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Abstract

Gynecological cancer is one of the most severe diseases that threaten the lives and health of women worldwide. Its
incidence rate increases with each passing year and becomes more prevalent among young people. The prognosis
of gynecological cancer remains poor despite significant advances in surgical removal and systemic chemotherapy.
Several chemokines play a role in the progression of gynecologic cancers. CCL2 (CC-chemokine ligand 2), also termed
MCP-1 (monocyte chemotactic protein 1), plays a significant physiological role in monocyte cell migration and the
inflammatory response. Recent studies have demonstrated that CCL2 plays a pro-tumorigenic function in the tumor
microenvironment. According to previous studies, CCL2 plays a significant role in the occurrence and development
of gynecological cancers. Furthermore, recent studies noted that CCL2 could be a potential diagnostic biomarker
and prognostic predictor. The purpose of this paper is to review the role of CCL2 in the occurrence and development
of gynecological cancers and to discuss the potential therapeutic strategy of CCL2 for gynecological cancers, with a
primary focus on breast cancer, ovarian cancer, cervical cancer, and endometrial cancer.
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Introduction

Gynecological cancer is one of the most prevalent dis-
eases in women worldwide. There has been an increase
in the incidence of gynecological cancer in recent years,
and the affected population is younger. Early gynecologi-
cal malignant tumors respond well to traditional treat-
ments. However, for advanced tumors, although surgery
and chemotherapy can remove or reduce tumor tissue, in
most cases, it is difficult to effectively deal with metas-
tasis, recurrence, and a poor prognosis. Chemokines,
which are small heparin-binding proteins, play an impor-
tant role in inflammation, immune response, and cancer
development. Chemokines can be classified into four
subfamilies depending on the position of the conserved
cysteine residue, namely CXC, CC, CX;C, and C. Certain
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chemokines attract monocytes to definite sites through-
out the body [1]. Chemokines play a dual role in tumor
development. In the tumor microenvironment, several
chemokines promote tumor progression and angiogen-
esis by recruiting tumor-associated macrophages. Other
chemokines function as antitumor substances by inhib-
iting angiogenesis, allowing immune cells to respond to
tumors, and killing cancer cells [2]. CC-chemokine ligand
2 (CCL2) is a member of the CC chemokine subfamily.
It is highly expressed in different cancers and is associ-
ated with tumorigenesis and metastasis of prostate, blad-
der, colorectal, and breast cancer [3-5]. Furthermore,
the expression of CCL2 is elevated in breast, ovarian,
and cervical cancer, indicating the pivotal role of CCL2
in gynecological malignancies. In this review, we sum-
marize the evidence for the involvement and potential
therapeutic target of CCL2 in gynecological malignan-
cies, focusing on breast, ovarian, cervical, and endome-
trial cancers.
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Fig. 1 Structure of CCL2. C shows cysteine residues. The bold arrow
shows B-plated. The cylinder shows a-helical structure
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site [12, 13]. On the other hand, CCL2 stimulates tumor
proliferation, migration, invasion, and angiogenesis and
inhibits the autoimmune system [14—19]. Furthermore,
previous studies suggest that the expression of CCL2
has a strong relationship with cancer prognosis [20, 21].

Fig. 2 The diagram of the CCL2-CCR2 axis in cellular reactions

Biological characteristics of CCL2

Chemokine (C-C motif) ligand 2 (CCL2) is the first CC
chemokine discovered in humans, which belongs to the
CC subfamily. CCL2 has three discrete domains: adja-
cent cysteines close to the N-terminal, three antiparal-
lel B-pleated sheets, and an a-helical structure (Fig. 1).
CCL2 is positioned on chromosome 17 (chr.17, q11.2).
A human CCL2 molecule is 13 kDa in size and con-
sists of 76 amino acids. Because it had previously been
discovered in tumor cells in vitro, CCL2 was origi-
nally called a tumor-derived chemokine [6]. CCL2 is
expressed and secreted by a variety of cell types, includ-
ing epithelial cells, smooth muscle cells, fibroblasts,
epithelial cells, and T cells [7]. CCL2 is a multifunc-
tional factor that chemotactically attracts monocytes
and immune cells, such as T cells and natural killer
cells, to specific sites [8—10]. It is also a double-edged
sword in the incidence and development of diseases
[11]. As part of the wound healing process, CCL2 pro-
motes the formation of new blood vessels at the wound

The CCL2-CCR2 signaling axis

Chemokine receptors are recognized as G-protein-cou-
pled receptors (GPCRs). GPCRs are seven-transmem-
brane receptors and are expressed on numerous cells.
The activated GPCRs are responsible for the forma-
tion of cAMP, DAG, and IP3 and protein kinase A and
C activation. Although CCL2’ receptors include CCR2
and CCR4, CCL2 primarily mediates its functions
through binding to CCR2 and triggering a series of sig-
nal transduction reactions [22]. CCR2 is expressed on
the surface of multiple cell types, monocytes, dendritic
cells, immune cells, natural killer cells, and tumor cells.
As a CCR2-binding protein, CCL2 activates intracel-
lular pathways, including phosphatidylinositol-3-OH
kinase (PI3K), mitogen-activated protein kinases
(MAPK), and protein kinase C (Fig. 2). Hence, the
CCL2-CCR2 signaling axis plays a key role in several
physiological processes, including disease progression.
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The CCL2-CCR2 signaling axis has been shown to
play an important role in cancer progression. The first
and most important line of immune defense in the cen-
tral nervous system (CNS) is microglia, which are the
brain and spinal cord’s counterparts of macrophages
(CNS). Most glioma cells express CCL2. Due to CCR2
expression, Glioma cells are surrounded by microglia.
According to Zhang et al., CCL2 expressed by glioma
cells stimulates microglia to produce IL-6, and IL-6 pro-
duced by microglia, in turn, promotes the invasiveness
of glioma cells. These results suggest that the CCL2/
CCR2/IL-6 axis could be a potential therapeutic tar-
get for glioma [23]. The inhibition of the CCL2-CCR2
axis may result in an antitumor function in a malignant
glioma model [24]. Estrogen up-regulates CCL2 expres-
sion in ERY breast cancer cells through the Twist/PI3K/
AKT/NF-«B signaling pathway. ER" breast cancer cells
proliferate, migrate, and invade, in part due to up-reg-
ulated CCL2 interacting with its receptor, CCR2 [25].
Coincidentally, Yao et al. also discovered that CCL2
increases cell proliferation and cell cycle progression
in MCF breast cancer cells [26]. Cell proliferation and
trafficking are controlled by the CCL2-CCR?2 signaling
pathway in acute myeloid leukemia [27].

Considering the chemotactic effect of CCL2 on mono-
cytes, recent research has found that CCL2 is involved in
the cross-talk between tumor cells and tumor-associated
macrophages (TAMs) in the tumor microenvironment.
Tumor-derived CCL2, in combination with CCR2 on the
surface of monocytes, recruits monocytes to infiltrate
the tumor microenvironment or metastatic locations
and promotes the TAMs to polarize into M2-TAMs [28,
29]. TAMs accumulation was eliminated in esophageal
squamous cell carcinoma when the CCL2-CCR2 axis
was blocked, and TAMs-induced tumor cell evasion was
suppressed via the PD-1 signaling pathway [30]. Fur-
thermore, CCL2 secreted by TAMs targets tumor cells,
directly promotes proliferation and metastasis and medi-
ates drug resistance in tumor cells [31]. Using a mouse
model with endothelial-specific deletion of CCR2, Roblek
et al. demonstrated that CCL2-CCR2 signaling is nec-
essary for tumor cell extravasation and lung metastases

Table 1 Expression and function of CCL2 in gynecological cancer
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[32]. With further research, it has been elucidated that
the CCL2-CCR2 axis is involved in the occurrence and
development of more and more diseases, while its mech-
anisms in diseases have not been clarified. As a result,
elucidation mechanisms of the CCL2-CCR2 axis in dis-
eases will provide a broader prospect for diagnosing and
treating.

Role and underlying mechanisms of CCL2

in gynecological cancer

CCL2 and breast cancer

Breast cancer is a malignant tumor that develops when
mammary epithelial cells proliferate uncontrollably. It
is one of the most dangerous cancers in the world that
threatens the life and health of women, and it is also
a major risk factor for other cancer-related diseases
[33]. Surgical excision and systemic chemotherapy
are still the most common treatments for breast can-
cer, but enormous damage is done to women’s bodies,
and the problem of resistance to chemotherapy still
exists. The focus of breast cancer prevention and treat-
ment has shifted to finding more effective treatment
approaches. CCL2 has been found to play a crucial role
in the growth, metastasis, and invasion of breast cancer
cells in recent research (Table 1). As a result, studying
the function of CCL2 in the progression of breast can-
cer can provide new ideas for the screening, diagnosis,
and treatment of breast cancer. CCL2 is a diagnostic
marker that can be used to predict the early recurrence
of breast cancer. The high expression of CCL2 in
the plasma of breast cancer patients is confirmed by
enzyme-linked immunosorbent assay (ELISA), but the
low concentration of CCR2. The detection of plasma
CCL2 and CCR2 combined with CA 15-1 can be used
as a biomarker for breast cancer diagnosis [34]. Fur-
thermore, studies have shown that CCL2 is highly
expressed in tumor epithelial cells, and many CD14-
positive cells are infiltrated in primary tumors, imply-
ing that high levels of CCL2 and CD14-positive cells
can serve as diagnostic markers for early recurrence of
breast cancer [35]. CCL2 is highly expressed in numer-
ous breast cancer lines as well as the monocytes and

Cancer types High or low expression Pro(+) or Anti(—) Prognosis References
tumor

Breast cancer High (+) Early recurrence [34, 35,39-42]

Ovarian cancer High (+) High histological grade [47,49, 51-54]

Cervical cancer Low or high (+) Poor prognosis and overall survival [57,58,60,61]

Endometrial cancer High (+) Accelerate tumor progress and reduce survival [62, 66-68]
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stroma cells in the tumor microenvironment. Further-
more, CCL2 expression is higher in metastatic breast
tumors compared to primary breast tumors. These find-
ings imply that a high level of CCL2 may be involved in
the migration of breast cancer cells [36]. Studies have
revealed that CCL2 improves the survival, motion abil-
ity, and migration of mammary carcinoma cell lines
4T1, MCEF-7, PyVmT, and MDA-MB-231 by activat-
ing phosphorylation of Smad3 and p42/44 MAPK [37].
Meanwhile, CCL2 overexpression stimulated the prolif-
eration of breast cancer cell line 4T1 [38]. Furthermore,
CCL2 plays an important function in the drug-resistant
of breast cancer cells. Li et al. explained that tumor-
associated macrophages secrete CCL2 and CCL2 pro-
mote resistance to tamoxifen through PI3K/Akt/mTOR
signaling pathway [31].

CCL2, as a chemotactic cytokine, can recruit immune
monocytes to promote tumor progression. A mouse
model of MMTV-HER2 infection demonstrated that
tumor cells and other myeloid cells from early breast
lesions produced CCL2, which attracted macrophages
to the site of early breast lesions. Secretion of Wnt-1 by
intra-epithelial macrophages induced reduction in E-cad-
herin connectivity, thus, promoting early spread and
metastasis of breast cancer [39]. CCL2 can also attract
inflammatory monocytes to the pulmonary metastasis
focuses, allowing breast cancer cells to spread to lung
metastases [40]. CCL2 binds to CCR2 on the surface of
metastasis-associated macrophages, causing the mac-
rophages to generate CCL3 and increasing breast cancer
lung metastasis [41]. CCL2 encouraged macrophages to
produce CXCL12 through synergistic interaction with
IL-1, which encouraged angiogenesis [42].

In a recent study, Fang et al. proficiently reduced the
CCL2 expression by using a novel gene silencing method
Ca-TAT/siRNA. Their results indicated that CCL2 silenc-
ing inhibited triple negative tumor cell growth and
metastasis by decreasing cancer stem cell renewal and
M2 macrophage recruitment [43]. Breast cancer can be
treated with CCL2 neutralizing antibodies and the same
outcomes were observed by targeting CCR2. Brum-
mer et al. showed that selective targeting of CCR2 in the
mammary epithelium repressed breast tumor growth,
invasion, and decreased angiogenesis [44]. Blocking
CCL2 has been reported to lead to excessive metastasis
and accelerated death. Therefore, inhibition of CCL2 or
CCL2/CCR2 may be a potential approach to the treat-
ment of breast cancer. An additional study reported that
continued administration of CCL2-neutralizing antibod-
ies for more than four weeks leads to little therapeutic
effect, with CCL2 levels increasing over time [45]. As a
result, CCL2 and CCL2/CCR?2 as therapeutic targets for
breast cancer remain to be further investigated.
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CCL2 and ovarian cancer

Ovarian cancer is a malignant tumor on the ovaries. It
comprises epithelial ovarian cancer, germ ovarian can-
cer, specific sex cord-stromal ovarian cancer, and meta-
static ovarian cancer, of which epithelial ovarian cancer
is the most common. Due to a lack of early symptoms
and limited screening and diagnosis methods, ovarian
cancer is often diagnosed in late stages, resulting in poor
treatment outcomes [46]. Ovarian cancer has a lower
incidence than other gynecological tumors, but it has a
high mortality rate and poses a serious threat to women’s
health. Serum CCL2 levels in patients with primary ovar-
ian cancer are significantly higher than those in women
with benign ovarian cysts and healthy women, accord-
ing to Hefler et al. [47]. On the other hand, another study
found that CCL2 is up-regulated in MA-148 ovarian
cancer cells when treated with paclitaxel and/or carbo-
platin [48]. Exogenous CCL2 stimulated the migration
and adhesion of SKOV-3 cells, which can be reduced by
adding a CCR2 antagonist [49]. Recently, our group puri-
fied human recombinant CCL2 proteins and showed that
exogenous CCL2 improved ovarian cancer cell prolifera-
tion by stimulating the MAPK/ERK signaling pathway
and regulating JUN, RELB, and NF-kB2 expression lev-
els [50]. CCL2 also stimulates the progression of ovarian
cancer by enhancing angiogenesis. Deng et al. found that
recombinant CCL2 down-regulated TNEFSF15 expres-
sion, which is a negative regulator of neovascularization,
thus promoting tumor angiogenesis and accelerating
ovarian cancer expansion [51]. These results suggest that
CCL2 may serve as a potential therapeutic target for the
treatment of ovarian cancer.

CCL2 has also been shown to play a role in the action
of other cells on ovarian cancer cells. CCL2 from mes-
enchymal stromal cells act on ovarian cancer cells and
induces IL-6 secretion for chemoresistance dependent
on IL-6 and PYK2 [52]. Cancer-associated mesothe-
lial cells play a key role in the peritoneal metastasis of
ovarian cancer. They enhance the invasion of epithelial
ovarian cancer cells by generating CCL2 through the
P38-MAPK pathway. In addition, inhibition of CCL2 by
neutralizing antibodies reduced the invasion of epithe-
lial ovarian cancer cells [53]. CCL2 is also involved in the
communication between other stromal cells and ovar-
ian cancer cells. Omental adipocytes expressed a high
level of CCL2 in an experimental mouse model of ovar-
ian cancer peritoneal metastasis. Binding to its cognate
receptor CCR2, CCL2 expedited the migration and inva-
sion of ovarian cancer cells and improved cisplatin resist-
ance. The enhanced metastasis and invasion of ovarian
cancer cells can be eliminated by blocking CCL2/CCR2
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signaling transduction with CCL2 neutralizing antibod-
ies or a CCL2 gene knockout defect [54]. These studies
suggest that CCL2/CCR2 axis might be a novel target for
ovarian cancer therapy that could benefit patients with
the disease.

CCL2 and cervical cancer

Human papillomavirus (HPV) infection is the most
common cause of cervical cancer in women. According
to statistics, approximately 570,000 new cases of cervi-
cal cancer were diagnosed in 2018, and approximately
311,000 deaths [55]. Furthermore, China accounted
for about a third of all new cases worldwide. However,
relapses in patients continue to be associated with a
high mortality rate despite significant advances in early
detection, vaccination prevention, and treatment [56].
Studies have shown that CCL2 is present in cervical can-
cer cells and their precancerous lesions. CCL2 is greatly
expressed in the tumor microenvironment of cervical
cancer. Tumor cells express less CCL2, while other cells
express more. Human papillomavirus E6/E7 oncopro-
teins may play a role in this process. Kleine et al. have
shown that E6 and E7 oncoproteins selectively inhibit
CCL2 expression in cervical epithelial and epidermal
cells. Furthermore, Riethdorf S et al. demonstrated that
E6/E7 oncogenes negatively regulate CCL2 transcrip-
tion [57, 58]. Although cervical cancer cells produce
fewer chemokines, they engage monocytes and stimulate
the production of CCL2 by monocytes, thus promoting
macrophage aggregation within the tumor microenviron-
ment [59].

One study differently claimed that CCL2 is highly
expressed in cervical cancer cells, and its expression
level is related to the number of tumor-associated mac-
rophages. The expression of CCL2 in cervical cancer cells
causes the recruitment of macrophages, which supports
the progression of the cervical tumor. Patients with cervi-
cal cancer who lack CCL2 expression have a better prog-
nosis and longer overall survival [60].

In cervical cancer, serum CCL2 is elevated in cervical
adenocarcinoma, according to the most recent study.
When binding to its receptor CCR2 on the membrane of
cervical cancer cells, the CCL2 generated from Schwann
cells promoted cancer cell proliferation, migration, and
invasion. Furthermore, CCL2 induced the epithelial-
mesenchymal transition of cervical cancer cells, thereby
promoting their metastasis and facilitating the perineu-
ral invasion of cervical cancer. Based on these results, the
CCL2/CCR2 axis may serve as a potential marker for cer-
vical cancer treatment [61].
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CCL2 and endometrial cancer

Previous studies have indicated that CCL2 plays a role in
pathological processes in breast cancer, ovarian cancer,
and cervical cancer. There is still a lack of understand-
ing of CCL2’s role in endometrial cancer. In a study, the
human endometrial stromal sarcoma cell line Mami con-
stitutively produces CCL2 in vitro, and interleukin-1f,
tumor necrosis factor a, and lipopolysaccharide-induced
the expression of CCL2 in MaMi cells [62]. Further-
more, unfractionated heparin attenuated the expression
of CCL2 in different endometrial adenocarcinoma cell
lines (ECC-1, RL95-2, HEC-1A, KLE, and AN3CA) [63].
Interleukin-17 induced CCL2 mRNA levels in human
endometrial cancer cell line HEC-1-B in particular by
activating IkBa and extracellular signal-regulated kinase
1/2 [64]. Tamoxifen decreased CCL2 secretion and
mRNA and protein levels in the human endometrial can-
cer cell line EFE-184. On the other hand, Buserelin had
no effect on CCL2 expression [65]. Furthermore, Attar
et al. demonstrated that the polymorphism of CCL2 and
CCR2 is related to endometrial cancer [66].

Furthermore, numerous studies have shown that CCL2
regulates endometrial cancer progression through the
recruitment of macrophages. Endometrial cancer cell
proliferation decreased in vivo when the expression of
activating transcription factor 4 (ATF4) was knocked
down, as was the infiltration of M2 macrophages. Moreo-
ver, ATF4 regulated macrophage infiltration by mediat-
ing the expression of CCL2, which ultimately led to the
growth of endometrial cancer [67]. Endometrial tumor
growth was decreased by the serine/threonine kinase
LKB1, and suppressing LKB1 resulted in elevated expres-
sion of CCL2, which leads to increased recruitment
of macrophages. Furthermore, CCL2 inactivation also
delayed the growth of endometrial cancer and improved
survival [68].

Summary and prospect

CCL2 stimulates the growth, metastasis, and invasion
of gynecological tumors, regulates the formation of the
tumor microenvironment and plays a key role in tumor
progression (Table 1). The present research has con-
firmed that blocking the CCL2/CCR2 axis can prevent
the growth of prostate and breast cancer cells. Conse-
quently, CCL2/CCR2 axis can also be further studied as
a new target for gynecological tumor therapy. Although
the functions of CCL2 in gynecological tumors have
been basically defined, the mechanisms of CCL2 in the
gynecological tumor microenvironment are still unclear
and need further exploration.



Zhang et al. Cancer Cell International (2022) 22:361

Interleukin-1p (IL-1p) is a key pro-inflammatory fac-
tor that belongs to the interleukin-1 (IL-1) family. IL-1p
stimulates the inflammatory response by regulating the
expression of downstream genes comprising CCL2. Tao
et al. indicated that IL-1f stimulates cervical cancer cell
proliferation, migration, and invasion by accelerating the
production and release of CCL2 in an NF-kB phospho-
rylation-dependent manner [69]. Furthermore, blocking
IL-1B can reduce the recruitment of monocytes medi-
ated by CCL2, decrease the infiltrating macrophages in
the tumor microenvironment, and prevent breast tumor
growth [70]. Currently, our group found that both CCL2
and IL-1p promote the proliferation and metastasis of
epithelial ovarian cancer cells. There is a correlation
between CCL2 and IL-1B in the progression of ovar-
ian cancer. Many additional cytokines and chemokines
regulate the expression of CCL2 and co-mediate gyneco-
logical cancer in addition to IL-1. Understanding the role
of CCL2 and its regulators in the microenvironment of
gynecological tumors could lead to novel discoveries.
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