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Abstract
Recently, a strong correlation between metabolic disorders, tumor onset, and progression has been demonstrated, directing
new therapeutic strategies on metabolic targets. OLR1 gene encodes the LOX-1 receptor protein, responsible for the
recognition, binding, and internalization of ox-LDL. In the past, several studied, aimed to clarify the role of LOX-1 receptor
in atherosclerosis, shed light on its role in the stimulation of the expression of adhesion molecules, pro-inflammatory
signaling pathways, and pro-angiogenic proteins, including NF-kB and VEGF, in vascular endothelial cells and
macrophages. In recent years, LOX-1 upregulation in different tumors evidenced its involvement in cancer onset,
progression and metastasis. In this review, we outline the role of LOX-1 in tumor spreading and metastasis, evidencing its
function in VEGF induction, HIF-1alpha activation, and MMP-9/MMP-2 expression, pushing up the neoangiogenic and the
epithelial–mesenchymal transition process in glioblastoma, osteosarcoma prostate, colon, breast, lung, and pancreatic
tumors. Moreover, our studies contributed to evidence its role in interacting with WNT/APC/β-catenin axis, highlighting
new pathways in sporadic colon cancer onset. The application of volatilome analysis in high expressing LOX-1 tumor-
bearing mice correlates with the tumor evolution, suggesting a closed link between LOX-1 upregulation and metabolic
changes in individual volatile compounds and thus providing a viable method for a simple, non-invasive alternative
monitoring of tumor progression. These findings underline the role of LOX-1 as regulator of tumor progression, migration,
invasion, metastasis formation, and tumor-related neo-angiogenesis, proposing this receptor as a promising therapeutic target
and thus enhancing current antineoplastic strategies.

Introduction

Cancer is a leading cause of death worldwide with con-
tinuance and increasing incidence in the 21st century. The
situation is so alarming that every fourth person is having a
lifetime risk of cancer [1].

In the current era of precision medicine, research is
almost concentrated on providing treatment that is more
effective by focusing on patient-specific factors. This is
particularly important in heterogeneous cancers where the
frequency and mortality remain both troublingly high.

With the recent progress in understanding the molecular
mechanisms underlying cancer development, dissemination,
resistance to chemotherapy, and radiation therapy, it is now
easier to select the most proper strategy for managing
cancer.

The goal of future research is to identify those bio-
markers that could allow a non-invasive and cost-effective
diagnosis, as well as to recognize the best prognostic panel
of biomarkers and then define personalized treatments.

Among these biomarkers, the lectine like oxidized low
density lipoprotein receptor-1 (LOX-1) has been recently
reported as playing a pivotal role for ox-LDL receptor and
the related downstream signaling pathways in the onset,
progression, and metastasis of cancer [2].

LOX-1 is canonically known as the receptor of oxidized
low-density lipoprotein (ox-LDL). It has been extensively
studied in the context of atherosclerosis and associated
vascular diseases, including hypertension and stroke. As
demonstrated by in vivo studies, LOX-1 plays an important
role in proatherogenic processes. Specifically, it is involved
in macrophage foam cell and plaque formation, endothelial
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dysfunction, proliferation of vascular smooth muscle cells,
platelets aggregation, and leukocyte recruitment [3].

In this review, we outline the function exerted by LOX-1
in tumorigenesis, insurgence, and progression of different
human cancers and thus new diagnostic potentialities that
this marker plays in the early detection of this disease
(Table 1).

The knowledge we are gaining from the activities carried
out by this receptor is opening new exciting possibilities for
the early diagnosis and treatment of cancer.

Importantly, LOX-1 inhibition could represent a pro-
mising strategy in the treatment of a peculiar subgroup of
tumors overexpressing this “chameleonic” receptor, possi-
bly leading to the development of more effective com-
plementary therapies against cancer.

The lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1)

In Homo Sapiens LOX-1 is a homodimer of 52 kDa
expressed by macrophages, endothelial cells, smooth mus-
cle cells, fibroblasts, platelets, and neurons [3]. It belongs to
class E scavenger receptors (SR) and contains a domain
common to C-type lectin receptor (CLRs). LOX-1 protein
includes four domains: a short N-terminal cytoplasmic
domain, a transmembrane domain, a neck domain, and a
lectin-like extracellular C-terminal domain (CTLD). The
latter, after combining with ox-LDL, forms a disulfide-
linked heart-shaped homodimer and creates larger func-
tional oligomers through non-covalent interaction [4, 5].

Caveolae/lipid rafts include LOX-1 receptors within
plasma membranes. A spatial disorganization and a marked
loss of function appear when LOX-1 is chronically exposed
to statins [5], representing competitive inhibitors of the
cholesterol synthesis enzyme 3-Hydroxy-3-Methylglutaryl-
CoAReductase (HMGCR). Specifically, if employed as an
adjuvant to chemotherapy, statins can trigger chemo sensi-
tivity in cancer cells, by interfering LOX-1-mediated
recognition of ox-LDL [6].

OLR1 gene (OMIM#602601) codifies for LOX-1
receptor. It is mapped on the p12.3-p13.2 region of
human chromosome 12 [7] and contains six exons and five
introns. OLR1 gene is 7000 bp long and can produce three
splice variants: the full-length mature OLR1 (NM_002543),
functionally active in binding and internalizing ox-LDL into
plasma membrane, mainly in the endothelial cells. The
second one, spanning 950 bp, is named transcript variant 2
(NM_001172632) or OLR Δ4. It lacks exon 4 and thus a
part of the ligand recognition. Finally, the third transcript
variant (NM_001172633) is 1008 bp long, without exon 5,
due to a premature stop codon and a consequent termina-
tion. The protein encoded is called LOXIN, missing two-Ta
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thirds of the CTLD and thus compromising the ox-LDL
binding activity [8]. LOXIN is referred as playing an
important protective role against mature LOX-1 [9].

LOX-1 is mostly upregulated by ox-LDL and also by
pro-inflammatory cytokines, angiotensin II, and endothelin
[10, 11]. It needs interactions with protein for intracellular
signaling, because it has no known enzymatic or catalytic
activity in its cytoplasmic tail [12]. The receptor, by indu-
cing ox-LDL uptake, lipolysis, foam cell generation, and
last atheroma plaque formation, represents a major driver of
atherosclerosis development [13]. Moreover, also a soluble
form of LOX-1, due to a proteolytic cleavage in its
membrane-proximal extracellular domain, could exist and it
is upregulated in patients with acute coronary syndromes
[14].

LOX-1, metabolism and cancer

Epidemiological studies report that one of the main features
of several tumors is represented, as a primary event, by the
activation of lipid metabolism. The molecular mechanisms
leading to activation of metabolic reprogramming and cel-
lular transformation are described in Fig. 1. Many data
underline a strong association among obesity, metabolic
syndrome, insulin resistance, inflammation, and increased
cancer risk [15, 16]. Reactive oxygen species (ROS) are
upregulated by the binding of ox-LDL to LOX-1 [17]. ROS
causes the oxidative DNA damage, in vivo oxidation of
lipids and proteins. A link between increased levels of free
radicals, lipid peroxides, and carcinogenesis has been

reported by several studies [18, 19]. In endothelial cells,
after ox-LDL binding to LOX-1, nitric oxide (NO) release
results to be decreased while nuclear factor kappa B (NF-
kB) is evidently activated [20, 21].

LOX-1 role in cancer susceptibility has not been
addressed yet. Cancer cell-specific transcriptional signature
revealed several common genes related to metabolic dis-
orders, inflammation, and carcinogenesis, highlighting the
relevance of lipid metabolism in cellular transformation
[22]. Specifically, LOX-1 is upregulated in 57% of bladder
and cervix cancer cells, 11% of mammary gland cancer
cells, 10% of lung cancer cells, and in 20% of colorectal
cancer (CRC) cells, as reported in the meta-analysis of gene
expression profiles of about 950 cancer cell lines [22].

LOX-1 and prostate cancer

Prostate cancer (PCa) is the second most frequent cancer in
men and the fifth leading cause of death worldwide. About
1,276,106 new cases of prostate cancer were reported
worldwide in 2018, with higher prevalence in the developed
countries [23]. PCa could be asymptomatic at the early
stage and often has an indolent course that may require only
active surveillance [23]. Treatment options consist of sur-
gery, radiation therapy, but also hormone therapy. PCa is
androgen-dependent; this is why until 2004 androgen
deprivation therapy was associated to a secondary hormonal
manipulation, especially for metastatic disease. In the last
decade, six systemic agents have been approved for the
treatment of castration-resistant prostate cancer [24].

Concerning the discovery of prostate cancer markers,
clinical and epidemiological data suggested that coronary
artery disease shares etiological pathways with this tumor
[25]. High levels of OLR1 expression are associated with
more aggressive and metastatic stage, like stages III and IV,
and lymph node metastasis [25]. A study conducted by Wan
et al. established a relation between ox-LDL concentrations
and prostate cancer, starting from the assumption that oxi-
dative stress is one of the main events characterizing the
most aggressive tumor phenotypes [25, 26]. Their research
has found out not only elevated levels of ox-LDL in primary
and metastatic PCa, but also an increased proliferation,
migration, and invasion rate of prostate cancer cells,
mediated by ox-LDL through OLR1. These results make
ox-LDL a hallmark of PCa progression and prognosis.
Moreover, other studies placed the aim to clarify the role of
OLR1 in prostate cancer [25]. Chavarrìa et al. deepened the
contribution of this receptor in PCa angiogenetic process,
using a xenograft model in which an increment of tumor
vascularization was observed [27]. They used C4-2 prostate
cancer cells in where LOX-1 transcript was overexpressed
or alternatively knocked down. The first situation included

Fig. 1 Intracellular molecular mechanisms leading to metabolic
reprogramming and cell transformation, mediated by LOX-1
overexpression. Ox-LDL binding to LOX-1 increases ROS formation
and NO release reduction, alternatively it can activate the PI3K/AKT/
GSK3β cascade. The activation of both pathways results in the trig-
gering of transcription factors associated to epithelial to mesenchymal
transition (EMT-TFs) and of NF-kB. The NO release reduction can
also activate the inflammatory signaling (IL-6, IL-8, and IL-1β). The
final result is the activation of hypoxia pathways (VEGF, HIF-1α) and
the enhancement of mesenchymal markers expression (MMP-2 and
MMP-9). The outcome of all these processes determines cell trans-
formation, angiogenesis, and the epithelial to mesenchymal transition.

1090 M. Murdocca et al.



the transduction of cells by a lentiviral expression vector
encoding OLR1 gene, the second one provided short hairpin
RNA (shRNA) against OLR1 mRNA. The cell lines
obtained were incubated with ox-LDL and then the
expression of the pro-angiogenic markers (VEGF, matrix
metalloproteinase: MMP-2 and MMP-9) was evaluated,
observing that this expression was reduced or incremented
in cells knocked down or overexpressing OLR1 transcript,
respectively [27]. Thus, the hypothesis regarding the
possible promotion of angiogenesis by ox-LDL-mediated-
LOX-1 activation was clearly confirmed [27].

Another aspect of LOX-1 involvement in PCa is repre-
sented by the enhancement of the epithelial to mesenchymal
transition (EMT), through a lowered expression of epithelial
markers (E-cadherin and plakoglobin) and an increased
expression of mesenchymal ones (vimentin, N-cadherin,
snail, slug, MMP-2, and MMP-9) [28]. It has been
demonstrated that LOX-1 increases the tumorigenic poten-
tial of prostate cancer cells, promoting their invasion and
migration, and that it constitutes a fundamental factor for
tumor growth in nude mice.

All these observations make LOX-1 a prognostic and
diagnostic factor of prostate cancer. Moreover, the action
performed by ox-LDL through LOX-1 could also correlate
clinical aspects of obesity to prostate cancer. This associa-
tion also explains why obese patients with prostate cancer
have an accelerated tumor progression and a greater prob-
ability of developing metastasis in comparison with normal
weight patients [28].

LOX-1 and colorectal cancer

According to the last statistics of the International Agency
for Research on Cancer (IARC) of the World Health
Organization (WHO), Colorectal cancer is the third most
frequent malignant disease around the world (1.85 million
new cases/year; 10.2% of total malignancies) [29]. It is one
of the most widely studied cancers worldwide, conferring
significant morbidity, mortality, and costs to the public
health system. Colorectal cancer may be unluckily silent for
a long time in a large number of patients: recurrence and
metastases are the primary causes of mortality. Twenty-five
percent of patients with CRC have metastatic onset disease
and up to 35% of these individuals will later develop local
or remote recurrence. Surgery is an essential treatment in
non-metastatic forms from both the colon and rectum.

Our first study on the involvement of LOX-1 in CRC has
evidenced that LOX-1 resulted to be strongly increased in
the 72% of human colon carcinomas, and strongly over-
expressed in 90% of highly aggressive and metastatic
tumors, if compared to healthy counterpart of the same
patients [30]. Moreover, its expression was directly

correlated to tumor stage and grade. LOX-1 mRNA in vitro
reduction strongly affects the maintenance of transformed
state, growth and tumorigenicity in two colon cancer cell
lines, DLD-1 and HCT-8. When LOX-1 mRNA was
inhibited by short hairpin RNA interference (shRNAi) or by
neutralizing antibodies, cell proliferation rate was sig-
nificantly lowered. Similarly, the wound-healing assay
revealed an evident impairment in closing the scratch.

Following in vivo research has been focused on the role
of LOX-1 in colon tumorigenesis by xenografting proce-
dures [31]. High-grade human metastatic colorectal cancer
cells, downregulated for LOX-1 by shRNAs, have been
injected into Nude mice, both subcutaneously and intrave-
nously. LOX-1 inhibition acts on tumor engraftment and
metastasis development by impacting tumor angiogenesis.
In addition, metastasis formation is strongly prevented by
inducing a downregulation of VEGF‐A165, HIF‐1α, and β‐
catenin, whose expression is involved in cell migration and
metastasis [31].

A recent research reports high levels of LOX-1 in a
serum sample of 238 CRC patients and in 100 tissue sam-
ples [32]. High serum levels of LOX-1 determine a poorer
overall survival of patients with respect to those presenting
low levels, as well as their prognosis. In fact, serum LOX-1
represents an independent prognostic factor in multivariate
analysis for overall survival in liquid biopsy. In addition,
inflammatory factors such as white blood cell count, C-
reactive protein level, neutrophil/lymphocyte ratio, and
monocyte/lymphocyte ratio are significantly higher in the
group with high serum LOX-1 levels.

All these data corroborate the contribution of LOX-1 for
inhibiting tumor progression and metastasis, integrating in
this way the therapeutic strategies against colorectal cancer.
LOX-1 can be considered a regulator of tumor progression,
migration, invasion, metastasis formation, and tumor-
related neo-angiogenesis.

If cancerous tissues are not available, its detection in
liquid biopsy can support in a significant manner both
cancer diagnosis and treatment.

LOX-1, volatile organic compounds and
colorectal cancer

Metabolomics and metabonomics became widely diffused
disciplines that study the interplay of metabolites and their
measurement for diagnostic purposes [33]. The importance
of these studies is based on the evidence that chemical
signals captured in body secretions and excretions contain
information about the cellular processes and ultimately in
the health status [34].

The volatile fraction of the metabolome, the volatolome,
is gaining a growing interest because of a supposed

LOX-1 and cancer: an indissoluble liaison 1091



simplicity of sample collection, the intrinsic non-
invasiveness of measurements and the wide availability of
analytical methods. Studies evidenced that patterns of
volatile organic compounds (VOCs) has been shown to be
related to a vast range of phenomena observable in vitro,
even at single-cell level [35] and in vivo [36].

Several instrumental techniques are available for the
analysis of volatolome composition, including gas chro-
matograph and mass spectrometers. On the other hand,
portable and easy to use instruments based on sensors arrays
(so-called electronic noses) are also becoming available.
Electronic noses have been demonstrated to be sufficiently
sensitive and selective to identify diseases analyzing various
human samples such as breath [37], urine [38], and sweat
[39].

Breath and urines are likely the largest collector of the
volatolome. This prevalence is due to the chemical and
physical mechanisms that leads from the excretion of
metabolites from cells and tissues, to their dilution in blood.
The exchange at the blood–air interface in the lungs and the
renal functions in kidneys, regulate the passage of meta-
bolites in breath and urines.

Breath analysis demonstrated to provide the detection of
cancers affecting, besides lungs, disparate organs such as
breast, colon, and prostate and, obviously, lungs [40].
Similarly, the analysis of volatile metabolites in urines
provided the discrimination of bladder, prostate, lung, col-
orectal, breast, and oesophageal cancers [41].

Although the growing number of experimental proofs,
the origin of the involved VOCs is still obscure. The most
plausible causes include oxidative stress, gene mutations,
and the Warburg effect [42]. In this regard, the influence of
LOX-1 in promoting the oxidative stress and the production
of reactive oxygen species is well-known [30]. Thus, it is
reasonable to suppose that the knockdown of LOX-1 in
cancer cells should influence not only cell proliferation, but
also the related production of volatile compounds. This
hypothesis has been investigated both in vitro and in vivo in
colorectal cancer [30, 31], The in vitro study compared the
VOC emission from cultures of DLD-1 metastatic colon
cancer cells in which LOX-1 has been downregulated and
scramble DLD-1 cells. The volatile compounds released by
cell cultures were sampled with a solid-phase micro-
extraction (SPME) and analyzed by a gas chromatography
mass spectrometer. Results show a modest release of VOCs:
only seven compounds were recursively found in at least
three samples. These compounds are putative products of
oxidative stress and their anomalous concentrations have
been observed in various cancers [43, 44]. Specifically, a
butyrate derivative is affected by the LOX-1 knockdown.
Noteworthy, the concentration of the butyric derivative
decreases with the culture days and it is exclusively found
in scramble cells, in which LOX-1 has not been inhibited.

The effect of LOX-1 downregulation was further inves-
tigated in vivo in mouse xenograft model [31] by volatile
compounds analysis. Mice volatolome were measured with
gas chromatography and with an electronic nose. The
adopted experimental setup, shown in Fig. 2, enabled the
measurement of the total volatolome of each animal. Mice
volatilome results to be totally different respect to the
in vitro experiment; rather, the VOCs found in mice are
common volatolome elements. Mice were injected both
subcutaneously and endovenously. The method of injection
strongly affect the quality and the quantity of the volatile
compounds. In endovenously injected mice a largest VOCs
abundance in scramble and LOX-1RNAi mice are reported.
The evolution of volatile compounds was confirmed by
electronic nose measurements.

Thus, the analysis of VOCs offers an independent
observation of the role played by LOX-1 in tumor pro-
gression, and it is confirmed as a viable instrumental
alternative to follow the progression of tumors.

LOX-1 and breast cancer

Breast cancer is the main occurring cancer in woman
worldwide and the second most common cancer overall. It
represents the main cancer cause of death among women:
over 2 million new cases in 2018 [45] (https://www.who.int/
cancer/prevention/diagnosis-screening/breast-cancer/en/). To
date, the treatment of this disease involves the integration of
different options based on surgery, radiotherapy, and sys-
temic therapy. The choice of the most appropriate ther-
apeutic approach must consider cancer stage and grade, but

Fig. 2 experimental setup for the volatolome measurement of
xenografted mice. Each individual animal was kept in a cage during
the measurement. The volatile compounds were sampled with an
SPME fiber for the GC-MS analysis. Electronic nose measurements
were performed conveying with a pump the air from the cage to the
sensors.
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also its localization and molecular characteristics at the time
of the diagnosis [46].

Actually, it is well-known the correlation between
metabolic disorders and carcinogenesis. Different evidences
have highlighted the link between the intake of fat-enriched
diet, the development of lipid-related diseases, and the
increased incidence of breast cancer.

The altered metabolism makes transformed cells able to
oxidize fatty acid at much higher rates than their non-tumor
counterpart [47, 48]. Recently, Wang et al. have deepened this
aspect of the disease, focusing the attention on the so-called
metabolic reprogramming in triple-negative breast cancer
(TNBC), which is one of the most aggressive tumors [49].
They disclosed tumor cells lipid metabolism, where one aspect
is embodied by triglycerides in circulating lipoprotein particles
that can provide an additional exogenous source of fatty acid.
Therefore, TNBC exhibits enhanced lipid uptake, hydrolyzing
triglycerides into fatty acids thanks to the secretion of lipo-
protein lipase and expressing CD36 [49].

Risen levels of serum ox-LDL have been detected in
patients with breast cancer [49]. Moreover, its receptor
LOX-1 is overexpressed in 70% of human breast tumor
tissues, correlating positively with cancer grade and stage
[50]. Furthermore, OLR1 is overexpressed in a coordinated
way with other lipid metabolic genes (GLRX and SNAP23)
in late-stage breast cancer tissues [51].

siRNA-mediated inhibition of OLR1 expression sup-
presses the growth of breast cancer cells and reduces the
tumorigenicity, highlighting its importance for the main-
tenance of transformed state [51].

Already in 2007, a study has reported the stimulated
expression of LOX-1 driven by tumor necrosis factor alpha
(TNF-α) in a dose and time-dependent manner [52]. This
cytokine is known to be a potent pro-metastatic mediator
and it leads to breast cancer cells-endothelial cells interac-
tions, through a regulation action exerted by LOX-1 [52].
Furthermore, it was also demonstrated the contribution of
the oncogene TBC1D3 in the migration of human breast
cancer cells upregulating OLR1, through the control of
TNFα/NF-κB signaling [53].

Interestingly LOX-1 can help to establish a correlation
between obesity and breast cancer malignancy. Indeed,
obesity is associated with increased adipose tissue hypoxia
and this defines a condition, which can assess a pro-
malignancy environment in breast tissue, particularly linked
to the loss of estrogen receptor (ER). This hypothesis has
been supported by the coculture of adipocytes with ER-
positive breast cancer cells. This experimental condition
induces the overexpression of HIF-1α, TGF-β, and LOX-1
with the concomitant increase of EMT-inducing transcrip-
tion factors and the decline of ERα gene expression [54].
Another interesting correlation has been reported between
the different LOX-1 splice variants and different

phenotypes of breast cancer [50]. The experiments were
focused on the splice variant LOX-1Δ4 other than LOX-1.
Authors have observed a different expression of LOX-1
isoforms depending on breast cancer phenotypes. This
supports the hypothesis that the action exerted by LOX-1
splice variants is specific and related to individual molecular
phenotypes, because particular activated pathways could
impact on it [50]. LOX-1 and LOX-1Δ4 upregulation
in vitro leads to a strong enhancement of proliferative rate
and at the same time to a downregulation of cell-death-
related proteins. The upregulation also stimulates a strong
modulation of important factors of DNA double-strand
breaks machinery, particularly embodied by Ku70 and
histone H4 acetylation pattern [50]. In light of these evi-
dences, LOX-1 could represent a target and prognostic
factor for breast cancer, supplying a possible therapeutic
option specific for different phenotypic cancer subtypes.

LOX-1 and pancreatic cancer

Pancreatic cancer (PC) is the seventh leading cause of
cancer-related deaths worldwide [55]. It represents one of
the most lethal solid organ tumors, because its related
symptoms remain silent until an advanced stage of the
disease [55]. Globally, 458,918 new PC cases have been
reported in 2018, with 432,242 of new deaths [55].

The treatment choice must be done in view of the stage of
the disease at the diagnosis, and it can combine surgery, che-
motherapy, chemoradiotherapy, and supportive care [56].

A study investigated the role of LOX-1 in PC starting
from evidences about its involvement in cancer develop-
ment and metastasis [57]. In particular, the authors proceed
from studies highlighting its action in the increase of
intracellular ROS levels and the consequent endothelial
dysfunction. They first noticed an upregulation of LOX-1 in
pancreatic tumoral cells derived from patients respect to
their non-tumoral adjacent tissues. Furthermore, they
established a correlation between LOX-1 expression and
clinical pathological PC features. Specifically, a positive
relationship between LOX-1 expression levels and the
occurrence of lymph node metastases and high stage of the
disease was determined. As prognostic factor, high LOX-1
expression can be considered an indicator of poor prog-
nosis, also considering that its overexpression promotes the
migration and invasion process of pancreatic cancer cells,
but also the epithelial–mesenchymal transition [57].

Recently, a study has deepened the pathway involved in
LOX-1-induced-PC metastasis [58]. The whole tran-
scriptome RNA-sequencing analysis of pancreatic adeno-
carcinoma cells in which OLR1 has been overexpressed or
inhibited was performed. The outcome was the regulation of
c-Myc and HMGA2 expression exerted by OLR1 in order to
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promote pancreatic cancer metastasis [58]. In addition,
OLR1 seems to be involved also in chemoresistance of PC,
mediated by the action of particular long noncoding RNAs,
as GSTM3TV2. This lncRNA is able to promote
gemcitabine-resistance in pancreatic cancer cells through a
mechanism of upregulation of both LAT2 (Linker for acti-
vation of T-cells family member 2) and OLR1 [59].

Finally, all these evidences suggest the use of LOX-1 as
prognostic factor but also as possible therapeutic target for
pancreatic cancer.

LOX-1, lung and squamous non-small lung
cancer

Non-small cell lung cancer (NSCLC) accounts for 85% of all
lung cancers, the most common cause of cancer-related mor-
tality world widely [60]. Lung adenocarcinoma (LUAD) is the
most diagnosed histological subtype of non-small cell lung
cancer [61]. Due to the presence of metastatic disease at an
early stage, the prognosis for patients with LUAD is generally
poor, with average 5-year survival rates of <20% [60].

BMI has been shown as a risk factor for a variety of
high-risk diseases including cancer [62]. Cancer cells must
ensure sufficient energy influx to guarantee their survival
and so they undergo substantial lipid metabolic repro-
gramming, which has been newly recognized as a hallmark
of cancer diseases.

Long Jiang and collaborators have demonstrated that the
analysis of combination of body mass index (BMI) and
OLR1 expression could classified patients (exactly 131)
with Squamous NSCLC according to their progression-free
survival (PFS) [62]. Authors established the potential in
targeting lipid metabolic genes as a novel strategy in cancer
treatment. Their work investigated the existence of TGF-β1-
C/EBPδ-Slug-LOX-1 axis in lung adenocarcinoma repre-
senting an outstanding mediator between lipid metabolic
regulators and EMT-inducing transcription factors in the
regulation of cancer metastasis. C/EBP family are known to
regulate cancer cell growth, proliferation, motility, and
death in cancer cells. In particular, C/EBPδ, screened
among different transcription factors pivotal for lipid
metabolism, resulted in a downstream target of TGF-β1
mediating in this way TGF-β1-induced cancer metastasis.
TGF-β1 is a potent EMT inducer that transactivates EMT-
transcription factors and especially the snail, TWIST, and
ZEB families, which in turn activates downstream meta-
static target genes, such as LOX-1. It in turns mediates the
pro-metastatic effects of slug in lung adenocarcinoma
increasing ox-LDL uptake. LOX-1 has an E-box motif on
its promoter that is bounded by slug, snail, and ZEB on their
target genes, in order to orchestrate cancer progression.
Meanwhile, LOX-1 and ox-LDL mediate the pro-metastatic

effects of Slug in lung adenocarcinoma and Slug-induced
cancer metastasis is significantly suppressed by LOX-1
neutralizing antibody [62].

This study offers theoretic basis for discovering novel
therapeutic target in the treatment of lung adenocarcinoma.

LOX-1 and gastric cancer

Gastric cancer (GC) is one of the most common malignant
tumor in the digestive system worldwide; even if there has been
a decline in the incidence of GC due to the efficient prevention
and treatment of H. pylori infection, GC has the second-highest
incidence and mortality rate of all cancers [63].

The only curative treatment for early-stage GC is an
adequate surgical resection. Unfortunately, most GC
patients are diagnosed with advanced stage, which need to
be combined with systemic chemotherapy and often the
overall survival (OS) remains low [63].

The analyses of two independent mRNA microarrays
from GSE27342 database and the cancer genome atlas
(TCGA) cohort have allowed the identification of a LOX-1
upregulation in about 100 tissues of gastric cancer. In
addition, authors found an association between high LOX-1
expression and invasion depth, lymph node metastasis,
tumor, node, metastasis (TNM), and overall survival [64].

In vitro LOX-1 promoted cell migration and invasion,
enhancing EMT in GC cells by the activation of PI3K/AKT/
GSK3β pathways. LOX-1, after binding ox-LDL, could
increase several pro-angiogenic factors, such as VEGF that
contributes to tumor growth, invasion, and metastasis [64].
Regarding VEGF family, VEGF-C is primarily expressed
and secreted from cancer tissues, and acts as a strong sti-
mulator able to promote lymph angiogenesis and lymph
node metastasis [65, 66].

In a recent paper written by Caiqui Ma et al., elevated levels
of ox-LDL in plasma of GC patients were measured by ELISA
and associated both with high levels of VEGF-C expression
and lymph angiogenesis. The mechanism works by activating
the NF-Kb signaling pathway through LOX-1 receptor [67].

Thus, LOX-1 has been classified as an independent
predictive factor of poor prognosis in patients. LOX-1
inhibition mediates ox-LDL activation and thus represents a
potential therapeutic target for the prevention and inter-
vention of early lymph node metastasis in gastric cancer.

LOX-1, polymorphonuclear myeloid-derived
suppressor cells, and glioblastoma
multiforme

Polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) are important regulators of immune responses in
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cancer and have been directly involved with the tumor pro-
gression [68, 69] PMN-MDSCs is phenotypically and mor-
phologically similar to neutrophils (PMNs). Using partial
enrichment of PMN-MDSCs with gradient centrifugation, it is
possible to define low-density PMN-MDSC and high-density
neutrophils [70]. Between these two groups, exist a big dif-
ference in terms of LOX-1 expression. In fact, while ox-LDL
receptor is undetectable in neutrophils in peripheral blood of
healthy donors, 5–15% of total neutrophils in cancer patients
and 15–50% in tumor tissues were LOX-1 positive. In this
study, it has been demonstrated that LOX-1 expression is not
just associated to, but actually defines the population of PMN-
MDSCs in cancer [71]. Then a combination of neutrophil
markers with LOX-1 potentially allows for detection of PMN-
MDSC in tissues. In fact, a dramatic increase in the number of
PMN-MDSCs was observed in tumors of patients with head
and neck cancer, colon cancer, non-small cell lung cancer, and
multiple myeloma.

Glioblastoma multiforme (GBM) is the most common
malignant primary brain tumor, with an incidence of 3.19
cases per 100,000 person-years [72]. A subset of PMN,
constitutively expressing LOX-1, was identified in a GBM
patient cohort [73]. Interestingly, a negative correlation of
LOX-1 positive PMN with effector immune cells has been
found in GBM patients. In addition, an accumulation of
LOX-1 in their tissues have been correlated with the early
recurrence and the disease progression.

In light of this finding, the authors concluded asserting
that LOX-1 positive PMNs could be targeted in order to
restore immune function in GBM patients and to improve
the current therapeutic effectiveness of neoadiuvant anti-
programmed death 1 (PD1) immunotherapy.

LOX-1 and osteosarcoma

Osteosarcoma (OS) is one of the most aggressive malig-
nancies in skeletal system with mortality rate worldwide. In
pediatric bone disease, OS occupies about 5% of pediatric
cancer [74].

Over the past 20 years, the high mortality is due to the
tendency of osteosarcoma to develop metastases. Thus,
identifying molecular and cellular mechanisms of metas-
tases turns out to be fundamental, in order to dissect a
multistep process that mediates the migration and invasion
of osteosarcoma cells from primary to a distant site.
Osteosarcoma exhibits EMT due to the modulation of
Twist, snail, and Smads, defined as EMT-related tran-
scription factors. These elements are involved in the com-
plex invasive and metastatic behavior of osteosarcoma
progression.

A tissue microarray analysis was performed and, among
24 genes found overexpressed in metastatic tumors, if

compared to primary tumor genes, LOX-1 plays a central
role in metastasis formation [75]. The overexpression of
LOX-1 in both primary and metastatic OS tissues leads to a
poor prognosis determining a malignant OS behavior in part
via EMT approach.

Silencing OLR1 gene in vitro in two OS cell lines (143b
and MG63) overexpressing LOX-1, allows to inhibit
osteosarcoma cell invasion and migration and to prevent
in vivo metastasis formation. In addition, the silencing of
OLR1 repressed the expression of mesenchymal markers
(snail, twist, and N-cadherin), but induced the epithelial
marker E-cadherin. Integrally, the present study shows a
novel step forward in comprehending the effect of this
scavenger receptor in osteosarcoma metastases, evidencing
a potential target for novel therapeutic approaches.

Conclusion

This review provides an updating knowledge of the evi-
dence acquired about LOX-1 involvement in tumor insur-
gence and progression in different organs, such as
colorectal, breast, liver, pancreas, lung, brain, and bone. The
ox-LDL receptor represents a fine-tuned interplay between
lipid metabolic regulator, angiogenesis, and EMT-inducing
transcription factor in the regulation of cancer metastasis. It
has to be noted that OLR1 is not always overexpressed in
every cancer type nor in all the cell lines deriving from
them, but, when functionally involved, it results to be
overexpressed or abnormally spliced. In these conditions, it
could represent a molecular therapeutic target for the inhi-
bition of tumor progression and metastasis formation,
allowing designing a personalized therapy. Unraveling the
mechanisms underlying LOX-1 action will open up avenues
to design new molecular treatment focused to inhibit its
expression and indirectly angiogenesis process.

Remarkably, OLR1 is critical in maintaining the transfor-
mation and growth states of cancer cell lines in diverse origins
[45]. This phenomenon observed in xenografts experiments
indicates the importance of LOX-1 in connecting cancer dis-
ease and metabolic disorder (https://www.who.int/cancer/
prevention/diagnosis-screening/breast-cancer/en/). Studies also
suggested multiple potential associations between OLR1 and
cancer susceptibility: OLR1 overexpression in human cancer
cells stimulates cell proliferation inducing tumor angiogenesis
and demonstrating a direct relationship between obesity factors
and the enhancement of proliferation and pro-angiogenic
markers [36].

Moreover, LOX-1 expression could be used to monitor
both the early detection of disease recurrence, and the “real-
time” assessment of treatment effectiveness. Thus, it could
represent a prognostic and diagnostic marker for patholo-
gical conditions such as cancer.
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Since in COSMIC (https://cancer.sanger.ac.uk/cosmic/
gene/analysis) several OLR1 somatic variants have been
characterized (Fig. 3), a correlation between mutations in
OLR1 gene and the overexpression of its transcript or a
dysregulated activity in cellular transformation has not been
elucidated yet.

Importantly, early diagnosis and treatment of tumors can
be optimized even when cancerous tissues are not available,
measuring LOX-1 biomarker in liquid biopsy, as demon-
strated in the serum of CRC patients.

Last, VOC analyses in vivo can be considered a non-
invasive method for indicating the presence of compounds
possibly modulated by LOX-1 expression and related to
tumorigenesis. Such a technique may also allow non-
invasive monitoring of response to therapy or revolutionize
screening practices for some cancer types.

Acknowledgements Work supported by VOLACOL project (Regione
Lazio) and PROPRIOCOLLOX (Beyond Borders Project) Università
Tor Vergata.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Roy PS, Saikia BJ. Cancer and cure: a critical analysis. Indian J
Cancer. 2016;53:441–2.

2. Balzan S, Lubrano V. LOX-1 receptor: a potential link in ather-
osclerosis and cancer. Life Sci. 2018; 198:79–86.

3. Mehta JL, Li D. Identification, regulation and function of a novel
lectin-like oxidized low-density lipoprotein receptor. J Am Coll
Cardiol. 2002;39:1429–35.

4. Cao W, Calabro V, Root A, Yan G, Lam K, Olland S, et al.
Oligomerization is required for the activity of recombinant soluble
LOX-1. FEBS J. 2009;276:4909–20.

5. Ohki I, Amida H, Yamada R, Sugihara M, Ishigaki T, Tate S.
Surface plasmon resonance study on functional significance of
clustered organization of lectin-like oxidized LDL receptor (LOX-
1). Biochim Biophys Acta. 2011;1814:345–54.

6. Matarazzo S, Quitadamo MR, Mango R, Ciccone S, Novelli G,
Biocca S. Cholesterol-lowering drugs inhibit lectin-like oxidized
low-density lipoprotein-1 receptor function by membrane raft
disruption. Mol Pharm. 2012;82:246–54.

7. Aoyama T, Sawamura T, Furutani Y, Matsuoka R, Yoshida MC,
Fujiwara H, et al. Structure and chromosomal assignment of the
human lectin-like oxidized low-density-lipoprotein receptor-1
(LOX-1) gene. Biochem J. 1999;339:177–84.

8. Biocca S, Filesi I, Mango R, Maggiore L, Baldini F, Vecchione L,
et al. The splice variant LOXIN inhibits LOX-1 receptor function
through hetero-oligomerization. J Mol Cell Cardiol. 2008;44:61–70.

9. Mango R, Biocca S, Del Vecchio F, Clementi F, Sangiuolo F,
Amati F, et al. In vivo and in vitro studies support that a new
splicing isoform of OLR1 gene is protective against acute myo-
cardial infarction. Circ Res. 2005;97:152–8.

10. Morawietz H, Rueckschloss U, Niemann B, Duerrschmidt N,
Galle J, Hakim K, et al. Angiotensin II induces LOX-1, the human
endothelial receptor for oxidized low-density lipoprotein. Circu-
lation. 1999;100:899–902.

11. Morawietz H, Duerrschmidt N, Niemann B, Galle J, Sawamura T,
Holtz J. Induction of the OxLDL receptor LOX-1 by endothelin-1
in human endothelial cells. Biochem Biophys Res Commun.
2001;284:961–5.

12. Smirnova IV, Kajstura M, Sawamura T, Goligorsky MS. Asym-
metric dimethylarginine upregulates LOX-1 in activated macro-
phages: role in foam cell formation. Am J Physiol Heart Circ
Physiol. 2004;287:H782–90.

13. Mentrup T, Theodorou K, Cabrera-Cabrera F, O Helbig A, Happ K,
Gijbels M, et al. Atherogenic LOX-1 signaling is controlled by
SPPL2-mediated intramembrane proteolysis. J Exp Med.
2019;216:807–30.

14. Kume N, Mitsuoka H, Hayashida K, Tanaka M, Kominami G,
Kita T. Soluble lectin-like oxidized LDL receptor-1 (sLOX-1) as a
sensitive and specific biomarker for acute coronary syndrome-
comparison with other biomarkers. J Cardiol. 2010;56:159–65.

15. Khaidakov M, Mitra S, Kang BY, Wang X, Kadlubar S, Novelli G.
et al. Oxidized LDL receptor 1 (OLR1) as a possible link between
obesity, dyslipidemia and cancer. PLoS ONE. 2011;6:e20277.

16. Morganti M, Carpi A, Nicolini A, Gorini I, Glaviano B, Fini M,
et al. Atherosclerosis and cancer: common pathways on the vas-
cular endothelium. Biomed Pharmacother. 2002;56:317–24.

17. Lee WJ, Ou HC, Hsu WC, Chou MM, Tseng JJ, Hsu SL, et al.
Ellagic acid inhibits oxidized LDL-mediated Lox-1 expression,
ROS receptor (LOX-1) on human vascular smooth muscle cells
and monocytes and its down-regulation by lovastatin. Biochem
Pharmacol. 1999;57:383–6.

18. Keshavarzian A, Zapeda D, List T, Mobarhan S. High levels of
reactive oxygen metabolites in colon cancer tissue: analysis by
chemiluminescence probe. Nutr Cancer. 1992;17:243–9.

Fig. 3 COSMIC data on somatic OLR1 mutations. A chart showing
an overview of the different somatic mutations detected in OLR1 gene.

1096 M. Murdocca et al.

https://cancer.sanger.ac.uk/cosmic/gene/analysis
https://cancer.sanger.ac.uk/cosmic/gene/analysis
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


19. Otamiri T, Sjodahl R. Increased lipid peroxidation in malignant
tissues of patients with colorectal cancer. Cancer. 1989;64:422–5.

20. Cominacini L, Pasini AF, Garbin U, Davoli A, Tosetti ML, Cam-
pagnola M, et al. Oxidized low density lipoprotein (ox-LDL) binding
to ox-LDL receptor-1 in endothelial cells induces the activation of
NF-kappaB through an increased production of intracellular reactive
oxygen species. J BiolChem. 2000;275:12633–8.

21. Cominacini L, Rigoni A, Pasini AF, Garbin U, Davoli A, Cam-
pagnola M, et al. The binding of oxidized low density lipoprotein
(ox-LDL) to ox-LDL receptor-1 reduces the intracellular con-
centration of nitric oxide in endothelial cells through an increased
production of superoxide. J Biol Chem. 2001;276:13750–5.

22. Hirsch HA, Iliopoulos D, Joshi A, Zhang Y, Jaeger SA, Bulyk M,
et al. A transcriptional signature and common gene networks link
cancer with lipid metabolism and diverse human diseases. Cancer
Cell. 2010;17:348–61.

23. Rawla P. Epidemiology of prostate cancer. World J Oncol.
2019;10:63–89.

24. Teo MY, Rathkopf DE, Kantoff P. Treatment of advanced pros-
tate cancer. Annu Rev Med. 2019;70:479–99.

25. Wan F, Qin X, Zhang G, Lu X, Zhu Y, Zhang H, et al. Oxidized
low-density lipoprotein is associated with advanced-stage prostate
cancer. Tumor Biol. 2015;36:3573–82.

26. Kumar B, Koul S, Khandrika L, Meacham RB, Koul HK. Oxi-
dative stress is inherent in prostate cancer cells and is required for
aggressive phenotype. Cancer Res. 2008;68:1777–85.

27. González-Chavarría I, Cerro RP, Parra NP, Sandoval FA, Zuñiga
FA, Omazábal VA, et al. Lectin-like oxidized LDL receptor-1 is
an enhancer of tumor angiogenesis in human prostate cancer cells.
PLoS ONE. 2014;9:e106219.

28. González-Chavarría I, Fernandez E, Gutierrez N, González-Horta EE,
Sandoval F, Cifuentes P, et al. LOX-1 activation by oxLDL triggers
an epithelial mesenchymal transition and promotes tumorigenic
potential in prostate cancer cells. Cancer Lett. 2018;414:34–43.

29. Mattiuzzi C, Sanchis-Gomar F, Lippi G. Concise update on col-
orectal cancer epidemiology. Ann Transl Med. 2019;7:609.

30. Murdocca M, Mango R, Pucci S, Biocca S, Testa B, Capuano R, et al.
The lectin-like oxidized LDL receptor-1: a new potential molecular
target in colorectal cancer. Oncotarget. 2016;7:14765–80.

31. Murdocca M, Capuano R, Pucci S, Cicconi R, Polidoro C, Catini
A, et al. Targeting LOX-1 inhibits colorectal cancer metastasis
formation in an animal model. Front Oncol. 2019;9:927.

32. Nakashima-Nakasuga C, Hazama S, Suzuki N, Nakagami Y, Xu
M, Yoshida S, et al. Serum LOX-1 is a novel prognostic bio-
marker of colorectal cancer. Int J Clin Oncol. 2020;25:1308–17.

33. Nicholson J, Lindon J. Systems biology: metabonomics. Nature
2008;455:1054–6.

34. Patti G, Yanes O, Siuzdak G. Metabolomics: the apogee of the
omics trilogy. Nat Rev, Mol Cell Biol. 2012;13:263.

35. Serasanambati M, Broza Y, Marmur A, Haick H. Profiling single
cancer cells with volatolomics approach. iScience 2019;11:178.

36. Dummer J, Storer M, Swanney M, McEwand M, Scott-Thomase
A, Bhandari S, et al. Analysis of biogenic volatile organic com-
pounds in human health and disease. TRACS-Trends-Anal Chem.
2011;30:960–7.

37. Di Natale C, Paolesse R, Martinelli E, Capuano R. Solid-state gas
sensors for breath analysis: a review. Analytica Chim Acta.
2014;824:1.

38. Lim SH, Martino R, Anikst V, Xu Z, Mix S, Benjamin R, et al.
Rapid diagnosis of tuberculosis from analysis of urine volatile
organic compounds. ACS Sens. 2016;1:85.

39. D’Amico A, Bono R, Pennazza G, Santonico M, Mantini M, et al.
Identification of melanoma with a gas sensor array. Ski Res
Technol. 2008;14:226.

40. Amor RE, Nakhleh MK, Barash O, Haick H. Breath analysis of
cancer in the present and the future. Eur Respir Rev. 2019;28:190002.

41. Amann A, Costello BDL, Miekisch W, Schubert J, Buszewski B,
Pleil J, et al. The human volatilome: volatile organic compounds
(VOCs) in exhaled breath, skin emanations, urine, feces and sal-
iva. J Breath Res. 2014;8:034001.

42. Hakim M, Broza YY, Barash O, Peled N, Phillips M, Amann A,
et al. Volatile organic compounds of lung cancer and possible
biochemical pathways. Chem Rev. 2012;112:5949–66.

43. Barash O, Peled N, Hirsch F, Haick H. Sniffing the unique odor
print of non small cell lung cancer with gold nanoparticles. Small
2009;5:2618–24.

44. Peng G, Tisch U, Adams O, Hakim M, Shehada N, Brozaet YY, et al.
Diagnosing lung cancer in exhaled breath using gold nanoparticles.
Nature Nanotechnol. 2009;4:669–73.

45. Wörmann B. Breast cancer: basics, screening, diagnostics and
treatment. Med Monatsschr Pharm. 2017;40:55–64.

46. Breast Cancer Treatment (Adult) (PDQ®). Health professional
version. PDQ Adult Treatment Editorial Board. 2020.

47. Martinez-Outschoorn U, Peiris-Pagés M, Pestell RG, Sotgia F,
Lisanti MP. Cancer metabolism: a therapeutic perspective. Nat
Rev Clin Oncol. 2017;14:11–31.

48. Bitorina AV, Oligschlaeger Y, Shiri-Sverdlov R, Theys J. Low
profile high value target: the role of OxLDL in cancer. BBA - Mol
Cell Biol Lipids. 2019;12:158518.

49. Wang Z, Jiang Q, Dong C. Metabolic reprogramming in triple-
negative breast cancer. Cancer Biol Med. 2020;17:44–59.

50. Pucci S, Polidoro C, Greggi C, Amati F, Morini E, Murdocca
M, et al. Pro-oncogenic action of LOX-1 and its splice variant
LOX-1Δ4 in breast cancer phenotypes. Cell Death Dis.
2019;10:53.

51. Heather A, Hirsch D, Amita I, Zhang Y, Jaeger SA, Bulyk M,
et al. A transcriptional signature and common gene networks link
cancer with lipid metabolism and diverse human diseases. Cancer
Cell. 2010;17:348–61.

52. Liang M, Zhang P, Fu J. Up-regulation of LOX-1 expression by
TNF-a promotes trans-endothelial migration of MDA-MB-231
breast cancer cells. Cancer Lett. 2007;258:31–37.

53. Wang B, Zhao H, Zhao L, Zhang Y, Wan Q, Shen Y, et al. Up-
regulation of OLR1 expression by TBC1D3 through activation of
TNFα/NF-κB pathway promotes the migration of human breast
cancer cells. Cancer Lett. 2017;408:60–70.

54. Yao-Borengasser A, Monzavi-Karbassi B, Hedges RA, Rogers
LJ, Kadlubar SA, Kieber-Emmons T. Adipocyte hypoxia pro-
motes epithelial-mesenchymal transition-related gene expression
and estrogen receptor-negative phenotype in breast cancer cells.
Oncol Rep. 2015;33:2689–94.

55. Rawla P, Sunkara T, Gaduputic V. Epidemiology of pancreatic
cancer: global trends, etiology and risk factors. World J Oncol.
2019;10:10–27.

56. Lambert A, Schwarz L, Borbath I, Henry A, Van Laethem JL, Malka
D, et al. An update on treatment options for pancreatic adenocarci-
noma. Ther Adv Med Oncol. 2019;11:1758835919875568.

57. Zhang J, Zhang L, Li C, Yang C, Li L, Wu H, et al. LOX-1 is a
poor prognostic indicator and induces epithelial-mesenchymal
transition and metastasis in pancreatic cancer patients. Cell Oncol.
2018;41:73–84.

58. Yang G, Xiong G, Fenz M, Zhao F, Qiu J, Liu Y, et al. OLR1
promotes pancreatic cancer metastasis via increased c-Myc expression
and transcription of HMGA2. Mol Canc Res. 2020;18:685–97.

59. Xiong G, Liu C, Yang G, Feng M, Xu J, Zhao F, et al. Long
noncoding RNA GSTM3TV2 upregulates LAT2 and OLR1 by
competitively sponging let-7 to promote gemcitabine resistance in
pancreatic cancer. J Hematol Oncol. 2019;12:97.

60. Network CGAR. Comprehensive molecular profiling of lung
adenocarcinoma. Nature. 2014;511:543.

61. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA
Cancer J Clin. 2016;66:7–30.

LOX-1 and cancer: an indissoluble liaison 1097



62. Jiang L, Jiang S, Lin Y, Yang H, Zhao Z, Xie Z, et al. Combi-
nation of body mass index and oxidized lowdensity lipoprotein
receptor 1 in prognosis prediction of patients with squamous non-
small cell lung cancer. Oncotarget. 2015;22072–80.

63. Song Z, Wu Y, Yang J, Yang D, Fang X. Progress in the treatment of
advanced gastric cancer. Tumor Biol. 2017;39:1010428317714626.

64. Li C, Zhang J, Wu H, Li L, Yang C, Song S, et al. Lectin-like
oxidized low-density lipoprotein receptor-1 facilitates metastasis of
gastric cancer through driving epithelial-mesenchymal transition and
PI3K/Akt/GSK3β activation. Sci Rep. 2017;6:45275.

65. Hoeben A, Landuyt B, Highley MS, Wildiers H, Van Oosterom
AT, De Bruijn EA. Vascular endothelial growth factor and
angiogenesis. Pharmacol Rev. 2004;56:549–80.

66. Kapoor P, Deshmukh R. VEGF: a critical driver for angiogenesis
and subsequent tumor growth: an IHC study. J Oral Maxillofac
Pathol. 2012;16:330–7.

67. Ma C, Xie J, Luo C, Yin H, Li R, Wang X, et al. OxLDL pro-
motes lymphangiogenesis and lymphatic metastasis in gastric
cancer by upregulating VEGF-C expression and secretion. Int J
Oncol. 2019;54:572–84.

68. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated
regulation of myeloid cells by tumors. Nat Rev Immunol.
2012;12:253–68.

69. Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in
the tumor microenvironment: expect the unexpected. J Clin Invest.
2015;125:3356–64.

70. Poschke I, Kiessling R. On the armament and appearances of
human myeloid-derived suppressor cells. Clin Immunol.
2012;144:250–68.

71. Condamine T, Dominguez GA, Youn J, Kossenkov AV, Mony S,
Alicea-Torres K, et al. Lectin-type oxidized LDL receptor-1 distin-
guishes population of human polymorphonuclear myeloid-derived
suppressor cells in cancer patients. Sci Immunol. 2016;1:aaf8943.

72. ErQing C, Lan Z, Changqing L. LOX-1+ PMN-MDSC enhances
immune suppression which promotes glioblastoma multiforme
progression. Cancer Manag Res. 2019;11:7307–15.

73. Batash R, Asna N, Schaffer P, Francis N, Schaffer M. Glio-
blastoma multiforme, diagnosis and treatment; recent literature
review. Curr Med Chem. 2017;24:3002–9.

74. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. In:
Bielack S, editor. Pediatric and adolescent osteosarcoma. Boston:
Springer; 2009; p. 3–13.

75. Jiang L, Jiang S, Zhou W, Huang J, Lin Y, Longet H, et al.
Oxidized low density lipoprotein receptor 1 promotes lung
metastases of osteosarcomas through regulating the epithelial-
mesenchymal transition. J Transl Med. 2019;17:369.

1098 M. Murdocca et al.


	LOX-1 and cancer: an indissoluble liaison
	Abstract
	Introduction
	The lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1)
	LOX-1, metabolism and cancer
	LOX-1 and prostate cancer
	LOX-1 and colorectal cancer
	LOX-1, volatile organic compounds and colorectal cancer
	LOX-1 and breast cancer
	LOX-1 and pancreatic cancer
	LOX-1, lung and squamous non-small lung cancer
	LOX-1 and gastric cancer
	LOX-1, polymorphonuclear myeloid-derived suppressor cells, and glioblastoma multiforme
	LOX-1 and osteosarcoma
	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




