
not the nonclassical pathway, and SIGIRR overexpression
could reduce the IL-8, NFKB1, and NFKBIA mRNA levels,
which could be rescued by TRAF6 overexpression; and (4)
SIGIRR could affect TNFAIP3 expression.

SIGIRR, also named Toll-like receptor/interleukin-1
receptor 8 (TIR8), and a member of the TLR-IL-1R receptor
superfamily were involved in the pathological process of ALI
by regulating the NF-κB activation to release the cytokines
and chemokines, and increased SIGIRR expression could
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Figure 4: Inhibition of SIGIRR can affect the activity of the NF-κB pathway in AECs and AMCs. (a, b) NF-κB report experiments were
performed to observe the effect of SIGIRR_shRNA on NF-κB activity in AECs and AMCs. The data represent three independent
experiments with four samples for each treatment. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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inhibit LPS-induced ALI by downregulating the LPS-TLR-4
pathway [17, 18]. MyD88 is involved in the pathway of IL-
1R-associated kinase and TRAF6. In addition, SIGIRR could
negatively regulate multiple LR-IL-1R receptor-mediated sig-
naling transduction pathways, while the negative regulatory
mechanism of SIGIRR has not been fully elucidated [23,
45]. Thus, the effect of the LPS/TLR-4 signaling pathway on
the interaction of SIGIRR and TRAF6 was observed. The
treatment of ALI by SIGIRR would be a possible route. How-
ever, whether the effect is related to its inhibition of TRAF6
further reveals the molecular mechanism by which SIGIRR
negatively regulates inflammation. The results showed that
SIGIRR and TRAF6 colocalize in cells in ALI. The ubiquiti-
nation of TRAF6 was reduced by SIGIRR overexpression,
which regulates NF-κB activation. Inhibition of SIGIRR sig-
nificantly increased the expression of TRAF6 in alveolar epi-
thelium and macrophages, thereby further affecting the
activity of NF-κB molecules and regulating the levels of the
downstream signals IL-6, IL-8, TNF-α, and NFKBIA.

ALI and ARDS are clinically critical diseases. Currently,
there are no specific therapies for ALI/ARDS [7]. TLRs are
important pathogen pattern recognition receptors in the
innate immune system [10]. The immune response com-

bined with TLR-4 could induce the TRAF6-TRIF-binding
process and NF-κB activation [33]. Excessive activation of
TLR signaling plays a key role in the uncontrolled inflamma-
tory response regulated by SIGIRR. Taken together, the data
presented herein provide a new perspective on the relevance
of ALI. Thus, such modulation between TRAF6 and SIGIRR
could affect cytokine secretion and induce a further immune
response. SIGIRR plays a negative regulatory role in the
above process, such as ALI, related to the LPS/TLR-4 signal-
ing pathway. Our previous data provided the evidence that
SIGIRR inhibits the transcriptional activity of NF-κB and
reduces the amount of cytokines produced, protecting these
cells from acute LPS-induced damage [20]. In addition,
TNFAIP3 could regulate NF-κB activity negatively [43]. Cur-
rent results also found that the TNFAIP3 level will be regu-
lated by changing SIGIRR expression.

Our above results provided the data that SIGIRR could
interact with TRAF6 and reduce its expression due to the ubi-
quitination that was the critical factor for NF-κB activation.
The current study revealed the molecular mechanisms of
the negative regulatory roles of SIGIRR on the innate
immune response and will provide experimental evidence
for the clinical treatment of inflammatory diseases.
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Figure 5: Effect of SIGIRR on TNFAIP3 expression both in AECs and in AMCs. (a, b) The TNFAIP3 mRNA levels both in AECs and in
AMCs were evaluated after SIGIRR_shRNA transfection using the quantitative PCR assay. (c, d) TNFAIP3 mRNA levels were obviously
enhanced both in AECs and in AMCs after SIGIRR overexpression by SIGIRR_cDNA application. The data represent two independent
experiments with four mice per group. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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Serine/threonine protein kinase-3 (STK3) is a critical molecule of the Hippo pathway but little is known about its biological
functions in the ovarian cancer development. We demonstrated the roles of STK3 in ovarian cancer. Existing databases were
used to study the expression profile of STK3. STK3 was significantly downregulated in OC patients, and the low STK3
expression was correlated with a poor prognosis. In vitro cell proliferation, apoptosis, and migration assays, and in vivo
subcutaneous xenograft tumor models were used to determine the roles of STK3. The overexpression of STK3 significantly
inhibited cell proliferation, apoptosis, and migration of ovarian cancer cells in vitro and tumor growth in vivo. Bisulfite
sequencing PCR analysis was performed to validate the methylation of STK3 in ovarian cancer. RNA sequencing and gene set
enrichment analysis (GSEA) were used to compare the transcriptome changes in the STK3 overexpression ovarian cancer and
control cells. The signaling pathway was analyzed by western blotting. STK3 promoted the migration of CD8+ T-cells by
activating nuclear transcription factor κB (NF-κB) signaling. STK3 is a potential predictor of OC. It plays an important role in
suppressing tumor growth of ovarian cancer and in chemotaxis of CD8+ T-cells.

1. Introduction

Ovarian cancer (OC) is the most frequent cause of death
among gynecologic malignancies [1]. Due to its asymp-
tomatic development, the disease is frequently diagnosed
at advanced and incurable stages [2]. Although there is a
high response rate to surgery and chemotherapy, the
majority of patients subsequently relapse [3]. Therefore, it is
important to identify effective molecular targets influencing
tumor progression.

STK3 is a key molecule in the Hippo pathway, which con-
trols cell development, proliferation, apoptosis, and various
stress responses [4]. STK3 plays a role in inhibiting the pro-
gression of gastric cancer, hepatocellular carcinoma, and

breast cancer by activating Hippo signaling [5–7]. STK3 also
regulates the immune system in infections [8]. However, it is
unclear whether STK3 can exert cancer-suppressing effects
by regulating the functions of the immune system.

CD8+ T-cells play an important role in inhibiting the
development of ovarian cancer [9]. The chemotaxis of
CD8+ T-cells is regulated by a variety of chemokines, of
which CXCL16 and CX3CL1 are the most important on
CD8+ T-cells [10, 11]. The low expression of CXCL16 in
breast cancer, osteosarcoma, renal clear cell carcinoma, and
melanoma is associated with a poor prognosis [12–14]. The
CX3CL1 expression is increased in the renal clear cell carci-
noma tissues of patients receiving bevacizumab, accompa-
nied by infiltration of CD8+ T-cells [15]. NF-κB can affect
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the infiltration of CD8+ T-cells in pancreatic ductal adeno-
carcinoma cells by regulating the generation of CXCL16
and CX3CL1 and thereby promoting the apoptosis of
pancreatic ductal adenocarcinoma cells [16]. However, it is
unclear whether STK3 can activate NF-κB signaling and sup-
press ovarian cancer growth.

In this study, we demonstrated that STK3 was downreg-
ulated in ovarian cancer via epigenetic methylation of its pro-
moter DNA. STK3 inhibited proliferation and metastasis of
ovarian cancer cells. The overexpression of STK3 in ovarian
cancer cells induced cell cycle arrest at G2/M and a higher
rate of cell apoptosis. We also found that STK3 promoted
the recruitment of CD8+ T-cells via an increase in chemo-
kine CXCL16 and CX3CL1 production in human ovarian
cancer cells. This was possibly mediated by the regulation
of the NF-κB signaling pathway. Our results revealed a new
molecular mechanism for serous ovarian cancer malignancy
mediated by STK3 through regulating NF-κB signaling and
CD8+ T-cell recruitment.

2. Materials and Methods

2.1. Data Mining. The mRNA expression profiles for normal
ovarian surface epithelium and ovarian cancer were down-
loaded from UCSCXena (https://xena.ucsc.edu) and GEO
(https://www.ncbi.nlm.nih.gov/geo/). The survival data of
patients were downloaded from TCGA (https://www.cancer
.gov/about-nci/organization/ccg/research/structural-genomics/
tcga) and GSE9899.

2.2. Cell Culture and Clinical Samples. IOSE80, OVCAR3,
OVCAR8, CAOV3, ES-2, and HEK293T cell lines were all
purchased from Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). All of the cells were cultured follow-
ing the instructions of the American Type Culture Collection
(ATCC, Manassas, VA, USA).

2.3. Reagents. The antibodies used in this study were against
STK3 (ab52641, Abcam, Cambridge, MA, USA), Phospho-
IκBα (#2859, Cell Signaling Technology), IκBα (#4812, Cell
Signaling Technology), Phospho-NF-κB p65 (#3033, Cell
Signaling Technology), β-actin (GB11001, Servicebio,Wuhan,
China), and NF-κB p65 (#8242, Cell Signaling Technology)
for western blotting. Secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA, USA).
Chemicals and biochemical used were DAC (A3656,
Sigma-Aldrich, St. Louis, MO, USA) and TSA (S1045,
Selleck, Shanghai, China). CXCL16 and CX3CL1 concentra-
tions were measured in the medium of ovarian cancer cells
using enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, Abingdon, UK) according to manufacturer’s
instructions.

2.4. Quantitative Real-Time PCR. Total RNA was extracted
from cells in each group using Trizol kits, and qualified total
RNA samples were subjected to reverse transcription. Total
RNA was taken to synthesize complementary deoxyribonu-
cleic acid (cDNA) using the PrimeScript™RT reagent Kit
(RR047A, TAKARA, Japan). The specific reaction conditions
were 37°C for 30min and 85°C for 30 s. Quantitative analysis

was carried out using the ABI 7500 fluorescence PCR ampli-
fication instrument (Applied Biosystems; Thermo Fisher
Scientific, Inc.). RPS18 was used as an endogenous control,
and Ct values were processed using the 2−ΔΔCt method. The
sequences of primers used in this experiment were shown
in Table 1.

2.5. Western Blot Analysis. For western blot analysis, total
protein samples were extracted from cells using RIPA lysis
buffer with a protease inhibitor (Beyotime, Jiangsu, China).
An equal amount of protein (60μg/lane) was loaded on
10% or 8% SDS-polyacrylamide gels and then transferred to
a pure nitrocellulose blotting membrane (Pall Life Science,
AZ, USA). Next, the membrane was blocked in 5% nonfat
milk for 1 h and then probed with primary antibodies against
STK3, β-actin, Phospho-IκBα, IκBα, Phospho p65, and p65
overnight at 4°C. Then, the membranes were incubated with
anti-rabbit secondary antibodies. Finally, immunoreactivity
was detected using the Odyssey Infrared Imaging System
(Gene Company Limited, Hong Kong, China).

2.6. DAC and TSA Treatment. Cells were treated with 5 or
10μM of 5-aza-2′-deoxycytidine (DAC, Sigma-Aldrich, St.
Louis, MO, USA) or 300 nM trichostatin A (TSA, Selleck-
chem, TX, USA) for 3 d, and the drug media were replaced
every 24 h. Control cells were incubated with the same
volume of DMSO. In the combined treatment group, cells
were cultured in the presence of 5μM of DAC for 2 d and
were then treated for an additional 24 h with 300nM of TSA.

2.7. Plasmid Construction and Transfection. The human
STK3 was subcloned into the pcDNATM3.1 vector. STK3
and the mock vector were packaged into the virus, and titers
were determined. Target cells were infected with 1 × 108
lentivirus-transducing units and 6μg/ml polybrene (TR-1003,
Sigma-Aldrich, Germany). After 72h, the infected cells were
screened in the presence of 3μg/ml puromycin. The qPCR
and western blot also verified the overexpression efficacy
of STK3.

2.8. Cell Viability Assays. Cell viability was determined using
a cell counting kit-8 (CK04, Dojindo, Japan). Briefly, water-
soluble formazan dye was added to the culture medium and
incubated for 2 h in 5% CO2. The developed color was mea-
sured at 450 nm using an ELISA plate reader.

2.9. Colony Formation Assay. The 1 × 103 cells/mL single-cell
suspension was made in RPMI1640 or DMEM. The colonies
were stained with 0.04% crystal violet and 2% ethanol in PBS
and then incubated at 37°C for 21 days. The stained colonies
were photographed under a light microscope (Olympus).

2.10. Transwell Migration and Invasion. Cells were seeded in
the upper chamber of transwell plates (Corning, NY, NY
USA) with serum-free medium. 10% FBS medium was added
to the lower chamber of the transwell. Next, cells were
transfected as described above for 48h. For the invasion
experiments, the upper chamber was covered with culture
medium and matrigel (BD Biosciences, San Jose, CA, USA)
mixture. Finally, cells on the top of the chamber were

2 Journal of Immunology Research

https://xena.ucsc.edu
https://www.ncbi.nlm.nih.gov/geo/
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga


removed with cotton swabs, while cells that went through the
membrane were stained with 0.5% crystal violet and counted
under a microscope at 100x magnification.

2.11. Flow Cytometry Test of Cell Cycle. Ten ml of cell suspen-
sion (1 − 5 × 106 cells/mL) was spun at 500–1000 rpm for
5min. The cell pellet was washed with PBS once and fixed
in 3.70% ice ethanol at 4°C for 2 h. After washing with PBS
twice, the cells were suspended in PBS containing 50mg/L
RNase A and 25μg/mL PI and incubated in darkness at
25°C for 15min. The cells at different phases were measured
using flow cytometry with an excitation wave length of
488nm and an emission wave length greater than 560nm
to detect PI signal.

2.12. Flow Cytometry Test of Apoptosis. Tenml of cell suspen-
sion (1 – 5 × 106 cells/mL) was spun at 500–1000 rpm for
5min. The cell pellet was washed with PBS once and fixed
in 70% ice ethanol at 4°C for 2 h. After the fixation solution
was removed, the cells were suspended in 3ml PBS for
5min. Cells were transfected with lentivirus for 48h and
serum-free starved for 24 h. This was filtered once with a
400 gauge filter and centrifuged at 1000 rpm for 5min, and
then the cell pellet was stained with 50mg/mL propidium
iodide and Annexin V–fluorescein isothiocyanate (BD Phar-
mingen, Franklin Lakes, NJ, USA) following manufacturer’s
instructions. Both the living and dead cells were measured
using flow cytometry with an exciting wave length of
488nm and an emission wave length greater than 630nm.

2.13. Xenograft Transplantation. Female nude (BALB/c)
mice (4 weeks old) were purchased from the East China
Normal University. Mice were randomly divided into two
groups. OS cells stably expressing vector or lenti-STK3 were
propagated, and 1 × 107 cells were inoculated subcutaneously
into the right side of the posterior flank of the mice. Tumor
growth was examined at the indicated time points, and tumor
volumes were measured. After 4 weeks, the mice were killed,
weighed, excised, fixed, and embedded in paraffin and sec-
tioned for the histological examination of the PCNA and
TUNEL expression.

2.14. Statistical Analysis. Data are presented as means ± SD.
Statistical analyses were done using SPSS V.16.0 for Win-
dows (IBM) or GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Cumulative survival time was calculated
by the Kaplan-Meier method and analyzed by the log-rank
test. Correlation of the STK3 expression with clinical param-
eters in patients with ovarian cancer was evaluated by χ2 test.
Correlation was determined using the Spearman’s test.

Student’s t-test was used for paired comparisons between
groups. P values <0.05 were considered to be statistically
significant.

3. Results

3.1. STK3 Was Downregulated in Ovarian Cancer and
Correlated with Prognosis. To investigate the level of STK3
in ovarian cancers, we first compared the expression of
STK3 in ovarian cancer and matching normal ovarian sur-
face epithelial tissue samples via GTEx and TCGA. Notably,
STK3 was significantly downregulated in ovarian cancer
based on the analysis of TCGA and GEO datasets (P value
<0.05) (Figure 1(a)). We also investigated whether the
STK3 expression was correlated with prognosis in ovarian
cancer patients. In TCGA cohorts, which included 428 sam-
ples of ovarian cancer, the low STK3 expression was associ-
ated with poorer overall survival and progression-free
survival prognosis (P value <0.05) (Figure 1(b)). The poor
prognosis in ovarian cancer also correlated with the lower
STK3 expression in GSE9899 (P value <0.05) (Figure 1(b)).
These results suggest that the STK3 expression influences
the progression of ovarian cancer.

3.2. The Overexpression of STK3 Inhibited the Proliferation,
Migration, and Invasion of Ovarian Cancer Cells. To study
the expression pattern of STK3 in ovarian cancer, we com-
pared the level of STK3 in a normal human ovarian surface
epithelium cell line (IOSE80) with levels in ovarian cancer
cell lines (CAOV3, OVCAR3, OVCAR8, and ES-2). The
STK3 expression levels detected by western blot were lower
in most tested ovarian cancer cells compared with IOSE80
(Figure 2(a)).

To further explore the role of STK3 in ovarian cancer pro-
gression in vitro, we established stable STK3-overexpressing
cells by lentivirus-mediated transfection. Quantitative real-
time polymerase chain reaction (qPCR) and western blotting
confirmed the efficiency of the STK3 overexpression in
OVCAR3 and OVCAR8 cells (Figure 2(b)). We determined
the effect of STK3 on the proliferation of ovarian cancer cells
through CCK-8 and colony formation assays. The results
showed that, compared with the control group, the prolifera-
tion and clone formation ability of ovarian cancer cells
OVCAR3 and OVCAR8 were significantly inhibited by over-
expressing STK3 (P value <0.05) (Figure 2(c)).

We used flow cytometry to detect the effect of STK3 on
the ovarian cancer cell cycle distribution. Cell cycle analysis
showed that the proportion of OVCAR3 and OVCAR8 cells
in the G2/M phase significantly increased after exposure to
overexpressing STK3 (P value <0.05) (Figure 2(d)).

Table 1: The oligonucleotide sequence of primers used in this experiment.

Genes Forward primer (5′-3′) Reverse primer (5′-3′)
STK3 GCUGGAAAUAUUCUCCUUATT UAAGGAGAAUAUUUCCAGCTT

CXCL16 CCCGCCATCGGTTCAGTTC CCCCGAGTAAGCATGTCCAC

CX3CL1 ACTCTTGCCCACCCTCAGC TGGAGACGGGAGGCACTC

RPS18 CAGCCAGGTCCTAGCCAATG CCATCTATGGGCCCGAATCT
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Figure 1: Database analysis showed that STK3 was downregulated in ovarian cancer tissues, and the overexpression of STK3 was closely
related to better prognosis. (a) Analysis of the mRNA level expression of STK3 in the TCGA database and GEO database (two-tailed
Student’s t-test, ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001). (b) Analysis of the overall survival period and progression-free survival period according to
the STK3 expression in the TCGA database and GEO database (log-rank test).
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Figure 2: Continued.
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We determined the effect of STK3 on ovarian cancer cells
apoptosis by annexin V/PI staining and flow cytometry anal-
ysis in vitro. The results showed that the apoptosis rate of the
lenti-STK3 group in OVCAR3 cell line was significantly
higher than that of the control group (17:72 ± 0:3358%
versus 9:887 ± 0:1203%, P value <0.05). Similarly, the
apoptosis rate of the lenti-STK3 group in OVCAR8 cell line
was also significantly higher than that in control group
(P value <0.05) (Figure 2(e)).

Finally, lentivector or lenti-STK3 OVCAR8 cells were
subcutaneously injected into nude mice to assess in vivo
growth of tumors. The results showed that the tumor volume
and tumor weight of the lentivector group were larger than
those of the lenti-STK3 group. These results indicate that
the overexpression of STK3 significantly inhibited the growth
of ovarian cancer (P value <0.05) (Figure 2(f)).

To determine the effect of STK3 on the migration and
invasion in ovarian cancer cells, we first examined the migra-
tion of OVCAR3 and OVCAR8 cells via transwell invasion
and migration assays after overexpressing STK3. The results
showed that, compared with the control group, the invasive
and migratory abilities of ovarian cancer cells were signifi-
cantly decreased after exposure to overexpressed STK3
(P value <0.05) (Figure 2(g)).

We also used a wound healing assay to determine the
effect of STK3 on the migration of serous ovarian cancer cells
OVCAR3 and OVCAR8. The results showed that the migra-
tion ability of serous ovarian cancer cells was significantly
decreased in the STK3 overexpression group compared with
the control group (P value <0.05) (Figure 2(h)). Thus, the
overexpression of STK3 inhibited the invasion and migration
of ovarian cancer cells.
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Figure 2: Overexpressed STK3 can inhibit the invasion and proliferation of ovarian cancer cells in vitro and in vivo. (a) The STK3 expression
in five different cell lines measured by qRT-PCR andWestern blotting. (b) The STK3 overexpression was confirmed by Western blotting and
qRT-PCR in OVCAR3 and OVCAR8 cell lines. (c) Effect of the STK3 overexpression on the proliferation and colony formation of OVCAR3
and OVCAR8 cells in vitro (two-tailed Student’s t-test, ∗P < 0:05; ∗∗∗P < 0:001). (d) The overexpression of STK3 arrested ovarian cancer cells
at G2/M. The cell cycle distribution of OVCAR3 and OVCAR8 cells detected by flow cytometry (two- tailed Student’s t-test, ∗P < 0:05). (e)
The overexpression of STK3 promotes ovarian cancer cell apoptosis, as detected by cell apoptosis assays (two- tailed Student’s t-test,
∗∗P < 0:01; ∗∗∗P < 0:001). (f) Morphologic characteristics of tumors from mice inoculated with vector and lenti-STK3/OVCAR8 cells.
Tumor weights and volumes of the vector and lenti-STK3 groups are shown (two- tailed Student’s t-test, ∗∗P < 0:01). The overexpression
of STK3 can inhibit the invasion and migration of ovarian cancer cells. (g) Effect of the STK3 overexpression on invasion and migration
of OVCAR3 and OVCAR8 cells by cell migration and invasion assays (two- tailed Student’s t-test, ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001). Scale
bar: 100μm. (h) Effect of the STK3 overexpression on the migration of OVCAR3 and OVCAR8 cells detected by wound healing assays
(two- tailed Student’s t-test, ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001). Scale bar: 100 μm.
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Figure 3: The STK3 expression in ovarian cancer cell lines. (a) Statistics of STK3-mutated samples derived from 683 patients in cBioportal.
(b) The mRNA expression of STK3 was evaluated by real-time qPCR in cell lines (IOSE80, CAOV3, OVCAR3, and OVCAR8) treated with
DMSO, DAC, TSA, or DAC plus TSA (two-tailed Student’s t-test, ∗∗P < 0:01). (c) Total methylation rates of STK3 promoter in the human
osteoblast cell line IOSE80 and three ovarian cancer cell lines (CAOV3, OVCAR3, and OVCAR8) are shown. (two-tailed Student’s t-test,
∗P < 0:05, ∗∗P < 0:01).
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3.3. STK3 Is Downregulated in Ovarian Cancer via Epigenetic
Promoter DNA Methylation. Genetic or epigenetic mecha-
nisms (or both) might cause dysregulation of the STK3
expression in ovarian cancer. STK3 is located on chromo-
some 8q22.2, and there is no deletion in this region in ovarian
cancer (Figure 3(a)). We explored the epigenetic regulation
of the STK3 expression in ovarian cancer. Using 5-aza-20-
deoxycytidine (DAC), a specific methyltransferase inhibitor,
and Trichostatin A (TSA), a histone deacetylase inhibitor,
we found that the mRNA expression level of STK3 in ovarian
cancer cells was significantly increased after DAC treatment
(P value <0.05), but not by TSA treatment. The expression
of STK3 increased only slightly in IOSE80 treated with
DAC (P value <0.05) (Figure 3(b)). To validate the
methylation-mediated downregulation of STK3 in ovarian
cancer, we performed bisulfite sequencing PCR of DNA from
IOSE80, CAOV3, OVCAR3, and OVCAR8 cells. The STK3
promoter in ovarian cancer cells showed significantly higher
levels of methylation compared with that in IOSE80
(CAOV3: 43%; OVCAR3: 64%; and OVCAR8: 87%)
(Figure 3(c) P value <0.05). These data indicated that epige-
netic methylation suppresses the expression level of STK3
in ovarian cancer.

3.4. STK3 Correlates with CD8+ T-Cell in Ovarian Cancer. To
study the possible mechanism of STK3 in ovarian cancer, we
compared the transcriptome of STK3 overexpressed ovarian
cancer OVCAR8 cells with that of control cells by high-
throughput transcriptome sequencing (RNA-seq, supple-
mentary Table 1). The differentially expressed genes were
analyzed by GO analysis and KEGG enrichment analysis.
The results showed that overexpressing STK3 significantly
affected multiple inflammatory responses, including I-kappaB

kinase/NF-kappa B signaling, I-kappa B kinase/NF-kappa B
signaling complex, CXCR chemokine receptor binding, and
NF-kappa B signaling pathway, indicating a regulatory role
of STK3 in ovarian cancer immune microenvironment
(Figure 4(a)).

We used GSEA to analyze the differentiated genes in the
high and low STK3 expression groups in the TCGA ovarian
cancer database. The results indicated that the STK3 expres-
sion was related to the NF-κB signaling pathway, which
was TNFA_SIGNALING_VIA_NFKB. STK3 may regulate
immune microenviroment of ovarian cancer cells by affecting
NF-κB signaling (Figure 4(b)).

To characterize the potential immune components in the
tumor microenvironment affected by STK3, an immunome
compendium was built by publicly available data from puri-
fied immune cell subsets. According to the previous studies,
we investigated both innate immune cells (mast cells, macro-
phages, and natural killer cells) and adaptive immune cells (B
cell, Th1, and CD8+ T cell) as well as cytotoxic cells[17]. We
observed that STK3 was specifically correlated with the gene
signatures of CD8+ T-cells. In contrast, no obvious correla-
tion was found in the expression of STK3 and other
immune component-related genes. STK3 might exhibit a
regulatory role on CD8+ T cell infiltration in ovarian cancer
(Figure 4(c)).

3.5. The Overexpression of STK3 Promoted the Release of
CXCL16 and CX3CL1 and Migration of CD8+ T-Cells by
Activating NF-κB Signaling. To study the chemokines regu-
lated by STK3 that promote CD8+ T-cell infiltration, the che-
mokine profiles of conditional medium from vector and
lenti-STK3 OVCAR8 cells were analyzed using the RayBio
Human Cytokine Antibody Array. Consistent with the
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Figure 4: STK3 is correlated with CD8+ T cell infiltration and the NF-κB signaling pathway in ovarian cancer. (a) Representative GO and
KEGG categories affected by the STK3 expression in OVCAR8 cells. (b) Gene set enrichment analysis (GSEA) using reactome gene sets
compared the TCGA ovarian database. NES: normalized enrichment score. (c) The correlation between STK3 and specific gene signatures
of different immune cells.
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results of RNA-seq (Supplementary Table 1), two cytokines,
CXCL16 and CX3CL1, were significantly increased in the
conditional medium of lenti-STK3 cells compared with
vector cells (Figure 5(a)). Real-time PCR showed that the
STK3 overexpression drastically promoted the mRNA level
of CXCL16 and CX3CL1 in both OVCAR8 and OVCAR3
cells (P value <0.05) (Figure 5(b)). An ELISA assay
confirmed the increase of CXCL16 and CX3CL1 in the
conditional medium of lenti-STK3 cells (P value <0.05)
(Figure 5(c)). We then evaluated whether these two
chemokines are responsible for CD8+ T-cell infiltration
in vitro. Stimulation of CD8+ T-cells with recombinant
CXCL16 (rCXCL16) and CX3CL1 (rCXCL16) showed
enhanced migratory ability, and this promotive effect was
largely compromised by the addition of neutralizing anti-
CXCL16 and anti-CX3CL1 antibody. This indicated that

both CXCL16 and CX3CL1 contribute to CD8+ T-cells
(P value <0.05) (Figure 5(d)). Consistently, neutralization
of CXCL16 and CX3CL1 in the conditional medium from
OVCAR8 and OVCAR3 cells also suppressed the migratory
potential of CD8+ T-cells (P value <0.05) (Figure 5(e)).

To evaluate whether the NF-κB pathway is responsible
for the STK3-mediated CXCL16 and CX3CL1 expression,
we first analyzed the correlation between the expression of
STK3 and NF-κB in TCGA. The levels of the STK3
expression were significantly positively correlated with NF-κB
(P value <0.05) (Figure 5(f)). Previous study revealed that
NF-κB is the widely reported transcription factor for CXCL16
and CX3CL1. Further analyses indicated that the level of
NF-κB was also significantly positively correlated with
CXCL16 and CX3CL1 (P value <0.05) (Figure 5(g)). The
phosphorylation level of p65 and NF-κB inhibitor alpha
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Figure 5: STK3 promoted release of CXCL16 and CX3CL1, migration of CD8+ T-cell, and activation of NF-κB signaling. (a) Chemokine
array of the conditional medium (CM) from vector and lenti-STK3 OVCAR8 cells. A. Table summarizing the relative signal intensity of
indicated chemokines is presented in the lower left corner. (b) Real-time qPCR analysis of the effect of STK3 overexpression on the
CXCL16 and CX3CL1 mRNA level in OVCAR3 and OVCAR8 cells (two-tailed Student’s t-test, ∗P < 0:05; ∗∗P < 0:01). (c) ELISA analysis of
the CXCL16 and CX3CL1 level in the CM from vector and lenti-STK3 OVCAR3 and OVCAR8 cells (two-tailed Student’s t-test, ∗∗P < 0:01;
∗∗∗P < 0:001). (d) Effects of rCXCL16 and rCX3CL1 on the migratory ability of human CD8+ T-cells. The number of cells was counted by
Cellometer (two-tailed Student’s t-test, ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001). (e) Ovarian cancer cell culture supernatants were
neutralized with anti-CXCL16 antibody and anti-CX3CL1 antibody and the migratory ability of CD8+ T-cells. The number of cells was
counted by Cellometer (two-tailed Student’s t-test, ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001). (f) Correlation between STK3 and NFKB1 in
the TCGA database. (g) Correlation between NFKB1 and CXCL16 or CX3CL1 in the TCGA database. (h) Western blot analysis of the effect
of the STK3 overexpression on the NF-κB pathway activity.
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(IkBα) in ovarian cancer regulated by STK3 was also
investigated. The phosphorylation level of IkBα and p65
was markedly increased by the overexpression of STK3
(Figure 5(h)). These data indicated that the upregulated
STK3 expression could promote the NF-κB signaling of
ovarian cancer, which may further induce the expression
of CXCL16 and CX3CL1.

4. Discussion

Many studies have shown that key molecules of the Hippo
signal transduction pathway are important in inhibiting the
occurrence and development of malignant tumors [18].
Serine/threonine kinases (STKs) are key molecules in the
Hippo pathway. STKs control organ growth and reduce tumor
progression by their effects on the Hippo pathway [19].

In this study, bioinformatic analysis showed that STK3
has low levels in ovarian cancer tissues, and the reduced
expression of STK3 is closely related to the poor prognosis
of patients suffering ovarian cancer. As an important compo-
nent of the Hippo pathway, STK3 has been involved in the
progression of many types of cancers. For instance, the
reduced expression of STK3 was found in gastric cancer,
and tumors from patients with lymph node metastasis
showed minimal levels of STK3 [20]. Genetic deletion of
STK3 in hepatocytes also led to the development of hepato-
cellular carcinoma [21]. Additionally, STK3 inhibits the pro-
liferation of breast cancer cells and is overexpressed in breast
cancer tissues [22]. Increasing evidences showing that the
STK3 alterations may be caused by genetic or epigenetic
changes. For example, hypermethylation of the promoter
region of the STK3 gene contributes to the downregulation
of the STK3 expression in soft tissue sarcoma [23], which is
consistent with our result on ovarian cancer. Therefore, we
believe that STK3 may be a good prognostic marker for
ovarian cancer.

It is known that the overexpression of STK3 can reduce
the proliferation, migration, and invasion of glioblastoma
and pancreatic cancer [24, 25]. In nonsmall cell lung cancer
tissues, the overexpression of STK3 can reduce the invasion
and metastasis ability of lung cancer cells and promote lung
cancer cell apoptosis [26]. Similarly, in the present study,
we found that the overexpression of STK3 inhibits the inva-
sion, proliferation, and metastasis of ovarian cancer cells
and promotes their apoptosis. Besides STK3, other compo-
nents of the Hippo pathway have roles in ovarian cancer
[27]. Previous study revealed that LATS1/2 downregulation
by the ubiquitin system is associated with epithelial-
mesenchymal transition-like phenotypic changes in ovarian
cancer cells, which trigger abnormal migration and invasion
[28]. Moreover, a relationship between high levels of nuclear
YAP in primary tumor tissues and inferior survival in ovarian
cancer patients has also been reported [29]. In immortalized
ovarian surface epithelial cells, the overexpression of YAP
increased cell proliferation andmigration ability and promoted
anchorage-independent growth as well as contributed to the
resistance to cisplatin-induced apoptosis, suggesting the onco-
genetic role of YAP in ovarian cancer. Our study further con-

firmed that STK3 may indirectly participate in suppressing
ovarian cancer by regulating the activity of LATS1/2 and YAP.

CD8+ T-cells are considered to be antitumor immune
cells [30]. We performed GO enrichment analysis and KEGG
pathway enrichment analysis based on RNA-seq results of
ovarian cancer cells in the control group and STK3
overexpression group. The results showed that STK3 and
the NF-κB signaling were related to infiltration of CD8+ T-
cells. There is a close connection between the pathways. We
also found a correlation between STK3 and CD8+ T-cells in
the tumor microenvironment. The overexpression of STK3
can promote ovarian cancer cells to secrete CXCL16 and
CX3CL1. The overexpression of STK3 can promote the
migration of CD8+ T-cells. These results are the first correla-
tion between the function of STK3 with CD8+ T-cells, and
they help explain the effect of STK3 inhibition on the growth
and metastasis of ovarian cancer from the perspective of the
tumor microenvironment.

5. Conclusions

This study showed that upregulated serine/threonine kinase
STK3 inhibits ovarian cancer aggressiveness and is correlated
with CD8+ T-cells chemotaxis. These results provide insight
into the roles of serine/threonine kinase in immune modula-
tion.We also found that STK3modulates intracellular NF-κB
signaling. These findings strongly suggest that the STK3/NF-
κB/CXCL16-CX3CL1/CD8+ T-cell axis is a potential thera-
peutic target in ovarian cancer.
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Glioblastoma (GBM) is an aggressive brain tumor with shorter median overall survival time. It is urgent to find novel methods to
enhance the therapeutic efficiency clinically. miR-373 is related to the biological development process of cancers, but there are no
reports whether modulation on miR-373 could affect GBM development or modify the efficiency of chemo- or radiotherapy yet.
Our current study found that the higher level of miR-373 was observed in U-251 cells. Inhibition on miR-373 could reduce the
U-251 cell number by 65% and PCNA expression obviously. In addition, inhibition on miR-373 sensitized U-251 cells to
chemo- or radiotherapy. The cell cycle of U-251 cells could be modulated by miR-373 knockdown, which could enhance the
p21 expression and reduce the cdc2 level. Anti-miR-373 could increase the Bax/Bcl-2 ratio of U-251 cells and induce cell
apoptosis significantly. These above effects of miR-373 could be reversed by Limk1 overexpression. Thus, our experimental data
confirmed the fact that miR-373 could be a new therapeutic target to enhance the efficiency of chemo- or radiotherapy for
clinical GBM patients.

1. Introduction

Glioblastoma is an aggressive brain tumor with shorter
median overall survival time in adults [1], although mul-
tiple therapeutic methods have been used including surgi-
cal resection and chemo- or radiotherapy [2, 3]. It has
been reported that only a median survival of 15 months
was obtained after radiotherapy combined with temozolo-
mide (TMZ) [4, 5], which was the major chemotherapy
drug for GBM but with resistance effects for most
patients yet [6, 7]. Thus, it is urgent to find novel
methods to enhance the therapeutic efficiency clinically.
Recently, there are many studies that focused on the
combination administration on tumor including the nor-
mal chemo- or radiotherapy and targeted gene treatment
[8, 9], which could effectively reduce or block the resis-
tance from antitumor therapy.

It is more important to find the novel targeted molecule
by in vitro or in vivo experimental evidence, which could
reduce the side effects and prolong the median survival time
in the clinical therapy on GBM patients. miRNAs are endog-
enous, small (~22 nt) noncoding RNAs that were first
reported in 1993. Its function was recognized by binding to
the 3′-untranslational region (3′-UTR) of target mRNA
[10–12]. Several miRNAs with an up- or downregulation
level have been reported, and such abnormal expression
was related to the biological development process of cancers,
including cell apoptosis, cell cycle modulation, proliferation,
invasion, and metastasis [13, 14]. The higher level of miR-
221 [15] and lower level of miR-181 [16] were observed in
clinical samples from GBM patients. Therefore, changing
the level of above oncogenes or tumor suppressors by using
molecular biological methods could provide great assistance
to clinical therapy of tumor patients. In addition, some
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reports showed [17–19] that the resistance of chemo- or
radiotherapy on tumor clinical treatment was also related
to the effects of miRNAs, such as miR-100 [20], miR-21
[21], miR-373 [22, 23], but the underlying mechanism was
still unclear.

Furthermore, it has been evidenced that miR-373 may
promote migration and metastasis of cancer cells in vitro
by regulating the CD44 [24]. HIF-1α could affect the
miR-373 level in response to hypoxia [25]. As an onco-
genic miRNA, miR-373 plays the key role in tumorigenesis
through p53-mediated CDK effect [26]. But there are no
reports whether modulation on miR-373 could affect
GBM development or modify the efficiency of chemo- or
radiotherapy on GBM. Further experimental evidence is
needed both in vitro or in vivo to clarify the above under-
lying mechanism. In addition, the downstream effector or
pathway related to cell proliferation, cell cycle, or apopto-
sis also should be explored or discussed in detail. Increas-
ing evidence showed that Limk1 was a biomarker of
squamous cell carcinoma [27], lung cancer [28], breast
cancer [29], and even GBM [30, 31]. Limk1 could enhance
the tumor cell proliferation and invasion by the MMP or
p21-related pathway [32, 33]. But there is no study on
the relationship between miR-373 and Limk1, especially
in the pathological process of GBM.

The purpose of the current study was to investigate the
roles of miR-373 in the biological behavior of GBM develop-
ment. It is hypothesized that reducing miR-373 could change
the proliferation or apoptosis of GBM cell in vitro and even
sensitize GBM to chemo- or radiotherapy, which may pro-
vide the new therapeutic strategy for clinical patients.

2. Materials and Methods

2.1. Cell Culture. The human GBM cell line U-251 was pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA). Cells were cultured in DMEM (Gibco, Carls-
bad, CA, USA) supplemented with 100μg/mL streptomycin,
100U/mL penicillin, and 10% FBS, at 37°C with 5% CO2.

For the transfection procedure, Lipofectamine™ RNAi-
MAX (Thermo Fisher Scientific, IL, USA) was used as the
transfection reagent [34, 35]. And anti-miR-373 (ACUCAA
AAUGGGGGCGCUUUCC) and the negative control were
got from the company of Thermo Fisher Scientific (IL,
USA). The Limk1-mutant construct was obtained from Ori-
Gene (Beijing, China). The following experiments were per-
formed after above transfection for 48 h.

2.2. Quantitative PCR. The real-time quantitative PCR was
performed to detect the miR-373 and the mRNA level of its
related molecule. The TaqMan assay (ABI, Forest City, CA)
was used in above experiments according to the standard
protocol [36].

2.3. Western Blot. U-251 cells were cultured and collected for
western blot experiments after the following different
treatments. Briefly, cells were lysed as described in previ-
ous studies [37] with the following buffer including
2mM NaF, 0.01M Na3VO4, 1μg/mL leupeptin, 0.01M

EDTA, 20mM Tris-HCl, and 1% Triton X-100. Total pro-
tein was obtained after centrifugation at 12,000 rpm at 4°C
for 20min. After that, a BCA test (Pierce, Rockford, IL,
USA) was used to determine the protein concentrations.
Protein expression was detected by incubation with a pri-
mary antibody after the protocol of SDS-PAGE gel and
transferred membranes. β-Actin was used to control and
correct for above procedure.

2.4. Colony Formation Assay. U-251 cells were cultured with
6-well tissue culture plates, and the method of Giemsa stain
was used to evaluate the colony formation after chemo-
or radiotherapy in the presence or absence of anti-miR-
373 transfection. The number of colonies was counted by
light microscopy.

2.5. Chemo- and Radiotherapy on U-251 Cells. U-251 cells
were cultured and received the following treatments. For
the radiotherapy group, the γ-ray ionizing radiation (IR)
was treated for U-251 cells by using a 60Co source. The dose
was set at 2.4Gy/min. For the chemotherapy group, temozo-
lomide (TMZ, Tocris) was used at 30 nM.

2.6. Cell Proliferation. Cells were seeded in a 96-well plate and
used to evaluate the cell proliferation by using an MTT kit
(Roche Diagnostics, Germany) after chemo- or radiother-
apy in the presence or absence of anti-miR-373 transfec-
tion. Following the protocol, the 10μL MTT reagent and
100μL DMSO were added, respectively. After incubation,
the absorbance was recorded by a Microplate Spectropho-
tometer (BioTek, USA) at 490nm. All tests were repeated
for three times. As a biomarker of cell proliferation, PCNA
(proliferating cell nuclear antigen) expression in U-251
cells was observed through western blot after above treat-
ment. The primary PCNA antibody (Cell Signaling Tech-
nology, MA, USA) was used.

2.7. Cell Cycle Analysis. The changes on cell cycle-related pro-
teins p21 and cdc2 were tested by the western blot method
after above anti-miR-373 transfection. Primary antibodies
against p21 and cdc2 (Cell Signaling Technology, MA,
USA) were used to evaluate protein expression.

2.8. Cell Apoptosis Analysis. Firstly, cells were seeded and
used to evaluate the cell apoptosis by FACS (Flow Cytom-
etry, Becton Dickinson, CA, USA) after chemo- or radio-
therapy in the presence or absence of anti-miR-373
transfection. The analysis was performed after PI and
Annexin V-FITC incubation according to the protocol.
In addition, western blot was performed to assess the
expression of Bax and Bcl-2 after above anti-miR-373
transfection combined with chemo- or radiotherapy. The
Bax and Bcl-2 primary antibodies were obtained from Cell
Signaling Technology (MA, USA).

2.9. Statistical Analysis. Student’s t-test and ANOVA were
used to analyze the difference by using GraphPad Prism and
SPSS 17.0. Data were shown as the mean ± standard error.
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3. Results

3.1. Inhibition of miR-373 Reduced the U-251 Cell
Proliferation. Firstly, real-time quantitative PCR was used
to investigate the miR-373 level in U-251 cells after anti-
miR-373 transfection. The higher level of miR-373 was
obtained in U-251 cells. It was reduced obviously by at
least 71% after above transfection compared with the neg-
ative control group, which may provide the effective
methods for further experiments to test the effects of
miR-373 knockdown on biological changes of U-251 cells
in vitro (Figure 1).

Next, MTT assay was performed to observe the effects of
miR-373 inhibition on U-251 cell proliferation by anti-miR-
373 transfection. Compared with the negative control group,
the number of U-251 cells was decreased significantly,
reduced by 65% (Figure 2).

In addition, the western blot method was used to
detect the changes on PCNA expression in the presence
or absence of anti-miR-373 transfection. The results
showed that PCNA expression in U-251 cells was
decreased obviously by reducing the miR-373 level. In
addition, the results from real-time quantitative PCR
proved that the lower PCNA level was obtained after
above anti-miR-373 transfection (Figure 2). It has been
reported that PCNA was a typical biological marker of
cancer cell proliferation. Changes on its expression level
after different treatments could also provide the positive
evidence for effects of its regulator [38]. Thus, our results
of above experiments evidenced that miR-373 knockdown
has the clear inhibition effects on U-251 cell proliferation,
which may help us find the novel potential therapeutic
target for the treatment of clinical GBM patients.

IR resistance was the problem for such GBM patients
in clinical therapy, and a novel method or molecule was
needed to reduce the resistance effects. After ionizing radi-
ation, the cell number of U-251 cells was reduced by 60%
compared with the control group. After IR combined with
anti-miR-373 transfection, it was decreased by 81%, which
was lower than single IR-treated U-251 cells. For the
PCNA expression level, both the western blot and PCR
results showed that the PCNA expression level was inhib-

ited after ionizing radiation, and such inhibition was also
enhanced after being combined with anti-miR-373 trans-
fection (Figure 2).

In the TMZ alone-treated group, the U-251 cell prolif-
eration also decreased by 63%. And for the combined
group, the number of U-251 cells was reduced at least
by 79% after TMZ application in the presence of anti-
miR-373 transfection. The result was clear that inhibition
on the miR-373 level could enhance the therapeutic effi-
ciency of TMZ on U-251 cells in vitro. For the expression
of PCNA protein, it was reduced in the TMZ alone-treated
group, and an obvious decrease was obtained after TMZ
treatment combined with miR-373 knockdown. And a
similar tendency was observed in the result of real-time
quantitative PCR (Figure 2). Thus, above data also pro-
vided the experimental evidence that resistance of TMZ
on GBM clinical therapy could be reversed or reduced
by miR-373 knockdown, which may bring the higher ther-
apeutic efficiency or lower toxicity for such patients.

3.2. Colony Formation Assay. After above experiments, col-
ony formation assay was performed to evaluate the effects
of anti-miR-373 on U-251 cells in vitro. Reducing the miR-
373 level could decrease the colony formation of U-251 cells
obviously. In the TMZ or IR alone-treated group, it was
reduced significantly, but additional effects were obtained
in the presence of anti-miR-373, respectively (Figure 3).
Our results indicated that miR-373 knockdown may reduce
the colony formation capacity of U-251 cells, and such anti-
miR-373 effects could sensitize U-251 cells to chemo- or
radiotherapy efficiently.

3.3. Inhibition of miR-373 Modulated the U-251 Cell Cycle.
After reducing the miR-373 level in U-251 cells by anti-
miR-373 transfection, the expression of cell cycle-related
proteins such as p21 and cdc2 were observed by the west-
ern blot method. p21 expression was enhanced obviously
in U-251 cells after anti-miR-373 transfection, but the
expression of cdc2 was reduced. The results from the
real-time quantitative PCR provided the same tendency
that the higher p21 level, but lower cdc2 level, was
obtained after reducing the miR-373 level in U-251 cells
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Figure 1: miR-373 level in U-251 cells. (a) High miR-373 level was observed by real-time quantitative PCR in U-251 cells. (b) miR-373 level
was reduced obviously after anti-miR-373 transfection by real-time quantitative PCR in U-251 cells (bars indicate the standard deviation of
the mean; each experiment was performed in triplicate; ∗∗∗p < 0:001).
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(Figure 4). Thus, these data demonstrated that inhibition
of miR-373 cloud also modulate the U-251 cell cycle pro-
cess by regulating the p21 or cdc2 level.

3.4. Inhibition of miR-373 Induced the U-251 Cell Apoptosis.
U-251 cell apoptosis was investigated after miR-373 knock-
down or combined with above treatment to evaluate the
effects of miR-373 on biological changes of U-251 cells.
Firstly, FACS was used to analysis the apoptotic rate of
U-251 cells. In the TMZ or IR alone-treated group, the
percentages of apoptotic cells were 10:9 ± 0:2% and 13:2
± 0:6%, respectively. And it was 11:3 ± 0:5% in the anti-

miR-373-transfected group. In addition, in the combined
group, the percentages of apoptotic cells were 17:1 ± 0:8
% and 16:4 ± 0:5% after TMZ or IR treated in the pres-
ence of anti-miR-373 transfection. Above results provided
the fact that cell apoptosis could be induced by miR-373
knockdown, which also enhances the effects of chemo-
or radiotherapy.

Next, the apoptosis-related proteins such as Bax and
Bcl-2 were detected in U-251 cells after above treatment
using the western blot method. Bax expression was
increased obviously after the TMZ or IR single-treated
group, which was consistent with the previous reports
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Figure 2: Inhibition of miR-373 reduced the U-251 cell proliferation. (a) Anti-miR-373 could reduce the U-251 cell proliferation by MTT
assay. (b) PCNA mRNA level was also reduced after anti-miR-373 transfection by real-time quantitative PCR in U-251 cells. (c) Western
blot results proved the lower expression of PCNA protein after anti-miR-373 transfection in U-251 cells. (d) After ionizing radiation (IR),
the cell number of U-251 cells was reduced obviously by MTT assay, and additional effects were also obtained in the group of IR
combined with anti-miR-373 transfection. (e) IR could also reduce the PCNA mRNA level in U-251 cells, and such inhibition was
enhanced after being combined with anti-miR-373 transfection. (f) PCNA protein expression was also reduced significantly after ionizing
radiation in the presence or absence of anti-miR-373 transfection. (g) After TMZ treatment, the cell number of U-251 cells was
reduced obviously by MTT assay, and additional effects were also obtained in the group of TMZ treatment in the presence of anti-
miR-373 transfection. (h) TMZ could also reduce the PCNA mRNA level in U-251 cells, and such inhibition was enhanced after
being combined with anti-miR-373 transfection. (i) PCNA protein expression was also reduced significantly after TMZ treatment in
the presence or absence of anti-miR-373 transfection (bars indicate the standard deviation of the mean; each experiment was
performed in triplicate; ∗∗∗p < 0:001; ∗∗p < 0:01).

4 Journal of Immunology Research



[39, 40]. After anti-miR-373 transfection, the western blot
results showed that higher expression of Bax was obtained
compared with the untreated group. In addition, in the
combined group with anti-miR-373 and TMZ or IR treat-
ment, Bax expression was enhanced significantly com-
pared with the single-treated group (Figure 5). Thus,
above data demonstrated that Bax was the downstream
effector of the miR-373 molecule, which could affect the
U-251 cell apoptosis.

At the same time, Bcl-2 expression was also observed
after similar treatment. In the TMZ single-treated group,
reduced expression of Bcl-2 was detected, and similar effects
were obtained after using anti-miR-373 transfection or IR.
And the Bcl-2 expression was decreased obviously in the
TMZ- or IR-treated group in the presence of anti-miR-373
transfection (Figure 5).

3.5. Antitumor Effects of miR-373 Inhibition through
Reducing Limk1 Expression. To test the relationship between
miR-373 and Limk1, further experiments were investi-
gated in vitro. Firstly, western blot was used to test the
Limk1 expression in U-251 cells after anti-miR-373 trans-
fection. It showed that the obvious decrease on Limk1
expression was obtained by using anti-miR-373, while
higher expression of Limk1 was also observed in U-251
cells (Figure 6). In addition, further observation was per-
formed by real-time quantitative PCR; the results showed
that the Limk1 level was reduced by inhibition on miR-
373 in U-251 cells (Figure 6). Thus, above results pro-
vided the direct fact that miR-373 inhibition could
change the Limk1 expression in U-251 cells, which may
be the downstream effector of miR-373. And the follow-
ing experiments were performed to provide more details
in this process.

The apoptotic rate of U-251 cells was checked again
by FACS in the presence of anti-miR-373 transfection,

but at the same time, Limk1 cDNA was cotransfected to
test if there are different changes on the apoptotic rate
in order to confirm that the above effects of anti-miR-
373 might be related to its downstream effector Limk1.
The results showed that the percentages of apoptotic cells
were decreased after Limk1 overexpression although when
using anti-miR-373 transfection, it was3:1 ± 0:2%
vs.11:3 ± 0:5%, respectively, compared with the group of
anti-miR-373 transfection alone. These data provided the
direct information that the cell apoptosis of U-251
induced by anti-miR-373 was Limk1 dependent, which
could be reversed by Limk1 overexpression. Next, chemo-
or radiotherapy was combined to test the reversing effects
of Limk1. After cotransfecting Limk1 cDNA, there is no
difference on the apoptotic rate of U-251 cells between
the chemo- or radiotherapy single-treated group and the
combined group in the presence of anti-miR-373 transfec-
tion, which means sensitization on chemo- or radiother-
apy by miR-373 inhibition in U-251 cells was reversed
by Limk1 overexpression.
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Figure 4: Effects of anti-miR-373 on p21 and cdc2 expression. (a)
p21 mRNA level was increased in the presence of anti-miR-373
transfection by the real-time quantitative PCR, and (b) western
blot result also proved that higher p21 expression was obtained
after anti-miR-373 transfection; (c) cdc2 mRNA level was
decreased in the presence of anti-miR-373 transfection by the real-
time quantitative PCR, and (d) western blot result also proved that
lower cdc2 expression was obtained after anti-miR-373
transfection (bars indicate the standard deviation of the mean;
each experiment was performed in triplicate; ∗∗p < 0:01).
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4. Discussion

Currently, for the treatment on GBM patients, surgery and
chemo- or radiotherapy were the main available methods
[2–4]. But the resistance to chemo- or radiotherapy was
the trouble of the clinical treatment on these patients,
which may reduce therapeutic efficacy or enhance the tox-

icity to normal organs by increasing the therapeutic dos-
age with poor long-term survival for patients [41, 42].
Temozolomide (TMZ) was the major chemotherapy drug
for GBM, and surgical therapy followed with temozolo-
mide was the standard method in the clinical treatment
of glioblastoma patients currently, but most patients had
the effects of temozolomide resistance that reduced the
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Figure 5: Effects of anti-miR-373 on the Bax/Bcl-2 ratio. (a, b) Anti-miR-373 could increase the Bax expression and reduce the Bcl-2
expression which resulted in the higher Bax/Bcl-2 ratio in the U-251 cells. (c, d) After ionizing radiation (IR), the Bax expression
was increased combined with lower Bcl-2 expression; furthermore, the Bax/Bcl-2 ratio was also enhanced significantly after being
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presence or absence of anti-miR-373 transfection, respectively (bars indicate the standard deviation of the mean; each experiment
was performed in triplicate; ∗∗∗p < 0:001; ∗∗p < 0:01).
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therapeutic efficiency [43, 44]. Thus, novel methods
through exploring the therapeutic target to enhance thera-
peutic efficacy by reducing above resistance have obtained
great concerns recently.

More and more studies have provided the evidence
that miRNAs were related to the cell proliferation, differ-
entiation, and apoptosis, even in development of tumors
[12, 13]. Abnormal levels of miRNAs were demonstrated
in the process of carcinogenesis or progression, such as
lung cancer [45] and GBM [15, 16]. It has been studied
that some genes such as miR-373 [22] or miR-21 [21] play
an important role in above resistance effects of cancer
therapy. But there were few studies on whether inhibition
on miR-373 may induce above antiresistance effects in
GBM treatment and which downstream effector was
involved in its process, which need to be confirmed by
further experimental data or evidence. Thus, the purpose
of the current experiments was to test this hypothesis
and to find the possible relationships between miR-373
and its downstream effector.

Our current study provided the following novelties: (1)
the higher level of miR-373 was observed in U-251 cells;
(2) inhibition on miR-373 could reduce the U-251 cell
proliferation; (3) inhibition on miR-373 could sensitize
U-251 cells to chemo- or radiotherapy; (4) the cell cycle
of U-251 cells could be modulated by miR-373 knock-
down; (5) inhibition on miR-373 could induce the U-251

cell apoptosis; and (6) above effects of miR-373 could be
reversed by Limk1 overexpression. Thus, these experimen-
tal data confirmed the fact that miR-373 could be a new
therapeutic target to enhance the efficiency of chemo- or
radiotherapy for clinical GBM patients.

For cell proliferation, as a typical biological indicator
[46], PCNA expression was also tested to investigate the
effects of anti-miR-373 and even to observe whether com-
bined treatment with chemo- or radiotherapy may have the
additional effects. The results confirmed the above hypothe-
sis and showed that inhibition on miR-373 may enhance
the restricted effects of chemo- or radiotherapy on cell prolif-
eration by reducing the PCNA expression.

In addition, it has been reported that Limk1 was involved
in the cancer development including tumor invasion or cell
apoptosis [47]. And Limk1 knockdown induced the antitu-
mor effects for lung cancer, breast cancer, or even GBM
[28–30]. As an oncogene, it was also evidenced that Limk1
was related to the resistance of chemotherapy [48, 49]. Thus,
studies on the up- or downstream effector of Limk1 may pro-
vide the details of the underlying mechanism on the patho-
logical development of GBM and even the potent novel
therapeutic target for the antitumor therapy clinically.

For the apoptosis of cancer cells, the Bax/Bcl-2 ratio
could provide the development on apoptosis and reflect the
changes under different modulators [50]. This Bax/Bcl-2
ratio and the percentage of apoptotic cells suggested the fact
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Figure 6: Effects of anti-miR-373 on Limk1 expression. (a) High Limk1 mRNA level was observed by the real-time quantitative PCR in
U-251 cells, and (b) western blot results also proved that high Limk1 expression was obtained in U-251 cells; (c) Limk1 mRNA level
was reduced by the real-time quantitative PCR in U-251 cells after anti-miR-373 transfection, and (d) lower Limk1 expression was
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that anti-miR-373 reduced the Limk1 expression, which may
induce or enhance the apoptosis of U-251 cells.

Our results confirmed that inhibition on miR-373 may
change the biological behavior of U-251 cells including cell
proliferation, cell cycle, and even cell apoptosis. And these
effects were related to its downstream effector Limk1, which
could reverse above anti-miR-373 effects. Thus, reducing
the miR-373 level may enhance the antiresistance effects on
chemo- or radiotherapy in GBM treatment through negative
regulation on Limk1. Based on above experimental evidence,
miR-373 could be regarded as the predictive or prognostic
biomarker for GBM patients. These two biological molecules
may help us find the new strategy in the clinical setting by
combining chemo- or radiotherapy to reduce the toxicity to
normal tissues such as side effects and enhance the therapeu-
tic efficiency.
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Immune tolerance research is essential for kidney transplantation. Other than antibody and T cell-mediated immune
rejection, macrophage-mediated innate immunity plays an important role in the onset phase of transplantation rejection.
However, due to the complexity of the kidney environment as well as its diversity and low abundance, studies pertaining to
monocyte/macrophages in kidney transplantation require further elucidation. In this study, kidney samples taken from healthy
human adults and biopsy specimens from patients undergoing rejection following kidney transplantation were analysed and
studied. By conducting a single-cell RNA analysis, the type and status of monocyte/macrophages in kidney transplantation were
described, in which monocyte/macrophages were observed to form two different subpopulations: resident and infiltrating
monocyte/macrophages. Furthermore, previously defined genes were mapped to all monocyte/macrophage types in the kidney
and enriched the differential genes of the two main subpopulations using gene expression databases. Considering that various
cases of rejection may be of the monocyte/macrophage type, the present data may serve as a reference for studies regarding
immune tolerance following kidney transplantation.

1. Introduction

A kidney transplant’s success largely depends on the degree of
immune rejection [1]. Adaptive immunity in kidney trans-
plantation is mainly comprised of T cells and B cells, which,
respectively, cause T cell-mediated rejection (TCMR) and
antibody-mediated rejection following kidney transplantation
(antibody-mediated rejection, ABMR) [2]. Innate immunity,

however, primarily involves monocyte/macrophages, which
also play an important role in initiating adaptive immunity,
and is a prerequisite stage of rejection after kidney transplan-
tation [3].

Myeloid progenitor cells in the bone marrow differentiate
into monocytes; then, in the environments of inflammatory
reactions and trauma, monocytes migrate and infiltrate the
interstitial tissue in order to differentiate into macrophages.
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However, macrophages can reside in the tissue and renew on
their own, crucial for the homeostasis of tissue immunity.
These resident macrophages, however, may also be replen-
ished from the circulation in certain conditions [4]. Therefore,
macrophage heterogeneity should always be considered in
tissue inflammation. In the kidney, earlier studies have
shown that the amount of monocyte/macrophage infiltration
is closely related to kidney injury, though recent studies have
demonstrated that, during the development of acute and
chronic kidney disease, mononuclear/macrophage cells have
both pathogenic and protective effects according to the
type and state of activation. Classically activated macro-
phages mainly play proinflammatory and profibrotic roles,
while alternatively activated macrophages are mainly anti-
inflammatory and promote the repair and reconstruction
of damaged tissue [5]. In fact, a certain number of resident
macrophages exist in normal kidney tissue, which are less
understood due to the small number of cells and lack of
appropriate means or markers from which to study. The
recent development of single-cell sequencing created a break-
through in studying low abundance cells [6, 7]. Scientists
have mapped kidney immune cells throughout the develop-
mental period, from early life to adulthood, and have tried
to understand how the kidney’s immune system develops
and matures [8]. Accordingly, they found that the earliest
cells in the developing kidney were monocyte/macrophages,
which engulf harmful pathogens and remain in the postnatal
stage. However, the roles and characteristics of resident mac-
rophages in the adult kidney, as well as their role during kid-
ney transplantation, require further study.

In this study, the single-cell sequencing data of the
kidney was analysed, and the transcriptome of renal resi-
dent macrophages was profiled in both healthy and trans-
plant rejection tissue. Here, a certain number of resident
monocyte/macrophages were found in normal kidney tissue,
which was dramatically reduced in the kidney transplant tis-
sue of immune rejection and replaced by infiltrating mono-
cyte/macrophages. Correlatively, a large number of plasma
cells were found in the kidney transplant rejection tissue,
where nonactivated B cells disappeared. By analysing the
expression profile, infiltrating monocyte/macrophages were
observed to be similar to matureM1macrophages in the com-
mon inflammatory response, whereas resident macrophages
presented a series of specialized molecules. These molecules
were found to be downregulated or were lost monocyte/ma-
crophages from the transplanted rejected kidney. Research
on such resident macrophage molecules may provide thera-
peutic insight into maintaining immune homeostasis, thus
assisting in the management of renal transplantation.

2. Methods

2.1. Single-Cell mRNA Sequencing Analysis. Raw data of
healthy kidney and biopsy samples of transplantation rejects
were obtained from the Gene Expression Omnibus (GEO)
GSE131685 and GSE109564, respectively [9, 10]. R package
Seurat [11, 12] was used for data analyses, and count matrices
were normalized using the SCTransform pipeline (https://
satijalab.org/seurat/v3.1/sctransform_vignette.html). Samples

from both healthy and rejection tissue were integrated using
reciprocal PCA (https://satijalab.org/seurat/v3.1/integration
.htmlA). The integrated dataset was further subjected to
PCA, and the initial 15 principal components (which
described almost an entire variance in the data, as indicated
by elbow plot) were considered for cluster analyses. Unified
manifold approximation and projection (UMAP) was used
to show clustering with a resolution of 0.25, and violin plots
were used to project the expression patterns of individual
genes in the cluster.

2.2. Functional Enrichment Analysis. Marker genes in differ-
ent clusters were then annotated for the signaling pathway
using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and were classified for biological processes via Gene
Ontology (GO) analysis. A P value < 0.05 was considered to
be statistically significant. A comparison of DEGs was per-
formed by adopting the EnhancedVolcano method, which
was illustrated using a volcano graph. DEGs were then com-
pared using a predefined set of genes via Gene Set Enrich-
ment Analysis (GSEA). Molecular Signatures Database
(MSigDB) was used as the reference of the DEGs. Further-
more, the R package-ClusterProfiler was used to compare
biological processes among the clusters [13]. The top 10
enriched signaling pathways were displayed using dot plots.

3. Results

The data for healthy kidney tissue were acquired from cells
isolated in three patients that underwent radical nephrec-
tomy, while the transplant rejection data were taken from
one patient with three biopsy samples. Initially, the healthy
and rejection data were integrated and corrected in order to
eliminate the batch effect. At a resolution of 0.25, 12 cell clus-
ters were generated, in which two leukocyte clusters were ver-
ified with PTPRC (CD45 gene) (Figure 1(a)). Subclustering of
the leukocytes gave rise to five clusters (Figure 1(b)). Using the
known gene markers, the clusters were annotated with (0) T
cells (1) ,NKT cells (2, 3) ,monocyte/macrophages, and (4) B
cells (Figures 1(c)–1(e)). The healthy data were first assessed
(Figures 1(c)–1(e)), and despite the expression of the Igalpha/-
beta chain (CD79a, b), the B cell population was mainly com-
prised of IgM (IGHM) but not IgG1 (IGHG1), indicating the
lack of plasma cells in healthy tissue (Figures 1(c) and 1(d)).
CD3+ conventional T cells and NKT cells may be distin-
guished by their surface markers and secreted molecules
(Figures 1(c) and 1(e)). In monocyte/macrophage popula-
tions, cells lack prototypical macrophage gene markers like
ADGRE1 (F4/80 gene). Nevertheless, the cells can be sorted
into two clusters with CD14 and MS4A7, both myeloid
markers (Figure 1(e)), indicating that heterogeneity of kidney
monocyte/macrophages already exists in the steady state.

When comparing the healthy and rejection data, the B
cell population was removed so as to obtain a better resolu-
tion for the remaining cells. At 0.5 resolution, eight clusters
were separated from the rest of the cells (Figure 2(a)). Using
known gene markers, the clusters were annotated with (0)
NKT cells (3) ,T cells, and five different myeloid cells
(Figure 2(b)). Compared to the healthy data, the rejection
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Figure 1: Continued.
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group demonstrated an evident rise in cluster 1 with a reduc-
tion in cluster 6 among all three samples (Figure 2(c)). In
order to acquire an overview of clusters 1 and 6, their marker
genes were classified via KEGG signaling pathway analysis,
where cluster 1 was indeed found to be involved in allograft
rejection as well as autoimmune diseases such as lupus and
diabetes (Figure 2(c)). In addition, the gene in cluster 1 was

found to be relevant to IgA production and antigen presenta-
tion, indicating a close relationship to both ABMR and
TCMR. However, cluster 6 genes were detected in the phago-
cytosis pathway (Figure 2(c)).

Furthermore, clusters 1 and 6 were compared according
to the fold change and P value, where cluster 1 was found
to possess the gene responsible for antigen presentation and
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Figure 1: scRNA analysis of leukocytes in the kidney. (a) UMAP plot explored 12 clusters in the kidney tissue at a resolution of 0.25. (b) Gene
expression of PTPRC indicated CD45+ leukocytes. (c) CD45+ leukocytes were subclustered into five clusters. (d) Pie plot shows the frequency
of each cell type. (e) The subclusters were annotated with knownmarkers for T cells (CD3), monocyte/macrophages (CD14 andMS4A7), and
B cells (CD79A/B). Violin plots showed the projection of indicated genes. IGG1 refers to memory B cells or plasma cells. (e) NKT cells were
shown with marker genes such as GNLY, NKG7, and GZMB. The IL7R gene refers to conventional T cells.
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cell activation, as shown in the volcano plot (Figure 3(a)).
Moreover, cluster 1 was observed to express most of the
markers of the M1 macrophage, whereas cluster 6 expressed
the marker of M2 or resident macrophages (Figure 3(b)). To
depict the interaction of these genes, a GO enrichment anal-
ysis was carried out to illustrate the network of differentially
expressed genes. Accordingly, most genes were found to be
connected to the immune response; almost all cluster 1 DEGs
were involved in the innate immune response (Figure 3(c)). In
order to determine which signal is upregulated or downregu-
lated in the DEGs of clusters 1 and 6, a Gene Set Enrichment
Analysis (GSEA) was performed, in which the DEGs were
compared to the Molecular Signatures Database (MSigDB).
The GSEA again oriented the genes to the pathways similar

to the KEGG analysis. More importantly, the GSEA confirmed
that the genes in cluster 1, not cluster 6, promoted autoim-
mune disease and allograft rejection (Figure 3(d)).

Additionally, healthy and rejection samples were compared.
As cluster 1 was not detectable in the healthy group, this study
focused on the comparison of cluster 6 between the rejection
and healthy samples. Here, cluster 6 of the rejection samples
was found to upregulate proinflammatory cytokine genes like
ILIB while downregulating the expression of CD68, which has
been considered a feature of kidney resident macrophages
(Figure 4(a)) [14]. To depict the interaction of these genes, a
GO enrichment analysis was performed to show the network
of differentially expressed genes. The DEGs were mainly found
to be involved in leukocyte transendothelial migration and
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Figure 2: Characterizing the resident and the infiltrating monocyte/macrophage. (a) UMAP plot explored 8 clusters after the removal of B
cells. (b) Clusters were annotated with knownmarkers for T cells (3) ,NKT cells (0), and monocyte/macrophage cells (1, 4, and 6) .(c) The cell
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Figure 3: Gene enrichment analysis of the DEGs in the myeloid subsets. (a) Volcano plot demonstrated the statistical significance (P value)
versus the magnitude of change (fold change) of the DEGs (1 vs. 6). (b) Violin plots showed the percentage and intensity of gene expression by
clusters 1 and 6. (c) CNET plots indicated the network of DEGs in clusters 1 and 6. (d) GSEA identified the upregulated or downregulated
DEGs in the indicated signaling pathway.
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Fcgamma receptor-mediated phagocytosis (Figure 4(b)). The
GSEA confirmed that genes in cluster 6 of the healthy group
promoted transendothelial migration and phagocytosis, which
were lost in the rejection samples (Figure 4(c)).

4. Discussion

The major issue of transplantation is remedying rejection fol-
lowing kidney transplantation and prolonging the survival

time of the recipient. In this regard, immune tolerance
research may contribute to the solution. However, kidney
immunity is a complex network, and the phenotype of
immune cell is time and space dependent. Therefore, a com-
prehensive study of cell heterogeneity is required to under-
stand renal immune homeostasis. The present study
characterized the genetic expression of renal macrophages
at a single-cell resolution and described the changes in resi-
dent macrophages as well as their DEGs during transplant
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Figure 4: Gene enrichment analysis of the DEGs in both the healthy and rejection kidney. (a) Volcano plot showed the statistical significance
(P value) versus the magnitude of change (fold change) of the DEGs in cluster 6 (rejection vs. healthy). (b) Dot plot showed the enriched
KEGG signaling pathways of the cluster 6 marker genes between the rejection and healthy samples. (c) GSEA analysis identified the
upregulated or downregulated DEGs in the indicated signaling pathway (rejection vs. healthy).
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rejection. Using enrichment tools, the main markers of both
resident and infiltrating monocyte/macrophages involved in
kidney rejection were identified and classified.

Due to their high heterogeneity, monocyte/macrophages
are known to have different activation states and play differ-
ent roles. Classically activated M1-type macrophages pro-
mote acute kidney injury, glomerulosclerosis, and renal
interstitial fibrosis by exerting proinflammatory effects, while
alternatively activated M2 macrophages have an anti-
inflammatory effect, promoting wound healing, reducing
renal inflammatory response and fibrosis, and reducing kid-
ney damage [15]. However, little is known about the role of
resident macrophages in healthy kidneys. The present analy-
sis demonstrated that resident macrophages share a certain
similarity with M2 macrophages and decreased during the
rejection response following kidney transplantation. Other
than the known M2 markers, a group of characteristic mole-
cules was also listed, which may serve as a potential target or
help in finding new strategies to reduce damage and promote
repair in the treatment of kidney disease.

By detecting DEGs featuring the resident macrophage,
the relevant signaling pathways of these cells were investi-
gated. In contrast to the M1 macrophage, resident macro-
phages have little effect in autoimmune disease and
allograft rejection. While M1 cells exhibit a strong capacity
in the antigen presentation, resident macrophages upregu-
lated relevant genes during phagocytosis, similar to the phe-
notype of M2 macrophages [16]. Understanding the different
biological functions of various monocyte/macrophages may
help ascertain their role in renal inflammatory response,
injury, and repair. For example, certain immune checkpoint
inhibitor therapies often cause kidney damage without the
detection of any infiltrating inflammatory cells [17]. One
may conceive that such treatments may target and reduce
the number of resident macrophages, which is crucial in
maintaining the homeostasis of the kidney.

A limitation in the present analysis is that the renal rejec-
tion sample was a biopsy from a single patient. Therefore, this
analysis does not represent overall chronic renal rejection and
may only serve as a useful example. In this regard, additional
research is needed in order to describe the immune character-
istics of chronic renal rejection. However, the development
and application of new technologies, such as single-cell
sequencing, transcriptomics, and metabolomics, can propel
kidney transplantation immune research to a new level.
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Acute coronary syndrome (ACS) is a major cause of acute death worldwide. Both innate and adaptive immunity regulate
atherosclerosis progression, plaque stability, and thrombus formation. Immune and inflammation dysfunction have been
indicated in the pathogenesis of ACS. The imbalance in the proatherogenic and antiatherogenic immune networks promotes the
transition of plaques from a stable to unstable state and results in the occurrence of acute coronary events. The residual
inflammatory risk (RIR) has received increasing attention in recent years, and lowering RIR has been expected to improve the
outcomes of ACS patients. The CANTOS, COLCOT, and LoDoCo trials verified the benefits of reducing cardiovascular events
using anti-inflammation therapies; however, most of the other studies focusing on lowering RIR produced negative or
contradicting results. Therefore, restoring the balance in autoimmune regulation is essential because proatherogenic and
antiatherogenic immunomodulatory effects are equally important in the complex human immune network. In this review, we
summarized the recent evidence of the roles of proatherogenic and antiatherogenic immune networks in the pathogenesis of
ACS and discussed how immune and inflammation contribute to atherosclerosis progression, plaque instability, and adverse
cardiovascular events. We also provide a “from bench to bedside” perspective of a novel and promising personalized strategy in
RIR intervention and therapeutic approaches for the treatment of ACS.

1. Introduction

Acute coronary syndrome (ACS) refers to a complex clinical
syndrome that includes a spectrum of entities including
unstable angina, ST segment elevation myocardial infarction
(STEMI), and non-ST segment elevation myocardial infarc-
tion (NSTEMI). The accumulating evidence has implicated
an inflammatory process in the pathogenesis of ACS that
involves local immune cells in coronary arteries generating
inflammatory factors that promote thrombus formation
[1, 2]. Although nonatherosclerotic factors can also contrib-
ute to ACS, the most common cause of ACS is atheroscle-
rotic plaque rupture or erosion with subsequent thrombus

formation. Nearly 60% of ACS patients have a high level of
high-sensitivity C-reactive protein (hsCRP) (>2.0mg/L), a
biomarker of systemic inflammation and a predictive factor
of high cardiovascular mortality, which is defined as the
residual inflammatory risk (RIR) in these patients [3].
Atherosclerosis has been recognized as a chronic inflamma-
tory disorder characterized by dysfunctional immune-
inflammation involving interactions between immune cells
(macrophages, T lymphocytes, and monocytes) and vascular
cells (endothelial cells, smooth muscle cells) [4]. Systemic or
local inflammation promotes coronary thrombus formation.
Both innate and adaptive immune responses contribute to
atherosclerosis and its thrombotic complications in ACS
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through complex interactions between atherosclerosis,
innate immunity, and inflammation [5]. The CANTOS trial
(The Canakinumab Anti-inflammatory Thrombosis Out-
comes Study) targeted interleukin-1β (IL-1β) innate immu-
nity with canakinumab in patients with a history of ACS
and hsCRP ≥ 2:0mg/L and reported significantly attenuated
systemic inflammation indicated by hsCRP and improved
clinical outcomes independent of lipid metabolism [6]. This
study demonstrated that coronary RIR could be successfully
treated by inhibiting IL-1β with canakinumab and raised a
potential implication of anti-inflammatory therapy in ACS
patients. This article reviews recent advances in the under-
standing of immune-mediated inflammation in the patho-
genesis of ACS and discusses its implications for ACS
management strategies.

2. Current Status of Inflammatory Risk in ACS

2.1. Immune-Mediated Inflammation and the Pathogenesis
of ACS. The molecular mechanisms of atherosclerosis are
cholesterol deposition and immune cell aggregation in
the arterial wall. Innate and adaptive immune cells with
both proinflammatory and anti-inflammatory effects regu-
late subsequent atherosclerosis progression. The transition
from stable to unstable plaques with subsequent rupture
or erosion and thrombus formation contribute to ACS
[2]. The link between immune-mediated inflammation
and ACS is complex, and the underlying mechanisms of
ACS are not fully understood. The pathogenesis of ACS can
be divided into plaque rupture with systemic inflammation
and red thrombus, plaque rupture with low systemic inflam-
mation, plaque erosion with white thrombus, and ACS with-
out epicardial coronary artery thrombus or stenosis [2].
Usually, at the sites of plaque rupture, activated macrophages
and T cells secrete cytokines that trigger a self-perpetuating
vicious circle reaction, eventually leading to the fragile and
thin fibrous cap as well as the accumulation of a central lipid
core [7, 8]. Therefore, systemic and local inflammatory
responses are important causes of ACS. Plaque rupture with
low systemic inflammation was characterized by no accumu-
lation of macrophages in ruptured plaques and low-grade
systemic inflammation. This kind of plaque rupture is caused
by psychological stress or local vascular wall stress. Similarly,
coronary plaque erosion with white thrombus is not related
to macrophage-mediated inflammation, but to platelet aggre-
gation. Although coronary plaque erosion is considered to
have no explicit relationship to systemic inflammation,
immune cells, and inflammatory factors have been shown
to be involved in this process [2]. ACS without epicardial cor-
onary artery thrombus or stenosis may arise from coronary
vasospasm or microvascular disease.

Immune-mediated inflammatory disorders, including
rheumatic diseases, inflammatory bowel disease (IBD), rheu-
matoid arthritis (RA), and systemic lupus erythematosus, are
also closely related to acute cardiovascular events indepen-
dent of traditional cardiovascular risk factors. ACS is very
common in young women with IBD who often show a high
level of CRP [9]. Therefore, immune-mediated inflammation
but not the traditional risk factors is the main cause of these

acute cardiovascular events. However, a retrospective cohort
study of 300 IBD patients without traditional risk factors
in North Shore University Hospital failed to identify the
relationship between IBD and acute cardiovascular events
[10]. It is possible that the inflammation level is not
enough to cause plaque rupture. However, the activity of
inflammation is more important than the duration of
inflammatory disorders. RA is associated with a higher
incidence of premature cardiovascular events and a two-
fold increase in the incidence of ACS [11, 12]. RA patients
who respond well to anti-inflammatory medication have a
decreased risk of future ACS, suggesting that inflammation
induces ACS [13]. Rheumatic diseases contribute to events
through specific systemic inflammation in the absence of
commonly known cardiovascular risk factors. This cause-
and-effect relationship is not limited to rheumatic diseases
and ACS. Any disorders involving systemic inflammation
may damage coronary arteries and subsequently induce
ACS [14]. This immunological pathogenesis may provide
a theoretical basis for potential clinical applications and
interventions.

2.2. RIR: A Gap in the Management of ACS. The CANTOS
trial showed that canakinumab was associated with a 15%
reduction in major adverse cardiovascular events (MACEs),
indicating the importance of anti-inflammatory therapy in
the management of ACS residual risks [6, 15]. In the FOU-
RIER (Further Cardiovascular Outcomes Research with
PCSK9 Inhibition in Subjects With Elevated Risk) trial,
patients with low − density lipoprotein cholesterol ðLDL − CÞ
< 30mg/dL but elevated hsCRP showed a higher incidence
of MACE than patients with LDL − C > 100mg/dL, despite
the use of proprotein convertase subtilisin-kexin type 9
(PCSK9) inhibitors [16]. In the post hoc analysis of the SPIRE
(Studies of PCSK9 Inhibition and the Reduction in Vascular
Events) trials, stable outpatients receiving high-intensity
lipid-lowering therapies still showed a 60% increased risk of
future cardiovascular events when hsCRP levels exceeded
3mg/L [17]. This evidence suggested that RIR still exists in
ACS patients who received guideline-based medication with
intensive lipid-lowering therapy and lifestyle modification
[3]. Therefore, the pathogenesis and management of ACS
should also focus on reducing RIR beyond antiplatelet and
lipid-lowering therapy in the future [3, 6].

3. Immune and Inflammation in the
Pathogenesis of ACS

The accumulating evidence has demonstrated that vascular
inflammation plays pivotal roles in the pathogenesis of
ACS, and thus ACS is considered an inflammation-related
disease. Following systemic or local inflammatory activation,
endothelial cells enhance the attachment and migration of T
lymphocytes and macrophages into the arterial wall via
upregulated adhesion molecules. During this process, both
the proatherogenic and antiatherogenic immune networks
are activated (Figure 1). Once the balance is disturbed by var-
ious traditional cardiovascular risk factors, ACS occurs and
develops into acute coronary events.
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3.1. Proatherogenic Immune Networks in ACS

3.1.1. Proatherogenic Roles of Innate and Adaptive Immunity
in Plaque Rupture. The innate immune system is the first
barrier for human self-protection that activates nonspecific
immune cells to respond to pathogens [18], and immune cells
are restricted to enter into the vascular endothecium under
normal physiological conditions [19]. The intimal lipid parti-
cles in the artery wall promote the production of selectins,
monocyte chemoattractant protein-1 (MCP-1), and vascular
cell adhesion molecule-1 (VCAM-1) in endothelial cells,
which provide monocytes and other inflammatory cells with
specific stimuli and anchors [15, 19]. Macrophages are associ-
ated with atherosclerosis progression and plaque rupture.
After recruitment, monocytes continue to propagate and
differentiate into proinflammatory macrophages (M1 type)
stimulated by monocyte-colony-stimulating factor (M-CSF)
[8]. Platelets are not only important in thrombus formation,
but also also contribute to atherosclerotic inflammation [20].
Platelets can induce monocyte migration and recruitment to

form plaques and also mediate macrophage polarization to
the M1 type [20]. Netrin-1 and semaphorin-3 block binding
to CCL19 and CCL21 and prevent lipid-phagocytic macro-
phages from migrating out of diseased lesions [8, 21]. The
degree of macrophage efflux increases following the inten-
tional lowering of netrin-1 concentrations in LDLR−/− mice
[22]. Macrophages within the atherosclerotic plaque undergo
apoptosis or necrosis [8] and are not effectively removed by
efferocytosis [23]. CD47, an antiphagocytic signal molecule
that helps evade the autoimmune system, cannot be cleared
by efferocytosis [24]. CD47 is upregulated in the lipid core
of atherosclerotic plaques [25] and blocks phagocytic func-
tion in plaques [26], which may be involved in the transition
from stable to unstable plaques.

A thin fibrous cap is common in unstable plaques [27]
and is associated with the impaired metabolism of interstitial
collagens [28]. Typically, tensile interstitial collagen is resis-
tant to degradation by a majority of proteases except for
matrix metalloproteinases (MMPs) [29]. Macrophages are
one of the primary sources of synthetic MMPs [30]. The
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Figure 1: Immune and inflammation pathways in the pathogenesis of acute coronary syndrome.
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enhanced activity or abundance of MMPs promotes the
breakdown of the arterial extracellular matrix [8] and pla-
que rupture [31]. A recent study showed that inhibiting
macrophage-derived MMP-13 in mice increased the num-
ber of interstitial collagens and subsequently stabilized
plaques [29].

The adaptive immune system also contributes to plaque
rupture. T lymphocyte subsets with distinct effector roles
have multiple inflammatory functions [7]. Both helper T
(TH) CD4

+ cells, especially TH1 cells and cytotoxic T (TC)
CD8+ cells, are found in atherosclerotic plaques [7]. Stimu-
lated by dendritic cells binding with oxidized LDL or heat
shock protein (HSP) 60, TH1 cells promote interferon-γ
(IFN-γ) production, which impairs the production of inter-
stitial collagens in vascular smooth muscle cells (VSMCs)
[19, 29, 32]. TH1 cells and macrophages render the thin
fibrous cap susceptible to ACS. CD28null T cells are a sub-
type of TH cells that are much more common in patients
with ACS than in patients with stable angina, and they
accelerate endothelial cell injury through the production
of granzyme B and perforin [7, 33]. CD28null T cells are
positively correlated with the incidence of ACS [34, 35].
As for the pathogenetic mechanism, CD28null T cells release
excessive IFN-γ and TNF-α and resist apoptosis, which
contributes to plaque vulnerability in ACS [7, 33, 35, 36].
The roles of TC cells and other TH cell subtypes, including
TH2, TH9, TH22, and follicular helper T (TFH) cells, in ACS
remain to be established [36].

The nucleotide-binding leucine-rich repeat-containing
pyrin receptor 3 (NLRP3) inflammasome is a critical compo-
nent of the innate immune system and triggers the immune
cell release of inflammatory cytokines [19, 37]. In ACS,
activated NLRP3 inflammasome produces bioactive IL-1β
and IL-18 through activated caspase 1 in patients with
atherosclerosis [16]. Both IL-1β and IL-18 destabilize the
plaque by upregulating VCAM, thereby inducing T cell
differentiation and promoting downstream proinflamma-
tory reactions [19, 38]. IL-6 mobilizes hepatocytes to syn-
thesize acute phase reactants containing fibrinogen,
plasminogen activator inhibitor-1, and CRP [8, 19] and
is associated with the evolution of ACS [39]. CRP interacts
with Fc transport receptors and subsequently promotes
proinflammatory cytokine production and aggravates the
local proatherogenic state [19, 40]. In addition to
interleukin-like proatherogenic cytokines, TNF-α released
by macrophages induces vascular endothelial dysfunction
to promote thrombosis and consistently upregulate CD47
[25, 41]. The excessive necrotic phagocytic debris stimu-
lates Toll-like receptors (TLRs) via damage-associated
molecular patterns (DAMPs) to potentiate the inflamma-
tory elaboration [8]. Therefore, a positive feedback loop
in which all proatherogenic cytokines exacerbate endothe-
lial injury in various ways develops, and consequently, an
increasing number of immune cells are attracted to the
atheroma lesion [8].

3.1.2. Inflammatory Mechanism of Plaque Erosion. Unlike
plaque rupture, macrophages, and T lymphocytes are seldom
associated with plaque erosion [2]. Eroded lesions harbor

numerous glycosaminoglycans and proteoglycan instead of
a large lipid core and interstitial collagens [2, 29]. Therefore,
the molecular mechanism of plaque rupture and erosion dif-
fer in phenotypical and functional aspects, which can explain
why plaque erosion is not accompanied by detectable sys-
temic inflammation. In general, superficial plaque erosion is
mainly initiated by endothelial cell damage caused by various
factors, including hemodynamic disturbance, oxidative
stress, and TLR activation mediated by hyaluronic acid [2,
42]. Injured endothelial cells covering the plaque progres-
sively detach from the basement membrane. The platelets
subsequently recruit to the denuded lesions and release gran-
ules to chemotactically attract a large number of neutrophils
[2]. However, neutrophils do not settle on the surface of the
plaque but exhibit neutrophil extracellular traps (NETs) via
apoptosis, which further promotes local thrombosis [43].
Plaque erosion with thrombus shows a higher level of leuko-
cyte myeloperoxidase in ACS postmortem specimens [2, 44].

3.2. Antiatherogenic Immune Networks in ACS. Anti-
atherogenic immune networks counteract the progressive
proatherogenic infiltrates in the pathogenesis of ACS, which
mediates a waxing and waning inflammatory environment.
Some macrophages differentiate into antiatherogenic subsets
(M2 type) to eliminate excessive autoimmune attacks [45].
M2 macrophages are more effective at removing necrotic
cellular debris, promoting angiogenesis, and producing IL-
10 and TGF-β [8, 45]. IL-10 induces more macrophages
toward M2 subtype, and TGF-β controls the proliferation
of immune cells, thereby restricting the proatherogenic
responses [8, 46]. There are significantly more M2 macro-
phages in advanced plaques than M1 macrophages, which
is associated with the stimulation and amplification of the
proinflammatory state [8]. IL-1β provokes a competitive
reaction with IL-1 receptor antagonists (IL-1Ra) in the ath-
eromatous plaque, leading to spontaneous arterial inflam-
mation [19]. In ACS patients who have a higher level of
IL-1Ra than those with stable CAD, IL-1Ra appears to be
associated with plaque activity and elicits a potential pro-
tective effect on the impaired myocardium [19, 47].

Recently, adaptive immunosuppressed cells have received
great attention. Regulatory T (Treg) cells are a subtype of
immunosuppressed T cells with positive FOXP3, CD20,
and CTLA4 expressions that suppress antigen-presenting
cells, naive and effector T cells, and natural killer (NK) cells
[36]. In addition, Treg cells can delay or even reverse the pro-
gression of atherosclerosis [48–50]. Once activated, Treg cells
release antiatherogenic cytokines, including IL-13 and TGFβ,
to promote plaque stabilization [51]. In addition, Treg cells
can remodel plaques by increasing the number of M2 macro-
phages, reconstructing damaged fibrous caps, and inhibiting
the proliferation of proatherogenic T cells [52]. The prefer-
ence of Treg cell differentiation is enhanced in early hyper-
cholesterolemia [53]. However, in advanced atherosclerotic
lesions, Treg cells selectively express T-bet, which changes
their phenotype from an antiatherogenic inflammatory one
to a proatherogenic state [54]. As the number of Treg cells
in plaques decreases, the self-protective antiatherogenic
function gradually declines [55]. Compared with the general
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population, patients with ACS have a lower number of Treg
cells [56, 57]. Therefore, it is reasonable to speculate that
one of the possible causes of unstable plaque is the excessive
consumption of Treg cells and changes in the direction of T
cell differentiation [36]. FOXP3, a key regulatory molecule
of Treg cells, is important in the pathological differentiation
of Treg cells [58], and Treg cells are prone to exhibit
proatherogenic properties in the absence of stable FOXP3
expression [36], but the detailed mechanism of this process
remains unclear. Clarifying this mechanism is of great signif-
icance to understand the antiatherogenic progression of ACS
through stabilizing the FOXP3 expression to inhibit the path-
ological differentiation of Treg cells.

4. Better Attenuation of Coronary RIR Lowers
the Risks of ACS

Given that a large part of ACS is a systemic inflammation-
related disease in which both innate and adaptive immune
systems are involved, RIR may be even common besides cho-
lesterol risk [59]. Even in these patients who received success-
ful percutaneous coronary intervention (PCI) to relieve
myocardial ischemia, persistently high RIR was common
and positively correlated with one-year MACE [60].
Although this retrospective cohort study could not exclude
the risk of traditional confounding cardiovascular factors, it
suggests that stratifying patients based on hsCRP levels is
beneficial for the prediction of cardiovascular disease risk
[60]. Currently, hybrid positron emission tomography imag-
ing, coronary computed tomography angiography (CCTA),
and biomarkers of gut microbiota have been used to stratify
cardiovascular risks [15, 61]. Hybrid positron emission
tomography imaging is useful in underlying cardiovascular
inflammatory states [62]; however, its extensive clinical
application is limited because of the prolonged exposure of
patients to radiation and its expensive cost. CCTA, a com-
mon clinical noninvasive method for screening obstructive
CAD, can identify morphological traits of high-risk plaques
and provide indirect evidence of coronary inflammation
[15, 63]. The gut microbiota can release proatherogenic
metabolites and induce trimethylamine N-oxide production
to induce specific inflammatory responses in epicardial
adipose tissue [61, 64], which provides certain valuable infor-
mation in ACS prediction. However, whether or not the
intestinal microbiota can be widely used as a biomarker for
RIR stratification requires further investigation.

Regarding the lack of currently available methods for RIR
identification, it is difficult to identify the ACS patients that
require adjuvant anti-inflammatory treatment. Therefore, it
is necessary to propose a novel, efficient, and cost-effective
predictive model that does not only focus on the narrow
degree of the regional lumen [15]. The persistently high level
of hsCRP suggests that RIR continues to drive plaque pro-
gression [19], and hsCRP is an ideal biomarker to evaluate
cardiovascular events because it can reflect the active state
of the inflammatory cascade [65]. A newly established risk
prediction score based on hsCRP levels better identifies and
stratifies high-risk ACS patients than traditional risk scores,
and the detection of hsCRP is a promising approach in guid-

ing therapeutic strategies and evaluating curative effects [3].
The perivascular fat attenuation index (FAI) is an emerging
biomarker of vascular inflammation based on noninvasive
CCTA that can be used as a direct metric of inflammation
[15]. When the plaque is in an active state of inflammation,
some inflammatory factors, including IL-6 and TNF-α, pro-
mote the breakdown of PVAT [15, 66]. Clinical trials have
found that patients with high FAI in the proximal right cor-
onary artery were more prone to ACS [15, 67]. Furthermore,
the combination of FAI and anatomical features of high-risk
plaques in CCTA can be used to identify excessive RIR [15].
Therefore, the integration of CRP- or FAI-assisted CCTA to
traditional cardiovascular risk scores provides accurate strat-
ification, improves the predictive value for high-risk ACS,
and paves the way for future precision medicine.

5. Therapeutic Approaches Targeting Immune
and Inflammation in ACS

The imbalance between the proatherogenic and antiathero-
genic immune networks is an essential component in the
pathogenesis of ACS, although controversies regarding the
contribution of inflammation to plaque erosion still exist.
In addition to potent lipid-lowering manipulations, efforts
to eliminate this imbalance may be a promising therapeutic
strategy for ACS. Currently, although some clinical trials on
anti-inflammatory treatments in ACS have obtained satisfac-
tory endpoints; most of them have failed to complete the
translation from the theoretical insight into quantifiable ben-
efits (Table 1).

5.1. Targeting Proatherogenic Immune Modulation to Inhibit
Inflammation in ACS. Given that proatherogenic immune
networks dominate the pathogenesis of ACS, targeting
proatherogenic immune modulation to inhibit inflammation
in ACS is promising in this regard. The most successful study
in targeting anti-inflammatory therapy in ACS was the
CANTOS trial, which randomized 10,061 patients with
previous MI and hsCRP ≥ 2:0mg/L who were identified as
having RIR [6]. Canakinumab (150mg every 3 months), a
monoclonal antibody targeting IL-1β, significantly decreased
MACE and inflammatory biomarkers independent of aggres-
sive cholesterol control [6]. This clinical trial demonstrated
the importance of neutralizing the main proatherogenic
pathway involving IL-1β to IL-6 to CRP [16]. However,
immunosuppressive drugs may result in secondary infections
because of their roles against the host defense system, as
evidenced in the CANTOS trial in which canakinumab
therapy led to an increase in infectious death [6]. Hence,
early detection and effective antibiotic treatment can help
counteract the risk of infection when immunosuppressive
drugs are used. Methotrexate can reduce the amount of
proinflammatory cytokines and limit the storage of choles-
terol in macrophages [12, 19]. The Cardiovascular Inflam-
mation Reduction (CIRT) trial is a randomized clinical trial
investigating whether low-dose methotrexate can alleviate
MACEs in type 2 diabetes or metabolic syndrome patients
with recent ACS. The results showed a negligible effect on
the level of IL-1β and IL-6 and the number of MACE [68].
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Similarly, ACS patients administered with the IL-6 inhibitor
tocilizumab showed a reduced level of troponin and inflam-
matory markers in the ASSessing the Effect of Anti-IL-6
Treatment in MI (ASSAIL-MI) trial [16, 69, 70], which was
designed to assess the effects of tocilizumab on ischemia
reperfusion injury in patients with ST-elevation myocardial
infarction. The neutral results in the CIRT trial suggest that
future targeted inflammatory therapies should focus on the
control of specific inflammatory cytokines or immune cells
[16]. One potential strategy is inhibiting the main proinflam-
matory activation upstream of the NLRP3 inflammasome.
NLRP3 inflammasome inhibitors minimized the area of
myocardial infarction in animal models [71]. Colchicine, an
antirheumatic drug, can cause neutrophil dysfunction and
hinder NLRP3 inflammasome evolution in macrophages,
resulting in the downregulated expression of the IL-1β to
IL-6 pathway [19]. The non-double-blind randomized
LoDoCo (Low Dose Colchicine) trial enrolled 532 patients
with CAD and investigated whether taking colchicine
0.5mg/day could reduce the risk of cardiovascular events.
The results showed that low-cost colchicine could indeed

lower the risk of ACS [72]. However, introducing colchicine
for the secondary prevention of CAD is difficult because of
the modest sample size and defects in trial design that did
not involve the use of inflammatory markers as a reference
for disease improvement. Recently, the Colchicine Cardio-
vascular Outcomes (COLCOT) trial showed a promising
decline in the primary endpoints in ACS patients with previ-
ous myocardial infarction [73]. Although the COLCOT trial
verified the potential intervention of RIR independent of
aspirin and statins, there were several limitations to this
study. Specifically, approximately 20% of patients failed to
synchronously follow the trial for various reasons, and most
importantly, a portion of the patients showed an increased
risk of gastrointestinal intolerance, myelosuppression, and
pneumonia following the use of colchicine [73, 74]. The
ongoing Colchicine and Spironolactone in Patients with
STEMI/SYNERGY Stent Registry (CLEAR-SYNERGY) and
Low Dose Colchicine After Myocardial Infarction
(LoDoCO2) trials may provide us with more comprehensive
data supporting the overall benefit of colchicine [74, 75].
Nevertheless, the CANTOS, CIRT, and COLCOT trials that

Table 1: Major published and ongoing clinical studies targeting inflammation therapies in coronary artery disease.

Study Subjects
Inflammatory

target
Therapeutic

agent
Median follow-up

duration
Primary outcome

Benefit
achieved

LoDoCo
Patients with stable

CAD
Broad

spectrum
Colchicine 3 years Cardiac arrest, ACS, stroke Yes [72]

CANTOS
Post-ACS patients
with high level of

hsCRP
IL-1β Canakinumab 48 months

Cardiovascular death, nonfatal
myocardial infarction or stroke

Yes [6]

CIRT

Type 2 diabetes or
metabolic

syndrome patients
with recent ACS

Broad
spectrum

Methotrexate 2.3 years

Cardiovascular death, nonfatal
myocardial infarction or stroke,
hospitalization for emergency

revascularization

No [68]

COLCOT Post-ACS patients
Broad

spectrum
Colchicine 22.6 months

Cardiovascular death, resuscitated
cardiac arrest, myocardial infarction,
stroke, hospitalization for emergency

revascularization

Yes [73]

CLEAR-
SYNERGY

ACS patients with
STEMI/SYNERGY

stent

Broad
spectrum

Colchicine
and

spironolactone
2 years

Cardiovascular death, stroke,
recurrent myocardial infarction

Ongoing
[75]

LoDoCo2
Patients with stable

CAD
Broad

spectrum
Colchicine 3 years Cardiovascular death, ACS, stroke

Ongoing
[75]

ASSAIL-MI
Patients with first

STEMI
IL-6 Tocilizumab 6 months

Myocardial salvage index assessed by
CMR 1 week after administration

Ongoing
[70]

LATITUDE-
TIMI 60

Patients with ACS
Mitogen-
activated

protein kinase
Losmapimod 12 weeks

Cardiovascular death, myocardial
infarction, recurrent angina requiring

emergency revascularization
No [80]

VCU-ART3 Patients with ACS IL-1Ra Anakinra 12 months

14-day changes in CRP levels,
new-onset heart failure, long-term
improvement of left ventricular

ejection fraction

Ongoing
[83]

Footnote. ACS: acute coronary syndrome; CRP: C-reactive protein; CMR: cardiovascular magnetic resonance; LoDoCo: Low-Dose Colchicine; CANTOS:
Canakinumab. Anti-Inflammatory Thrombosis Outcome Study; CIRT: Cardiovascular Inflammation Reduction Trial; COLCOT: Colchicine Cardiovascular
Outcomes Trial; CLEAR-SYNERGY: Colchicine and Spironolactone in Patients with STEMI/SYNERGY Stent Registry; LoDoCo2: Low Dose Colchicine
After Myocardial Infarction; ASSAIL-MI: ASSessing the Effect of Anti-IL-6 Treatment in MI; LATITUDE-TIMI 60: LosmApimod To InhibiT p38 MAP
kinase as a therapeUtic target and moDify outcomes after an acute coronary syndrome; VCU-ART3: Virginia Commonwealth University-Anakinra
Remodeling Trial-3.
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targeted the NLRP3/IL-1β/IL-6 pathway have provided evi-
dence of the potential benefits of targeting proatherogenic
immune networks [74].

TNF-α inhibitors are also widely used to reduce inflam-
mation and regulate endothelial dysfunction, which may
improve the outcome of chronic inflammatory diseases
[12]. A systematic review and meta-analysis of 13 cohort
studies on rheumatoid arthritis demonstrated that TNF-α
inhibitors as adjunctive therapy, including disease-
modifying antirheumatic drugs (DMARDs), reduced the risk
of ACS. However, three randomized controlled trials (RCTs)
failed to show any cardiovascular protective effects of TNF-α
inhibitors [19, 76]. Therefore, the cardiovascular benefits of
TNF-α inhibitors remain elusive, and large-scale clinical tri-
als are needed to further verify the potential outcomes of
TNF-α inhibitors in ACS patients. Agents that promote mac-
rophage efflux or enhance efferocytosis showed promising
effects on the reduction of ACS events by restricting the
expression of netrin-1 and delivering nanoparticles loaded
with siRNA to M1 macrophages [8]. CD47, also referred to
as the “Do not-Eat-Me” signal, has received great attention
in recent years and has been found to be overexpressed in
most cancers [77]. CD47-blocking antibodies modified the
accumulation of central lipid cores by improving the func-
tion of phagocytosis in mice with atherosclerosis [25, 78].
Therefore, the administration of CD47-blocking antibodies
is a feasible anti-inflammatory strategy to mitigate the risks
of ACS.

Other therapies targeting inflammation have also been
investigated. The phospholipase A2 (PLA2) enzymes are
key contributors to lipid metabolism and inflammatory acti-
vation and are strongly correlated with plaque burden [47,
79]. PLA2 inhibition with varespladib methyl or darapladib
showed indistinctive improvements in overall cardiovascular
events but rendered patients susceptible to ACS in several
large clinical trials [19, 47]. A similar result was observed in
large randomized trials of mitogen-activated protein kinase
(MAPK) signaling cascade-related targeted therapies [47,
80]. As MAPK activation amplified inflammatory responses,
MAPK inhibitors could moderate the systemic or local resid-
ual inflammation that leads to ACS [81]. Therefore, their
effectiveness as a targeted therapy still needs to be explored.

5.2. Targeting Antiatherogenic Immune Modulation to
Inhibit Inflammation in ACS. Due to limited atheroprotec-
tive autoimmunity, it is often difficult to prevent excessive
proatherogenic immune responses. An improvement in
the antiatherogenic ability is expected to affect immune
homeostasis. Anakinra, an IL-1Ra antagonist, blocks
endogenous IL-1β and the downstream sequelae and has
been used clinically for alleviating rheumatoid diseases.
An acute, double-blind trial involving 23 patients with
rheumatoid arthritis receiving anakinra (150mg) or placebo
confirmed the significant improvement in biomarkers and
vascular and left ventricular function in the anakinra group
[82]. Anakinra is expected to improve the outcome of athero-
sclerosis regarding the provocative results of the CANTOS
trial. The administration of anakinra in ACS patients is pro-
gressively underway, and positive inflammation-reducing

effects have been observed [3]. The results of phase II clinical
trials involving investigational drugs for ACS are expected to
verify the promising clinical outcomes of anakinra [83].

Recently, Treg cell-based treatments have received great
attention. Treg cells induced by specific antigens restored
the internal immune environment and reversed atherosclero-
sis in mice [7, 84]. An alternative proposed strategy involving
the purification of natural Treg cells from subjects and their
expansion in vitro before reinfusion has proven to be effective
in the prevention of atherosclerosis progression [7]. The sta-
bility of autologous Treg cells during their in vitro expansion
and after their targeted delivery into hyperactive inflamma-
tion sites remains problematic when used for the treatment
of human atherosclerosis. Although Treg cell-based treat-
ments alone might not be sufficient to prevent patients from
ACS because of the persistent existence of traditional cardio-
vascular risk factors, optimizing Treg cell-based treatments is
a promising approach from a mechanistic perspective.
Therefore, Treg cell-based treatments may be used as a prom-
ising antiatherogenic adjuvant strategy for the management
of ACS.

6. Prospective of Therapeutic Strategies
Targeting Immune and Inflammation in ACS

Although several studies targeting immune and inflamma-
tion in ACS showed improved outcomes of atherosclerosis,
the future in this field is full of unknowns. Certain inflamma-
tory pathways or specific immune cells are not the perfect
equivalents of systemic inflammatory responses. Fleming
et al. proposed the fixed distinction between the “surrogate”
and “correlate” of a disease [47, 85]. This conceptual differ-
ence indicates that inflammatory diseases may produce sev-
eral biomarkers that are not the real cause of the ultimate
clinical outcome. For example, PLA2 and CRP are highly
expressed in ACS and positively correlated with the risk of
plaque rupture, but their targeted therapies do not achieve
the desired effect. Moreover, if a selected “surrogate” only
targets one of the multiple proatherogenic or antiatherogenic
pathways of ACS without the intervention of the other active
pathways, the clinical endpoints may not be effectively mod-
ified [47]. The reason for the success of therapeutic strategies
targeting the NLRP3 to IL-1β to IL-6 pathway is that these
factors serve as perfect representatives that capture abundant
upstream inflammatory signals and lead directly to the mag-
nification of the systemic or local inflammation [16]. In addi-
tion, some anti-inflammatory agents appear promising and
beneficial effects in animals but not in human, such as MAPK
inhibitor losmapimod and the recombinant P-selectin glyco-
protein ligand-1 (PSGL-1) [47]. One of the most convincing
explanations for this is related to the optimal time of drug
administration. In animal experiments, these anti-
inflammatory agents can be administered immediately after
the established severe inflammatory stimulus, whereas it is
not practical to initiate them before or when undetected
ACS occurs in patients. These pose some challenges for
future experimental and human investigation. The successful
targeting of immune and inflammation depends not only on
the discovery of a more ideal “surrogate” for inflammation
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but also on the development of an experimental model more
similar to humans [47].

To date, studies on targeting proatherogenic inflamma-
tion have outnumbered those targeting antiatherogenic
inflammation. The clinical benefits observed in most trials
investigating the regulation of proatherogenic mechanisms
alone were suboptimal. Furthermore, the overwhelming sup-
pression of proatherogenic immunomodulatory effects atten-
uates systemic immunocompetence and results in multiple
infections and malignant tumors [7, 16]. Accumulating evi-
dence indicates that proatherogenic and antiatherogenic
immunomodulatory effects are equally important in the
complex human immune network, and promising attempts
have been made to reinforce antiatherogenic T lymphocyte
subsets and other anti-inflammatory cytokines to restore
the balance of autoimmune regulation in the treatment of
autoimmune diseases, cancer, and allogeneic transplantation
[7]. Therefore, efforts should focus on antiatherogenic adju-
vant agents in the future development of immunotherapies
for ACS.

7. Conclusions

ACS has been referred to as an inflammation-related disease
regarding its pathogenesis. Understanding the mechanisms
of immune and inflammation in ACS will transform risk
evaluations and treatment paradigms. The management of
RIR beyond traditional guideline-based therapy leads to pos-
itive cardiovascular outcomes. Efforts targeting the immune
system and inflammation to alleviate the ACS burden have
provided promising results. Although they are still being
developed, therapies based on anti-inflammation and
immune modulation will promote a personalized medicine
in the future. Finally, cooperation among cardiologists,
oncologists, and rheumatologists is needed to achieve precise
prevention and therapy for ACS patients.
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Accumulating evidence has pointed out that metastasis is the leading cause of death in several malignant tumor, including CRC.
During CRC, metastatic capacity is closely correlated with reprogrammed energy metabolism. Mitochondrial Pyruvate Carrier 1
(MPC1), as the carrier of transporting pyruvate into mitochondria, linked the glycolysis and TCA cycle, which would affect the
energy production. However, the specific role of MPC1 on tumor metastasis in CRC remains unexplored. Here, by data mining
of genes involved in pyruvate metabolism using the TCGA dataset, we found that MPC1 was significantly downregulated in
CRC compared to nontumor tissues. Similar MPC1 expression pattern was also found in multiple GEO datasets. IHC staining
in both human sample and AOM/DSS induced mouse CRC model revealed significant downregulation of MPC1. What is more,
we found that MPC1 expression was gradually decreased in normal tissue, primary CRC, and metastasis CRC. Additionally,
poor prognosis emerged in the MPC1 low expression patients, especially in patients with metastasis. Following, functional tests
showed that MPC1 overexpression inhibited the motility of CRC cells in vitro and MPC1 silencing enhanced liver metastases
in vivo. Furthermore, we uncovered that decreased MPC1 activated the Wnt/β-catenin pathway by promoting nuclear
translocation of β-catenin to mediate the expression of MMP7, E-cadherin, Snail1, and myc. Collectively, our data suggest that
MPC1 has the potential to be served as a promising biomarker for diagnosis and a therapeutic target in CRC.

1. Introduction

Colorectal carcinoma (CRC), as one of the most common
gastrointestinal malignancies, has developed the world’s
fourth most deadly cancer with a high rate of incidence and
mortality [1, 2]. Liver metastasis, which is the most common
form for CRC metastasis, is the leading cause of high mortal-
ity for this severe malignancy [2]. However, few clinical pre-
vention and treatment measures could be available for tumor
metastasis. Therefore, it is really urgent to develop new bio-
markers and explore the underlying mechanism for CRC
metastasis, and eventually develop new therapeutic strategies
for CRC patients.

During cancer progression, metabolic reprograming with
increasing glucose utilization is termed as Warburg affect,
which is accompanied by altered pyruvate and mitochondrial
metabolism [3]. The fate of pyruvate is the core manifestation
to distinguish normal cells and tumor cells through metabo-
lism. In normal cells, pyruvate was used for efficient ATP
production directly into mitochondria. However, pyruvate
was converted into lactate in cytosol despite of normoxic
and hypoxic conditions in cancer cells [4]. This may be due
to the impaired process of pyruvate from the cytosol into
the mitochondrial matrix, which is a critical metabolic step
linking glycolysis and mitochondrial oxidative phosphory-
lation. The Mitochondrial Pyruvate Carrier (MPC), a
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multimeric complex containing two distinct proteins MPC1
and MPC2, which is located in the inner mitochondrial
membrane, is responsible for efficient mitochondrial pyru-
vate uptake [5]. Loss of MPC expression or activity blocks
pyruvate entry into the TCA cycle, which results in a metab-
olism switch to increase glycolysis and the compensatory
usage of glutamine [6, 7].

Existed studies have reported that MPC1 was related with
immunoregulation, stemness, metabolism, cellular morphol-
ogy, etc. [3, 8–10]. Currently, the important role of MPC1
was uncovered in several tumors. In CRC and esophageal
squamous cell carcinoma, decreased MPC1 results in acceler-
ated aerobic glycolysis and malignant progression [11, 12]. In
lung adenocarcinoma, MPC1 deficiency accelerates lung ade-
nocarcinoma progression through the STAT3 pathway [13].
In prostate cancer, MPC1 was reported to be involved in
stemness and metabolism which regulated by COUPTFII
[14, 15]. In renal cell carcinoma, hypoxia-induced loss of
MPC1 enhanced the expression of MMP7 andMMP9 to pro-
mote cell invasion [16]. Collectively, these data suggested
that MPC1 maybe serves as a suppressor to disrupt tumor
malignancy. However, whether MPC1 is involved in CRC
metastasis and the underlying mechanisms remain to be
illustrated.

In the present study, we figured out the relationship
between the MPC1 expression and CRC liver metastasis.
We identified that decreased MPC1 was closely correlated
with patient’s metastasis, as well as led to poor prognosis.
Functionally, MPC1 overexpression could attenuate the
migration and invasion capacities of CRC cells both in vitro
and in vivo.Mechanically, MPC1 suppressed CRCmetastasis
through mediating the Wnt/β-catenin signaling. Thus, our
finding firstly revealed a critical role of MPC1 in CRC liver
metastasis.

2. Materials and Methods

2.1. Data Mining. Seven GEO datasets (GSE21510, GSE5206,
GSE20916, GSE9348, GSE89393, GSE67675, and GSE4183)
and TCGA were used to analyze the MPC1 expression pat-
tern in CRC. The primary data for TCGA datasets were
downloaded https://www.cancer.gov/. The primary data for
GEO datasets were downloaded at https://www.ncbi.nlm
.nih.gov/geo. The OncoLnc database (http://www.oncolnc
.org/) was used to detect the prognostic value of MPC1 in
the TCGA cohort.

2.2. Patients and Clinical Specimens. In our study, a total of
392 patients containing paired CRC tissues and adjacent
nontumor tissues were enrolled from the Department of Gas-
trointestinal Surgery, Renji Hospital, School of Medicine,
Shanghai Jiao Tong University. Among them, 30 cases of
liver metastases were collected. And only 225 cases were
available with complete follow-up data for survival analysis.
Informed consents were signed by all patients. The research
was approved by the Research Ethics Committee of Renji
Hospital and carried out in accordance with ethical standards
as formulated in the Helsinki Declaration.

2.3. Cell Culture and Cell Transduction. Human CRC cell
lines (HCT116, HT29, SW620, RKO, SW480, and Lovo)
and mouse CRC cell line MC38 were gained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
All cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum and 1% antibiotics at 37°C in a
humidified incubator with 5% CO2.

MC38 cells were transfected with lentivirus containing a
luciferase reporter plasmid. Stable transfection cells were
screened with 5μg/ml blastisidin for 14 days, which termed
MC38-Luc. In addition, one short hairpin RNA (shRNA)
sequence against MPC1 was packaged as lentivirus and
transfected intoMC38-luc cells. Lovo and SW480 were trans-
fected with lentivirus containing full-length human MPC1
cDNA or empty vehicle control. Stable transfection cells were
screened under 2μg/ml puromycin for 14 days and verified
by western blot. In those assays, all lentiviral transfections
were performed in the presence of 6μg/ml polybrene.

2.4. Immunohistochemical (IHC). The protocol of this assay
and quantify the MPC1 protein expression level were per-
formed according to previously reported [17]. Primary anti-
bodies used as follows: MMP7 (YT2663, Immunoway), E-
cadherin (14472, CST), Snail1 (ab53519, Abcam), and MYC
(YP0861, Immunoway).

2.5. Cellular Immunofluorescence. Assays were performed
according to the previous description [18]. Briefly, cells were
incubated with antibodies against β-catenin (ab32572,
Abcam) and incubated with Alexa 488-conjugated secondary
antibody (1 : 200). The nuclei were stained with 4′,6-diami-
dino-2-phenylindole (DAPI).

2.6. Western Blotting. Whole-cell lysates or nuclear protein
was extracted using a protein extraction buffer (Beyotime,
Shanghai, China) or nucleoprotein extraction kit (Sangon
Biotech, C500009), respectively. Proteins were resolved by
SDS-PAGE and transferred onto nitrocellulose (NC) mem-
branes using standard methods. Primary antibodies used as
follows: MPC1 (ab74871, Abcam), β-catenin (ab32572,
Abcam), lamin A/C (ab8984, Abcam), and GAPDH
(ab9485, Abcam). Species-specific secondary antibodies used

Table 1: Sequences of primers used for real-time PCR.

Primer Sequence 5′-3′
MMP7 forward GAGTGAGCTACAGTGGGAACA

MMP7 reverse CTATGACGCGGGAGTTTAACAT

E-cadherin forward ATGAGTGTCCCCCGGTATCTTC

E-cadherin reverse ACGAGCAGAGAATCATAAGGCG

Snail1 forward GTATCCAGAGCTGTTTGGA

Snail1 reverse AACATTTTCCTCCCAGGCC

Myc forward ATCACAGCCCTCACTCAC

Myc reverse ACAGATTCCACAAGGTGC

GAPDH forward CTGGGCTACACTGAGCACC

GAPDH reverse AAGTGGTCGTTGAGGGCAATG
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as follows: IRDye 680 Goat anti-Mouse IgG (LI-COR) and
IRDye 800 Goat anti-rabbit IgG (LI-COR).

2.7. Real-Time PCR. Total RNA was extracted using Trizol
(Takara) according to the manufacturer’s instructions.
cDNA was synthesized using the PrimeScript reverse
transcription-polymerase chain reaction (RT-PCR) kit
(Takara). The qPCR was performed using SYBR Green Mas-
ter Mix (Roche). The 2 −△CT method was used to analyze the
data and GAPDH was used as a loading control. The primer
sequences are listed in Table 1.

2.8. Liver Metastasis Model. This study was performed in
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals and relevant Chinese
laws and regulations. The protocol was approved by the
Institutional Animal Care and Use Committee (IACUC)
of Shanghai Jiao Tong University. The MC38 cells trans-
planting luciferase-expressing were injected into the spleens
of C57BL/6N mice (n = 5) with a concentration of 106

cells/mouse. Two weeks later, the mice were killed and
the liver metastasis tissues were harvested.

2.9. Luciferase Reporter Assay. The protocols of this assay
were operated in accordance with previous reported [18].
100 ng TOP reporter plasmid (Wnt/β-catenin signaling)
or 100ng FOP reporter plasmid (negative control of
Wnt/β-catenin signaling) and 10ng Renilla were mixed
and transfected into CRC cells using Lipofectamine 2000.
Dual-luciferase reporter assay system (Promega) was used
to detect the firefly and Renilla luciferase activities.

3. Statistical Analyses

Data are shown asmeans ± SD. SPSS 20.0 (Chicago, IL, USA)
and GraphPad Prism 5 software were used to manipulate sta-
tistical analyses. Kaplan-Meier method was used to calculate
cumulative survival time. The chi-square test or Student’s

t-test was used for comparison between groups. P < 0:05 was
considered as statistically significant.

4. Results

4.1. MPC1 Expression Was Aberrantly Decreased in CRC.
Pyruvate is a pivotal intermediate in the process of cell
metabolism, which connects glycolysis and the TCA cycle.
To determine the potential maladjustment genes involved
in pyruvate metabolism, which is located in mitochondria,
as shown in Table 2, we analyzed the TCGA dataset contain-
ing 50 CRC and their normal counterparts. The results
showed that multiple genes are significantly upregulated or
downregulated in CRC (T) tissues compared to normal colon
(N). Notably, MPC1 had a log2 (fold change) less than -1
(Figures 1(a) and 1(b)). As known to us, pyruvate transloca-
tion from the cytoplasm to the mitochondria is the first step
into the TCA cycle, which needs MPC1/MPC2 heterodimer.
In the analysis, no significant change was found in MPC2.
Therefore, MPC1 was selected for further study. The expres-
sion pattern of MPC1 was further analyzed in five indepen-
dent GEO datasets (GSE21510, GSE5206, GSE20916,
GSE9348, and GSE4183). Consistently, we found that
MPC1 was downregulated with statistical difference in CRC
tissues (Figure 1(c)) and inflammatory tissue (Supplemen-
tary Figure 1) in comparison to their normal counterparts.
Meanwhile, we found decreased MPC1 expression in
human CRC tissues compared to their normal counterparts
(Figure 1(d)). In addition, a similar phenomenon was
revealed in AOM/DSS induced mouse CRC models
(Figure 1(e)). Then, we evaluated the protein level of MPC1
used a tissue microarray containing 392 matching cancer
and corresponding adjacent nontumor tissues which
subjected IHC staining. The expression of MPC1 was
scored as “-, +, ++, +++” based on the staining area and
intensity (Figure 1(f)). We found that more lower MPC1
expression (score as “-” and “+”) was presented in CRC

Table 2: Related enzyme and carrier of pyruvate analyzed in this study.

Gene Description Location

PDHA1 Pyruvate dehydrogenase (lipoamide) alpha 1 Mitochondrion matrix.

PDHB Pyruvate dehydrogenase (lipoamide) beta Mitochondrion matrix.

PDK4 Pyruvate dehydrogenase kinase, isozyme 4 Mitochondrion matrix.

PDHX Pyruvate dehydrogenase complex, component X Mitochondrion matrix.

MPC2 Mitochondrial pyruvate carrier 2 Mitochondrion inner membrane

PDK2 Pyruvate dehydrogenase kinase, isozyme 2 Mitochondrion matrix.

PDK1 Pyruvate dehydrogenase kinase, isozyme 1 Mitochondrion matrix.

PDK3 Pyruvate dehydrogenase kinase, isozyme 3 Mitochondrion matrix.

MPC1 Mitochondrial pyruvate carrier 1 Mitochondrion inner membrane

PC Pyruvate carboxylase Mitochondrion matrix.

PDP1 Pyruvate dehydrogenase phosphatase catalytic subunit 1 Mitochondrion matrix.

PDPR Pyruvate dehydrogenase phosphatase regulatory subunit Mitochondrion matrix.

PDHA2 Pyruvate dehydrogenase (lipoamide) alpha 2 Mitochondrion matrix.

PDP2 Pyruvate dehydrogenase phosphatase catalytic subunit 2 Mitochondrion matrix.

PKLR Pyruvate kinase, liver and RBC Mitochondrion
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tissues (Figure 1(g)). Overall, these results revealed that
MPC1 was disrupted during CRC.

4.2. Decreased MPC1 Enhanced Tumor Metastasis Capability
and Predicated Poor Prognosis in CRC. It is well known that
CRC is one of the most malignant tumors given its strong
metastasis ability, so we tried to figure out whether the
MPC1 expression was correlated with metastasis. We found
that lower MPC1 expression was closely correlated with
metastasis (P = 0:009), lymph node invasion (P = 0:003),
and TNM stage (P = 0:001), which revealed by the analysis
between the clinical significance and MPC1 expression in

CRC (Table 3). Next, to illuminate the expression pattern
of MPC1 in different process of CRC, data mining was car-
ried out by two independent GEO datasets (GSE21510 and
GSE89393), which contained normal tissue, primary CRC,
and metastatic lesion in the liver (M-CRC). As shown in
Figures 2(a) and 2(b), MPC1 expression was gradually down-
regulated in patients with an increase in metastasis ability. A
similar result was found in mice cells CT26 with high liver
metastasis (HM-CT26) or poor liver metastasis (PM-CT26)
(Figure 2(c)), which isolated by in vivo selection in an ortho-
topic mouse model of colon cancer metastasis to the liver.
Further analysis showed that MPC1 protein expression was
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Figure 1: Expression pattern of MPC1 in CRC. (a) Volcano plot showed fold changes (x-axis) and corresponding P values (log10, y-axis) of
pyruvate metabolism-related genes located in mitochondria analyzed in the TCGA dataset between paired normal and CRC samples
(Student’s t-test). (b) The comparison of MPC1 expression in tumor and matched normal tissues using the TCGA dataset (Student’s t
-test, ∗∗∗P < 0:001). (c) Expression analysis of MPC1 in tumors and corresponding normal tissue using four independent GEO datasets
(GSE21510, GSE5206, GSE20916, and GSE9348) (Student’s t-test, ∗∗∗P < 0:001). (d) IHC staining of MPC1 expression in matched CRC
tumor and nontumor tissues (Scale bar: 200μm). (e) IHC staining of MPC1 expression in the AOM/DSS induced CRC mouse models and
control animal (Scale bar: 200μm). (f) Representative IHC staining of MPC1 expression in tissue microarray from the Ren Ji cohort
which contained CRC patients and paired adjacent normal tissue (n = 392), the tumor tissues were divided into two groups based on the
expression level which scored as “-, +, ++, +++” (Scale bar: 500μm). (g) The percentage of tissue displaying different expression level of
MPC1 in CRC tumor and adjacent nontumor tissues (Fisher’s exact test, ∗∗P < 0:01).
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gradually downregulated in normal tissue, primary CRC, and
liver metastasis CRC (CRLM) tissues (Figure 2(d)). Further-
more, survival analysis showed that patients with lower
MPC1 expression had a worse outcome compared to the
patients with higher MPC1 expression using the TCGA
cohort (Figure 2(e)) and Ren Ji cohort (Figure 2(f)). Addi-
tionally, among patients with metastasis, worse prognosis
was emerged in the MPC1 low cases (Figure 2(g)), while no
significant association was observed in patients without
metastasis (Figure 2(h)).

4.3. MPC1 Overexpression Impaired CRC Cells Motility Both
In Vitro and In Vivo. To evaluate the role of MPC1 on the
motility of CRC cells, the transwell assay was performed.
Firstly, we examined lowMPC1 protein expression in human
and high MPC1 protein expression in mouse MC38 CRC
cells by western blot (Figure 3(a)). MPC1-overexpressing
stable cell lines were established using a lentivirus carry-
ing the MPC1 gene in Lovo and SW480 cells. And the
overexpression efficiency was confirmed by immunoblots
(Figure 3(b)). MPC1 knockdown in Luc-MC38 cells were
established and verified by WB (Figure 3(c)). MPC1 overex-
pression exhibited significantly weaker migration and inva-
sion ability than the control cells in both Lovo (Figure 3(d))
and SW480 (Figure 3(e)) cells. Following, the liver metastasis

model of CRC was established by spleen orthotopically
injecting MC38 cells transplanting luciferase-expressing,
which would simulate MC38 metastasis to the liver through
splenic vein-portal vein. The results revealed that the MPC1
knockdown promoted MC38 cells metastasis to the liver
through detecting the luminescence intensity monitored
by bioluminescence imaging (Figure 3(f)). Notably, the
number of metastatic liver nodules in the MPC1 silencing
group was smaller than that in the control group
(Figure 3(g)). Histological examination also proved that
MPC1 knockdown decreased the metastatic potential of
CRC in vivo (Figure 3(g)).

4.4. Decreased MPC1 Activated the Wnt/β-Catenin Pathway
by Promoting Nuclear Translocation of β-Catenin. To further
explore the underlying mechanism of MPC1-mediated inhi-
bition of CRC metastasis, the TCGA database was used to
perform GSEA analysis. The results indicated that MPC1
was involved in the Wnt/β-catenin signaling when set the
mRNA expression median as a cutoff (Figure 4(a)). And
dual-luciferase reporter gene assay revealed that MPC1 over-
expression obviously inhibited the activity of Wnt/β-catenin
pathway (Figure 4(b)), which confirmed the result above.
We then tested the distribution changes of β-catenin in
nuclear and cytoplasmic, which was a crucial step in
Wnt/β-catenin pathway. As shown in Figure 4(c), no sig-
nificant difference was emerged in the total amount of
β-catenin between MPC1 overexpression cells and the con-
trol cells (Figure 4(c)). However, obviously decreased distri-
bution of nuclear β-catenin was presented in MPC1
overexpression cells compared to that in the control cells,
as revealed by the stronger gray corresponding to β-catenin
(Figures 4(c) and 4(d)). Consistently, immunofluorescence
(IF) staining showed that MPC1 overexpression weakened
nuclear β-catenin localization in both Lovo and SW480 cells
when compared to control cells (Figures 4(e) and 4(f)). A
Similar phenomenon was observed in mouse liver metastasis
tissues by IHC (Figure 4(g)). Following, qPCR analyses dis-
played some downstream target genes of β-catenin, such as
MMP7, E-cadherin, Snail1, and MYC. Obviously increased
in E-cadherin and decreased in MMP7, Snail1, and MYC
were observed after the MPC1 overexpression in both Lovo
and SW480 cells compared to that in the control cells
(Figures 4(h) and 4(i)). Meanwhile, the opposite trend
was observed in MC38 cell after MPC1 knockdown
(Figure 4(j)), and similar results were observed in mouse
liver tissue detected by IHC (Figures 4(k)–4(n)). Taken
together, the data above indicated that MPC1 mediated
CRC cell metastasis through the Wnt/β-catenin pathway.

5. Discussion

Accumulating evidences have shown that reprogrammed
energy metabolism conduces to the tumor malignant prop-
erties, including enhanced CRC liver metastatic capacity
[19–21]. Mitochondria, as the primary site of energy pro-
duction, regulate the pyruvate metabolism under both phys-
iologic and pathologic conditions. The first step of the TCA
cycle is mediated by MPC, which transports pyruvate into

Table 3: Clinicopathological correlation of MPC1 expression in the
Ren Ji CRC cohort.

Clinicopathological feature
Expression of

MPC1
Low High P value (χ2 test)

Age (years)

<60 95 96 0.766

≥60 103 98

Gender

Male 112 120 0.287

Female 86 74

Metastasis

Yes 52 30 0.009

No 146 164

Lymph node invasion

Yes 106 75 0.003

No 91 119

Tumor size

<5 cm 99 108 0.388

≥5 cm 94 86

TNM stage

I 15 20 0.001

II 58 92

III 74 52

IV 51 30

KRAS mutation

Mutation 33 40 0.246

No mutation 51 43
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mitochondrial from cytoplasm [3]. In the beginning, TCGA
was used to analyze the relative genes involved in pyruvate
metabolism, which is located in mitochondria. The results
revealed that MPC1 expression was significantly downregu-
lated in CRC tissues. Meanwhile, the GEO datasets analysis,
as well as, IHC staining on CRC patients’ tissue and mouse
models confirmed this trend. These phenomena may indi-
cate that loss of MPC activity enhanced tumorigenic glucose

utilization by blocking mitochondrial pyruvate uptake and
oxidation. Interestingly, in the course of data analysis, we
found that the expression of MPC1 was decreased at the
stage of intestinal inflammation, which was not different
from that in tumor tissue. MPC1 has been reported to be
involved in immune regulation of peripheral T cell homeo-
stasis through metabolic regulation [8]. And a decrease in
MPC1 was found at the earliest stages of CRC [22]. Hence,
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Figure 2: Decreased MPC1 enhances tumor metastasis and predicts poor prognosis in CRC. (a, b) Data mining showed MPC1 expression
was gradually decreased in normal tissue, primary CRC, and liver lesion of metastatic CRC (M-CRC) from two independent GEO datasets
(One-way ANOVA, A, GSE21510, ∗∗∗P < 0:001; B, GSE89393, ∗∗P < 0:01). (c) Data from GSE67675 revealed that MPC1 expression
was lower in high liver metastasis CT26 cells (HM-CT26) than that in poor liver metastasis CT26 cells (PM-CT26) (Student’s t-test,
∗∗∗P < 0:001). (d) Gradually decreased MPC1 expression was presented in normal tissue, primary CRC, and liver metastasis CRC
(CRLM) tissue (Scale bar: 200 μm) (n = 30, Fisher’s exact test, ∗P < 0:05). (e) Kaplan-Meier overall survival (OS) curves in the TCGA
dataset of CRC patients according to the mRNA expression of MPC1, the lower quartile value of expression was utilized as a cut-off
(log-rank test, P = 0:0173). (f) Kaplan-Meier OS curve for the MPC1 expression in the Ren Ji cohort (log-rank test, P = 0:0033). (g)
Kaplan-Meier OS curve for the MPC1 expression in patients with metastasis (log-rank test, P = 0:0078). (h) Kaplan-Meier OS curve for
the MPC1 expression in patients without metastasis (log-rank test, P = 0:1516).
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Figure 3: MPC1 overexpression inhibits the motility of CRC cells in vitro and in vivo. (a) MPC1 expression in human and mouse CRC cell
lines examined by western blot. GAPDH serves as loading control. (b)MPC1 overexpression in Lovo and SW480 cells. (c) MPC1 silencing by sh-
RNA-MPC1 inmouseMC38 cells. (d, e) Transwell assays showed that upregulatedMPC1 suppressed the invasion andmigration ability of Lovo
(d) and SW480 (e) cells. Quantification of invaded and migrated cells was performed for five randomly selected fields, values aremeans ± SD. (f)
Representative bioluminescence photograph of mice spleen implanted with luciferase-expressing MC38 cells treated with sh-MPC1 or control
vector, total flux was quantified by the IVIS system to verify the ability of liver metastasis. (g) Representative image of liver metastases and
quantified by the nodules in mice inoculated with MC38 cells treated with sh-MPC1 or control vector, as well as representative images of
H&E staining of the liver metastatic lesions. Scale bar: 100μm. Student’s t-test, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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Figure 4: Continued.
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we suspect that MPC1 is involved in bowel inflammation to
tumorigenesis. And more studies need to be devised to illus-
trate this process.

Following, in the analysis between the clinical signifi-
cance and MPC1 expression in CRC, we found that MPC1
expression was especially correlated with metastasis. Inspired
by this, we detected the MPC1 expression pattern in normal
tissue, primary CRC, and metastasis CRC by GEO datasets
and patients’ tissue. All results revealed that gradually down-
regulated MPC1 was in patients with an increase in metasta-
sis ability. Survival analysis indicated that worse outcome was
presented in patients with lower MPC1 expression, especially
in patients with metastasis. Additionally, function assays ver-
ified that MPC1 overexpression could attenuate the migra-
tion and invasion capacities of CRC cells in vitro and
MPC1 knockdown could enhance the metastasis capacity
in vivo. And existing studies have revealed that the MPC1
was participated in metastatic dissemination of PGC1α-
transduced cholangiocarcinoma through elevating reactive
oxygen species (ROS) production [10]. Besides, MPC inhibi-
tor UK5099 treatment could trigger strong invasive capacity
through blocking pyruvate translocation into the mitochon-
dria so as to attenuate mitochondrial oxidative phosphoryla-
tion and trigger aerobic glycolysis [12]. These phenomena
together with our results indicate that MPC1 could act as a
tumor suppressor through inhibiting tumor metastasis. And
existing studies have shown that MPC1 could alter the main-
tenance and fate of stem cells through regulating cancer
metabolism in CRC [11]. However, the relationship between
the metabolism and tumor metastasis regulated by MPC1
was not being mentioned. Thus, further evidence should be
received to confirm this.

Subsequently, the underlying mechanism of MPC1 in
regulating metastasis was explored. For this purpose, GSEA
analysis was performed. The results indicated that MPC1
was involved in the Wnt/β-catenin signaling. The next series
of experiments also confirmed that MPC1 could mediate the

WNT/β-catenin pathway by redistribution of β-catenin. Pre-
vious reports showed that cytoplasmic β-catenin phosphory-
lated in N-terminally localized to sites of cell-cell contact is
associated with E-cadherin and was required for intact cell-
cell adhesions, without any change detected in the levels of
total β-catenin [23–25]. Simultaneously, cell–cell adhesion
based on cadherin binding with β-catenin limited Wnt sig-
nals [24]. In addition, β-catenin was reported to interact with
USP9x to inhibit the degradation of β-catenin through the
deubiquitination of β-catenin in breast cancer [26]. A consti-
tutive IRS1 and β-catenin protein interaction activated MYC
expression in Acute Lymphoblastic Leukemia Cells [27]. In
HCC, β-catenin was reported to interact with Yap1 to lead
to rapid tumorigenesis [28]. Hence, it is reasonable to guess
that accumulated cytoplasmic β-catenin maybe crosstalk
with other genes or involved in other biological processes.
What is more, some downstream target genes of β-catenin,
such as MMP7, E-cadherin, Snail1, and myc, were changed
in expression. As known to us, MMP-7 is a member of the
proteolytic enzyme family, which promotes the invasion
and metastasis of tumor cells by degrading the basement
membrane and extracellular matrix [29]. And previous stud-
ies had evidenced for involvement of MMP-7 activation in
colorectal cancer liver metastases [30, 31]. E-cadherin and
Snail1 were considered as the epithelial-mesenchymal transi-
tion (EMT) marker, which was involved in metastasis of
malignant tumor [32]. Moreover, E-cadherin was reported
to be involved in cell-cell junction to regulate cancer invasion
and metastasis [33, 34]. And the GSEA analysis also revealed
that MPC1 could affect the cell-cell contacts (data not
shown). As described previously, MMP-7 could facilitate
morphological transition by cleaving E-cadherin [35]. The
communication between the cells is disrupted when E-
cadherin was shredded, leading to destructed cell adhesion
and induction of EMT, followed by increased cell migration
[36]. Inspired by this, we assumed that MPC1 could mediate
tumor cell motility through affecting MMP7 activity, cell-cell
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Figure 4: Decreased MPC1 activates the WNT/β-catenin pathway by promoting nuclear translocation of β-catenin. (a) GSEA analysis of
MPC1 expression in CRC using the TCGA dataset. NES: Normalized Enrichment Score. (b) Luciferase reporter gene assay of CRC cells
treated with MPC1 overexpression or not. (c) The expression of total β-catenin and nuclear β-catenin was detected in control and MPC1-
overexpression CRC cells, respectively. GAPDH and lamin A/C were used as the loading control of total and nuclear protein, respectively.
(d) The gray value analysis of nuclear β-catenin in MPC1-overexpression cells and control cells. (e, f) MPC1 overexpression could inhibit
the nuclear translocation of β-catenin in CRC cells. Scale bar: 100μm. (g) IHC staining of β-catenin in mouse liver metastatic lesions
inoculated with MC38 cells treatment with sh-MPC1 or control vector. Scale bar: 200 μm. (h, i) Relative mRNA expression level of β-
catenin target genes in CRC cells with MPC1 overexpression or control vector. (j) Relative mRNA expression level of β-catenin target
genes in MC38 cells with sh-MPC1 or control vector. (k–n) Relative protein expression level of β-catenin target genes in mouse liver
tissue detected by IHC. Scale bar: 50 μm. Student’s t-test, ∗P < 0:05, ∗∗P < 0:01.
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contacts, and EMT. However, further studies need to be per-
formed to clarify the detailed underlying mechanisms.

6. Conclusions

In conclusion, we firstly demonstrated that decreased MPC1
was closely correlated with patient’s metastasis, as well as led
to poor outcome. Moreover, MPC1-driven nuclear transloca-
tion of β-catenin contributed to CRC cell motility. This
means that MPC1 has the potential to be a diagnostic bio-
marker and therapeutic target for metastasis patients.
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Osteoarthritis (OA) has long been considered as a degenerative disease, but growing evidence suggests that inflammation plays a
vital role in its pathogenesis. Unlike rheumatoid arthritis and other autoimmune diseases, inflammation in OA is chronic and,
in relatively low grade, mainly mediated by the innate immune system, especially macrophages. However, due to its low
abundance, there is a lack of systematic studies on macrophages in the OA condition. Here, we have used single-cell RNA
sequencing analysis to gain insight into the heterogeneity and functional specialization of human knee macrophages. We also
compared the gene expression profiles of macrophages in healthy people and OA patients and found the characteristic changes
of special macrophages in the OA knee. We believe that this in-depth understanding of the basis of OA inflammation will bring
hope for the development of new therapies.

1. Introduction

Osteoarthritis (OA) is a common joint degenerative disease,
characterized by the progressive destruction of articular car-
tilage, involving the subchondral bone and the synovium.
However, the pathological process of OA, especially the
molecular mechanism, still needs to be understood [1].
Traditionally, OA has been considered as a noninflammatory
disease [2]. With the deepening of research, more and more
studies have shown that the immune system plays an
important role in the progress of OA and is closely related with
the pathological changes of articular cartilage and synovium
[3, 4], which began to define OA as a low-grade inflammation
state and explores the pathogenesis of OA from a perspective
of the immune system [5, 6]. Therefore, a comprehensive
study of its related immune cells and subtypes is required.

The knee is the most common site of OA and believed to
be the price that humans pay for walking upright. The knee
OA is initiated with the wear and tear of articular cartilage
and the inevitable inflammation [7, 8], so the focus of
research should be on the inflammation regression and the
process of tissue repair. In these processes, tissue macro-
phages in the knee are crucial [9]. With strong plasticity,
macrophages can be divided into M1 subgroups that trigger
inflammation and release a large number of proinflamma-
tory factors or M2 subgroups that suppress inflammation,
reshape tissues, and release anti-inflammatory factors and
growth factors [4, 10]. However, recent studies show that
M1 and M2 subpopulations may only be two extreme types
of differentiation and macrophages may be reprogrammed
according to their microenvironment [11]. The latest animal
experiments have found a special type of macrophage that
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exists in healthy knee joints, which not only forms a struc-
tural barrier but can also digest and remove neutrophils in
rheumatoid arthritis to form joint immune barrier [12].
However, the dynamic changes of macrophages in the

human OA are unclear, and their gene expression character-
istics need further investigation.

In this study, we use the newly released single-cell
sequencing data of knee tissues from healthy people and
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Figure 1: Single-cell RNA-seq analysis of cell types in the knee of healthy and OA patients. (a) UMAP plot of 6833 single cells from the
human knee depicting 11 major cell types. Colours correspond to the clusters 0 to 10. (b) Bar plot shows frequency of each cell type in
total, healthy, and OA groups. (c) Split UMAP plot depicting the clusters from healthy (N) and OA patients (O). (d) Heat map indicates
the top 10 marker genes for each cell type. (e) Expression distribution of the top marker genes for the nonchondrocytes projected onto the
UMAP plot: macrophages (MS4A7), endothelial cells (CDH5), and monocytes (HLA-DRA).
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OA patients to identify macrophage subsets and characterize
the differential gene expression involved in the OA patho-
genesis. Our data show the diversified characteristics of spe-
cific cell types and explore the potential transition process
of macrophages in the healthy and OA knee.

2. Methods

2.1. Single-Cell mRNA Sequencing Data. Data from Sun et al.
[13] are downloaded from the Gene Expression Omnibus
(GEO) dataset and are accessed at GSE133449. These scRNA
data were from the cells isolated from the meniscus with the
synovium specifically removed. Of the total 6833 cells, 3577
cells were obtained from people without OA, and the other
3256 cells were obtained from patients with OA.

2.2. Single-Cell mRNA Sequencing Analysis Tool. The volcano
plots for the differential gene expression (DEG) study were
drawn using the R package ggplot2. Other plots were drawn
using the tools in the R package Seurat.

2.3. Single-Cell mRNA Sequencing Analysis. Using Seurat, we
determined 15 principal components (PC) and performed
dimensionality reduction and cluster analysis with a resolu-
tion parameter of 0.5. A differential expression analysis was
performed on each cluster, and the results were visualized
using Uniform Manifold Approximation and Projection
(UMAP). Nonchondrocyte clusters were subclustered, and
Feature plot was used to define the gene expression patterns
in the clusters. A heat map was employed to characterize
the top 10 genes in the clusters. Dot plots were used to
demonstrate the expression pattern and level of expression
of specific genes. The enhanced volcano plots displayed the
DEG between two clusters of cells, in which we enter the
normalized gene count converted by Log2 to obtain DEG.
For DEG testing, the value is <0.01 and is considered DEG.

3. Results

After strict quality control and data collation, 3577 cells from
healthy people and 3256 cells fromOA patients were retained
for subsequent analysis. In order to solve the heterogeneity
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Figure 2: Single-cell RNA-seq analysis of nonchondrocytes from healthy and OA patients. (a) UMAP plot of 259 single cells from the human
knee depicting 3 nonchondrocyte cell types. (b) Bar plot shows frequency of each cell type in the healthy and OA groups. (c) Split UMAP plot
depicting the nonchondrocyte clusters from healthy (N) and OA patients (O). (d) Heat map indicates the top 10 marker genes for each cell
type. (e) Expression distribution of the top marker genes for the nonchondrocytes projected onto the UMAP plot. (f) Expression distribution
of top markers in the monocyte cluster. (g) Expression distribution of top markers in the macrophage cluster.
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Figure 3: Comparison of DEG of the nonchondrocyte cluster from healthy and OA patients. (a) Volcano plot comparing the gene expression
between healthy and OA monocyte clusters. (b) Volcano plot comparing the gene expression between healthy and OA endothelial cell
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between the healthy and OA cells and remove the batch effect
in between, we used the SCTransform method [14] to
integrate and correct the data from the healthy and OA
groups before the principal component analysis (PCA).

To study the heterogeneity of knee cells, we used the
selected PC load as input and clustered cells with UMAP. After
PCA clustering with a resolution of 0.5, a total of eleven hypo-
thetical cell clusters were generated, including 8 chondrocyte-
based populations and 3 non-chondrocyte-based populations
(Figure 1(a)). The clusters in the healthy and OA groups are
comparable, although the proportions differ (Figures 1(b) and
1(c)). Each cell type has been successfully annotated with
known marker genes (Figures 1(d) and 1(e)). As the chondro-
cyte populations have been analysed in previous articles, we are
interested here in three nonchondrocyte populations, namely,
MS4A7+ macrophages (8), VE-cadherin+ (CDH5) endothelial
cells (9), and HLA-DRA+ monocytes (10).

To further examine the molecular characteristics of non-
chondrocytes at the single-cell level, we conducted popula-
tion analysis of these cells in the healthy group and the OA
group (Figure 2(a)). 120 nonchondrocytes from healthy
people and 139 nonchondrocytes from OA patients were
analysed. In nonchondrocytes, the number of macrophages
in the OA group was much higher than that in the healthy
group (Figures 2(b) and 2(c)). Macrophages (2), endothelial
cells (1), and monocytes (0) are also reannotated with known
marker genes (Figures 2(d) and 2(e)). The OA group showed
less HLA-DRA-, CD74-, and ITGA6-expressing monocytes
compared to the healthy group (Figure 2(f)), while there were
much higher proportions of S100A9-, CD14-, and MS4A7-
positive cells in the healthy group (Figure 2(g)).

To study the changes of nonchondrocytes in the OA
state systematically, we compared the gene expression
differences between the three cell types in healthy and
OA states, including monocytes (Figure 3(a)), endothelial

cells (Figure 3(b)), and macrophages (Figure 3(c)). It is
clear that monocytes in the OA group tend to express
activation markers such as IL1beta, CXCL5, and TYROBP,
while the macrophages in the OA downregulate both M1
marker such as SIGLEC1 and M2 marker such as CSF2,
indicating that macrophages in the OA state polarize
towards directions other than the M1/M2 division. To fur-
ther analyse the up- or downregulated gene expression in
the monocytes, endothelia, and macrophages between
healthy and OA tissues, we classified the DEGs using
GO enrichment and focused on the biological processes
of those genes (Figures 3(d)–3(g)).

In order to clearly analyse the differences in gene expres-
sion profile, we use dot plots to show the proportions and
intensities of different cells in different states (Figure 4(a)).
Unexpectedly, macrophages in the OA state are more
inclined to express the M2 markers, which is contrary to
the concept that M2 macrophages promote the process of
tissue repair [15].

Recent studies have shown a special kind of barrier
macrophages in the outer layer of healthy knee synovium
[11, 12]. These macrophages express certain characteristic
molecules of epithelial cells, which not only form a tightly
connected structural barrier but also digest and remove
neutrophils in rheumatoid arthritis, forming an immune
barrier in the synovium of the joint. However, the dynamic
changes of these macrophages in the human OA remain
unknown. Therefore, we compared the gene expression dif-
ferences of barrier macrophage characteristic genes between
the healthy and OA macrophages (Figure 4(b)). The tight
junction genes of barrier macrophages are not unexpectedly
expressed on endothelial cells. However, the expression of
CX3CR1 is missing in the meniscal tissue macrophages
(Figure 4(c)). As the murine barrier-forming synovial mac-
rophages have been identified as CX3CR1+, this suggests a
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Figure 4: Special features of barrier macrophages in the OA tissue. (a) Dot plots demonstrating the expression pattern and level of expression
of M1 or M2 genes. Colour intensities show the expression level of the indicated gene. (b) Dot plots demonstrating the expression pattern and
level of expression of barrier macrophages. (c) CX3CR1 expression.
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Figure 5: Gene expression comparison between monocytes and macrophages in the OA tissue. (a) Volcano plot comparing the gene
expression between monocytes and macrophages in the healthy tissue. (b) Volcano plot comparing the gene expression between
monocytes and macrophages in the OA tissue. (c) Dot plot showing the enrichment of Gene Ontology biological processes in the
downregulated DEG between monocyte-like cell and macrophage in the healthy tissue. (d) Dot plot showing the enrichment of Gene
Ontology biological processes in the downregulated DEG between monocyte-like cell and macrophage in the OA tissue. (e) Dot plot
showing the enrichment of Gene Ontology biological processes in the upregulated DEG between monocyte-like cell and macrophage in
the OA tissue.
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different feature in the meniscus. Nevertheless, the expres-
sion of these genes on macrophages of healthy tissues is
much higher when compared to that of the OA tissues,
indicating a correlation of these macrophages to the human
OA pathogenesis.

In addition, we also compared the gene expression differ-
ences between monocytes and macrophages. In healthy tissues,
macrophages demonstrate the typical genes of macrophages as
well as the feature genes of monocytes, suggesting that mono-
cytes might be present as the potential precursors of macro-
phages. In the OA cells, monocytes upregulate even more
activation genes, such as CD44, CXCL1, and TYROBP, indicat-
ing a transformation of these monocytes in OA (Figures 5(a)
and 5(b)). The DEGs have been classified with GO enrichment
(Figures 5(c)–5(e)).

4. Discussion

Our research reveals the single-cell gene expression charac-
teristics and transition process of meniscal resident macro-
phages in the knee and describes the transcriptional
dynamics of macrophages during the OA process. Our data
found that resident macrophages exhibit special characteris-
tics that differ from the M1/M2 subtypes and adapt to their
immune niche.

Macrophages in joints are normally under the steady
state. When joint injury or aging stress leads to cell apoptosis,
DAMP produced by the breakdown of chondrocytes and
extracellular matrix can activate and differentiate macro-
phages into the M1 subpopulation through the canonical
pathway [16], which upregulate the release of inflammatory
factors and aggravate OA. In contrast, the use of rapamycin
to inhibit mTORC1 or specific deficiency of mTORC1 in
macrophages can polarize the cells to M2 macrophages,
which engulf dead cells, accelerate the repair process, and
inhibit synovial inflammation [9]. One might expect that
M2 or wound healing macrophages might be more pre-
dominant in OA-damaged meniscus. However, these gene
expression studies were based on a large number of RNA
samples and only provide a virtual average of the cell mix-
ture. Our current single-cell study can provide molecular
differentiation of all cell types within a complex composition,
which helps to improve the understanding of homogeneity
and discover the complexity and transitional nature of mac-
rophages in the OA joints.

The latest animal studies have shown that healthy knee
macrophages express certain characteristic molecules of epi-
thelial cells, forming a structural barrier with tight junctions.
In a mouse model of rheumatoid arthritis, the barrier layer
undergoes functional remodelling, which loses the barrier
function of macrophages [12]. Using single-cell sequencing
technology, they analysed specific genes of barrier macro-
phages in mice. The macrophages/monocytes in this study
were from the meniscus and not the synovium. Current data
indicate that although some specific genes expressed by bar-
rier macrophages can be found, meniscal tissue macrophages
display different characteristics from murine barrier-forming
synovial macrophages. These features have undergone tre-
mendous changes under OA conditions.

Different from the bulk-seq method, single-cell tran-
scriptional research can make a molecular distinction
between all cell types, which helps to improve the under-
standing of histological identity and decipher why adjacent
cells make different differentiation decisions during develop-
ment [17]. Here, we focus on the presence of macrophages
in the joints and provide their connection with OA patho-
genesis, which may provide potential targets and pathways
for OA treatment.
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Reprogramming of the tumor immune microenvironment is a salient feature during metastasis in LUAD. miR-24-3p and
KLF8, which are key regulators of the tumor immune microenvironment, had been proved to show metastasis-promoting
property in LUAD. However, whether miR-24-3p could regulate LUAD metastasis by targeting KLF8 remains unclear. This
study explored the functions and mechanisms of miR-24-3p/KLF8 signaling in advanced LUAD. The expression level of
miR-24-3p and KLF8 were tested in LUAD patients, and the corelation of miR-24-3p and KLF8 was evaluated. The
interaction of miR-24-3p and KLF8 was demonstrated by luciferase reporter activity assay, in vitro migration and invasion
studies, and in vivo metastatic studies. miR-24-3p level was downregulated in LUAD and negatively associated with KLF8
mRNA expression. miR-24-3p controls LUAD metastasis by directly targeting KLF8 and inducing Snail and E-cadherin
expressions. Targeting the miR-24-3p/KLF8/EMT axis might be of great therapeutic value to advanced LUAD patients.

1. Introduction

Lung cancer ranks one of the most fearsome malignancies
globally due to the foremost cause of mortality worldwide
[1, 2]. Lung adenocarcinoma (LUAD) contributes to the
major histologic type of lung cancer with an unfavorable
5-year survival rate of only 15% [3–5]. Metastasis is the
leading cause of cancer-related death for advanced LUAD
[1, 2, 4–6]. However, a full understanding of the underlying
mechanisms controlling LUAD metastasis is still largely
insufficient. Mounting evidences have confirmed that repro-
gramming the tumor immune microenvironment is a major
process that drives LUAD metastasis by EMT activation
and provided multiple targetable checkpoint molecules for
advanced LUAD [7, 8]. The dysregulation of microRNAs
(miRNAs) is broadly participated in the pathogenesis of
LUAD and functionally act as a key contributor to cancer cell
metastasis [9, 10]. Yet, the key dysregulated miRNAs and the
exact mechanisms in LUAD metastasis remain unrevealed.

miR-24-3p is one of the most frequently dysregulated
EMT-associated miRNAs in carcinogenesis, which is best
known for its role in regulating cancer cell metastasis, includ-
ing human breast adenocarcinoma, hepatocellular carci-
noma, gastric cancer, prostate carcinoma, and lung cancer
[11–15]. Importantly, miR-24-3p has been reported to be
involved in LUAD metastasis by targeting fibroblast growth
factor receptor 3 (FGFR3), inhibitor of growth 5 (ING5),
and sex-determining region Y-box 7(SOX7) [11, 15, 16],
indicating that miR-24-3p plays a pivotal role in LUAD
metastasis. Despite the significant role of miR-24-3p in met-
astatic LUAD, the potential mechanisms of miR-24-3p in
regulating cell invasion and migration of LUAD are not fully
clear yet.

Krüppel-like transcription factor 8 (KLF8) belongs to the
Krüppel-like C2H2 zinc-finger transcription factor family,
which is involved in multiple cellular biological processes,
such as cell proliferation, differentiation, and migration
[17, 18]. KLF8 has been reported to maintain the invasive
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capacity of cancer cells by inducing epithelial-to-
mesenchymal transition (EMT) [17–19]. Of importance,
KLF8 has been implicated to be regulated by miRNAs in
metastatic progression of lung cancer. miR-1236-3p and
miR-135a could inhibit the metastatic procedure of lung
cancer by targeting KLF8 [20, 21]. However, whether
miR-24-3p could regulate LUAD metastasis by targeting
KLF8 remains unclear.

This study demonstrated that miR-24-3p level was down-
regulated in LUAD and negatively associated with KLF8
mRNA expression. miR-24-3p controls LUAD metastasis
by directly targeting KLF8 and inducing EMT activation.
Targeting the miR-24-3p/KLF8/EMT axis might be of great
therapeutic value to advanced LUAD patients.

2. Materials and Methods

2.1. Tissues, Cell Lines, and Reagents. Surgical specimens,
which contain 18 pairs of tumor tissues and nontumor tissues
of LUAD, were collected from Tangdu Hospital according to
the Medical Ethics Committee’s guidelines. Tissue RNA was
extracted for real-time PCR evaluation, and tissue protein
was collected and analyzed by Western blot. A549 and
H1299 human cell lines of LUAD were ordered from the Cell
bank of Chinese Academy of Sciences (Shanghai, China) after
being tested for mycoplasma contamination. All cells were
cultured in complete DMED (plus 10% FBS and 100U/ml
penicillin sodium and 100μg/ml streptomycin) in 37°C incu-
bator with 5% CO2. Primary antibodies used in Western blot
studywere as follows: KLF8 (Abcam, ab168527, 1: 1000), Snail
(Cell Signaling Technology, #3879, 1: 1000), E-cadherin (Cell
Signaling Technology, #3195, 1: 1000), and β-actin (Cell
Signaling Technology, #3700, 1: 5000). HRP-conjugated sec-
ondary antibodies and the HRP substrate kit were ordered
from the Merck Company. Lipofectamine™ was purchased
from Invitrogen Company.

2.2. RNA Extraction and qRT–PCR. RNA isolation was car-
ried out by using TRIzol (Life Technologies) according to
previous reports [11]. Total 3μg/RT reaction of RNA from
the LUAD cells or tissues was used for analysis of the mRNA
level of the target gene by real-time quantitative PCR on the
Light Cycler 480II (Roche). The primer sequences informa-
tion is listed as follows: miR-24-3p F: TGGCTCACATC
AGCAGGAACA; U6 F: GGAACGATACAGAGAAGAT
TAGC, U6 R: TGGAACGCTTCACGAATTTGCG; KLF8
F: GCTCACCGCAGAATCCATACA, KLF8 R: GTGCAC
CGAAAAGGCTTGAT; and β-actin F: CATGTACGTTG
CTATCCAGGC, β-actin R: CTCCTTAATGTCACGC
ACGAT.

2.3. Protein Collection and Western Blots. Proteins of cells
were extracted with a lysis buffer (containing RIPA, protease
inhibitors, and phosphatase inhibitors). 20μg of each protein
was used for SDS-PAGE. Then, the proteins were transferred
onto membranes and incubated with primary antibodies
overnight. After incubation with HRP-conjugated secondary
antibodies, membranes were visualized using Immobilon™
Western.

2.4. Luciferase Reporter Activity Assay. Plasmids containing
the wild-type (WT) KLF8-3′-UTR sequence and a mutant
KLF8-3′-UTR sequence were synthesized by GeneCopoeia
(Shanghai, China). Cells were transfected with the plasmids
and harvested and lysed for luciferase assay by using a Dual
Luciferase Assay kit (GeneCopoeia) according to the manu-
facturer’s instructions as described previously [11, 22].

2.5. In Vitro Functional Studies. In vitro migration and inva-
sion assays were performed by using transwell chambers
according to the manufacturer’s instructions. For migration
assay, 5∗104 cells were seeded in a serum-free medium in the
upper chamber. For invasion assay, the chambers were cov-
ered withMatrigel previously and dried overnight. 1∗105 cells
were seeded in DMEMwith 1% FBS in the upper chamber. A
medium supplemented with 20% FBS was added into the
lower chamber. Cells remaining on the uppermembrane after
24-hour incubation were removed, and cells on the lower sur-
face of the membrane were fixed, stained, and counted. For
wound healing assay, cells were seeded in 6-well plates until
reaching confluence. Then, wounds were scratched by using
sterile tips, and wound closure was recorded every 12 hours
by using a microscope.

2.6. In Vivo Animal Experiments. All of the mouse studies
were approved by Animal Care and Use Committee of the
Ethics Committee of Tangdu Hospital. Nude mice (BALB/C
strain, 6-week old, male) were used as the metastatic model.
3∗106 cells were injected through the tail veins for 5 weeks.
D-luciferin (Roche) was injected intraperitoneally in the
mice at week 2 and week 5, and the bioluminescence images
were gained with an IVIS 100 Imaging System (Xenogen).

3. Statistical Analysis

All statistical analyses for this study were assessed by using
SPSS 20.0 software (SPSS Inc., USA). Student’s t-test was
used to evaluate the quantitative data between groups.
Kaplan-Meier analyses, as well as the log-rank test, were used
to estimate the overall survival. Pearson’s correlation coeffi-
cients were used to evaluate the correlation between two
indices in clinical samples. A difference at p < 0:05 was con-
sidered statistically significant.

4. Results

4.1. miR-24-3p Was Negatively Associated with KLF8 mRNA
Expression and Was Closely Related to EMT Markers in
LUAD. We initially analyzed the expression of miR-24-3p
and KLF8 in 18 pairs of tumor tissues and nontumor tissues
of LUAD by qRT–PCR and found that the expression levels
of miR-24-3p declined in LUAD tissues than those in adja-
cent nontumor tissues (Figure 1(a)), while KLF8 mRNA
expression was increased in LUAD tissues than that in adja-
cent nontumor tissues (Figure 1(b)). What is more, we found
that miR-24-3p expression level was negatively associated
with KLF8 mRNA expression level (Figure 1(c)). Together,
these data indicated that miR-24-3p involved in LUAD pro-
gression may be associated with KLF8. To further confirm
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whether the dysregulation of miR-24-3p in LUAD was asso-
ciated with EMT, we analyzed the mRNA levels of key EMT
markers, Snail and E-cadherin, and revealed that the Snail

mRNA level was increased, while the E-cadherin mRNA level
was decreased in LUAD (Figures 1(d) and 1(e)). In addition,
regression analysis comparing miR-24-3p and E-cadherin

n = 18
p = 0.0119

12

9

6

3

0

Re
lat

iv
e e

xp
re

ss
io

n
of

 m
iR

-2
4-

3p

Normal Tumor

(a)

9

6

3

0

Re
lat

iv
e e

xp
re

ss
io

n
of

 K
LF

8 
m

RN
A

Normal Tumor

n = 18
p = 0.0373

(b)

p = 0.0072
r = –0.0072
n = 36

Normal
Tumor

miR-24-3p

KL
F8

12

9

6

3

0
0 3 6 9 12

(c)

n = 18
p = 0.0403

9

6

3

0
Normal

Re
lat

iv
e e

xp
re

ss
io

n
of

 sn
al

l m
RN

A

Tumor

(d)

9

6

3

0

n = 18
p = 0.0210

Normal

Re
lat

iv
e e

xp
re

ss
io

n
of

 E
-c

ad
he

rin
 m

RN
A

Tumor

(e)

p < 0.0001
r = 0.6775
n = 36

12

9

6

3

E-
ca

dh
er

in

0
0 3 6

miR-24-3p

9 12

Normal
Tumor

(f)

Data set: CA array
Affy ID: 219930_at
Gene: KLF8

HR 1.4 (1.09 –1.79)
logrank p = 0.0081

Low expression of KLF8 (n = 2480)
High expression of KLF8 (r = 220)

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 (months)

Pr
ob

ab
ili

ty
 (O

S)

(g)

Data set: GSE30219
Affy ID: 219480_at
Gene: Snai1

HR = 1.48 (1.11 –1.98)
logrank p = 0.0067

Low expression of KLF8 (n = 133)
High expression of KLF8 (r = 160)

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 (months)

Pr
ob

ab
ili

ty
 (O

S)

(h)

Figure 1: miR-24-3p was negatively associated with KLF8 mRNA expression and was closely related to EMT markers (Snail and E-cadherin
mRNA). (a) miR-24-3p expression in lung adenocarcinoma was less than that in normal tissues. (b) KLF8 mRNA expression in lung
adenocarcinoma was higher than that in normal tissues. (c) Regression analysis comparing miR-24-3p and KLF8 mRNA expressions in
lung adenocarcinoma tissues and the corresponding normal tissues. (d) Snail mRNA expression in lung adenocarcinoma tissues was
higher than that in normal tissues. (e) E-cadherin mRNA expression in lung adenocarcinoma was less than that in normal tissues.
(f) Regression analysis comparing miR-24-3p and E-cadherin mRNA expressions in lung adenocarcinoma tissues and the corresponding
normal tissues. (g, h) Kaplan-Meier estimates of the cumulative survival rate based on the Kaplan-Meier plotter database. The higher
KLF8 and Snail mRNA expression were closely related to poor prognosis in lung adenocarcinoma.
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mRNA expressions revealed that miR-24-3p levels were
closely associated with E-cadherin (Figure 1(f)), suggesting
that miR-24-3p involved in LUAD progression may be asso-
ciated with EMT. Further analysis by Kaplan-Meier plotter
database implicated that both KLF8 and Snail mRNA expres-
sion levels were closely related to poor clinical outcomes of
LUAD, manifesting that KLF8 and Snail are critical in the
progression of LUAD (Figures 1(g) and 1(h)).

4.2. miR-24-3p Regulates KLF8, Snail, and E-Cadherin
Expressions and Directly Targets KLF8. To further confirm
the regulator role of miR-24-3p for KLF8, Snail, and
E-cadherin, we overexpressed miR-24-3p in A549 and
H1299 cells (Figure 2(a)). KLF8 and Snail mRNA levels were
significantly downregulated, while E-cadherin mRNA level
was significantly upregulated when the cells overexpressed
miR-24-3p (Figures 2(b)–2(d)). Western blot assay also
showed that the protein levels were correspondingly changed
after the cells overexpressed miR-24-3p (Figure 2(e)). The
wild-type (WT) KLF8 3′-UTR sequence and a mutant KLF8
3′-UTR sequence were inserted into a luciferase reporter

vector to further validate whether miR-24-3p regulated the
expression of KLF8 by binding to its 3′-UTR (Figure 2(f)).
As determined by luciferase activity assay, miR-24-3p
conspicuously suppressed the relative luciferase activity in
presence of WT reporter construct of KLF8 3′-UTR, while
there was no significant differences of relative luciferase activ-
ity when the mutant-type reporter construct of KLF8 3′-UTR
was constructed (Figure 2(g)), suggesting that miR-24-3p
could directly target KLF8.

4.3. KLF8 Promoted LUAD Cell Metastasis In Vitro and In
Vivo. The metastatic role of KLF8 in LUAD was further
tested in A549 cells in vitro and in vivo. Wound healing assay
showed that KLF8 overexpression strengthened the migra-
tion capacity of A549 cell after 48 hours of induction
(Figure 3(a)). Consistently, transwell analysis demonstrated
that KLF8 overexpression enhanced the migration and inva-
sion ability in A549 cells. What is more, the enhanced migra-
tion and invasion capacity induced by KLF8 overexpression
could significantly reverse after the cells cotransfected with
miR-24-3p, suggesting that miR-24-3p could control LUAD
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Figure 2: miR-24-3p regulated KLF8, Snail, and E-cadherin expressions in lung adenocarcinoma cells, and KLF8 was a direct target of
miR-24-3p. (a) qRT-PCR analysis of miR-24-3p expression in A549 and H1299 cells transfected with either miR-NC or miR-24-3p mimics.
(b–d) mRNA expression of KLF8 (b), Snail (c), and E-cadherin (d) in A549 and H1299 cells transfected with either miR-NC or miR-24-3p
mimics was detected by qRT-PCR. (e) Expression of KLF8, Snail, and E-cadherin in A549 and H1299 cells transfected with either miR-NC or
miR-24-3p mimics was detected by Western blot. (f) miR-24-3p binding sites in 3′-UTR of KLF8 were predicted by TargetScan. The seed
region of miR-24-3p and the recognition site in the KLF8 3′-UTR are shown in red. The sequences of the WT and MUT KLF8 3′-UTR
were used for the dual luciferase reporter construct. (g) The pMIR-REPORT vector and either KLF8-WT or KLF8-MUT plasmids were
cotransfected with miR-24-3p or miR-NC mimics in H1299 cells, and the relative luciferase activity was detected. Data are mean ± SD.
∗p < 0:05, ∗∗p < 0:01.
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Figure 3: KLF8 promoted lung adenocarcinoma cell metastasis in vitro and in vivo. (a) The wound healing assay (n = 5) demonstrated that
KLF8 overexpression strengthened the migration of A549 cell. (b) The migration and invasion potentials of the A549 cell as indicated were
evaluated using transwell assay, and the numbers of migrated and invaded cells are shown (n = 10). (c) Protein expression of KLF8, Snail, and
E-cadherin in LLC-luc-Control or LLC-luc-KLF8 cells was detected by Western blot. (d) LLC-luc-Control or LLC-luc-KLF8 cells were
injected IV into C57BL/6 mice, and tumor growth and metastasis were monitored by in vivo imaging. (e) Intensities of luciferase signal in
lungs of LLC-luc-KLF8 mice were higher than that in lungs of LLC-luc-Control mice. Data are mean ± SD. ∗∗p < 0:01.
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metastasis at least partly depending on targeting of KLF8
(Figure 3(b)). As expected, KLF8 overexpression further lead
to an increase of Snail protein level, while the E-cadherin
protein level was suppressed after KLF8 overexpression,
suggesting that KLF8 could regulate EMT in LUAD
(Figure 3(c)). In vivo metastasis model showed that KLF
overexpression increased the metastasis of A549 cells as evi-
denced by bioluminescence images (Figures 3(d) and 3(e)).
All the above data confessed that KLF8 promoted LUAD
cell metastasis.

4.4. miR-24-3p Regulated EMT through KLF8. Further, we
found that cotransfection of miR-24-3p mimics in A549 cells
with KLF8 overexpression increased miR-24-3p expression
and also decreased KLF8 mRNA expression as determined
by qRT-PCR (Figures 4(a) and 4(b)). The protein expression
of Snail and E-cadherin was also reversed when cotrans-

fected with miR-24-3p mimics in A549 cells with KLF8
(Figure 4(c)). These results indicate that miR-24-3p could
regulate EMT through KLF8, thus promoting LUAD
metastasis.

5. Discussion

In this study, we found that miR-24-3p was frequently
silenced in LUAD patients and controls LUAD metastasis
by directly targeting KLF8 and inducing EMT, which
broaden the understanding of the miR-24-3p/KLF8/EMT
axis in the pathogenesis of LUAD and provided therapeutic
indications to advanced LUAD patients.

It is well known that miRNAs, especially metastatic-
related miRNAs, such as miR-1236-3p, miR-24-3p, and
miR-135a, which usually regulates EMT-related genes to con-
trol metastasis, is often dysregulated during the pathogenesis
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of LUAD [21, 23]. The miR-24-3p expression level has been
reported to be silenced in LUAD and contributed to LUAD
metastasis by regulating multiple targets, including FGFR3,
ING5, and SOX7 [11, 15, 16]. Therefore, miR-24-3p was
selected to be the most researched miRNA in LUAD. In this
study, we first studied the expression status of miR-24-3p in
LUADpatients and presented thatmiR-24-3p showed a lower
expression level in LUAD tissues than in adjacent nontumor
tissues as previously described [11, 16, 24]. In addition, regres-
sion analysis revealed thatmiR-24-3p levels were closely asso-
ciated with E-cadherin in LUAD, suggesting that miR-24-3p
involved in LUAD progression may be associated with
EMT. It is well known that microRNAs are known for its role
in posttranscriptionally regulating target genes by binding to
its 3′-UTR. Therefore, to confirm whether the miR-24-3p is
an upstream regulator of KLF8, we overexpressed miR-24-
3p in LUAD cell lines and explored the interaction of KLF8
and miR-24-3p in LUAD cells; using Western blot assay and
luciferase reporter assay, we demonstrated that KLF8 was a
direct target of miR-24-3p and that the downregulation of
miR-24-3p could affect KLF8 protein expression in LUAD.

As a KLF family member, KLF8 is often aberrantly
expressed in many types of cancer and its overexpression is
significantly correlated with oncogenic transformation. Also,
KLF8 is known for its ability of inducing EMT and drug
resistance in tumor progression [25–28]. KLF8 has been
proved to be regulated by miR-1236-3p and miR-135a in
metastatic progression of lung cancer [20, 21]. Our study
confirmed that KLF8 expression in LUAD was higher than
that in nontumor tissues. Using the public prediction data-
base, we found that KLF8 mRNA expression level was posi-
tively correlated to poor overall survival of LUAD. In vitro
and in vivo functional studies also revealed that KLF8 pro-
moted LUAD cell metastasis and invasion, manifesting that
KLF8 is critical in the progression of LUAD. However, the
role of miR-24-3p in regulating KLF8 expression is still
unclear. Therefore, we wondered whether miR-24-3p is
responsible for LUAD metastasis via interacting with KLF8.
Here, we reported that miR-24-3p could directly target
KLF8 by binding to its 3′-UTR, which contributed to further
EMT in LUAD. Thus, the miR-24-3p/KLF8/EMT axis may
be responsible for the aggressive behaviors of LUAD, paving
the way for developing novel targeted drugs and designing
new therapeutic strategy. As a kind of easy-to-metastasized
cancer, tumor immune microenvironment played a signifi-
cant role in LUAD by EMT activation [29]. EMT might con-
tribute to immune escape through multiple routes. Our data
suggested that the miR-24-3p/KLF8 axis is responsible for
EMT activation, which provides new insights into immuno-
therapy focused on the miR-24-3p/KLF8 axis.

6. Conclusions

In conclusion, we found that miR-24-3p and KLF8 played an
important role in EMT of LUAD. Importantly, we demon-
strated that miR-24-3p could directly target KLF8. We
believed that the currently identified miR-24-3p/KLF8/EMT
axis could provide a novel insight into the molecular basis of

advanced LUAD and represent potential therapeutic targets
for the treatment of metastatic LUAD.
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Background. From 2005 to 2016, the prevention and control of mumps in China have undergone three stages of transition. These
include the use of MuCV as a self-supported vaccine, the introduction of one-dose MMR to the Expanded Program on
Immunization (EPI), and the administration of two-dose MuCV following supplementary immunization activities (SIAs) using
MM. Here, using surveillance data, we assessed the epidemiology of mumps during the three stages. Methods. Children in
Quzhou of China born from 2005 to 2016 and registered in the Zhejiang Provincial Immunization Information System (ZJIIS)
were included. We analyzed the epidemic data and calculated incidence and MuCV coverage via birth cohorts. Results. The
average incidence of mumps in 2005-2006, 2007-2010, and 2011-2016 was 51.57, 41.02, and 12.53 per 100,000 individuals,
respectively. The highest incidence was in children aged 6-14 years from 2005-2016, of which the majority were school students
(67.84%). Approximately 90% of the reported outbreaks occurred in school children (primary school/middle school). The
seasonal characteristics of mumps were less obvious from 2011 to 2016. The coverage of one-dose MMR in the 2005 birth
cohort was 71.38%. For the 2006-2010 birth cohort, the coverage of one-dose MuCV was 96.82% and the coverage of two-dose
MuCV was 17.68%. The children born from 2011 to 2016 were only free vaccinated with MMR; the coverage of one-dose
MuCV was 99.10%. The mumps incidence in the three birth cohorts significantly declined (X2 = 805:90, P < 0:001 for trend).
Except the children less than two years old, the mumps incidence for the children born from 2006 to 2010 was higher than that
for the children born from 2011 to 2016. Conclusion. The mumps incidence significantly declined following the introduction of
one-dose MMR. The SIA using MM led to a rapid reduction of mumps cases. Therefore, we recommend a two-dose MuCV
routine immunization schedule and improved vaccination coverage.

1. Introduction

Mumps is a contagious disease caused by the mumps virus. It
typically starts with fever, headache, muscle ache, tiredness,
and loss of appetite. The majority of sufferers also develop
swelling of the salivary glands [1]. In China, mumps was a
national statutory C infectious disease in 1990, and all
mumps cases have been mandatorily reported via the
National Notifiable Disease Reporting System (NNDRS)
since 2004, a web-based computerized reporting system.
Reported incidence rates are approximately 22 per 100,000

within the total population but have reached as high as
89.91 per 100,000 in 2009 in one province. The number of
reported mumps outbreaks was 436, 327, and 194 for 2008,
2009, and 2010, respectively [2]. Due to the outbreaks and
high incidence rates, mumps prevention in China needs to
be strengthened and improved.

Mumps vaccine (MuV) is the most effective strategy for
mumps protection. In 1990, the China Food and Drug
Administration licensed a live, attenuated mumps vaccine
that was produced using the S79 vaccine strain, derived
through attenuation of the Jeryl Lynn strain used in the
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U.S.-licensed vaccine [3]. Mumps vaccination was initiated
in Quzhou since 1998 using two mumps-containing vaccines
(MuCV) including the monovalent mumps vaccine (S79
strain) and the measles–mumps–rubella (MMR) vaccine
developed by Merk (Jery1-Lynn vaccine strain). Monovalent
mumps vaccines were replaced with the measles–mumps
(MM) vaccine (S79 strain) since 2000. However, MuVs were
not included in the Expanded Program on Immunization
(EPI), meaning parents were forced to pay sums for the
MuV. In 2007, domestic MMR (S79 strain) was introduced
into the EPI for children born after the 1st January 2006 and
replaced the second routine dose of measles vaccine, targeting
children aged 18–24 months. Since the first dose of measles-
containing vaccine is administered as the measles-rubella
(MR) vaccine, the EPI system supports only one-dose mumps
vaccination strategy [4]. Though MMR was introduced into
the EPI for routine use with high vaccination coverage, over
1,839 mumps cases were reported in 2009 in Quzhou. The
majority of outbreaks occurred amongst school-age children
[5]. Outbreaks have been reported amongst highly vaccinated
populations in numerous countries [6–8]. In September 2010,
supplementary immunization activities (SIAs) using MM
were performed, targeting children aged 8 months to 4 years
of age. The Zhejiang Provincial Immunization Informa-
tion System (ZJIIS), also known as the immunization regis-
tries, is a computerized population-based system containing
demographic and vaccination data for all children aged less
than 15 years living in the Zhejiang Province since 2004
[9]. We analyzed mumps epidemiology and MuCV coverage
of Quzhou using the NNDRS and ZJIIS from 2005 to 2016 in
this study.

2. Material and Methods

2.1. Setting.Quzhou is a medium city of Zhejiang Province in
the East of China and includes 2 districts and 4 counties.
Based on the annual census data from the Quzhou municipal
Bureau of Statistics, its population increased from 2,456,000
in 2005 to 2,649,000 in 2016 (7.86% increase), with an annual
birth cohort of approximately 24,000. Quzhou is served by
108 vaccination clinics, which are responsible for vaccinating
all children residing in the catchment areas, regardless of
whether they were locally born or migrated to Quzhou. Since
2005, all children, including migrant (nonlocally born), were
registered in ZJIIS during their first contact with the immu-
nization clinic during which they were administered a
unique identification number. The system contains chil-
dren’s demographic information, historical immunization
data, and current immunization.

2.2. Case and Outbreak Definitions. For surveillance pur-
poses, mumps is defined as a clinically diagnosed illness.
According to the diagnostic criteria for mumps approved
by the Ministry of Health of China in 2007 [10], we defined
a mumps case as a person with acute onset of unilateral or
bilateral swelling of the parotid gland or other salivary glands
characterized by any of the following, which could not be
explained by another more likely diagnosis: (1) fever, head-
ache, weakness, and loss of appetite; (2) orchitis; (3) pancre-

atitis; (4) encephalitis and/or aseptic meningitis. In Quzhou,
a mumps outbreak is defined as the occurrence of ≥10
mumps cases in a community, school, company, or other set-
tings within a seven-day period.

2.3. Mumps and Vaccination. Data for patients diagnosed
with mumps in Quzhou from 2005 to 2016 were extracted
from the NNDRS on 30 March 2017. Data on MuCV vac-
cination coverage were obtained from the ZJIIS. We
defined the birth cohorts from 2005 to 2016 by the num-
ber of children enrolled in ZJIIS. We calculated MuCV
vaccination coverage using the cumulative number of chil-
dren who had received the MuCV until the end of each
year, divided by the total number of children in the corre-
sponding birth cohort.

2.4. Statistical Analyses. We described the epidemic charac-
teristics of mumps occurring from 2005-2016, and MuCV
coverage and incidence of mumps by birth cohorts from
2005 to 2016, using the life table method. Data were col-
lected using Microsoft Office Excel (version 2007) and ana-
lyzed using SPSS for Windows, version 17.0 (SPSS Inc.,
USA). Differences amongst incidence periods were calcu-
lated using the trend Chi-square test. Differences according
to median age were calculated using the Kruskal-Wallis H
test. All comparisons were 2-tailed, and a P value < 0.05
was considered significant.

2.5. Ethical Considerations. This study was determined to be
exempt from ethical review by the Quzhou CDC institutional
review board. Data were anonymous and exported from
ZJIIS. Confidentiality without individual identifiers was
maintained throughout.

3. Results

3.1. Mumps Cases and Incidence. The average annual
reported incidence of mumps was 28.67 per 100,000 of the
population from 2005 to 2016, the overall incidence of which
decreased by 86.24% from the maximum 73.91 per 100,000
of the population in 2009 to the minimum 10.17 per
100,000 of the population in 2015. The average incidence of
mumps in 2005-2006, 2007-2010, and 2011-2016 was 51.57,
41.02, and 12.53 per 100,000 people, respectively, which
declined across the three periods (X2 = 552:551, P < 0:001
for trend).

3.2. Demographic Characteristics of Mumps Cases. In the
three assessment periods, mumps incidence was highest
amongst children aged 6-14 years and lowest amongst adults
aged ≥20 years. The incidence amongst children aged less
than 2 years did not significantly change (X2 = 0:062, P =
0:969). The incidence amongst children aged 6-14 years
declined across the three periods (Table 1).

The median age of mumps cases was almost nine from
2005 to 2009, eight from 2010 to 2014, seven in 2015,
and ten in 2016, which significantly differed (X2 = 138:001,
P < 0:001). The interquartile range (IQR) changed from five
to seven and ranged from 5 years to 12 years (Figure 1).
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Of the 8,525 cases, 5,214 (61.16%) were male. The
majority of cases (67.84%) were school students, and 1,646
(19.31%) of cases were childcare children in kindergartens.
The proportion of students steadily decreased from 79.94%
in 2005 to 64.18% in 2016, and the proportion in childcare
gradually increased from 13.34% in 2005 to 22.09% in 2016.

3.3. Seasonal Characteristics of Mumps Cases. Mumps cases
were reported throughout all 12 months of the year. No obvi-
ous seasonal patterns were observed despite its reported sea-
sonal occurrence. Most mumps cases occurred between
March and July, with small peaks also occurring in December
and January in 2005-2006 and in 2007-2010. With the
decreased number of mumps cases in 2011–2016, the two
epidemic peaks were less obvious than those observed from
the other study periods (Figure 2).

3.4. Outbreaks. From 2005 to 2016, a total of 21 outbreaks
with 919 cases were reported. Approximately 90% of the
reported outbreaks occurred in school children (primary
school/middle school), which accounted for the majority
(approximately 95%) of outbreak-related cases. Since 2008,
no outbreaks in kindergartens had been reported. Since
2010, no outbreak in primary schools had been reported.
From 2011 to 2016, no mumps outbreaks were reported
(Table 2).

3.5. Incidence of Mumps Cases by Birth Cohort. The children
born in 2005 vaccinated MuCV must pay sums, the coverage

of one-dose MuCV was 71.38%, and the incidence of mumps
was 138.56 per 100,000 person-years. The children born from
2006 to 2010 were free vaccinated with MMR and boost
immunity using MM, and the coverage of one-dose MuCV
and two-dose MuCV was 96.82% and 17.68%, respectively.
The children born from 2011 to 2016 were only free vaccinated
with MMR, and the coverage of one-dose MuCV was 99.10%.
The incidence of mumps in the three birth cohorts signifi-
cantly declined (X2 = 805:90, P < 0:001 for trend) (Table 3).

The incidence of mumps in children born in 2005 had
two peaks: the one was 4–5 years old and the other was 11–
12 years old. Except the children less than two years old,
the incidence of mumps for children born from 2006 to
2010 was higher than that for children born from 2011 to
2016 by age (Figure 3).

4. Discussion

Mumps is a vaccine-preventable disease. Since the prevacci-
nation era, a 99% decrease in mumps cases has been observed
in the United States [1]. In 2015, amongst the 194 World
Health Organization (WHO) countries, 121 (62%) had
incorporated MuV into their national immunization pro-
gram, the majority of which used the MMR vaccine [11].
From 2005 to 2016, the prevention and control of mumps
has gone through three periods in Quzhou. The first occurred
in 2005-2006 in which MuCV was used as a self-supported
vaccine. The second was from 2007 to 2010 in which one-
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Figure 1: Median age and interquartile range (IQR) of mumps cases from 2005 to 2016.

Table 1: The incidence of mumps amongst age groups in the three assessment periods.

Age group
2005-2006 2007-2010 2011-2016

X2 P
No. Incidence (1/100,000) No. Incidence (1/100,000) No. Incidence (1/100,000)

<2 y 12 12.63 24 12.30 38 11.74 0.062 0.969

2–5 y 289 131.92 700 179.72 506 84.97 171.775 <0.001
6–14 y 1947 352.82 2932 281.21 1141 76.50 2035.562 <0.001
15–19 y 144 39.78 220 30.96 90 10.83 112.646 <0.001
≥20 y 141 3.83 197 2.60 144 1.19 110.152 <0.001
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dose MMRwas introduced into the EPI for children aged 18–
24 months. The third was from 2011 to 2016 in which some
children were administered two-dose MuCV, including one-
dose MM of SIAs and one-dose MMR of EPI. Our studies
have shown that 8,525 mumps cases with an average annual
incidence of 28.67 per 100,000 of the population were
reported in Quzhou in 2005–2016. This was higher than that
of Beijing and Jiangsu province [12, 13]. The average mumps
incidence from 2007-2010 modestly decreased compared to
2005-2006, due to the short timeframe of MMR vaccine
introduction and the susceptible population with a low
mumps vaccination coverage. However, these values drasti-
cally declined from 2011 to 2016 (X2 = 552:551, P < 0:001).
A single dose of the MMR vaccine used in the UK, which
contains the Jeryl Lynn mumps strain, has been reported to
confer between 61 and 91% protection [14].

Mumps is a common childhood infection in unimmu-
nized individuals, but in highly vaccinated populations, the
disease affects mainly adolescents and young adults [15–18].

From 2005 to 2016, the age distributions for mumps cases
also deviated. In children aged less than 2 years and adults
aged ≥20 years, no obvious changes were evident since these
did not represent the susceptible or target population of
EPI. However, the number of mumps cases amongst adults
increased in some provinces [19]. From 2005-2010, only
some of the children aged 2–5 years were the target popula-
tion of EPI, and thus, the incidence was volatile. The inclusion
of all children as the target EPI population since 2011 has led
to the incidence significantly declining. The susceptible popu-
lation of mumps infection was mainly comprised of children
aged 6-14 years, who had not received the mumps vaccination
from 2005-2010. In 2016, the incidence amongst those aged
15–19 years significantly increased, suggesting that mumps is
not simply a childhood disease. The most afflicted age groups
were teenagers, adolescents, and young adults, similar to those
previously reported [20]. A Korean study also identified the
need to strengthen surveillance in adolescents, in addition to
younger aged children [21].
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Figure 2: Average number of mumps cases in Quzhou per month during the three assessment periods.

Table 2: No. of mumps outbreaks and outbreak-related cases from 2005 to 2016.

Period
Kindergarten Primary school Middle school Total

No. of outbreaks No. of cases No. of outbreaks No. of cases No. of outbreaks No. of cases No. of outbreaks No. of cases

2005-2006 1 12 7 346 0 0 8 358

2007-2010 1 35 10 483 2 43 13 561

2011-2016 0 0 0 0 0 0 0 0

Total 2 47 17 829 2 43 21 919

Table 3: Incidence of mumps and coverage of MuCV in different birth cohorts.

Birth cohort No. of children
Coverage of one-dose

MuCV (%)
Coverage of two-dose

MuCV (%)
No. of
cases

Cumulative exposure
(person-year)

Incidence (/100,000
person-years)

2005 23824 71.38 0 377 272079.5 138.56

2006-2010 123157 96.82 17.68 804 1035725.5 77.63

2011-2016 149827 99.10 0 201 446128 45.05
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According to the median age of mumps from 2005-2016,
the highest incidence rates occurred in children aged 6–14
years. The other birth cohorts excluding 2006 and 2008 had
low mumps vaccination coverage as the MuCV was only
introduced into the EPI for children born after 1 January
2006, and the time after vaccination withMuCV was assessed
in the future. The issue of the growing risk of developing
mumps at increasing postvaccination has been addressed
[22, 23]. Studies suggested that humoral immunity induced
by live vaccines at childhood, including measles and mumps
antibodies, does not provide lifelong immunity but can rap-
idly decline to extremely low levels by adolescence and young
adulthood. This situation is particularly apparent in popula-
tions lacking boosters derived from natural infections [24].
During the epidemic season, the two epidemic peaks were
less obvious in 2011–2016 than in the other two periods.

Of all the mumps cases assessed, 61.16% were male, and
67.84% were students in schools. These values may be attrib-
utable to sex-based immune responses and hormonal influ-
ences in addition to genetic and epigenetic factors [25, 26].
The accumulation of susceptible young persons who are
brought together in high-density settings can lead to high
levels of infection and an increased risk of exposure [27,
28]. Mumps outbreaks were recently reported in the US
and in Europe, both with high MMR vaccine coverage [27,
29]. From 2005 to 2016, 21 mumps outbreaks were reported,
and primary school students accounted for 90.21% of the
outbreak-related cases. No mumps outbreaks were reported
from 2011 to 2016. Both factors are consistent with the
observation that the mumps outbreak primarily affected stu-
dents [15, 30–32]. Compared to the 2005-2006 and 2007-
2010 periods, the mumps epidemiological characteristics
remained unchanged from 2011-2016. There were three pos-
sibilities for the changes. Firstly, the susceptible populations
decreased due to the mumps infection. Secondly, children
with MuCV vaccination had accumulated. Thirdly, the SIAs

using MM could reduce the number of individuals who
failed immunization with MuCV and increased the doses
of MuCV immunizations. Studies also revealed the impor-
tance of waning immunity and the assessment of the time
since vaccination [33]. Thus, continuing epidemic surveil-
lance for mumps is necessary to understand whether the
inclusion of MuCV will break the natural epidemic cycle of
mumps in Quzhou and help maintain low incidence levels.

We also observed that the incidence of mumps cases
assessed by birth cohort was connected to the coverage of
MuCV and the doses of MuCV administered. The coverage
of one-dose MuCV in the 2005 birth cohort was 71.38%.
The coverage of one-dose MuCV and two-dose MuCV in
2006-2010 birth cohorts was 96.82% and 17.68%, respec-
tively. The coverage of one-dose MuCV in 2011-2016 birth
cohorts was 99.10%. The incidence of mumps in the three
birth cohorts significantly declined (X2 = 805:90, P < 0:001
for trend). The WHO reported that the MuCV coverage
should reach 90% to prevent a mumps outbreak [34]. Studies
performed in a French cohort concluded that the effective-
ness of the MuV decreases with time and therefore proposed
the introduction of a targeted third dose in an outbreak set-
ting, for individuals whose last dose was longer than 10 years
earlier [35]. It has been shown that valid and invalid vaccina-
tion rates influence the spread of mumps, but vaccine cover-
age and the transition to two doses of MMR vaccine were
made freely available in China [36]. Our analysis concludes
that the preventive effects of one-dose MuCV above a 90%
coverage were limited and that a routine immunization sched-
ule of two-dose MuCV for children is urgently required.

There were several limitations to this study: (1) all
mumps cases were clinically diagnosed without laboratory
confirmation. Mumps virus infection can result in symp-
tomatic or asymptomatic infections [37], and the estimated
20–30% of asymptomatic cases were not possible to identify
[3]. Mumps incidence in this study may therefore be
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underestimated or overestimated. (2) The immunization
status of each mumps case was unknown, and we were
unable to calculate the effectiveness of various vaccine doses
as the NNDRS and ZJIIS data were disconnected. (3) MuCV
vaccination coverage may have been underestimated since
children with prior mumps infections were not excluded
from the study cohort.

In conclusion, the coverage of one-dose MMR has
reached approximately 90% since its introduction into the
EPI in Quzhou, and the incidence of mumps in target chil-
dren has significantly declined. Due to the short time of
EPI initiation, mumps-susceptible individuals with no
MuCV immunization history increased the mumps inci-
dence, and the SIAs using MuCV can improve mumps anti-
body levels in the target population over a short timeframe,
which led to a rapid reduction in mumps cases. A further
decrease in mumps incidence could be achieved through
the introduction of two doses of MuCV and by improving
2-dose MuCV vaccination coverage. However, determining
the optimal age and adjustment of the schedule will require
a further consideration of laboratory and serological survey
results [20].
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