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Abstract: Chemerin is widely recognized as an adipokine, with diverse biological roles in cellular
differentiation and metabolism, as well as a leukocyte chemoattractant. Research investigating
the role of chemerin in the obesity–cancer relationship has provided evidence both for pro- and
anti-cancer effects. The tumor-promoting effects of chemerin primarily involve direct effects on
migration, invasion, and metastasis as well as growth and proliferation of cancer cells. Chemerin
can also promote tumor growth via the recruitment of tumor-supporting mesenchymal stromal cells
and stimulation of angiogenesis pathways in endothelial cells. In contrast, the majority of evidence
supports that the tumor-suppressing effects of chemerin are immune-mediated and result in a shift
from immunosuppressive to immunogenic cell populations within the tumor microenvironment.
Systemic chemerin and chemerin produced within the tumor microenvironment may contribute to
these effects via signaling through CMKLR1 (chemerin1), GPR1 (chemerin2), and CCLR2 on target cells.
As such, inhibition or activation of chemerin signaling could be beneficial as a therapeutic approach
depending on the type of cancer. Additional studies are required to determine if obesity influences
cancer initiation or progression through increased adipose tissue production of chemerin and/or altered
chemerin processing that leads to changes in chemerin signaling in the tumor microenvironment.

Keywords: cancer; obesity; adipokine; chemerin; chemokine-like receptor 1; G protein-coupled
receptor 1; C-C chemokine receptor-like 2

1. Obesity and Cancer

Overweight and obesity rates have increased steadily for several decades and at present are a
major global health crisis of epidemic proportions [1]. Recent estimates indicate that approximately
1.5 billion adults are overweight, while a further 600 million are obese [1,2]. While the rise of obesity
prevalence has slowed in some countries, it is predicted that global rates will continue to increase with
time and thereby exacerbate the health impact of this disorder [3]. Obesity is directly linked to a decline
in quality of life and overall reduced life-expectancy as well as being a major risk factor for several
prevalent metabolic, cardiovascular, and malignant disorders. Among these, cancer continues to be a
leading cause of death worldwide that is attributable to an estimated 14 million incident cases and
8 million deaths annually [2,3]. In addition to other well-established risk factors for cancer (e.g., genetics,
tobacco use, ionizing radiation, environmental exposure), obesity is now recognized as a risk factor for
several malignancies [4,5]. These include cancers of the digestive and secretory systems (e.g., colon,
stomach, liver, esophagus, kidney, gallbladder), female and male reproductive systems (e.g., ovary,
postmenopausal breast, endometrium, prostate), and hematological systems (e.g., non-Hodgkin’s
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lymphoma, multiple myeloma, leukemia) [6–9]. Thus, with the increasing prevalence of obesity in our
society, it is predicted that this disorder will soon surpass smoking as a leading significant preventable
cause of cancer [10].

2. Role of Adipokines

While the linkage between obesity and cancer risk is an active area of investigation, the underlying
biological mechanisms are not well understood. Moreover, many tumors develop in an adipocyte-rich
environment. For example, adipocytes are a major cellular component of the mammary fat pad, and
recent evidence indicates that these cells have dynamic interactions with cancer cells to modulate
tumor growth and metastases [11,12]. Thus, local and ectopic fat depots may have an impact on cancer
development that is not reflected or predicted by overall fat mass. The local and systemic alterations
in physiology that are associated with obesity have the potential to impact cancer in many respects
through direct effects on cancerous cells or indirect effects on the tumor microenvironment or immune
function. As such, obesity can impact tumor initiation, metabolic reprogramming, angiogenesis,
progression, and response to therapy variously.

Obesity is characterized not only by a generalized expansion of adipose, but also the development
of a progressive metabolic and endocrine dysfunction characterized by profound alterations in the
production of several factors including lipids, hormones, pro-inflammatory cytokines, and a suite
of adipose derived-signaling molecules termed adipokines [13,14]. Adipokines are a heterogeneous
group of peptides, mainly produced by adipose tissue, that fulfill critical regulatory roles in energy
homeostasis and metabolic health [15,16]. Obesity-related alterations in the amounts and/or spectrum
of adipokine release have been linked to metabolic disorders such as hyperlipidemia and type 2
diabetes and are increasingly recognized as a key factor linking obesity with cancer. For example,
adiponectin is an adipokine with established pleiotropic roles in regulating insulin-sensitivity as well
as lipid and glucose homeostasis [4]. Circulating levels of adiponectin are inversely correlated with
adiposity and this is believed to contribute to the increased risk for obesity-related comorbidities such
as type 2 diabetes and metabolic syndrome [4]. Lower levels of this adipokine have also been linked to
an increased risk for several types of cancer [17,18]. In contrast to adiponectin, circulating levels of
the adipokine leptin increase in proportion to fat mass. While different epidemiological studies have
offered conflicting results regarding the impact of leptin on general cancer risk, a recent meta-analysis
of 23 studies reported a positive association with breast cancer risk [19]. Moreover, overexpression
of the receptor for leptin has been found in breast cancer and in particular for higher-grade tumors
associated with metastasis and poor clinical prognosis [20–23].

3. Chemerin

Chemerin is a multifunctional secreted protein with established roles in energy metabolism,
immune function, and fundamental cell processes such as differentiation, proliferation, and
chemotaxis [24,25]. Consistent with its role as an adipokine, evidence from clinical and animal
studies have firmly established that secretion and circulating levels of chemerin increase with adiposity
and decline after bariatric surgery, diet, and exercise-based weight loss [26–35]. In addition to adipose
tissue, chemerin is highly expressed in many other human tissues including the adrenals, liver, female
reproductive organs, mammary tissue, and lung (Data Source: GTEx Analysis Release V7 (dbGaP,
Accession phs000424.v7.p2, accessed on 29 July 2019)) as well as cell types such as intestinal epithelial
cells, platelets, keratinocytes, synovial fibroblasts, and vascular endothelial cells [36–40]. Therefore,
when assessing a role for this adipokine in cancer, the impact of chemerin produced locally within the
affected tissue and/or tumor microenvironment must be considered in addition to systemic levels of
circulating chemerin.

Chemerin is synthesized as pre-prochemerin, which requires N-terminal cleavage of a 19-amino
acid signaling domain prior to its secretion as a 163-amino acid precursor (prochemerin) [37,41–44].
Subsequently, prochemerin undergoes extracellular proteolytic processing at the C-terminus exposing
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the active region and forming active chemerin [37,41,44]. In humans, prochemerin is processed to
at least three active products; chemerin156, chemerin157, and chemerin158, all of which have been
detected in biological fluids, including plasma and serum [42,45,46]. Further proteolytic events
cleave active chemerin isoforms to shorter inactive or low activity proteins [35,47]. Chemerin is the
endogenous ligand for two known cognate signaling receptors, chemokine-like receptor 1 (CMKLR1)
and G protein-coupled receptor 1 (GPR1); herein these are referred to as chemerin receptor 1 (chemerin1)
and chemerin receptor 2 (chemerin2) as established by the International Union of Basic and Clinical
Pharmacology Committee on Receptor Nomenclature [48]. A third chemerin receptor, C-C chemokine
receptor-like 2 (CCRL2), exhibits limited homology with chemerin1 and chemerin2 and is most closely
related to the atypical chemokine receptor family [48]. Rather than directly mediating chemerin
signaling, CCRL2 is thought to function as a chemerin membrane anchoring protein that increases local
chemerin concentrations and presents the ligand to chemerin1 or chemerin2 expressing cells. [49,50]
Depending upon the site of proteolytic cleavage and interaction with either of chemerin1 or chemerin2,
the magnitude and nature of the biological effects of chemerin can vary dramatically (e.g., pro- versus
anti-inflammatory) [24]. Chemerin has been shown to mediate the chemoattraction of several chemerin
receptor-expressing leukocyte subsets that are often present in the tumor microenvironment, including
dendritic cells, natural killer cells, and macrophages [42,51,52]. Therefore, chemerin signaling may
play a role in cancer immunology through these mechanisms.

Circulating chemerin levels correlate positively with adiposity, and it is generally accepted
that major peripheral white adipose depots, such as subcutaneous and visceral fat, are significant
contributors to systemic chemerin levels. However, recent research indicates that locally-derived
chemerin, produced either by tumors or by adipocytes in close proximity to the tumor, may have
auto/paracrine effects that are distinct from the hormonal influence of systemic chemerin. The aim
of this review is to summarize the evidence linking chemerin, and the cognate receptors, to the risk,
mechanism, and prognosis of human cancer. Please note that this review provides complementary
information to the paper by Treeck et al. [53] also published in this special issue.

4. Esophageal and Oral Cancers

Both systemic and tumor-localized chemerin levels are associated with pro-cancer effects
in esophageal and oral carcinoma. Overexpression of chemerin has been demonstrated in oral
squamous cell carcinoma (OSCC), squamous cell carcinoma of the oral tongue (SCCOT), and
oesophageal squamous cancer (OSC) [54–56]. In a study of OSCC patients, increased circulating and
salivary concentrations of both chemerin and the extracellular matrix remodeling enzyme matrix
metalloproteinase-9 (MMP-9) were observed compared to patients with oral pre-malignant lesions
(OPLs) and controls [54]. Table 1 summarizes the serum/plasma chemerin concentrations, as well
as patient demographics (subject groups, numbers, age, sex, and BMI), for this and all other studies
described in the present article. Furthermore, patients with pre-malignant lesions also displayed
elevated levels of chemerin and MMP-9 when compared to healthy controls [54]. Similarly, several
studies have reported increased expression of chemerin in SCCOT tissues compared to adjacent
non-cancerous tissues and in OSC cancer-associated myofibroblasts (CAMs) compared to adjacent
tissue myofibroblasts (ATMs) [55,57]. In SCCOT, overexpression of both chemerin mRNA and protein
was correlated with a number of poor clinical indicators, including lymph node infiltration, microvessel
density, tumor angiogenesis, and advanced clinical stage [54,55,58]. Furthermore, chemerin expression
was greater in advanced-stage SCCOT tumors and thus, was linked to a poor prognosis [55].
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Table 1. Summary of chemerin concentrations and tissue expression data.

Cancer Type
Demographics Serum, Plasma, or

Tissue Chemerin in
ng/mLGroup, n Age in Years Sex BMI kg/m2

OSCC [54]

serum
OSCC, 15 47.7 ± 14.1 M6/F9 22.8 ± 1.1 655 ± 150 †

OPML, 15 42.3 ± 11.0 M5/F10 22.4 ± 1.1 408 ± 85 *
Controls, 15 43.3 ± 11.8 M7/F8 22.7 ± 1.5 187 ± 13

salivary fluid
OSCC, 15 47.7 ± 14.1 M6/F9 22.8 ± 1.1 13.2 ± 3.8 †

OPML, 15 42.3 ± 11.0 M5/F10 22.4 ± 1.1 9.1 ± 1.9 *
Controls, 15 43.3 ± 11.8 M7/F8 22.7 ± 1.5 3.1 ± 0.7

Colorectal [59]
Serum

Patients, 41 55 (32–75) M28/F13 25.8 (16.2–35.5) 390 (250–630)
Controls, 27 43 (18–64) M15/F12 26.6 (21.5–45.8) 340 (270–480)

Colorectal [60] plasma
Patients, 221 50 ± 9 62.1% F 16.5% > 30 148 (50–370)

Gastric [61]
plasma

Patients, 196 44.4% ≥ 60 M112/F84 23.0 ± 3.1 53.1 ± 19.0 *
Controls, 196 55.6% < 60 Matched 23.4 ± 3.5 31.3 ± 11.3

Colorectal [62]
serum

Patients, 32 57.6 ± 6.5 M22/F10 25.8 ± 4.2 377.0 ± 80 *
Controls, 20 58.4 ± 7.2 M14/F6 26.7 ± 5.3 87.8 ± 22.0

Colorectal [63] serum
Survivors, 110 56.3 ± 9.3 M55/F55 23.3 ± 3.1 105 ± 14

Gastric [64]
serum

Patients, 36 47–83 M19/F17 42 *
Controls, 40 31–68 M27/F13 non-obese 28

HCC [65] serum
Patients, 44 71 (50–82) M29/F15 22.5 (15.6–33.5) 130 (80–312)

Thyroid [66]
serum

BMI < 25, 51 41.2 ± 11.9 F51 21.8 ± 2.1 212 ± 47
BMI ≥ 25, 126 55.4 ± 12.7 M26/F100 30.7 ± 4.1 229 ± 50 *

Breast [67]

serum
Metastatic, 37 52.3 ± 11.8 F37 29.1 ± 5.5 250 ± 59
Non-Met, 80 51.7 ± 12.5 F80 28.6 ± 4.9 261 ± 73

All, 117 51.9 ± 12.2 F117 28.7 ± 5.1 257 ± 69

CNS [46]

GBM, 12 N/A N/A N/A

CSF
chem157S‡—0.2 ± 0.3
chem158K‡—5.1 ± 3.9
chem163S‡—3.0 ± 2.4

ODC, 12 N/A N/A N/A
chem157S—0.7 ± 1.3
chem158K—3.8 ± 3.8
chem163S—2.9 ± 2.5

NC CNS, 7 N/A N/A N/A
chem157S—1.0 ± 0.8
chem158K—6.3 ± 4.8
chem163S—5.5 ± 3.8

Controls, 9 N/A N/A N/A

plasma
chem157S—0.7 ± 0.8
chem158K—8.1 ± 2.9
chem163S—40 ± 7.9
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Table 1. Cont.

Cancer Type
Demographics Serum, Plasma, or

Tissue Chemerin in
ng/mLGroup, n Age in Years Sex BMI kg/m2

NSCLC [68]
serum

Patients, 110 65.1 M91/F19 26.4 245 *
Controls, 110 65.0 M91/F19 27.7 203

NSCLC [69]
serum

Patients, 189 61.8 ± 11.2 M124/F65
NA

1.78 ± 0.57 *
Controls, 120 62.6 ± 8.9 M69/F51 1.20 ± 0.23

Lung [70]
plasma

Patients, 42 56 (44–78) M26/F16 N/A 1.97 ± 0.37 *
Controls, 31 48 (32–64) M18/F13 1.11 ± 0.25

Pancreatic
ductal [71]

serum
Patients, 25 63.0 ± 9.8 24.5 (21.7–27.8) 272 (221–314) *
Controls, 36 37.6 ± 6.4 M36 26.1 (24.2–29.5) 193 (173–214)

Prostate [72]

serum
All patients, 74 67.1 ± 8.5 M74 27.9 ± 3.3 273 ± 29

BPH, 66 61.5 ± 10.3 M66 27.3 ± 4.0 268 ± 83
WD, 24 64.6 ± 8.5 M24 27.2 ± 3.6 237 ± 72 +

MD, 28 66.7 ± 8.8 M28 28.0 ± 2.8 274 ± 60 +

PD, 22 70.2 ± 7.5 M22 28.3 ± 3.4 313 ± 93 +

Prostate [73]
serum

Non-obese, 25 68 (64–73) M25 23.0 (21.5–24.3) 74.0 (59.4–88.1)
Obese, 37 64 (60–67) M37 26.7 (25.7–27.6) 75.0 (65.6–82.3)

Parentheses indicate the range of reported values. OSCC, oral squamous cell carcinoma; OPML, oral premalignant
lesion; HCC, hepatocellular carcinoma; NSCLC, non-small cell lung cancer; GBM, malignant glioblastoma; ODC,
oligodendrocytoma; NC CNS, non-cancer CNS disease; BPH, benign prostatic hyperplasia; WD, well differentiated
prostate cancer (Gleason score≤ 6); MD, moderately differentiated (Gleason 7); PD, poorly differentiated (Gleason≥ 8).
‡ Number refers to the number of amino acids in the processed chemerin protein, † Significant compared to the
other two groups; * significant compared to control group; + significant compared to other Gleason scores.

The mechanisms by which chemerin may contribute to esophageal tumor progression
are multifaceted involving multiple cell types within the tumor microenvironment (Figure 1).
One mechanism involves a paracrine interaction between chemerin-secreting CAMs and
chemerin1-expressing mesenchymal stromal cells (MSCs), leading to MSC migration into the tumor
microenvironment (Figure 1, left). In in vitro transwell migration assays and transendothelial
migration assays, chemerin stimulated the migration of MSCs via interactions with chemerin1 but
not chemerin2 [57]. Notably, the effects on MSC migration were greater with conditioned media
derived from esophageal CAMs versus that of ATMs [57]. These results were validated in an in vivo
xenograft model, where BALB/c nu/nu mice injected S.C. with OE21 human esophageal carcinoma
cells along with CAMs had more infiltrated MSCs than those mice injected with OE21 cells alone [57].
The in vivo homing of MSCs to the OE21 tumors was reduced by the chemerin1 antagonist CCX832
confirming the effect was dependent on chemerin/chemerin1 signaling. Evidence supported that
chemerin/chemerin1 signaling in the MSCs is relayed via protein kinase C (PKC) and subsequent
phosphorylation and activation of protein kinases p42/44, p38 and JnkII, and matrix MMP-2 secretion,
which contributes to the trans-endothelial migration of MSCs, potentially contributing to cancer
progression [57]. The study by Kumar et al. went a step further by providing additional evidence
for a contextual pro-cancer role for chemerin in these malignancies (Figure 1, right). Unlike with
high concentrations of chemerin (20 ng/mL), low concentrations of chemerin (4 ng/mL) inhibited
approximately 50% of chemerin/chemerin1-mediated MSC migration through a 10-fold increase in the
secretion of macrophage inhibitory factor (MIF) from MSCs [57]. The authors speculated that moderate
levels of chemerin in normal tissue myofibroblasts (NTMs) would act to restrain MSC migration
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through the autoinhibitory action of MIF. However, in the tumor microenvironment, the MIF-inhibitory
mechanism is released owing to higher chemerin concentrations in CAMs, increasing the capacity for
recruiting MSCs to the tumor microenvironment [57].
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Figure 1. The mechanisms of tumor-promoting effects of chemerin in the esophageal carcinoma
microenvironment. Chemerin is released from cancer-associated myofibroblasts (CAMs) and esophageal
tumor cells and has autocrine and paracrine tumor-promoting effects in the esophageal carcinoma
microenvironment. These include mediating mesenchymal stromal cell (MSC) transendothelial
migration to the tumor site (A), tumor cell migration and invasion (B), and angiogenesis (C).
In contrast, low chemerin concentrations inhibit MSC migration (D). ECM, extracellular matrix; MAPK,
mitogen-activated protein kinase; MIF, macrophage inhibitory factor; MMP, matrix metalloproteinase;
NTM, normal tissue myofibroblasts; PKC, protein kinase C.

A follow-up study by Kumar et al. expanded on this area of research by demonstrating paracrine
interactions between chemerin-secreting CAMs and the chemerin1-expressing esophageal cancer
cell line OE21. Conditioned media from CAMs, more so than conditioned media from ATMs and
NTMs, stimulated migration and Matrigel invasion of OE21 cells, which could be partially blocked by
chemerin neutralization, siRNA knockdown of chemerin or chemerin1, or pharmacological antagonism
of chemerin1 with CCX832 [56]. The invasion process was mediated through PKC- mitogen-activated
protein kinase (MAPK) signaling but did not require phosphoinositide 3-kinase (PI3K) and led to
MMP1, 2, and 3 secretion, which may facilitate invasion through extracellular matrix degradation
(Figure 1, top-centre) [56].

Chemerin has previously been shown to stimulate angiogenesis [74,75]. Thus, interactions
between tumor cell-secreted chemerin and chemerin1-expressing endothelial cells leading to increased
angiogenesis is another possible mechanism (Figure 1, bottom-centre). Supporting this idea, one
study found that increased chemerin expression in SCCOT was strongly associated with increased
microvessel density, an indicator of angiogenesis [55].

In the metaplasia–dysplasia–carcinoma sequence of Barrett’s esophagus (BE) to high-grade
dysplasia BE and esophageal carcinoma, a significant increase in myeloid dendritic cell (mDC) and
plasmacytoid dendritic cell (pDC) density was observed that coincided with increased expression
of their respective chemotactic factors, macrophage inflammatory protein-3 alpha (MIP3α), and
chemerin in the same regions [76]. However, the metaplasia–dysplasia–carcinoma transition was also
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characterized by the infiltration of immune tolerogenic IL-10high and IL-12low mDCs, which stimulated
the differentiation of immunosuppressive T regulatory (Treg) cells from naïve CD4+ T cells [76]. Thus,
while high tumor chemerin concentrations have an anti-tumoral effect in other cancers [52,77–79],
these effects may be masked in the context of esophageal cancers because of an immune tolerogenic
phenotype. Alternatively, chemerin could be contributing to the immune tolerogenic phenotype, but
this remains to be determined experimentally.

5. Colorectal and Gastric Cancer

Similar to esophageal and oral cancers, the balance of clinical evidence indicates a positive
association between serum chemerin concentrations and the risk for colorectal cancer [59,60,62,63] and
gastric cancer as reviewed in greater detail by Treeck et al. [53] and originally reported by Wang et al. [64]
and Zhang et al. [61] (Table 1). There is considerable variability among these studies with respect to
reported absolute values for serum chemerin, possibly due to methodological differences. In spite of
this variability, there is a consistent finding of elevated serum chemerin in gastric and colorectal cancer
patients. There is also some uncertainty as to the linkage of chemerin to colorectal cancer owing to
inherent differences (e.g., age) between the patient and control groups [59]. However, other studies
have reported significantly higher circulating chemerin levels after considering potential confounds
such as age, sex, BMI, waist circumference, and diet. For example, after adjusting for age and sex,
Eichelmann et al. [60] reported an approximate 2-fold increase in overall risk for all colorectal cancers
between the highest and lowest quartile of serum chemerin concentrations. This association was
strongest for colon cancer (HR = 2.27) and specifically proximal colon cancer (HR 3.97) [60]. Consistent
with these findings, Alkady et al. [62] reported that using a cut off of ≥ 161.5 ng/mL, serum chemerin
had 100% sensitivity and 100% specificity for the presence of colorectal cancer. Increased serum
chemerin was also found to correlate with general fatigue and other cancer-related symptoms in
colorectal cancer patients [63]. Moreover, progressive increases in serum chemerin have been observed
in patients with advanced stages of colorectal cancer [62]. Overall, these results support a cancer and
stage-specific effect on serum chemerin concentrations. These studies are also in general agreement
regarding the potential for the use of chemerin as a biomarker for colorectal cancer independent of
inflammatory markers such as C-reactive peptide (CRP) [59,60,62].

In this issue, Treeck et al. [53], reported that high gastric tumor expression of chemerin, chemerin1,
and chemerin2 were associated with shorter overall patient survival. Consistent with these findings,
the results from several in vitro studies support a tumor-promoting role of chemerin signaling in
gastric cancer (Figure 2). For example, Wang et al. [64] reported that exposure of human gastric cancer
AGS or MKN28 cells to recombinant human chemerin promoted invasiveness in a dose-dependent
fashion in Matrigel invasion assays. This was accompanied by increased expression of a panel of
“pro-invasive” genes including vascular endothelial growth factor (VEGF), Interleukin-6 (IL-6), and MMP-7
mRNA suggesting a mechanism whereby increased chemerin could increase the metastatic potential
of gastric cancer cells [80–83]. When the invasion and gene expression assays were repeated in the
presence of various MAPK inhibitors, the extracellular-related kinase (ERK) inhibitor UO126 most
consistently blocked the effects of chemerin versus p38 and c-jUN N-terminal kinase (JNK) inhibitors,
which were less effective. This suggested the effects of chemerin were primarily mediated by ERK
signaling, a pathway with known involvement in the promotion of cell proliferation and migration [84].
However, there was no effect of chemerin on cell proliferation, a finding consistent with that of our
research group which observed no effect of chemerin treatment on the proliferation or viability of AGS
cells [85]. A new pathway for chemerin signaling through Gαi/o and RhoA/Rock was identified, which
activates serum response factor regulated gene expression and chemotaxis of AGS cells [85]. It was
postulated that these effects were chemerin2 receptor-mediated, as AGS cells were found to express
chemerin2 but not chemerin1. In contrast, Kumar et al. detected both chemerin1 and chemerin2 proteins
using immunohistochemistry in both primary gastric cancer cells and AGS cells [86]. Chemerin mRNA
was not expressed in AGS cells [85] nor was secreted chemerin detected in the media of cultured
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AGS cells [86]. However, chemerin was secreted by CAMs at concentrations sufficient to stimulate
migration and morphological transformation of AGS cells [86] supporting a paracrine rather than
autocrine mechanism of signaling. These effects of chemerin were inhibited by the putative chemerin
receptor antagonists CCX832 and α-NETA [86]. Similarly, selective knockdown of either chemerin1 or
chemerin2 resulted in inhibited migration and invasion in AGS cells, while simultaneous knockdown
led to complete inhibition [86], supporting the functional signaling of chemerin1 and chemerin2 in
AGS cells. These observations are consistent with clinical findings showing an increased risk for
gastric cancer with increased serum chemerin. The study by Kumar et al. also uncovered the further
complexity of chemerin signaling in gastric cancer by demonstrating that chemerin inhibited the
secretion of tissue inhibitor of metalloproteinase 1 and 2 (TIMP -1/-2) via a PKC mediated pathway in
AGS cells [86]. As TIMPs inhibit MMP activity, decreased secretion would be expected to increase
metastatic and invasive potential [87]. Interestingly Treeck et al. reported that in contrast to chemerin1

and chemerin2, increased CCRL2 expression in gastric carcinoma was correlated with increased overall
survival [53]. However, the mechanisms of this putative protective effect of CCRL2 remain unknown.
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Figure 2. The mechanisms of tumor-promoting effects of chemerin in the gastric carcinoma
microenvironment. Chemerin is released from cancer-associated myofibroblasts (CAMs) and acts on
chemerin1 and chemerin2 receptors present on gastric carcinoma cells to activate several intracellular
signaling pathways. Functionally this signaling leads to increased expression of pro-invasive genes,
reduced secretion of tissue inhibitor of metalloproteinase 1, 2 (TIMP-1/2), and enhanced production
of matrix metalloproteinases (MMPs) leading to migration and invasion of tumor cells and tumor
cell transformation resembling an epithelial–to–mesenchymal transformation (EMT). It is unknown
(?) how and if CCRL2-bound chemerin interacts with chemerin1 and chemerin2 to influence the
tumor-promoting effects of chemerin signaling in gastric carcinoma. ECM, extracellular matrix; ERK1/2,
extracellular-related kinase 1/2; IL-6, interleukin 6; MAPK, mitogen-activated protein kinase; PKC,
protein kinase C; VEGF, vascular endothelial growth factor.

Expression of the non-signaling chemerin receptor, CCRL2, was reported to be reduced by about
2/3 in colorectal cancer patients versus disease-free controls [88]. Unlike chemerin, there was no
correlation in CCRL2 mRNA levels with colorectal cancer stage [88]. While CCRL2 expression was
detectable in several colorectal cell lines (SW480, SW620, LS174T, Caco2), siRNA-mediated knockdown
of CCRL2 mRNA reduced proliferation, colony formation and migration only in LS174T cells [88].
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When rat CC531 colorectal cancer cells were injected into the rat portal vein for liver colonization assays,
the initial low CCRL2 mRNA levels increased during initial colonization of the liver [88]. This suggests
a linkage to tumor cell migration or invasion. Whether or not the increased CCRL2 facilitates chemerin
interactions with chemerin1 or chemerin2 within this context remains to be determined.

6. Skin Cancer

In contrast to the aforementioned cancers, both melanoma and skin squamous cell carcinoma have
been associated with decreased expression of chemerin mRNA and protein [52,89]. Available evidence
suggests that this may promote skin cancer progression and tumor growth through a reduction in the
recruitment of immune cells to the tumor microenvironment via chemerin-dependent mechanisms.
Consistent with this, tumors with higher chemerin expression were associated with improved clinical
outcomes in melanoma [52]. The same study found that an intratumoral injection of chemerin into a
B16 transplantable mouse melanoma model resulted in reduced tumor growth [52]. The beneficial
effects of chemerin in reducing melanoma progression appear to be mediated primarily through the
recruitment of NK cells, and to a lesser extent, other immune effectors such as T and B cells to the
tumor microenvironment [52]. In contrast, it was found that chemerin played little to no role in the
activation of NK cells and had no discernible direct effects on melanoma cells [52].

Chemerin also appears to have an important role in regulating the ratio between beneficial and
harmful immune cells in the tumor microenvironment (Figure 3). As the name suggests, myeloid-derived
suppressor cells (MDSCs) originate from the myeloid-lineage and contribute to tumor progression via
the suppression of appropriate immune responses [90]. MDSCs exert additional pro-cancer effects
through the upregulation of angiogenic and metastatic factors in the tumor microenvironment [90].
Localized chemerin expression in melanoma was associated with an increase in the ratio of immune
effectors (i.e., NK cells, T cells, and dendritic cells) to MDSCs in the tumor microenvironment, ultimately
enhancing anti-tumor responses [52]. Additionally, pDCs play a significant role in melanoma and
have been associated with poor clinical outcomes through the development of an immunosuppressive
microenvironment [91]. Normally pDCs promote anti-viral immunity, but in melanoma, the suppression
of type I interferon (IFN I) production by pDCs triggers immunosuppressive mechanisms including
the recruitment of Treg cells to the tumor microenvironment [91]. Localized chemerin expression in
melanoma has been demonstrated to decrease the presence of pDCs in the tumor microenvironment,
ultimately inhibiting immune escape mechanisms [52].
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Figure 3. Chemerin has immune-mediated tumor-suppressive effects in melanoma. In low
chemerin-producing melanoma tumors, there is an increased presence of myeloid-derived suppressor
cells (MDSCs), plasmacytoid dendritic cells (pDCs), and regulatory T-cells (Tregs), which result in a
tumor-promoting immunosuppressive environment. When melanomas produce higher amounts of
chemerin, there is a switch to a tumor-suppressing immunogenic environment characterized by increased
natural killer (NK) cell and cytotoxic T-cell infiltration and reduced infiltration of MDSCs and pDCs.
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7. Hepatocellular Carcinoma

Similar to skin cancer, a number of studies support an anticancer role for chemerin in human
hepatocellular carcinoma [77,78,92]. Collectively, these studies suggested that in certain hepatocellular
carcinomas, hepatic chemerin production may be lowered, thus facilitating further advancement of the
disease [77]. In contrast, increased serum chemerin concentrations have been associated with more
favorable clinical characteristics, such as reduced tumor size, differentiation, and stage and indicate
the potential value of chemerin as a prognostic factor for disease-free survival [78,92]. The clinical
associations between chemerin signaling and hepatocellular carcinoma have been described in detail
by Treeck et al. in this issue [53].

To explore the mechanisms underlying the clinical associations between chemerin signaling and
hepatocellular carcinoma, Lin et al. and Li et al. utilized mouse models in which chemerin expression
was manipulated in several complementary manners [77,92]. Mice injected in the left ventricle with
chemerin-overexpressing portal vein tumor thrombus cells (PVTT-1-Che) only rarely developed
metastatic foci, while those injected with control PVTT-1 cells consistently developed metastases at
distant sites throughout the body [77]. Similarly, mice injected hepatically with PVTT-1-Che cells
exhibited reduced liver tumor foci development, a 1.3-fold increase in survival (54 days versus 41 days)
compared to mice injected with control PVTT-1 cells [77]. This lessening of metastasis and prolongation
of survival was recapitulated by the intraventricular or intraperitoneal injection of recombinant
chemerin to mice that also had an intraventricular or hepatic injection of control PVTT-1 cells [77].
Likewise, when implanted with Hepa1-6 tumor cells, chemerin knockout mice (chemerin-/-) developed
larger liver tumors, more frequent lung metastasis and showed significantly increased mortality as
compared to the wild type mice [92]. Overexpression of chemerin in Hepa1-6 cells resulted in decreased
mortality and decreased liver tumor growth compared to control Hepa1-6 cells injected into wild-type
mice [92].

The study by Lin et al. supports that the hepatocellular protective effects of chemerin
are immune-mediated involving a shift from tumor-infiltrating immunosuppressive and
angiogenesis-stimulating MSDCs to tumor-suppressing interferon γ-secreting T cells (IFNγ+T)
(Figure 4). In support of this conclusion, Hepa1-6 tumors in chemerin-/- mice displayed increased
proportions of MDSCs, tumor-associated macrophages (TAMs) and decreased IFNγ-expressing T-helper
CD4+ and cytotoxic CD8+ T cells compared to Hepa1-6 tumors in wild-type mice [92]. Consistent
with this result, chemerin-overexpression caused a shift from MDSCs to IFN-γ+ T cells in the Hepa1-6
tumors [92]. An impairment but not a complete abolition of the hepatocellular carcinoma-inhibiting
effect of chemerin was observed in T-cell and B-cell deficient Rag1-/- mice and CD8+ T cell-depleted
mice confirming a partial role of CD8+ T cells in the antitumoral effects of chemerin [92]. There were no
differences in Tregs or pDCs regardless of chemerin expression in the Hepa1-6 tumors [92]. Furthermore,
there was no difference in tumor-infiltrating NK cells, which is consistent with the weak but significant
positive correlation observed between human hepatocellular carcinoma chemerin expression levels
and recruitment number of dendritic cells and NK cells to the tumor site [78,92]. A series of in vitro
and in vivo experiments probed the cellular and molecular mechanisms of chemerin suppression of
hepatocellular carcinoma progression. These studies identified that chemerin interacts with chemerin1

and CCLR2 to inhibit nuclear factor kappa B (NF-κB) signaling in tumor cells and endothelial cells.
This leads to reduced production and secretion of the pro-tumorigenic factors, granulocyte-macrophage
colony-stimulating factor (GM-CSF) from tumor cells and IL-6 from hepatocytes, which in turn suppress
the numbers of tumor-infiltrating MDSCs and allows for a restoration of T-cell immunity and reduced
angiogenesis in the tumor microenvironment [92].
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Figure 4. Chemerin has immune-mediated tumor-suppressive effects in hepatocellular carcinoma.
Systemic or hepatocyte-secreted chemerin interacts with chemerin1 and CCLR2 on hepatocellular
carcinoma cells and endothelial cells to inhibit nuclear factor kappa B (NF-κB) signaling. By unknown
mechanisms, this leads to reduced secretion of granulocyte-macrophage colony-stimulating factor
(GM-CSF) from tumor cells and IL-6 from hepatocytes. In turn, this leads to reduced tumor infiltration
of immunosuppressive and pro-angiogenic myeloid-derived suppressor cells (MDSCs) and increased
infiltration of cytotoxic CD8+ T-cells. It is unknown (?) how and if CCRL2-bound chemerin interacts with
chemerin1. (−) = Reduction or suppression of a normal pathway and (+) Increase of a normal pathway.

Adding to the complexity of the actions of chemerin in this context, Li et al. demonstrated the
protective effects of chemerin on the progression of hepatocellular carcinoma also involve autocrine
effects of tumor cell-secreted chemerin [77]. These included a reduction in migration and invasion of
multiple hepatocellular carcinoma cell lines in the presence of chemerin overexpression and a reversal
of this effect with chemerin neutralizing antibodies [77]. In agreement with other studies, there was
no impact of chemerin on hepatocellular carcinoma proliferation and apoptosis. Mechanistically,
when chemerin concentrations were low, chemerin1 physically interacted with the tumor suppressor
phosphatase and tensin homolog (PTEN) as demonstrated by immunoprecipitation assays (Figure 5).
This led to greater ubiquitination of PTEN, lowering its activity and suppressive effects on protein
kinase B (AKT) activation. On the other hand, when chemerin concentrations were increased, the
interaction between chemerin1 and PTEN was disrupted, reducing PTEN ubiquitination and increasing
its activity. In turn, AKT activation by phosphorylation was inhibited suppressing migration, invasion,
and metastasis of hepatocellular carcinoma cells. Notably, in the study by Li et al., MMP-1 was increased
along with AKT, whereas PTEN was decreased in metastatic foci of mice with PVTT control tumors.
The opposite pattern was observed in metastatic foci of mice with PVTT-Che tumors. This suggested
the antitumor effects of chemerin involve, in part, MPP-1 which is active in the promotion of tumor
migration through proteolytic functions [87].
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Figure 5. Hepatocellular carcinoma-derived chemerin inhibits tumor cell migration, invasion, and
metastasis via an autocrine mechanism. When chemerin production by hepatocellular carcinoma is
low (left) there is limited autocrine signaling through chemerin1. This results in sequestering of the
tumor suppressor phosphatase and tensin homolog (PTEN) through a direct physical interaction
with chemerin1, allowing for the activation of protein kinase B (AKT) and secretion of matrix
metalloproteinase 1 (MMP-1), which is thought to facilitate migration, invasion, and metastasis.
When chemerin production by hepatocellular carcinoma is high (right), chemerin1 signaling is activated,
the chemerin1-PTEN complex is disrupted, allowing PTEN inhibition of AKT and blockade of migration,
invasion, and metastasis of hepatocellular carcinoma. (+) = Activation, (−) inhibition.

A recent study by Sun et al. reported a modest inhibitory effect of chemerin on the proliferation
of SMMC7721 human hepatoma cells but not QSG7701 immortalized human hepatic cells [93].
This appeared to be a result of S-phase cell cycle block involving reductions in p53, p27, and p21 proteins.
Interestingly, the mechanism involved downregulation of iron transporters and regulatory proteins,
including the divalent metal transporter, transferrin, transferrin receptors 1 and 2, iron regulatory
proteins 1 and 2 and ferritin-H, and ferritin-L leading to decreased cellular iron concentrations [93].
Consistent with this, iron supplementation reversed the effects of chemerin on S-phase cell cycle block
and p53, p27, and p21 proteins. The results of this study contrast with others that did not observe
effects of chemerin on cell proliferation or apoptosis [77,92,93]. The reason for the discrepancy is not
certain, but it could relate to the different cell lines used in the three studies. Furthermore, it is worth
noting that the SMMC7721 and QSG7701 cells are potentially HeLa derivatives as they have been listed
as being at risk for contamination [94,95].

Not all studies support a clear relationship between chemerin and hepatocellular carcinoma.
For example, Imai et al. detected no significant difference in recurrence-free survival or disease-free
survival between patients classified with having low (≤ 130.5 ng/mL) and high (> 130.5 ng/mL) serum
chemerin concentration [65]. Furthermore, no association was found between serum chemerin
and clinical stage of hepatocellular carcinoma in this study [65]. However, a correlation was
observed between serum chemerin concentration and severity of liver disease suggesting that
with advancing liver disease, hepatic chemerin production decreases and may increase the risk
for further advancement of hepatocellular carcinoma [65]. Haberl et al. utilized a mouse model of
low methionine-choline deficient diet-induced non-alcoholic steatohepatitis (NASH) compared to
NASH with dimethylnitrosamine-induced hepatocarcinoma (NASH-HCC) to evaluate the function of
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chemerin in NASH-HCC. Hepatic and serum chemerin, as well as ex vivo activation of chemerin1, did
not differ in the two models. The authors concluded that tumors still develop despite high endogenous
levels of serum and liver chemerin protein [96].

8. Adrenocortical Carcinoma

Adrenocortical carcinoma is a rare, aggressive form of cancer with poor prognosis [97].
Through microarray analysis to identify gene signatures of potential diagnostic value, a substantial
downregulation of chemerin expression in adrenocortical carcinoma versus benign adrenal adenomas
was discovered in two independent cohorts [98,99]. These findings have been replicated in additional
independent sample cohorts, which also included a comparison to control non-cancerous adrenal
tissue [79,100]. Chemerin expression was highest in control tissue, followed by an intermediate expression
in the benign adrenal adenomas and lowest in the carcinomas. A positive correlation was observed for
immunohistochemical detection of the chemerin protein in paired samples, providing evidence that
reduced chemerin expression coincides with reduced chemerin protein [79]. The mechanism of reduced
chemerin expression in adrenocortical carcinoma appears to be through repressive hypermethylation at
5 CpG sites, which could be reversed by the DNA-methyltransferase inhibitor decitabine [79].

Despite the significantly lower chemerin expression, a survival analysis of four independent data
sets comparing subjects with the highest (top 50%) to lowest (bottom 50%) chemerin expression within
adrenocortical carcinoma tissue revealed no significant difference [100]. Somewhat paradoxically, serum
chemerin concentrations were increased in adrenocortical carcinoma subjects versus those with benign
adenoma or healthy controls and were positively associated with longer overall survival [100]. To further
assess the relationship between adrenal chemerin expression and serum chemerin concentrations, the
researchers xenografted immunodeficient scid-γ mice with H295R adrenocortical carcinoma cells with
and without human chemerin overexpression. The tumors, with higher chemerin expression, had higher
serum human chemerin. Based on this result, the authors rationalized that since chemerin decreases in
adrenocortical tumors, the increased serum chemerin concentration must be due to chemerin secretion
from tissues other than the adrenals, but the exact tissues were not identified. Adipose tissue was
ruled out as a contributor to increased serum chemerin for a number of reasons, but this was not
confirmed experimentally [100]. Interestingly, mice transplanted with human chemerin-expressing
H295R tumors had higher serum concentrations of human chemerin but proportionally lower mouse
serum chemerin suggesting a type of negative regulatory feedback mechanism. The overall findings
led the authors to reasonably postulate that the reduction in adrenal tumor chemerin concentrations
could be an immune avoidance mechanism, but increased serum chemerin may counteract this in
some individuals resulting in improved anti-tumor immune responses. While not tested in this study,
it represents an interesting idea for a follow-up.

To evaluate the functional effects of chemerin in adrenocortical carcinoma, Li-Chittenden et al.
performed a series of in vitro studies comparing the effects of transient human chemerin overexpression
in H295R and SW13 adrenocortical carcinoma or HEK293 human embryonic kidney cells to exogenous
chemerin treatment [79]. The effects of the transient transfection were cell-dependent and reduced
the proliferation of the HEK293 cells and the cell invasion of the H295R cells but had no effect on
proliferation or invasion of the SW13 cells. Furthermore, the transient transfection of the chemerin
construct did not affect the migration of any of the cancer cell lines. Treatment with physiological levels
of active chemerin had no impact on cell proliferation, invasion, or migration. The differential effects of
chemerin overexpression versus exogenous treatment have also been observed with respect to adipocyte
function [101]. While the exact mechanism is unknown, possibilities include differential post-translation
processing of recombinant chemerin in a bacterial system versus in human cells, differential proteolytic
processing of endogenous chemerin, or novel intracellular functions independent from chemerin1

and chemerin2 function. In support of the latter possibility, the cells tested in this study had barely
detectable chemerin1 [79]. However, no assessment of chemerin2 levels was made. In further support
of a direct tumor suppressive (rather than immune-mediated) effect of chemerin, H295R cells with
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stable expression of human chemerin had decreased colony formation and invasion in in vitro assays
and formed smaller tumors when xenografted into the flanks immunodeficient T-cell deficient athymic
nude and T, B, and NK-cell deficient and macrophage and dendritic cell-impaired NOD Scid γ mice.
Further probing the tumor-suppressive mechanisms revealed that chemerin inhibits the Wnt/β catenin
pathway, which is commonly activated in adrenocortical carcinoma and associated with higher tumor
grades and decreased overall survival and disease-free survival (Figure 6) [102–104]. Thus, a reduction
of chemerin in benign adrenal adenoma and adrenocortical carcinoma would be expected to lead to
increased Wnt/β-catenin activity. Whether this plays a role in the initiation of adrenocortical carcinoma
remains to be determined. The findings of Li-Chittenden et al. are consistent with previous studies in
mesenchymal stem cells that showed chemerin1 is a Wnt responsive gene that functions as a negative
feedback regulator of the Wnt/β-catenin signaling pathway [105]. Thus, it would be interesting to
determine if the low chemerin1 expression is a factor that contributes to activation in Wnt/β-catenin
activation in adrenocortical carcinoma. A second possible tumor-suppressive mechanism is through
inhibition of p38 MAPK signaling.
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Figure 6. Endogenously derived chemerin mediates a tumor-suppressive effect through inhibition
of Wnt/β-catenin signaling in adrenocortical carcinoma. In adrenocortical carcinoma, chemerin
expression becomes suppressed due to CpG hypermethylation resulting in low intracellular chemerin
concentrations. β-catenin accumulates and migrates to the nucleus where TCF/LEF genes are turned
on mediating (+) cell growth, proliferation, and invasion. Based on the known feedback inhibition
of chemerin1 on Wnt/β-catenin signaling, it is also possible that low chemerin1 expression could
contribute to the activation of Wnt/β-catenin in adrenocortical carcinoma cells. When tumor chemerin
production is increased, by unknown (?) intracellular mechanisms (and possibly autocrine signaling
through chemerin1), β-catenin is targeted for phosphorylation and proteasomal degradation reducing
the expression of TCF/LEF genes and inhibiting (−) cell growth, proliferation, and invasion. APC, APC
Regulator of Wnt Signaling Pathway; GSK3β, glycogen synthase kinase 3β; CK-1, casein kinase 1. (?)
unknown or possible but unconfirmed mechanism.

9. Renal Carcinoma

An analysis of chemerin expression in RNA sequencing data available in the Cancer Genome
Atlas (TCGA) and Genotype-Tissue Expression (GTEx) projects using the Gene Expression Profiling
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Interactive Analysis (GEPIA) web server revealed that papillary renal cell carcinoma (pRCC) has
significantly upregulated chemerin expression (Figure 7a) [106]. This is opposite to the majority of
tumors that display decreased chemerin. While there is little information regarding the potential impact
of elevated chemerin expression in renal carcinoma, a recent study sheds some light on the matter [107].
pRCC accounts for approximately 20% of all renal cancers. A unique feature of pRCC is the focal
aggregation of foam cell macrophages inside the papillae. In the study by Krawczyk et al., foamy
macrophages were histologically identified in 82% of pRCC tumors and the macrophages expressed cell
surface markers CD689 and CD163 that are characteristic of the M2 anti-inflammatory phenotype [107].
The researchers hypothesized that the pRCC cells must secrete factors that recruit monocytes and
contribute to their differentiation into foamy macrophages. Utilizing freshly isolated primary pRCC
cultures, the prototypical monocyte chemoattract proteins were not detected in conditioned media.
Rather the most abundant secreted cytokines/chemokines were chemerin, interleukin-8 (IL-8), and
CXCL16. Confirming their hypothesis, these cytokines, alone or in combination, stimulated the
migration of human monocytes in transwell chemotaxis assays. Furthermore, conditioned pRCC
medium shifted macrophages from an M1 to M2 phenotype and promoted their lipid accumulation.
Thus, it is possible that elevated chemerin expression in pRCC could contribute to monocyte recruitment
and differentiation into lipid-containing foam cells. However, the exact role chemerin on pRCC tumor
biology and the tumor microenvironment is not known. A GEPIA survival analysis conducted with
data from TCGA and GTEx indicated the quartile of patients with the highest tumor chemerin expression
had better overall survival than those in the lowest quartile (Figure 7b), providing preliminary support
that the differential chemerin expression could be functionally important in pRCC [106].
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Figure 7. Chemerin expression is increased in papillary renal cell carcinoma (pRCC or KIRP) and is
associated with higher overall survival. The Gene Expression Profiling Interactive Analysis (GEPIA)
web server [106] was used for RNA sequencing expression analysis of chemerin in pRCC (red bar)
and normal renal samples (blue bar) from the Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression (GTEx) projects (A). The GEPIA web server survival analysis tool [106] was used to compare
the overall survival of the quartile of pRCC patients with the highest chemerin expression (red line)
versus the quartile of pRCC patients with the lowest chemerin expression (blue line) (B). * p < 0.01. TPM,
transcripts per kilobase million.
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10. Thyroid Cancer

Thyroid carcinoma is the most common of the endocrine cancers, typically affects women
more than men, and is most often observed in the fourth and fifth decades of life. Thyroid cancer
is an obesity-associated cancer with increased risk with increasing BMI and weight gain [6,108].
The mechanisms linking obesity to thyroid cancer are not completely understood, but there has been
considerable interest in the role of adipocytokines. Recently, Warakomski et al. sought to evaluate the
relationship between serum chemerin, IL-6, leptin, and adiponectin and papillary thyroid cancer [66].
Overweight or obese patients (BMI > 25 kg/m2) did not have larger tumor sizes but were more often
at an advanced clinical stage (II, III, or IV). While the overweight and obese subjects had higher
preoperative serum chemerin (Table 1), there was no specific association between serum chemerin
concentration and clinical stage. However, those subjects with higher leptin and IL-6 tended to
have a more advanced clinical stage. While a direct association of chemerin with papillary thyroid
cancer could not be determined in this study, there were a number of important limitations. First, the
majority of study subjects (144) were diagnosed with stage I cancer, and thus, the sample size may
have been too small for the advanced clinical stages to determine a relationship. Second, the study
only evaluated serum chemerin concentration and did not perform any functional studies. GEPIA
Analysis [106] of RNA sequencing data shows that chemerin and chemerin1 are expressed in thyroid
tissue and significantly downregulated in thyroid cancer samples (Figure 8). Chemerin2 and CCRL2
expression were lower and did not differ between tumor samples and normal thyroid tissue. It would
be interesting for future studies to evaluate the relevance of chemerin and chemerin1 downregulation to
thyroid tumor biology and if chemerin signaling has direct effects on thyroid cancer cells.
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Figure 8. Chemerin and chemerin1 are decreased in thyroid carcinoma (THCA). The Gene Expression
Profiling Interactive Analysis (GEPIA) web server [106] was used for RNA sequencing expression
analysis of chemerin and chemerin1 in thyroid carcinoma (red bars) and normal renal samples (blue bars)
from the Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) projects. * p < 0.01.
TPM, transcripts per kilobase million.
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11. Breast Cancer

Studies of the relevance of chemerin to breast cancer have provided conflicting results. As reviewed
in greater detail by Treeck et al. [53], and originally reported by El-Sagheer et al. [109], chemerin protein
expression was higher in cancerous versus adjacent healthy tissues and in metastatic lymph nodes
compared to non-metastatic malignant tissues. Tumour chemerin expression was also negatively
correlated with estrogen and progesterone receptor levels as well as five-year-disease-free survival
rates [109]. In contrast, Pachynski et al. [110] reported that increased chemerin expression promoted the
recruitment of immune effector cells to the tumor microenvironment and thus, initiated anti-cancer
effects. An analysis of several breast cancer databases revealed that chemerin expression was significantly
downregulated in malignant breast tissue compared to adjacent healthy tissue and that low chemerin
expression was associated with poorer survival outcomes [110]. Consistent with this, quantitative
real-time PCR and in situ hybridization demonstrated significantly lower chemerin expression in
invasive/infiltrating ductal carcinoma and invasive/infiltrating lobular carcinoma tissues versus healthy
breast tissue samples [110]. These studies demonstrate an interesting finding that while chemerin
expression is downregulated in breast cancer tissues, protein expression is upregulated. These findings
suggest the potential for translational and post-translational regulatory mechanisms in breast cancer
cells, which differentially affect chemerin mRNA and protein expression. Further research is required
to determine the cause of the inverse relationship between these expression levels.

Pachynski et al. [110] also examined the impact of chemerin expression levels in the EMT6
murine model of mammary carcinoma. While lentiviral-induced expression of chemerin did not
impact cell proliferation in vitro, tumors generated from high chemerin-secreting (HCS) EMT6 clones
exhibited significantly lower growth compared to those derived from low chemerin-secreting (LCS)
secreting or control EMT6 cells in an in vivo xenograft model [110]. Furthermore, there was a
significant increase in the relative proportions of T cells, CD4+ T cells, and NK cells in the HCS-EMT6
tumors compared to controls, and this was associated with tumor suppression [110]. Depletion
experiments indicated a critical role of NK cells and CD8+ T cells in the tumor suppression response to
chemerin, while the depletion of CD4+ T regulatory cells enhanced tumor suppression [110]. Thus, a
plausible mechanism by which chemerin may affect breast cancer progression is via the recruitment
of immune cells to the tumor microenvironment. In contrast to the findings of Pachynski et al. [110],
El-Sagheer et al. [109] suggested a potential for pro-tumorigenic effects via the influence on the breast
cancer stem cell (BCSC) phenotype. It is well established that inflammatory cytokines can promote
epithelial–to–mesenchymal transformation and angiogenesis, among other pro-cancer effects [111,112].
Notably, IL-6, a pro-inflammatory cytokine secreted by several immune cell types, has been shown to
play a role in inducing the de-differentiation of malignant cells to BCSCs [111,113]. Although research
is limited, it is believed that BCSCs contribute to tumor progression and poor prognosis in breast
cancer patients [112,114]. The possibility that chemerin-mediated recruitment of immune effectors to
the tumor microenvironment contributes to poor prognosis via the promotion of BCSC phenotype is
an intriguing possibility that remains to be experimentally tested.

Akin et al. [67] reported correlations between serum chemerin concentrations and several clinical
factors such as diabetes, age of diagnosis, BMI, hypertension, and menopause, but found no significant
difference between serum chemerin levels in breast cancer patients with metastatic and non-metastatic
cancer (Table 1). While these findings suggest that serum chemerin is not associated with breast cancer
stage, an important limitation of this study was the lack of a control group without breast cancer. Thus,
further studies are needed to determine if there is a relationship between chemerin levels and breast
cancer, per se.

As reviewed in greater detail by Treeck et al. [53], and originally reported by Sarmadi et al.,
expression of the atypical chemokine receptor, CCRL2, has been observed in human malignant breast
tissues samples, but not in adjacent non-cancerous tissues and exhibited no significant association
with stage [115]. It has been hypothesized that due to the ability of CCRL2 to sequester chemerin
and thereby limit its ability to act on signaling receptors, the upregulation of CCRL2 in malignant
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breast tissues may function as an immune evasion mechanism [115]. However, this idea conflicts with
observations in hepatocellular carcinoma, where chemerin1 and CCRL2 appear to act cooperatively in
inhibiting infiltration of MDSCs into the tumor microenvironment [92].

12. Ovarian Cancer

In the seminal study that identified chemerin as a ligand for chemerin1, chemerin was found to be
abundant in ascitic fluid of ovarian cancer patients [42]. The authors suggested that chemerin signaling
through chemerin1 could be involved in diseases with a strong inflammatory component, such as
autoimmune disorders and cancer [42]. While this study provided the first suggestion that chemerin
could be involved in ovarian cancer, research in this area is very limited. As reviewed in greater
detail by Treeck et al. [53], and reported originally by Hoffman et al. [116] and Reverchon et al. [117],
experimental evidence exists for differential expression of chemerin and the cognate receptors, as well
as the biological impact of this signaling pathway in several ovary cell types (normal and cancerous).
However, further research is necessary to determine the impact on ovarian cancer development,
progression, and the efficacy of hormonal therapies.

13. Central Nervous System Cancers

At present, investigation of the relevance of chemerin and the cognate receptors to cancers of the
nervous system is very limited. Tummler et al. [118] reported that expression of chemerin1, but not
chemerin2, was elevated (versus neural crest and benign neurofibroma cells) in tumors from patients
with neuroblastoma, a pediatric cancer of the peripheral nervous system. Moreover, a significant
correlation was found between high expression of chemerin1, chemerin2, or CCRL2 and a decrease
in overall survival probability. Exogenous chemerin stimulated MAPK and Akt phosphorylation,
increased calcium mobilization and MMP-2 secretion from neuroblastoma SK-N-AS cells, while
treatment with the putative chemerin1 inhibitorα-NETA reduced the viability and clonogenicity of these
cells. Consistent with the latter, α-NETA impaired tumor growth in vivo in a murine SK-N-AS xenograft
model. Taken together, these data provide evidence that chemerin/CMKLR1 signaling promotes
neuroblastoma development through direct effects on tumor cells and the tumor microenvironment.

Zhao [46] reported that while the relatively inactive chemerin isoform chemerin163 is the major
contributor (~80%) to total plasma chemerin, the majority (~55%) of cerebrospinal fluid chemerin is
comprised of the bioactive isoforms chemerin158 and chemerin157. Silico analysis of published microarray
datasets indicated that chemerin, but not chemerin1 or CCRL2 mRNA levels were elevated in grade III and
IV (malignant) tumors compared with grade II glioma [46]. Furthermore, treatment of human U-87 MG
glioblastoma cells with chemerin157 triggered a dose-dependent transient increase of intracellular calcium
levels. Taken together, these data reinforce the concept that anatomical locations can differ with respect
to the spectrum of chemerin isoforms and indicate that glioblastoma cells both secrete and respond to
chemerin. However, it is important to note that chemerin has not been linked to glioblastoma outcomes
nor to biological effects that directly or indirectly promote the malignancy of glioblastoma cells.

14. Lung Cancer

Much of the research into the role of chemerin in lung cancer stems from clinical studies of patients
with non-small cell lung carcinoma (NSCLC). Several clinical studies have reported that patients
with lung cancer had higher circulating chemerin concentrations than controls and/or that serum
chemerin concentrations were positively associated with several clinical parameters including stage,
lymph node infiltration, and distant metastasis (Table 1) [68–70,119]. While higher serum chemerin
concentrations are generally associated with pro-cancer effects in NSCLC, many findings point to
a role of localized chemerin in promoting anti-cancer effects via the recruitment of NK cells to the
tumor microenvironment [120,121]. Thus, a downregulation of chemerin secretion by tumor cells may
promote immune evasion and consequently, poor clinical outcomes. Further empirical research is
required to fill in the current gaps in the literature with respect to the causal effect of chemerin on lung
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cancer development and progression, as well as its effects on biological indicators of cancer such as
proliferation, metastasis, and invasion. We refer the interested reader to the article by Treeck et al. [53]
in this issue that provides a more complete assessment of chemerin in NSCLC.

15. Pancreatic Cancer

Patients that are positive for pancreatic ductal adenocarcinoma exhibit significantly higher plasma
chemerin concentration than healthy volunteers (Table 1) [71]. Despite this marked difference between
pancreatic cancer patients and healthy controls, this study found no significant correlation between
cancer stage and plasma concentration of chemerin, nor any correlation between chemerin concentration
and resectable versus unresectable tumors [71]. The authors proposed that chemerin concentration
could be used as a biomarker for the presence of cancer, where a plasma concentration of >219.67 ng/mL
showed 80% sensitivity and 83% specificity for the presence of disease [71].

16. Prostate Cancer

No significant difference in serum chemerin concentration was found between patients with
prostate cancer and those with benign prostatic hyperplasia, however, differences were identified
between cancer patients with different Gleason scores, a progressive measurement of prostate cancer
aggressiveness as determined by tumor cell differentiation [72]. Serum chemerin concentration
was observed to increase with Gleason score, where tumors with a score of ≥8, 7, and ≤6 were
significantly different from one another [72]. There was also a positive correlation between the serum
levels of chemerin and IL-6 [72]. Comparing non-obese to obese patients with prostate cancer who
subsequently underwent radical prostatectomy, there was no significant difference found in serum
chemerin concentration based on BMI prior to surgery (Table 1) [73]. Furthermore, serum chemerin was
not found to be a predictive factor for advanced tumor stage in the overall population nor in patients
with a BMI of > 25 kg/m2 [73]. These latter findings argue against a role of adipose-derived chemerin
in prostate cancer. However, while serum chemerin concentrations increased with Gleason score, the
opposite effect was observed for chemerin expression in prostate tumor tissue [122]. Furthermore,
chemerin was downregulated in prostate cancer as compared to benign prostate tissues, with greater
downregulation observed in castration-resistant prostate cancers [123]. While chemerin1 and chemerin2

expression were not evaluated, CCRL2 mRNA and protein levels were reported to be increased in
prostate cancer PC3 cells, and CCRL2 expression increased in prostate cancer tissues versus prostate
tissues from patients with benign prostatic hyperplasia [124]. However, the impact of these changes on
chemerin signaling in tumor cells or the tumor microenvironment has not been evaluated.

17. Conclusions

Obesity is a major global health concern that has been linked to the development of many prevalent
metabolic disorders such as type 2 diabetes, hyperlipidemia, and cardiovascular disease. There is
also an increasing awareness that obesity represents a significant risk factor for the development of
several malignancies. While our current understanding of the pathophysiological mechanisms linking
obesity to cancer is evolving, growing interest has focused on the role of adipocyte-secreted signaling
molecules as key mediators linking these disorders. Among these, circulating levels of the adipokine
chemerin are well established to be directly related to adipose tissue mass and have been implicated in
several obesity-related metabolic comorbidities. Altered levels of chemerin and the cognate receptors,
chemerin1, chemerin2, and CCRL2 have also been identified in several cancer types and many of the
fundamental biological activities (e.g., chemotaxis, proliferation, differentiation) of chemerin have
the potential to affect tumorigenesis and tumor progression. These effects may be elicited through
immune-independent mechanisms that directly impact the growth and tumorigenicity of cancer cells
and/or immune-dependent effects that influence the composition of the tumor microenvironment.

At present, epidemiological studies have introduced the potential utility of this adipokine as a
potential biomarker for several malignancies, and clinical and empirical evidence supports both pro-
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and anti-cancer effects of chemerin. This suggests that the biological actions of chemerin with respect to
cancer are highly contextual and dependent upon a number of factors that are important areas of further
investigation. A fundamental issue in this regard is the large discrepancy (up to three orders of magnitude;
see Table 1) in the reported values of serum/plasma chemerin concentration in the clinical literature—even
among control populations. While this may reflect the inherent heterogeneity of the control populations,
assay-dependent factors may also play a role. It is critical that methodologies are both reported in
appropriate detail and rigorously validated with respect to sensitivity and specificity. Moreover, the
overwhelming majority of studies have utilized methodologies that are unable to distinguish between
chemerin isoforms and/or only test the actions of chemerin157. It will be important going forward
to consider the actions of other known isoforms of chemerin as their relative abundance may differ
depending upon anatomical location and their biological actions may be cell- and tissue-dependent.
Similarly, most research to date has focused on chemerin1-dependent actions of chemerin. Elucidation of
the role of chemerin2 and CCRL2 and the chemerin isoform-selectivity of these receptors in the context
of cancer are priority areas for investigation. Moreover, while there has been considerable interest in
the relationship of systemic concentrations of adipose-derived chemerin to cancer development and
prognosis, comparatively little attention has been applied to the relevance of locally-derived chemerin
secreted from cells located in the affected tissue or tumor microenvironment. This may be of particular
importance to malignancies such as breast cancer where adipocytes are commonly found in close
proximity to tumors and where evidence exists for an influence on tumor development and progression.
Finally, most research regarding the impact of adipokines on cancer has focused on a single molecule.
It is well known that the relative amounts and spectrum of adipokines is affected by adiposity and
adipocyte function. Hence, while challenging, it will be important to apply a more holistic experimental
approach to consider the interactions of multiple adipokines and consider synergistic and/or antagonistic
effects in different tumor types and at different stages of tumor development.
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Abbreviations

AKT protein kinase B
APC APC regulator of Wnt signaling pathway
ATM adjacent tissue myofibroblast
BCSC breast cancer stem cell
BE Barrett’s esophagus
BPH benign prostatic hyperplasia
CA125 cancer antigen 125
CA 15-3 cancer antigen 15-3
CAM cancer associated myofibroblast
CCRL2 C-C Chemokine Receptor-Like 2
CEA carcinoembryonic antigen
chemerin1 chemerin receptor 1
chemerin2 chemerin receptor 2
CK-1 casein kinase 1
CMKLR1 Chemokine-Like Receptor 1
CRP C-reactive peptide
CYFRA 21-1 cytokeratin 19 fragment 21-1
ECM extracellular matrix
EMT epithelial-to-mesenchymal transformation
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ERK extracellular-related kinase
GBM malignant glioblastoma
GEPIA Gene Expression Profiling Interactive Analysis
GM-CSF granulocyte-macrophage colony-stimulating factor
GPR1 G Protein-coupled Receptor 1
GSK3β glycogen synthase kinase 3β
GTEx Genotype-Tissue Expression
HCC hepatocellular carcinoma
HCS high chemerin-secreting
hGC human granulosa cells
IFN-I type 1 interferon
IFNγ interferon gamma
IFNγT interferon γ-secreting T cells
IL-6 interleukin-6
IL-8 interleukin-8
JNK c-jUN N-terminal kinase
KGN human ovarian granulosa-like tumor
LCS low chemerin-secreting
MAPK mitogen-activated protein kinase
MD moderately differentiated prostate cancer (Gleason 7)
mDC myeloid dendritic cell
MDSC myeloid-derived suppressor cells
MIF macrophage inhibitory factor
MIP3α macrophage inflammatory protein-3 alpha
MMP matrix metalloproteinase
MSC mesenchymal stromal cell
NASH non-alcoholic steatohepatitis
NASH-HCC non-alcoholic steatohepatitis with dimethylnitrosamine-induced hepatocarcinoma
NC CNS non-cancer CNS disease
NF-κB nuclear factor kappa B
NK natural killer
NSCLC non-small cell lung cancer
NTM normal tissue myofibroblast
ODC oligodendrocytoma
OPL oral pre-malignant lesion
OSC oesophageal squamous cancer
OSCC oral squamous cell carcinoma
pRCC papillary renal cell carcinoma
PD poorly differentiated prostate cancer (Gleason ≥8)
pDC plasmacytoid dendritic cell
PI3K phosphoinositide 3-kinase
PKC protein kinase C
PTEN phosphatase and tensin homolog
PVTT-1 portal vein tumor thrombus cells
PVTT-1-Che chemerin-overexpressing portal vein tumor thrombus cells
SCCOT squamous cell carcinoma of the oral tongue
TAM tumor associated macrophage
TCGA The Cancer Genome Atlas
TIMP-1 tissue inhibitor of metalloproteinase 1
TIMP-2 tissue inhibitor of metalloproteinase 2
TME tumor microenvironment
TNM tumor-node-metastasis
TPM transcripts per kilobase million
Treg regulatory T cell
VEGF vascular endothelial growth factor
WD well differentiated prostate cancer (Gleason score ≤ 6)



Int. J. Mol. Sci. 2019, 20, 4778 22 of 28

References

1. Risk, N.C.D. Trends in adult body-mass index in 200 countries from 1975 to 2014: A pooled analysis of
1698 population-based measurement studies with 19.2 million participants. Lancet 2016, 387, 1377–1396.
[CrossRef]

2. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

3. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

4. Dalamaga, M.; Diakopoulos, K.N.; Mantzoros, C.S. The role of adiponectin in cancer: A review of current
evidence. Endocr. Rev. 2012, 33, 547–594. [CrossRef] [PubMed]

5. Vucenik, I.; Stains, J.P. Obesity and cancer risk: Evidence, mechanisms, and recommendations. Ann. N. Y.
Acad. Sci. 2012, 1271, 37–43. [CrossRef] [PubMed]

6. Renehan, A.G.; Tyson, M.; Egger, M.; Heller, R.F.; Zwahlen, M. Body-mass index and incidence of cancer:
A systematic review and meta-analysis of prospective observational studies. Lancet 2008, 371, 569–578.
[CrossRef]

7. Arnold, M.; Pandeya, N.; Byrnes, G.; Renehan, P.A.G.; Stevens, G.A.; Ezzati, P.M.; Ferlay, J.; Miranda, J.J.;
Romieu, I.; Dikshit, R.; et al. Global burden of cancer attributable to high body-mass index in 2012:
A population-based study. Lancet Oncol. 2015, 16, 36–46. [CrossRef]

8. Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F.; Straif, K.; International Agency for
Research on Cancer Handbook Working Group. Body Fatness and Cancer—Viewpoint of the IARC Working
Group. N. Engl. J. Med. 2016, 375, 794–798. [CrossRef]

9. Steele, C.B.; Thomas, C.C.; Henley, S.J.; Massetti, G.M.; Galuska, D.A.; Agurs-Collins, T.; Puckett, M.;
Richardson, L.C. Vital Signs: Trends in Incidence of Cancers Associated with Overweight and Obesity—United
States, 2005–2014. MMWR Morb. Mortal. Wkly. Rep. 2017, 66, 1052–1058. [CrossRef]

10. Ligibel, J.A.; Alfano, C.M.; Courneya, K.S.; Demark-Wahnefried, W.; Burger, R.A.; Chlebowski, R.T.;
Fabian, C.J.; Gucalp, A.; Hershman, D.L.; Hudson, M.M.; et al. American Society of Clinical Oncology
position statement on obesity and cancer. J. Clin. Oncol. 2014, 32, 3568–3574. [CrossRef]

11. Choi, J.; Cha, Y.J.; Koo, J.S. Adipocyte biology in breast cancer: From silent bystander to active facilitator.
Prog. Lipid Res. 2018, 69, 11–20. [CrossRef] [PubMed]

12. Sakurai, M.; Miki, Y.; Takagi, K.; Suzuki, T.; Ishida, T.; Ohuchi, N.; Sasano, H. Interaction with adipocyte
stromal cells induces breast cancer malignancy via S100A7 upregulation in breast cancer microenvironment.
Breast Cancer Res. 2017, 19, 70. [CrossRef] [PubMed]

13. Matafome, P.; Santos-Silva, D.; Sena, C.M.; Seica, R. Common mechanisms of dysfunctional adipose tissue
and obesity-related cancers. Diabetes Metab. Res. Rev. 2013, 29, 285–295. [CrossRef] [PubMed]

14. Chi, J.; Wu, Z.; Choi, C.H.J.; Nguyen, L.; Tegegne, S.; Ackerman, S.E.; Crane, A.; Marchildon, F.;
Tessier-Lavigne, M.; Cohen, P. Three-Dimensional Adipose Tissue Imaging Reveals Regional Variation in
Beige Fat Biogenesis and PRDM16-Dependent Sympathetic Neurite Density. Cell Metab. 2018, 27, 226–236.
[CrossRef] [PubMed]

15. Lau, W.B.; Ohashi, K.; Wang, Y.; Ogawa, H.; Murohara, T.; Ma, X.L.; Ouchi, N. Role of Adipokines in
Cardiovascular Disease. Circ. J. 2017, 81, 920–928. [CrossRef]

16. Unamuno, X.; Gomez-Ambrosi, J.; Rodriguez, A.; Becerril, S.; Fruhbeck, G.; Catalan, V. Adipokine
dysregulation and adipose tissue inflammation in human obesity. Eur. J. Clin. Investig. 2018, 48, e12997.
[CrossRef] [PubMed]

17. Macis, D.; Guerrieri-Gonzaga, A.; Gandini, S. Circulating adiponectin and breast cancer risk: A systematic
review and meta-analysis. Int. J. Epidemiol. 2014, 43, 1226–1236. [CrossRef]

18. Tworoger, S.S.; Eliassen, A.H.; Kelesidis, T.; Colditz, G.A.; Willett, W.C.; Mantzoros, C.S.; Hankinson, S.E.
Plasma adiponectin concentrations and risk of incident breast cancer. J. Clin. Endocrinol. Metab.
2007, 92, 1510–1516. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(16)30054-X
http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1210/er.2011-1015
http://www.ncbi.nlm.nih.gov/pubmed/22547160
http://dx.doi.org/10.1111/j.1749-6632.2012.06750.x
http://www.ncbi.nlm.nih.gov/pubmed/23050962
http://dx.doi.org/10.1016/S0140-6736(08)60269-X
http://dx.doi.org/10.1016/S1470-2045(14)71123-4
http://dx.doi.org/10.1056/NEJMsr1606602
http://dx.doi.org/10.15585/mmwr.mm6639e1
http://dx.doi.org/10.1200/JCO.2014.58.4680
http://dx.doi.org/10.1016/j.plipres.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29175445
http://dx.doi.org/10.1186/s13058-017-0863-0
http://www.ncbi.nlm.nih.gov/pubmed/28629450
http://dx.doi.org/10.1002/dmrr.2395
http://www.ncbi.nlm.nih.gov/pubmed/23390053
http://dx.doi.org/10.1016/j.cmet.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29320703
http://dx.doi.org/10.1253/circj.CJ-17-0458
http://dx.doi.org/10.1111/eci.12997
http://www.ncbi.nlm.nih.gov/pubmed/29995306
http://dx.doi.org/10.1093/ije/dyu088
http://dx.doi.org/10.1210/jc.2006-1975


Int. J. Mol. Sci. 2019, 20, 4778 23 of 28

19. Pan, H.; Deng, L.L.; Cui, J.Q.; Shi, L.; Yang, Y.C.; Luo, J.H.; Qin, D.; Wang, L. Association between serum
leptin levels and breast cancer risk: An updated systematic review and meta-analysis. Medicine (Baltimore)
2018, 97, e11345. [CrossRef]

20. Ishikawa, M.; Kitayama, J.; Nagawa, H. Enhanced expression of leptin and leptin receptor (OB-R) in human
breast cancer. Clin. Cancer Res. 2004, 10, 4325–4331. [CrossRef]

21. Garofalo, C.; Koda, M.; Cascio, S.; Sulkowska, M.; Kanczuga-Koda, L.; Golaszewska, J.; Russo, A.;
Sulkowski, S.; Surmacz, E. Increased expression of leptin and the leptin receptor as a marker of breast cancer
progression: Possible role of obesity-related stimuli. Clin. Cancer Res. 2006, 12, 1447–1453. [CrossRef]
[PubMed]

22. Jarde, T.; Caldefie-Chezet, F.; Damez, M.; Mishellany, F.; Penault-Llorca, F.; Guillot, J.; Vasson, M.P. Leptin
and leptin receptor involvement in cancer development: A study on human primary breast carcinoma.
Oncol. Rep. 2008, 19, 905–911. [CrossRef] [PubMed]

23. Miyoshi, Y.; Funahashi, T.; Tanaka, S.; Taguchi, T.; Tamaki, Y.; Shimomura, I.; Noguchi, S. High expression of
leptin receptor mRNA in breast cancer tissue predicts poor prognosis for patients with high, but not low,
serum leptin levels. Int. J. Cancer 2006, 118, 1414–1419. [CrossRef] [PubMed]

24. Rourke, J.L.; Dranse, H.J.; Sinal, C.J. Towards an integrative approach to understanding the role of chemerin
in human health and disease. Obes. Rev. 2013, 14, 245–262. [CrossRef] [PubMed]

25. Helfer, G.; Wu, Q.F. Chemerin: A multifaceted adipokine involved in metabolic disorders. J. Endocrinol.
2018, 238, R79–R94. [CrossRef] [PubMed]

26. Toulany, J.; Parlee, S.D.; Sinal, C.J.; Slayter, K.; McNeil, S.; Goralski, K.B. CMKLR1 activation ex vivo does not
increase proportionally to serum total chemerin in obese humans. Endocr. Connect. 2016, 5, 70–81. [CrossRef]
[PubMed]

27. Parlee, S.D.; Wang, Y.; Poirier, P.; Lapointe, M.; Martin, J.; Bastien, M.; Cianflone, K.; Goralski, K.B.
Biliopancreatic diversion with duodenal switch modifies plasma chemerin in early and late post-operative
periods. Obesity 2015, 23, 1201–1208. [CrossRef] [PubMed]

28. Bozaoglu, K.; Bolton, K.; McMillan, J.; Zimmet, P.; Jowett, J.; Collier, G.; Walder, K.; Segal, D. Chemerin is
a novel adipokine associated with obesity and metabolic syndrome. Endocrinology 2007, 148, 4687–4694.
[CrossRef] [PubMed]

29. Ernst, M.C.; Haidl, I.D.; Zuniga, L.A.; Dranse, H.J.; Rourke, J.L.; Zabel, B.A.; Butcher, E.C.; Sinal, C.J.
Disruption of the chemokine-like receptor-1 (CMKLR1) gene is associated with reduced adiposity and
glucose intolerance. Endocrinology 2012, 153, 672–682. [CrossRef]

30. Ernst, M.C.; Issa, M.; Goralski, K.B.; Sinal, C.J. Chemerin exacerbates glucose intolerance in mouse models of
obesity and diabetes. Endocrinology 2010, 151, 1998–2007. [CrossRef]

31. Parlee, S.D.; Ernst, M.C.; Muruganandan, S.; Sinal, C.J.; Goralski, K.B. Serum chemerin levels vary with time
of day and are modified by obesity and tumor necrosis factor-{alpha}. Endocrinology 2010, 151, 2590–2602.
[CrossRef] [PubMed]

32. Ress, C.; Tschoner, A.; Engl, J.; Klaus, A.; Tilg, H.; Ebenbichler, C.F.; Patsch, J.R.; Kaser, S. Effect of bariatric
surgery on circulating chemerin levels. Eur. J. Clin. Investig. 2010, 40, 277–280. [CrossRef] [PubMed]

33. Sell, H.; Divoux, A.; Poitou, C.; Basdevant, A.; Bouillot, J.L.; Bedossa, P.; Tordjman, J.; Eckel, J.; Clement, K.
Chemerin correlates with markers for fatty liver in morbidly obese patients and strongly decreases after
weight loss induced by bariatric surgery. J. Clin. Endocrinol. Metab. 2010, 95, 2892–2896. [CrossRef] [PubMed]

34. van Herpen, N.A.; Sell, H.; Eckel, J.; Schrauwen, P.; Mensink, R.P. Prolonged fasting and the effects on
biomarkers of inflammation and on adipokines in healthy lean men. Horm. Metab. Res. 2013, 45, 378–382.
[CrossRef] [PubMed]

35. Chang, S.S.; Eisenberg, D.; Zhao, L.; Adams, C.; Leib, R.; Morser, J.; Leung, L. Chemerin activation in human
obesity. Obesity 2016, 24, 1522–1529. [CrossRef] [PubMed]

36. Banas, M.; Zabieglo, K.; Kasetty, G.; Kapinska-Mrowiecka, M.; Borowczyk, J.; Drukala, J.; Murzyn, K.;
Zabel, B.A.; Butcher, E.C.; Schroeder, J.M.; et al. Chemerin is an antimicrobial agent in human epidermis.
PLoS ONE 2013, 8, e58709. [CrossRef]

37. Du, X.Y.; Zabel, B.A.; Myles, T.; Allen, S.J.; Handel, T.M.; Lee, P.P.; Butcher, E.C.; Leung, L.L. Regulation
of chemerin bioactivity by plasma carboxypeptidase N, carboxypeptidase B (activated thrombin-activable
fibrinolysis inhibitor), and platelets. J. Biol. Chem. 2009, 284, 751–758. [CrossRef]

http://dx.doi.org/10.1097/MD.0000000000011345
http://dx.doi.org/10.1158/1078-0432.CCR-03-0749
http://dx.doi.org/10.1158/1078-0432.CCR-05-1913
http://www.ncbi.nlm.nih.gov/pubmed/16533767
http://dx.doi.org/10.3892/or.19.4.905
http://www.ncbi.nlm.nih.gov/pubmed/18357374
http://dx.doi.org/10.1002/ijc.21543
http://www.ncbi.nlm.nih.gov/pubmed/16206269
http://dx.doi.org/10.1111/obr.12009
http://www.ncbi.nlm.nih.gov/pubmed/23216632
http://dx.doi.org/10.1530/JOE-18-0174
http://www.ncbi.nlm.nih.gov/pubmed/29848608
http://dx.doi.org/10.1530/EC-16-0065
http://www.ncbi.nlm.nih.gov/pubmed/27881447
http://dx.doi.org/10.1002/oby.21084
http://www.ncbi.nlm.nih.gov/pubmed/25959026
http://dx.doi.org/10.1210/en.2007-0175
http://www.ncbi.nlm.nih.gov/pubmed/17640997
http://dx.doi.org/10.1210/en.2011-1490
http://dx.doi.org/10.1210/en.2009-1098
http://dx.doi.org/10.1210/en.2009-0794
http://www.ncbi.nlm.nih.gov/pubmed/20363880
http://dx.doi.org/10.1111/j.1365-2362.2010.02255.x
http://www.ncbi.nlm.nih.gov/pubmed/20105226
http://dx.doi.org/10.1210/jc.2009-2374
http://www.ncbi.nlm.nih.gov/pubmed/20375212
http://dx.doi.org/10.1055/s-0032-1330015
http://www.ncbi.nlm.nih.gov/pubmed/23235922
http://dx.doi.org/10.1002/oby.21534
http://www.ncbi.nlm.nih.gov/pubmed/27222113
http://dx.doi.org/10.1371/annotation/4dfd522c-f0fd-40db-aadc-44cbef367a40
http://dx.doi.org/10.1074/jbc.M805000200


Int. J. Mol. Sci. 2019, 20, 4778 24 of 28

38. Eisinger, K.; Bauer, S.; Schaffler, A.; Walter, R.; Neumann, E.; Buechler, C.; Muller-Ladner, U.; Frommer, K.W.
Chemerin induces CCL2 and TLR4 in synovial fibroblasts of patients with rheumatoid arthritis and
osteoarthritis. Exp. Mol. Pathol. 2012, 92, 90–96. [CrossRef]

39. Lande, R.; Gafa, V.; Serafini, B.; Giacomini, E.; Visconti, A.; Remoli, M.E.; Severa, M.; Parmentier, M.;
Ristori, G.; Salvetti, M.; et al. Plasmacytoid dendritic cells in multiple sclerosis: Intracerebral recruitment and
impaired maturation in response to interferon-beta. J. Neuropathol. Exp. Neurol. 2008, 67, 388–401. [CrossRef]

40. Maheshwari, A.; Kurundkar, A.R.; Shaik, S.S.; Kelly, D.R.; Hartman, Y.; Zhang, W.; Dimmitt, R.; Saeed, S.;
Randolph, D.A.; Aprahamian, C.; et al. Epithelial cells in fetal intestine produce chemerin to recruit
macrophages. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 297, G1–G10. [CrossRef]

41. Wittamer, V.; Bondue, B.; Guillabert, A.; Vassart, G.; Parmentier, M.; Communi, D. Neutrophil-mediated
maturation of chemerin: A link between innate and adaptive immunity. J. Immunol. 2005, 175, 487–493.
[CrossRef] [PubMed]

42. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brezillon, S.; Tyldesley, R.;
Blanpain, C.; Detheux, M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel
processed ligand from human inflammatory fluids. J. Exp. Med. 2003, 198, 977–985. [CrossRef] [PubMed]

43. Yamaguchi, Y.; Du, X.Y.; Zhao, L.; Morser, J.; Leung, L.L. Proteolytic cleavage of chemerin protein is necessary
for activation to the active form, Chem157S, which functions as a signaling molecule in glioblastoma.
J. Biol. Chem. 2011, 286, 39510–39519. [CrossRef] [PubMed]

44. Zabel, B.A.; Allen, S.J.; Kulig, P.; Allen, J.A.; Cichy, J.; Handel, T.M.; Butcher, E.C. Chemerin activation by serine
proteases of the coagulation, fibrinolytic, and inflammatory cascades. J. Biol. Chem. 2005, 280, 34661–34666.
[CrossRef] [PubMed]

45. Meder, W.; Wendland, M.; Busmann, A.; Kutzleb, C.; Spodsberg, N.; John, H.; Richter, R.; Schleuder, D.;
Meyer, M.; Forssmann, W.G. Characterization of human circulating TIG2 as a ligand for the orphan receptor
ChemR23. FEBS Lett. 2003, 555, 495–499. [CrossRef]

46. Zhao, L.; Yamaguchi, Y.; Sharif, S.; Du, X.Y.; Song, J.J.; Lee, D.M.; Recht, L.D.; Robinson, W.H.; Morser, J.;
Leung, L.L. Chemerin158K protein is the dominant chemerin isoform in synovial and cerebrospinal fluids
but not in plasma. J. Biol. Chem. 2011, 286, 39520–39527. [CrossRef]

47. Guillabert, A.; Wittamer, V.; Bondue, B.; Godot, V.; Imbault, V.; Parmentier, M.; Communi, D. Role of neutrophil
proteinase 3 and mast cell chymase in chemerin proteolytic regulation. J. Leukoc. Biol. 2008, 84, 1530–1538.
[CrossRef]

48. Kennedy, A.J.; Davenport, A.P. International Union of Basic and Clinical Pharmacology CIII: Chemerin
Receptors CMKLR1 (Chemerin1) and GPR1 (Chemerin2) Nomenclature, Pharmacology, and Function.
Pharmacol. Rev. 2018, 70, 174–196. [CrossRef]

49. Mazzotti, C.; Gagliostro, V.; Bosisio, D.; Del Prete, A.; Tiberio, L.; Thelen, M.; Sozzani, S. The Atypical
Receptor CCRL2 (C-C Chemokine Receptor-Like 2) Does Not Act As a Decoy Receptor in Endothelial Cells.
Front. Immunol. 2017, 8, 1233. [CrossRef]

50. Monnier, J.; Lewen, S.; O’Hara, E.; Huang, K.; Tu, H.; Butcher, E.C.; Zabel, B.A. Expression, regulation, and
function of atypical chemerin receptor CCRL2 on endothelial cells. J. Immunol. 2012, 189, 956–967. [CrossRef]

51. Parolini, S.; Santoro, A.; Marcenaro, E.; Luini, W.; Massardi, L.; Facchetti, F.; Communi, D.; Parmentier, M.;
Majorana, A.; Sironi, M.; et al. The role of chemerin in the colocalization of NK and dendritic cell subsets
into inflamed tissues. Blood 2007, 109, 3625–3632. [CrossRef] [PubMed]

52. Pachynski, R.K.; Zabel, B.A.; Kohrt, H.E.; Tejeda, N.M.; Monnier, J.; Swanson, C.D.; Holzer, A.K.; Gentles, A.J.;
Sperinde, G.V.; Edalati, A.; et al. The chemoattractant chemerin suppresses melanoma by recruiting natural
killer cell antitumor defenses. J. Exp. Med. 2012, 209, 1427–1435. [CrossRef] [PubMed]

53. Treeck, O.; Buechler, C.; Ortmann, O. Chemerin and Cancer. Int. J. Mol. Sci. 2019, 20, 3750. [CrossRef]
[PubMed]

54. Ghallab, N.A.; Shaker, O.G. Serum and salivary levels of chemerin and MMP-9 in oral squamous cell
carcinoma and oral premalignant lesions. Clin. Oral Investig. 2017, 21, 937–947. [CrossRef] [PubMed]

55. Wang, N.; Wang, Q.J.; Feng, Y.Y.; Shang, W.; Cai, M. Overexpression of chemerin was associated with tumor
angiogenesis and poor clinical outcome in squamous cell carcinoma of the oral tongue. Clin. Oral Investig.
2014, 18, 997–1004. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.yexmp.2011.10.006
http://dx.doi.org/10.1097/NEN.0b013e31816fc975
http://dx.doi.org/10.1152/ajpgi.90730.2008
http://dx.doi.org/10.4049/jimmunol.175.1.487
http://www.ncbi.nlm.nih.gov/pubmed/15972683
http://dx.doi.org/10.1084/jem.20030382
http://www.ncbi.nlm.nih.gov/pubmed/14530373
http://dx.doi.org/10.1074/jbc.M111.258921
http://www.ncbi.nlm.nih.gov/pubmed/21949124
http://dx.doi.org/10.1074/jbc.M504868200
http://www.ncbi.nlm.nih.gov/pubmed/16096270
http://dx.doi.org/10.1016/S0014-5793(03)01312-7
http://dx.doi.org/10.1074/jbc.M111.258954
http://dx.doi.org/10.1189/jlb.0508322
http://dx.doi.org/10.1124/pr.116.013177
http://dx.doi.org/10.3389/fimmu.2017.01233
http://dx.doi.org/10.4049/jimmunol.1102871
http://dx.doi.org/10.1182/blood-2006-08-038844
http://www.ncbi.nlm.nih.gov/pubmed/17202316
http://dx.doi.org/10.1084/jem.20112124
http://www.ncbi.nlm.nih.gov/pubmed/22753924
http://dx.doi.org/10.3390/ijms20153750
http://www.ncbi.nlm.nih.gov/pubmed/31370263
http://dx.doi.org/10.1007/s00784-016-1846-8
http://www.ncbi.nlm.nih.gov/pubmed/27161218
http://dx.doi.org/10.1007/s00784-013-1046-8
http://www.ncbi.nlm.nih.gov/pubmed/23868294


Int. J. Mol. Sci. 2019, 20, 4778 25 of 28

56. Kumar, J.D.; Kandola, S.; Tiszlavicz, L.; Reisz, Z.; Dockray, G.J.; Varro, A. The role of chemerin and ChemR23
in stimulating the invasion of squamous oesophageal cancer cells. Br. J. Cancer 2016, 114, 1152–1159.
[CrossRef] [PubMed]

57. Kumar, J.D.; Holmberg, C.; Kandola, S.; Steele, I.; Hegyi, P.; Tiszlavicz, L.; Jenkins, R.; Beynon, R.J.; Peeney, D.;
Giger, O.T.; et al. Increased expression of chemerin in squamous esophageal cancer myofibroblasts and role
in recruitment of mesenchymal stromal cells. PLoS ONE 2014, 9, e104877. [CrossRef] [PubMed]

58. Cabia, B.; Andrade, S.; Carreira, M.C.; Casanueva, F.F.; Crujeiras, A.B. A role for novel adipose tissue-secreted
factors in obesity-related carcinogenesis. Obes. Rev. 2016, 17, 361–376. [CrossRef] [PubMed]

59. Erdogan, S.; Yilmaz, F.M.; Yazici, O.; Yozgat, A.; Sezer, S.; Ozdemir, N.; Uysal, S.; Purnak, T. Inflammation
and chemerin in colorectal cancer. Tumor Biol. 2016, 37, 6337–6342. [CrossRef] [PubMed]

60. Eichelmann, F.; Schulze, M.B.; Wittenbecher, C.; Menzel, J.; Weikert, C.; di Giuseppe, R.; Biemann, R.;
Isermann, B.; Fritche, A.; Boeing, H.; et al. Association of Chemerin Plasma Concentration With Risk of
Colorectal Cancer. JAMA Netw. Open 2019, 2, e190896. [CrossRef] [PubMed]

61. Zhang, J.; Jin, H.-C.; Zhu, A.-K.; Ying, R.-C.; Wei, W.; Zhang, F.-J. Prognostic significance of plasma chemerin
levels in patients with gastric cancer. Peptides 2014, 61, 7–11. [CrossRef] [PubMed]

62. Alkady, M.M.; Abdel-Messeih, P.L.; Nosseir, N.M. Assessment of serum levels of the adipocytokine chemerin
in colorectal cancer patients. J. Med. Biochem. 2018, 37, 313–319. [CrossRef] [PubMed]

63. Lee, J.-Y.; Lee, M.-K.; Kim, N.-K.; Chu, S.-H.; Lee, D.-C.; Lee, H.-S.; Lee, J.-W.; Jeon, J.Y. Serum chemerin levels
are independently associated with quality of life in colorectal cancer survivors: A pilot study. PLoS ONE
2017, 12, e0176929. [CrossRef] [PubMed]

64. Wang, C.; Wu, W.K.K.; Liu, X.; To, K.-F.; Chen, G.G.; Yu, J.; Ng, E.K.W. Increased serum chemerin level
promotes cellular invasiveness in gastric cancer: A clinical and experimental study. Peptides 2014, 51, 131–138.
[CrossRef] [PubMed]

65. Imai, K.; Takai, K.; Hanai, T.; Shiraki, M.; Suzuki, Y.; Hayashi, H.; Naiki, T.; Nishigaki, Y.; Tomita, E.;
Shimizu, M.; et al. Impact of serum chemerin levels on liver functional reserves and platelet counts in
patients with hepatocellular carcinoma. Int. J. Mol. Sci. 2014, 15, 11294–11306. [CrossRef]

66. Warakomski, J.; Romuk, E.; Jarzab, B.; Krajewska, J.; Sieminska, L. Concentrations of Selected Adipokines,
Interleukin-6, and Vitamin D in Patients with Papillary Thyroid Carcinoma in Respect to Thyroid Cancer
Stages. Int. J. Endocrinol. 2018, 2018, 4921803. [CrossRef] [PubMed]

67. Akin, S.; Akin, S.; Gedik, E.; Haznedaroglu, E.; Dogan, A.L.; Altundag, M.K. Serum Chemerin Level in Breast
Cancer. Int. J. Hematol. Oncol. 2017, 27. [CrossRef]

68. Sotiropoulos, G.P.; Dalamaga, M.; Antonakos, G.; Marinou, I.; Vogiatzakis, E.; Kotopouli, M.; Karampela, I.;
Christodoulatos, G.S.; Lekka, A.; Papavassiliou, A.G. Chemerin as a biomarker at the intersection of
inflammation, chemotaxis, coagulation, fibrinolysis and metabolism in resectable non-small cell lung cancer.
Lung Cancer 2018, 125, 291–299. [CrossRef]

69. Xu, C.H.; Yang, Y.; Wang, Y.C.; Yan, J.; Qian, L.H. Prognostic significance of serum chemerin levels in patients
with non-small cell lung cancer. Oncotarget 2017, 8, 22483–22489. [CrossRef]

70. Qu, X.; Han, L.; Wang, S.; Zhang, Q.; Yang, C.; Xu, S.; Zhang, L. Detection of Chemerin and It’s Clinical
Significance in Peripheral Blood of Patients with Lung Cancer. Zhongguo Fei Ai Za Zhi 2009, 12, 1174–1177.
[CrossRef]
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