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Abstract: Although systematic therapeutic approaches have reduced cancer-associated
mortality, metastatic breast cancer can still evade therapy, particularly triple-negative breast
cancer, which remains associated with high rates of cancer metastasis and has the worst clinical
prognosis. Lipocalin 2 (LCN2) is a secreted glycoprotein that transports small lipophilic ligands.
Its abnormal expression serves critical roles in the epithelial-to-mesenchymal transition process,
angiogenesis, and cell migration and invasion in breast cancer. Notably, LCN2 functions as an
initiator of carcinogenesis and metastasis by involving multiple signaling pathways. The pres-
ent review aims to summarize research findings on the abnormal expression of LCN2 in breast
cancer progression. Furthermore, the review highlights the latest developments of potential
LCN2-targeting agents and proposed LCN2-associated molecular mechanisms with regard to
breast cancer invasion and metastasis.

Keywords: lipocalin 2, breast cancer, metastasis, triple-negative breast cancer, epithelial-to-

mesenchymal transition, angiogenesis

Introduction

Lipocalin 2 (LCN2), a member of the lipocalin protein family, is a secreted glycoprotein
that transports small lipophilic ligands. Lipocalins are part of a group of >20 diverse
proteins that exhibit limited amino acid sequence similarity but share a highly conserved
3D structure. This structure consists of a single 8-stranded, antiparallel B-barrel that
forms an enclosing calyx, which is capable of flexible binding and allows lipocalins
to transport and present ligands, bind to cell surface receptors and form macromo-
lecular complexes, thereby performing various important functions in cell regulation,
proliferation and differentiation.'

LCN2 is a prominent member of the lipocalin superfamily and was originally
identified as a 25-kDa neutrophil glycoprotein based on its covalent binding to matrix
metalloproteinase-9 (MMP-9) in human neutrophils.** Thus, it is also referred to as
neutrophil gelatinase-associated lipocalin (NGAL). When NGAL forms a complex
with MMP-9, it can prevent MMP-9 autodegradation and increase the activity of
MMP-9 in vitro.® Since MMP-9 can degrade the extracellular matrix and basement
membranes, NGAL and the MMP-9/NGAL complex may contribute to tumor progres-
sion, invasion and metastasis.”?

Another important LCN2 ligand, first identified by Goetz et al,’ is enterochelin,
which is released into the extracellular environment by bacteria to capture iron.
LCN2 can competitively bind to the secreted enterochelin and deliver enterochelin/
Fe** complexes to host cells for degradation, which effectively prevents bacteria from
iron acquisition and inhibits bacterial growth.”!° These findings suggest that LCN2 is
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an important innate immunity component against bacterial
pathogens and serves a protective role in inflammation, infec-
tion, injury and other forms of cellular stress.!'"*

During the past two decades, abnormal expression of
LCN2 has been assigned critical roles in pathological organ
conditions, including inflammation,!''* renal damage,!>!¢
liver injury'”' and cancer in several human organs.'***-%’
Recently, LCN2 has gained attention as a potential biomarker
and a modulator of human cancer. LCN2 protein expression
levels have been demonstrated to be increased in various
human epithelial cancer types, including breast cancer,?*?!
ovarian cancer,? thyroid cancer,” lung cancer,?* colon
cancer® and pancreatic cancer.”® Numerous studies have
indicated that LCN2 is also associated with high-grade
malignancy, relapse proneness, metastasis and poor prog-
nosis in breast cancer.?”*

In this review, the most recent reports on abnormal
expression of LCN2 in breast cancer cells, orthotopic mouse
models of breast cancer and samples from patients with breast
cancer were focused on to explore experimental and clinical
findings linking LCN2 abnormally expression with breast
cancer progression. In addition, this review summarized the
latest developments of LCN2-targeted therapy and proposed
LCN2-associated mechanisms with regard to breast cancer
invasion and metastasis.

LCN2 and prognosis in breast

cancer
Recent studies reported that LCN2 was highly expressed in
carcinoma tissues, sera and urine of some patients with breast
cancer. Elevated LCN2 expression may be associated with
poor prognosis, including estrogen receptor (ER)-negative
status, histological grading and lymph node metastasis. The
association between LCN2 expression in breast carcinoma
and established prognostic markers, as well as the clinical
outcome, has been examined in recent years.
Heterogeneous expression of LCN2 was first confirmed
at mRNA and protein expression levels in patients with
primary breast cancer. Notably, only low expression levels
of LCN2 protein have been detected in normal breast ductal
epithelium. Furthermore, a significant correlation between
LCN2 expression in breast cancer with several other markers
of poor prognosis, including ER- or progesterone receptor
(PR)-negative status and high S-phase fraction has been
identified.?*? Similarly, Gruvberger et al** and Cheng et al*!
indicated that LCN2 is an important gene that is most highly
associated with ER-negative breast tumors.>**! Drew et al®
revealed that ERa expression in adipose tissue is inversely

associated with adiposity and the expression and release of
LCN2, an adipokine, promoting breast cancer cell prolifera-
tion and migration.*

It has also been reported that LCN2 expression levels
were correlated with invasive breast cancer. In cancer
tissue and tumor stroma of patients in stages II-III, LCN2
was increased compared with normal epithelium and
stroma. Urinary LCN2 expression levels were significantly
increased in samples from patients with metastatic breast
cancer compared with healthy controls. This suggested that
higher expression levels of LCN2 may be predictive of a
higher probability of metastatic breast cancer.>* Furthermore,
a previous study reported 113 women with nonpalpable
breast lesions undergoing vacuum-assisted breast biopsy for
histological diagnosis and 30 healthy women who served as
controls. Notably, the expression levels of MMP-9, NGAL
and MMP-9/NGAL complexes were determined in periph-
eral blood samples. Women with invasive ductal carcinoma
exhibited significantly increased levels of MMP-9, NGAL
and MMP-9/NGAL compared with healthy women. Sig-
nificant correlations were observed between MMP-9 and
NGAL serum levels with the breast cancer severity score.**
Bauer et al** revealed that there was high correlation of LCN2
expression with human epidermal growth factor receptor 2
(HER-2)/neu overexpression, poor histologic grade, lymph
node metastases, a high Ki-67 proliferation index, disease-
specific survival, disease-free survival and ER- and PR-
negative status in tumor samples from patients with breast
cancer. Furthermore, a similar finding was reported, where
high levels of LCN2 were associated with poor overall sur-
vival and distant metastasis-free survival in patients with
basal-like (mostly ER- and HER2-negative) breast cancer
according to analysis of the clinical microarray database
of breast cancer, suggesting that serum LCN2 expression
levels may serve as a subtype-specific prognostic factor in
breast cancer.* In addition, LCN2 may be overexpressed in
the immune compartment of breast cancer liver metastases,
particularly within smaller lesions.*’

Overall, high LCN2 expression levels significantly cor-
related with poor patient prognosis and advanced cancer
status. Furthermore, high LCN2 expression is recognized as
an independent prognostic biomarker for reduced survival
among patients with breast cancer, especially for those suf-
fering from triple-negative breast cancer (TNBC).

LCN2 and TNBC
TNBC accounts for 12%-20% of all breast cancers and is
associated with more aggressive tumor progression and a
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worse prognosis.’®* Metastatic TNBC is a destructive condi-
tion that is associated with a high proliferation index, which
can lead to visceral and brain metastases.*® Furthermore, it is
characterized by a lack of ER, PR and HER-2, which results in
the resistance to anti-hormone therapies and HER-2-targeting
therapies.**> Average patients’ survival of advanced TNBC is
~12 months, which is much shorter than the duration of sur-
vival in other subtypes of breast cancer. Although systematic
therapeutic approaches have reduced cancer-specific mortal-
ity, TNBC remains associated with high rates of cancer relapse
and metastasis. At present, no long-term effective treatment
option is available for patients with TNBC.* Therefore, iden-
tifying novel biomarkers of TNBC progression and designing
specific targets may be of great value for the prevention of
metastasis for patients with TNBC.

A recent study identified that LCN2 is a regulator of
angiogenesis, and the downregulation of TNBC-secreted
LCN2 is associated with suppressed tumor angiogenesis in
breast cancer, making it a potential anti-angiogenic target in
TNBC.* Cheng et al’! extended this finding by revealing that
LCN2 expression levels in sera were increased in patients
with TNBC compared with in those with benign tumors and
other subsets of breast cancer. Furthermore, LCN2 was nega-
tively correlated with the ER and PR status. Subsequently,
it was observed that silencing of the tumor suppressor gene,
hypermethylated in cancer 1 (HIC1), occurred only in TNBC
compared with other molecular subtypes of breast cancer.
Notably, restoring HIC1 expression in TNBC cells reduced
cell invasion, migration and metastasis. Further research
identified LCN2 as a critical downstream target of HIC1
in TNBC cells. In addition, autocrine secretion of LCN2
induced by silenced HIC1 activated the protein kinase B
(AKT) signaling pathway through the NGAL receptor, which
is associated with TNBC progression. Thus, the HIC1-LCN2
axis may serve as a subtype-specific prognostic biomarker,
providing a promising candidate target for TNBC.3!

Mechanisms of LCN2 in the
induction of metastasis in breast

cancer

Metastasis is a complex and multistep process involving vari-
ous factors, including cancer cells, the tumor microenvironment
and interactions with the host immune system.***¢ Metastatic
cancer persists as a barrier to effective therapy and causes 80%
of cancer-associated fatalities, and so is considered a great
challenge in cancer therapy.*” For patients with breast cancer,
25%-50% of the patients eventually develop metastasis,
which leads to poor prognosis.**# This review summarized

the possible mechanisms of LCN2-mediated breast cancer
metastasis. Multiple LCN2-associated signaling pathways and
LCN2-regulated genes were suggested (Figure 1).

Epithelial-to-mesenchymal transition (EMT) is a key
developmental process that is typically activated during
cancer invasion and metastasis.’>>! In the EMT process,
epithelial cells depolarize, lose cell-to-cell adhesion and
transition to cells with elongated, fibroblast-like morphology.
Notably, this is a potential mechanism by which tumor cells
gain metastatic features.’>>* Disseminated cancer cells seem
to require self-renewal capability, which is similar to that
exhibited by stem cells causing macroscopic metastases.™
LCN2 has been indicated to be overexpressed in human
breast cancer cells and can upregulate mesenchymal mark-
ers, including vimentin and fibronectin, and downregulate
the epithelial marker E-cadherin, which induces EMT and
significantly increases cell motility and invasion. By contrast,
LCN2 silencing in aggressive breast cancer cells can inhibit
cell migration and the mesenchymal phenotype. Furthermore,
reduced expression levels of ERo. and increased expression
levels of the EMT transcription factor Slug were observed
with elevated LCN2 expression. However, overexpression of
ERo in LCN2-expressing cells reversed EMT and reduced
Slug expression levels, suggesting that ERo negatively regu-
lates LCN2-induced EMT. Furthermore, orthotopic studies
have demonstrated that LCN2-expressing breast tumors
exhibited a poorly differentiated phenotype and increased
local tumor invasion and lymph node metastasis. Taken
together, the findings suggested that LCN2 promoted metas-
tasis by inducing EMT through the ER0/Slug axis and that it
may be a useful biomarker of breast cancer progression.**>

The influence of LCN2 on the metastatic cascade in the
tumor microenvironment has been explored. Oren et al*
revealed the role of stroma-derived LCN2, particularly
macrophage-released LCN2, in breast cancer progression.
The secretion of LCN2 from macrophages induced EMT
in MCF-7 cells and promoted local invasion and migration
into the extracellular matrix, which was indicated using a 3D
spheroid model. Knockdown and neutralizing antibody studies
illustrated that LCN2 can lead to early metastasis in vitro.
Furthermore, LCN2 deficiency inhibited breast cancer metas-
tasis in the MMTV-PyMT breast cancer model and a xenograft
model inoculating MCF-7 cells. Therefore, stroma-secreted
LCN2 contributes to breast cancer progression in vitro and
in vivo.*’

In addition, Li et al*® demonstrated that receptor tyrosine-
protein kinase erbB-2 isoform b (ErbB2) (HER2, neu),
LCN2 and anemia have all been associated with increased
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Figure | Possible LCN2-associated mechanisms affecting breast cancer metastasis.
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Abbreviations: AKT, protein kinase B; EMT, epithelial-to-mesenchymal transition; ER", estrogen receptor-negative; Erk, extracellular signal-regulated kinase; HER2, human
epidermal growth factor receptor 2; HICI, hypermethylated in cancer |; HIF-10, hypoxia inducible factor- I o;; LCNZ2, lipocalin 2; MMP-9, matrix metalloproteinase-9; mTOR,
mammalian target of rapamycin; NF-kB, nuclear factor-kB; NGALR, neutrophil gelatinase-associated lipocalin receptor; PI3K, phosphoinositide-3-kinase; VEGF, vascular

endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.

metastasis and poor prognosis in patients with breast cancer.
Their study revealed that ErbB2 overexpression lead to LCN2
upregulation, which is dependent on nuclear factor (NF)-xB
activity and is involved in breast cancer-associated anemia.
Therefore, ErbB2, NF-xB and LCN2 signaling pathways
may serve as potential therapeutic targets for breast cancer-
associated anemia.*® Leng et al® also explored the molecular
mechanisms of delayed breast tumor formation and metasta-
sis, which was accompanied with reduced MMP-9 activity
in the blood of MMTV-ErbB2 mice lacking LCN2. Their
results suggested that LCN2 expression is upregulated by
a HER2/phosphoinositide-3-kinase (PI3K)/AKT/NF-kB
signaling pathway. Decreasing LCN2 significantly reduced
the invasion and migration ability of HER2-positive breast
cancer cells and murine breast tumor formation and lung
metastasis.”® However, Berger et al®® proposed that LCN2
is only a potent inducer of primary mammary tumor growth
but not a significant promoter of lung metastasis using an
in vivo mouse model approach. Therefore, the function and
activity regulation mechanism of the LCN2 gene in breast
cancer metastasis requires further study.

LCN2 and angiogenesis in breast

cancer

The occurrence and development of solid malignant tumors
require a continuous oxygen supply and nutrient absorption.
Notably, angiogenesis is necessary for solid tumor growth
and progression. As the most important pathway of tumor
metastasis, angiogenesis is a crucial component of tumor pro-
gression for all subsets of breast cancer. Since tumor neo-
vascularization is characterized by incomplete new tube-like
structures, weak vascular walls and increased permeability
relative to normal vessels, cancer cells penetrate more eas-
ily from the blood vessels into peripheral blood and migrate
to distant organs.®' Inhibiting angiogenesis is therefore an
important therapeutic strategy against human cancer.

It has been reported that LCN2 can induce the production
of hypoxia inducible factor-1o. (HIF-1ct) and the downstream
gene, vascular endothelial growth factor (VEGF), to stimulate
angiogenesis in breast cancer cells. Notably, VEGF expres-
sion was significantly increased with high LCN2 expression
in MCF-7 and MDA-MB-436 cells. VEGF-neutralizing

submit your manuscript

8102

Dove

OncoTargets and Therapy 2018:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Lipocalin 2:a potential therapeutic target for breast cancer metastasis

antibody studies have demonstrated that VEGF may be
essential for LCN2 to exert angiogenic activity. Further-
more, LCN2 can regulate the level of HIF-1a. expression
via the extracellular signal-regulated kinase (Erk) signaling
pathway to induce VEGF in aggressive MDA-MB-231
cells. LCN2 has also been revealed to significantly enhance
VEGF-induced angiogenesis in a mouse model of the cor-
neal pocket assay for angiogenesis study.®? In addition, the
association of LCN2 promoter methylation with microvessel
formation was analyzed. It was indicated that LCN2 promoter
unmethylation status (67.2%) was increased compared with
methylation status (32.8%) in patients with breast cancer,
and LCN2 promoter unmethylation status was associated
with aggressive tumor cell phenotype and elevated mean
microvessel density.®

MMP-9 can cleave a broad range of substrates, includ-
ing structural components of the extracellular matrix,
growth-factor-binding proteins, growth-factor precursors,
cell-adhesion molecules and other proteases leading to cancer
progression by promoting tumor cell growth, migration, inva-
sion, metastasis and angiogenesis.* Overexpression of LCN2
in MCF-7 human breast cancer cells protects the extracellular
matrix remodeling enzyme from autodegradation, resulting
in increased MMP-9 expression levels and angiogenesis.®
The MMP-9/NGAL complex was detected in the majority
of the urine samples from patients with breast cancer but not
in those from healthy individuals. The association of LCN2
with MMP-9 is thought to prevent MMP-9 autodegradation

and elevate the enzymatic activity of MMP-9 in vitro and in
patients with breast cancer.* These results indicate that LCN2
serves an important role in changing the tumor microenvi-
ronment and promoting hematogenous metastasis of breast
cancer and is expected to be a therapeutic target for the
prevention and treatment of breast cancer metastasis.

LCN2 as a potential target for

breast cancer metastasis

Based on the aforementioned findings, the results demon-
strate that LCN2 promotes local tumor invasion and cancer
metastasis by inducing EMT and stimulating angiogenesis
in vitro and in vivo, which suggests that LCN2 may be a
promising therapeutic target in inhibiting breast cancer
progression. Agents that can diminish and prevent LCN2
secretion tend to have a broad application and be beneficial
to patients with breast cancer (Table 1).

Leng et al*’ identified that when mice were injected with
anti-mouse LCN2 antibody murine breast tumors could
form; however, lung metastasis was blocked, which possibly
resulted in part by destabilizing the LCN2/MMP-9 complex.
The results suggested that inhibition of LCN2 function by
an inhibitory monoclonal antibody has potential in breast
cancer therapy, particularly by interfering with metastasis
in aggressive types of breast cancer.’® Following this, it was
reported that nuclear factor of activated T-cells 3 (NFAT3)
was required to cooperate with estrogen receptor o-positive
(ERA") and suppress LCN2 gene expression to inhibit

Table | Agents targeting LCN2 and possible LCN2-associated pathways affecting breast cancer metastasis

Agents Breast cancer lines or

mouse models

Mechanisms

References

Anti-mLCN2 antibody Nude mice implanted with

4TI cells

Destabilizes LCN2/MMP-9 complex

Leng et al 2009%°

and MDA-MB-468

NFAT3 ERA* breast cancer: MCF-7, T-47D, | NFAT3/LCN2 axis controls motility Fougére et al 2010
ZR-75-1 and BT-474
C/EBP{ TNBC: MDA-MB-231 Represses LCN2 gene promoter activity Wang et al 201 |
and MMPs
Trastuzumab HER2-positive SKBr3 Inhibits LCN2 via the PI3K/AKT pathway Kumandan et al 2013%°
HICI TNBC: MDA-MB-231 Inhibits LCN2 secretion by the AKT pathway, | Cheng et al 2014°'

reducing cell migration and invasion

CXCR4 with LCN2 siRNA TNBC: MDA-MB-436

and MDA-MB-231

Inhibits CXCR4 and LCN2 pathways
simultaneously

Guo et al 20147

MDA-MB-453

ICAM-Lcn2-LP TNBC: MDA-MB-231 LCN2 knockdown reduces VEGF and Guo et al 2016*
angiogenesis
MART-10 TNBC: MDA-MB-231 Suppresses LCN2, decreasing MMP-9 Chiang et al 2016"'

activity and cell migration and invasion

Abbreviations: AKT, protein kinase B; C/EBP{, CCAAT enhancer-binding protein; CXCR4, C-X—C chemokine receptor type 4; ERA", estrogen receptor o.-positive; HICI,
hypermethylated in cancer |; ICAM-Lcn2-LP, intercellular adhesion molecule-|-targeted, Lcn2 siRNA-encapsulating liposome; LCN2, lipocalin 2; MART-10, [9-nor-20-(3-
hydroxypropyl)-10,25(OH),D,; MMP-9, matrix metalloproteinase-9; NFAT3, nuclear factor of activated T-cells 3; PI3K, phosphotylinosital-3-kinase; TNBC, triple-negative

breast cancer; VEGF, vascular endothelial growth factor.
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the invasion and migration of ERA" breast cancer cells,
including MCF-7, T-47D, ZR-75-1 and BT-474 cells. This
finding suggested that an earlier unknown NFAT3/LCN2
axis may critically control motility in breast cancer.’” In
addition, overexpression of the transcriptional factor CCAAT
enhancer-binding protein (C/EBP) induced a strong decrease
in LCN2 and MMPs in breast cancer. Furthermore, it directly
repressed human LCN2 gene promoter activity by inhibiting
its transcription in MDA-MB-231 cells, as determined by the
dual-luciferase reporter assay.*

Kumandan et al® reported that trastuzumab signifi-
cantly inhibited the basal expression of LCN2 in HER2-
positive SKBr3 human breast cancer cells. However, the
unfolded protein response (UPR) could completely attenuate
trastuzumab-mediated LCN2 downregulation. Inhibition of
the PI3K/AKT signaling pathway in trastuzumab-treated/
UPR-induced SKBr3 cells could partially reduce the
upregulation of LCN2%. This also suggested that the PI3K/
AKT signaling pathway is one of the mechanisms inducing
LCN2 expression. The synergistic approach of coupling
C—X-C chemokine receptor type 4 (CXCR4) axis blockade
with LCN2 siRNA inhibited migration in MDA-MB-436
and MDA-MB-231 TNBC cells. The results suggested that
drug delivery vehicles engineered to target CXCR4- and
LCN2-mediated migratory pathways may effectively slow
progression of metastatic breast cancer.”” Furthermore,
Guo et al* engineered an intercellular adhesion molecule
(ICAM)-1-targeted, LCN2 siRNA-encapsulating liposome
(ICAM-Lcn2-LP) delivery system to treat MDA-MB-231
and MCF-10A cells. Their results indicated that ICAM-
Lcen2-LP could bind with human TNBC MDA-MB-231
cells significantly stronger than nonneoplastic MCF-10A
cells. In addition, LCN2 knockdown by ICAM-Lcn2-LPs
led to a significant reduction in the production of VEGF,
which resulted in anti-angiogenesis effects in MDA-MB-
231 cells in vitro and in vivo.* Other findings have reported
that LCN2 was suppressed by 10,25(OH),D, (vitamin D,)
and its analog 19-nor-20-(3-hydroxypropyl)-10.,25(0OH),D,
(MART-10), which decreased the abilities of migration and
invasion in TNBC cells. Notably, MMP-9 activity was also
downregulated by MART-10."!

Conclusion

This review provides strong evidence for the role of LCN2
in aggressive subtypes of breast cancer, metastasis and
poor prognosis. Due to its property as a secretory protein,
LCN2 can be easily detected in the blood circulation or
urine, and previous findings have suggested that LCN2 may

be a noninvasive diagnostic and prognostic biomarker for
breast cancer progression. It has been identified that LCN2
can actively promote breast cancer metastasis by inducing
VEGF production, angiogenesis, EMT and cell migration and
invasion through multiple signal pathways, including PI3K/
AKT/NF-xB and HIF-10/Erk. Notably, silencing LCN2 in
breast cancer cells can reduce tumor progression. Therefore,
development of therapeutic agents targeting LCN2 may have
vital clinical implications for the treatment of breast cancer
metastasis. Given the significant correlation between LCN2
secretion and TNBC cells, accompanied with the rapid
metastasis of tumors and limited available treatment methods
that result in high mortality rates for TNBC relative to other
HER2- and ER-positive breast cancer types, it is of great
importance to identify a potential LCN2-targeted therapeutic
approach for the prevention and treatment of TNBC.
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