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Lipocalin-2 promotes breast
cancer brain metastasis

by enhancing tumor
invasion and modulating
brain microenvironment
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Breast cancer is the leading cancer diagnosed in women globally, with brain
metastasis emerging as a major cause of death, particularly in human epidermal
growth factor receptor 2 positive and triple-negative breast cancer subtypes.
Comprehensive understanding of the molecular foundations of central nervous
system metastases is imperative for the evolution of efficacious treatment strategies.
Lipocalin-2 (LCN2), a secreted iron transport protein with multiple functions, has
been linked to the progression of breast cancer brain metastasis (BCBM). In primary
tumors, LCN2 promotes the proliferation and angiogenesis of breast cancer cells,
triggers the epithelial-mesenchymal transition, interacts with matrix
metalloproteinase-9, thereby facilitating the reorganization of the extracellular
matrix and enhancing cancer cell invasion and migration. In brain
microenvironment, LCN2 undermines the blood-brain barrier and facilitates tumor
seeding in the brain by modulating the behavior of key cellular components. In
summary, this review meticulously examines the fuel role of LCN2 in BCBM cascade,
and investigates the potential mechanisms involved. It highlights the potential of
LCN2 as both a therapeutic target and biomarker, indicating that interventions
targeting LCN2 may offer improved outcomes for patients afflicted with BCBM.

KEYWORDS

lipocalin-2, breast cancer brain metastasis, blood-brain barrier, brain
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1 Introduction

Breast cancer (BC) is the most prevalent cancer in the women worldwide and ranks as
the second highest cause of cancer-related mortality (1). Brain metastasis (BrM) stands out
as a significant contributor to mortality in breast cancer patients, particularly in certain
subtypes. An estimated 30-50% of patients with metastatic HER2-positive breast cancer
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and 25-46% of those with metastatic triple-negative breast cancer
(TNBC) develop BrM (2-4). The current clinical approach for
treating breast cancer brain metastasis (BCBM) involves a
multidisciplinary strategy that encompasses surgery, stereotactic
radiation therapy, and chemotherapy (5). Despite advancements in
surgery and radiotherapy that have led to improved survival rates
for patients with metastatic brain tumors, cognitive impairment and
a decline in quality of life remain unavoidable challenges (6).
Consequently, more effective systemic treatments are urgently
required to enhance the management of BCBM.

The development of brain metastasis from cancer typically involves
a series of well-defined stages: primary tumor growth and invasion,
intravasation into lymph and blood vessels, survival of circulating
tumor cells (CTCs) in the circulation, extravasation across blood-brain
barrier (BBB), and ultimately colonization and proliferation within the
brain (7-9). Targeted therapies such as tucatinib, neratinib, and
pyrotinib have shown effective antitumor activity against metastatic
brain tumors (10). However, BBB often prevents drugs penetrating the
brain, limiting the efficacy of most treatments for brain metastases (11).
Central nervous system (CNS) metastases have distinct molecular
characteristics that differ from primary tumors and other metastases,
reflecting tumor heterogeneity (12). Genetic variations in intracranial
lesions can quickly lead to resistance to systemic therapies (13).
Therefore, the thorough understanding of the molecular mechanisms
underlying CNS metastases is essential for developing more
effective treatments.

LCN2, also known as neutrophil gelatinase-associated lipocalin
(NGAL), has been found to be systemically upregulated in the brain
tissue of BCBM patients and is strongly correlated with disease
progression and poor survival (14). It is a multifunctional protein
belonging to the lipocalin superfamily, playing roles in the innate
immune response, inflammatory response, iron homeostasis, lipid
metabolism, tumor migration, and apoptotic signaling (15-17).
LCN2 was initially identified as a 25-kDa human neutrophil
protein isolated from the 135-kDa form of gelatinase, consisting
of a 198-AA protein with a 20-AA signal peptide at the N-terminal
and a 178-AA protein with glycosylation sites (18, 19). Its conserved
three-dimensional (3D) structure, characterized by an 8-stranded
B-barrel, allows LCN2 to bind to various ligands and receptors
including megalin/GP330 in humans and SLC22A17/24p3R in
mice, forming molecular complexes through disulfide bonds with
neutrophil gelatinase B (18-22).

During inflammation and immune responses, LCN2 serves as a
pivotal acute phase protein that is markedly upregulated (23). It
transports iron by forming complexes with siderophores, aiding
circulation while blocking reactivity (24, 25). In addition,LCN2 has
the ability to limit bacterial growth by sequestering iron chelators
during immune responses and acts as an antioxidant, protecting
against oxidative stress and maintaining hypoferremia (26-30).
Notably, intracellular expression of LCN2 has been shown to
promote the progression of various tumors, such as breast cancer,
colorectal cancer, cholangiocarcinoma (31, 32). Although extensive
research indicates that LCN2 significantly contributes to
progression of breast cancer, its specific role in breast cancer
brain metastasis is not yet fully understood. In this review, we
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outline the multifaceted role of LCN2 in promoting breast cancer
brain metastasis, highlighting its contribution to BBB disruption
and the brain microenvironment (Figure 1).

2 LCN2 promotes growth and
invasion of primary breast cancer

Primary tumor growth and invasion are crucial in the
development of BCBM, as they provide the initial population of
cancer cells that can disseminate to distant sites (33). Studies have
shown that LCN2 is actively involved in these processes by
promoting cellular proliferation, angiogenesis, EMT and ECM
remodeling, thereby enhancing the metastatic potential of breast
cancer cells (Figure 2) (34). Consequently, understanding the role of
LCN2 in primary tumor growth and invasion is vital for developing
targeted therapies to prevent BCBM.

2.1 Proliferation and angiogenesis

The heterogeneity of LCN2 expression was initially validated
through meticulous immunohistochemical analysis of MCE-7 tumor
samples, which revealed that tumors with elevated LCN2 levels
exhibited accelerated growth rates, enhanced angiogenesis, and a
significantly higher proportion of proliferating tumor cells (35). The
overexpression of HER2 orchestrates the upregulation of LCN2 via the
HER2/AKT/NEF-xB signaling cascade, which is intimately associated
with heightened tumorigenesis and progression in breast cancer
patients (36, 37). In the context of inflammatory breast cancer
(IBC), a reduction in LCN2 expression was found to markedly
suppress tumor growth, invasion, and metastatic spread to the brain
in both in vitro and in vivo studies (38). Furthermore, Wilms tumor 1-
associated protein (WTAP) mediated Nuclear protein-1 (NUPR1) was
identified as a positive regulator of LCN2 expression through m6A
modification, fostering TNBC cellular proliferation, migration, and
invasion by inhibiting ferroptosis (39). These findings underscore the
significant upregulation of LCN2, thereby driving enhanced
proliferation and progression across diverse breast cancer cell lines.

Angiogenesis and lymphangiogenesis are pivotal in BCBM, as
they facilitate the formation of new blood and lymphatic vessels,
providing essential pathways for cancer cell dissemination and
establishment in the brain (40). To stimulate angiogenesis, vascular
endothelial growth factor (VEGF), a crucial angiogenic activator, is
indispensable for the angiogenic activity (41). Recent studies have
found that LCN2 expression significantly elevates VEGF levels by
inducing hypoxia-inducible factor 1 (HIF-1ct) expression through the
extracellular signal-regulated kinase (Erk) pathway in both MCF-7
human breast cancer cells and an angiogenic line derived from MDA-
MB-436 cells (42). Furthermore, the Matrix metalloproteinase-9
(MMP-9)/LCN2 complex was also identified in MCF-7 cells,
significantly contributing to enhanced cell proliferation and
angiogenesis (35). During tumor lymphangiogenesis, tumor-
associated macrophages (TAMs) release VEGF-C/D, which
increases tumor lymphangiogenesis by interacting with their
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FIGURE 1

Graphical summary of biological mechanisms of LCN2 involved in breast cancer brain metastasis (Created with BioRender.com). LCN2 promotes
local tumor growth and invasion through angiogenesis, EMT, and ECM remodeling, which are crucial preconditions for cancer cells to intravasate
and migrate to the brain. During extravasation, LCN2 disrupts the BBB and facilitates CTCs in penetrating blood vessels into the brain by inducing the

release of pro-inflammatory cytokines from astrocytes, microglia and ne

utrophils. Finally, the surviving cancer cells colonize and proliferate in the

brain by modulating neuroinflammation and creating an immunosuppressive brain microenvironment. EMT, epithelial to mesenchymal transition;
ECM, extracellular matrix remodeling; CTCs, Circulating tumor cells; BBB, Blood-Brain Barrier.

receptor VEGFR3 on lymphatic endothelial cells (LECs) (43, 44).
Phospholipid sphingosine 1-phosphate (S1P), released from dying
breast tumor cells, activates the STAT3 consensus sequence at the
LCN2 promoter, promoting the expression of LCN2 in TAMs by S1P
receptor 1 (S1PR1) (45). TAM-derived LCN2 has been shown to
induce LEC proliferation and lymphangiogenesis, through the
subsequent induction of the VEGFC-VEGFR3 interaction in LECs.
Deletion of LCN2 significantly inhibited lymphatic vessel growth
surrounding tumors and decreased metastasis of breast tumors in
both MMTV-PyMT mice and mice with orthotopic wild-type
tumors (45). These findings highlight the crucial role of LCN2 in
regulating VEGF-mediated angiogenesis and promoting tumor
lymphangiogenesis through the induction of VEGFC-VEGFR3
interaction, emphasizing its potential as a therapeutic target in

breast cancer.

2.2 Epithelial-mesenchymal
transition (EMT)

EMT is a biological process during which epithelial cells
transform into motile mesenchymal cells, thereby acquiring
enhanced capabilities for proliferation and migration (46). This
transformation involves an increase in mesenchymal markers such
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as vimentin and fibronectin, coupled with a decrease in the
epithelial marker E-cadherin (47, 48). The CRISPR-mediated
knockout of LCN2 in human TNBC cells resulted in a marked
reduction in TNBC aggressiveness, primarily by modulating the
EMT process and inhibiting cell migration (49). In MCF-7 cells, the
silencing of PTEN results in the upregulation of LCN2 and MMP-9,
which subsequently leads to elevated expression of EMT-associated
transcription factors, including Snail/Slug, Zeb1/2, Twist, and P-
cadherin (48). Conversely, treatments with MART-10 and 10,25
(OH)2D3 suppressed the expression of LCN2 and MMP-9 and
reversed the EMT process by reducing the expression of Zeb1, Zeb2,
Snail, and Slug in MDA-MB-231 cells (50). Furthermore, estrogen
receptor o (ER0) has been noted to negatively regulate Slug (47),
and a negative correlation was observed between LCN2 expression
and the expression of ERa and progesterone receptor (PR) in
primary breast tumors (51, 52). Collectively, these findings
suggest that LCN2 may induce EMT via the ER/Slug pathway,
beginning with the downregulation of ERo, leading to the
upregulation of Slug expression, and culminating in the
acquisition of a mesenchymal phenotype (53).The role of LCN2
in EMT within the tumor microenvironment (TME) has also been
investigated. In both PyMT-mouse models and human breast
tumors, LCN2 expression predominantly occurs in the tumor
stroma rather than within tumor cells (54). Tumor stroma-
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FIGURE 2

Structure and biomechanisms of LCN2 involved in primary breast cancer growth and invasion (Created with BioRender.com). In primary breast
cancer, LCN2 emerges as a critical player influencing multiple aspects of tumor biology, including promoting tumor growth, angiogenesis, EMT, and

ECM remodeling.

derived LCN2, particularly that secreted by M2 macrophages via
STAT3 and C/EBPp signaling pathways, induces EMT in MCF-7
breast cancer cells, thereby enhancing their migration and invasion
capabilities in both in vitro and in vivo models (55). Within the
TNBC microenvironment, LCN2 released by macrophages,
fibroblasts, and endothelial cells significantly promotes the
proliferation and migration of TNBC cells (56). These
findings underscore the pivotal role of LCN2 in facilitating
EMT, emphasizing the necessity for further investigation to
fully elucidate the underlying mechanisms and potential
therapeutic targets.

2.3 Extracellular matrix (ECM) remodeling

LCN2 interacts with MMP-9 to form a 125-kDa urinary MMP-
9/LCN2 complex, which significantly contributes to the progression
and metastasis of various tumors (57). During tumor progression,
MMP-9 facilitates the invasion of tumor cells into the basement
membrane by degrading specific substrates such as gelatin, elastin,
and collagens, thereby promoting tumor metastasis and
dissemination (58, 59). In the MMTV-PyMT model, activated
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MMP-9 has been shown to facilitate breast cancer cell migration,
invasion, and metastasis to lung niche (60). In human breast
cancer, the MMP-9 x LCN2 complex was first identified by
antibody detection and has been found in the urine of breast
cancer patients as opposed to healthy individuals (35, 61).
Overexpression of LCN2 in MCF-7 and HER2-positive breast
cancer cells is associated with increased levels of MMP-9,
enhanced stabilization and activation of its enzymatic activity,
and protection from degradation (34). This interaction enhances
tumor proliferation, invasion, migration, and angiogenesis (35, 37,
61). Prior research indicates that the downregulation of LCN2 and
MMP-9 can significantly suppress breast cancer migration and
invasion. This suppression can be achieved by the overexpression
of the transcriptional factor CCAAT/enhancer-binding protein
(C/EBPQ), as well as treatment with 10,25(OH)2D3 and its newly
synthesized analog MART-10 (50, 62). Clinical studies have further
corroborated this interaction, suggesting that LCN2 could serve as a
predictive biomarker for MMP-9 levels and the progression of
breast cancer (35, 63). Furthermore, LCN2 is identified as a direct
target gene of Hypermethylated in Cancer 1 (HIC1), a tumor
suppressor specifically active in TNBC. LCN2 can partially rescue
HIC1-induced reductions in cell invasion and metastasis with no
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effect on the regulation of EMT or MMP?9 activity, which suggests
that the function and potential mechanisms of LCN2 in breast
cancer need to be further elucidated (64).

In primary breast cancer, LCN2 significantly contributes to the
growth by promoting proliferation, lymphangiogenesis and
angiogenesis. It also induces breast cancer cells to undergo EMT.
Furthermore, LCN2 can interact with MMP-9 to facilitate the
degradation of extracellular substrates. This transformation,
coupled with the MMP-9 x LCN2 complex, enables the cells to
remodel their surrounding ECM and enhance tumor cell invasion.
These capabilities equip the cells to infiltrate adjacent tissues and
subsequently penetrate the blood vessel endothelium to become
circulating tumor cells (CTCs), either as individual cells or in clusters.

3 LCN2-mediated blood-brain
barrier disruption

CTCs are released from primary tumors and travel through the
bloodstream or lymphatic system before lodging in distant tissues
(65). To successfully colonize and proliferate within the brain, CTCs
must traverse the BBB (66, 67). The BBB is a complex, dynamic, and
selectively permeable structure that lines the blood vessels in the
brain. It serves as a physical and metabolic barrier between the
bloodstream and the neuroglia of the CNS parenchyma (68). The
structural integrity of the BBB is maintained by a complex elements
including tightly connected ECs, astrocytic endfeet, pericytes, and
various ECM components (69). These elements interact to regulate
permeability, provide structural support, and ensure selective
barrier function, protecting the CNS from harmful substances
(70).LCN2 is upregulated in key cellular components of the BBB
such as cerebral endothelial cells, neutrophils, and astrocytes, while
its receptor 24p3R is expressed in oligodendrocytes, astrocytes,
endothelial cells, and pericytes, particularly in brain metastasis
(71, 72). Previous research indicates that LCN2 increases BBB
permeability by significantly raising capacitance and reducing
transendothelial electrical resistance (TEER), thus enhancing BBB
leakage (73). However, the potential mechanisms by which LCN2
disrupts the BBB are still unclear.

A major factor contributing to BBB disruption is uncontrolled
inflammation following injuries or diseases. Recent work has shown
that blocking pro-inflammatory cytokines, including TNFa, IL-1j3,
and IL-6, can reduce the permeability of BBB (74). Elevated levels of
circulating LCN2 stimulate the release of pro-inflammatory
cytokines IL-6 and IL-1B in brain endothelial cells, leading to
BBB disruption by reducing the expression of tight junction
proteins such as claudin-5 and ZO-1 (75). Astrocytes play a
decisive role in maintaining and regulating the integrity of the
BBB by directly interacting with endothelial cells and modulating
the barrier function through their foot processes and organic anion
transporters (76). Recent work has shown that LCN2 activate
astrocytes and induce the expression of VEGFA, thereby
influencing BBB permeability via the activation of the
downstream effector eNOS (77, 78). Another pathway is
astrocyte-derived VEGFA, which can increase the BBB
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permeability by down-regulating the endothelial transmembrane
tight junction proteins claudin-5 and occludin, resulting in
increased paracellular permeability and loss of barrier function
(79). In other components, recent studies indicate that LCN2
contributes to BBB disruption by promoting neutrophil
infiltration, which exacerbates BBB disruption through the release
of reactive oxygen species (ROS) and proteases (80). Neutrophils
release ROS and facilitate other cells to produce cytokines,
attracting more leukocytes from the periphery. The recruitment
of inflammatory cells is aggravated by ROS-induced NF-xB-
mediated upregulation of adhesion molecules, propagating an
inflammation cascade that further promotes BBB disruption (81,
82). Neutralizing LCN2 with a monoclonal antibody has been
shown to reduce the production of pro-inflammatory mediators
such as iNOS, IL-6, CCL2, and CCL9, as well as neutrophil
infiltration, resulting in reduced BBB leakage (71). After all, the
underlying intercellular signaling pathways, as well as strategies for
using these effects to keep the integrity of BBB are promising targets
for future study.

Microglia, the long-lived resident immune cells of the brain, are
crucial for BBB function. M1 microglia exacerbate BBB disruption,
whereas M2 microglia aid in repairing BBB damage (83). Under this
condition,LCN2 amplifies pro-inflammatory M1 polarization of
activated microglia, with increased the MIl-related gene
expression including IL-12, IL-23, iNOS, TNF-0, and CXCL10 in
cultured mouse microglial cells without affecting M2-markers such
as IL-10, Argl, and Mrcl (84). IL-12 and TNEF-q,, secreted by M1
type microglia, accelerate the polarization of Th1 cells and increase
BBB permeability (80). In M1 microglia, secreted chemokines
CXCL10 promote BBB disruption and acts as a chemoattractant
protein that facilitates monocyte and macrophage migration across
the BBB (85). Another way, iNOS, upregulated by M1 microglia,
lead to the production of nitric oxide (NO), which can combine
with superoxide anion (O2-) to form peroxynitrite (ONOO-).
Peroxynitrite causes extensive damage to neurons and cerebral
microvessels, contributing to BBB disruption through lipid
peroxidation, depletion of antioxidants, DNA fragmentation, and
mitochondrial failure (86). Furthermore, recent research indicates
that microglia-derived TNF-o. interacts with TNFR-1 to disrupt
tight junctions (TJs) and induce BMEC necroptosis (87). The ability
of TNF-o to increase BBB permeability after CNS injuries and
metastasis is well established. TNF-ou disrupts BBB in two ways:
First, TNF-o reduces claudin-5 levels via the NF-xB signaling
pathway and disrupts TJs through the activation of p38MAPK
and MEK1/2-ERK1/2 pathways (88, 89). Second, TNF-o also
upregulates MMP-9 via the Ca/CAMK II/ERK/NF-xB signaling
pathway, degrading TJs and the basal membrane of the BBB, further
compromising BBB integrity (90). In short, Microglia-derived
LCN2 amplifies pro-inflammatory M1 polarization, exacerbating
BBB disruption through multiple mechanisms, including cytokine
secretion, chemokine promotion, and oxidative damage, ultimately
compromising BBB integrity. In summary, LCN2 disrupts the BBB
by activating astrocytes, polarizing microglia, and promoting
neutrophil infiltration, making it a crucial target for preserving
BBB integrity in brain metastasis (Figure 3).
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Effects of LCN2 on Blood-Brain Barrier disruption during inflammation response (Created with BioRender.com). LCN2 disrupts the BBB by
modulating the activation of astrocytes, microglia, and neutrophils, thereby amplifying the pro-inflammatory response and releasing inflammatory

factors, ultimately leading to BBB leakage.

4 LCN2 facilitates tumor seeding in
the brain microenvironment

The brain is composed of two main microenvironments: the
densely cellular parenchyma and the cerebrospinal fluid (CSF)-filled
leptomeninges (91).The brain parenchyma hosts cell types unique to
the CNS, including astrocytes, microglia, oligodendrocytes, and
neurons, which together form a complex network (91). Thus,
interactions between cancer cells and these brain-specific cell types
are unique to brain metastases and stromal gene expression changes
significantly between normal and metastatic brain tissue (92).
Analyzing the composition of BrM niches reveals these
immunosuppressive states with enriched infiltrated T cells and
macrophages in BCBM (93). These immunosuppressive cells such
as FOXP3+ regulatory T cells, LAMP3+ tolerogenic dendritic cells,
CCL18+ M2-like macrophages, RGS5+ cancer-associated fibroblasts,
and LGALS1+ microglial cells are significantly reprogrammed, with
interactions of immune checkpoint molecules LAG3-LGALS3 and
TIGIT-NECTIN2 between CD8+ T cells and cancer/immune/
stromal cells that play dominant roles in immune escape (94).
Additionally, 3D organoids show that cancer-associated fibroblasts
(CAF) in human BrM attract breast cancer cells via chemokines
CXCL12 and CXCL16 (95). Within the TME of BCBM, CAF exhibit
high expression of type I collagen genes and dominate cell-cell
interactions via the type I collagen signaling axis, facilitating the
remodeling of the TME to a collagen-I-rich ECM (94). Furthermore,
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GFAP+ reactive astrocytes expressing phosphorylated STAT3
(pSTAT3+ GFAP+ cells) are essential for BrM colonization and
outgrowth via Chi3L1, a STAT3 target gene expressed by stromal
cells in the BrM microenvironment (96).Taken together, the unique
interactions between cancer cells and brain-specific stroma cell types,
along with the immunosuppressive microenvironment in brain
metastases, play crucial roles in immunosuppression and
tumor progression.

Interactions between microglia and metastatic cancer cells,
astrocytes, and other immune cells in the brain parenchyma are
involved in multiple processes associated with brain metastasis,
including inflammation, angiogenesis, and immune modulation
(97). In brain parenchyma, LCN2 is predominantly expressed and
secreted by reactive astrocytes and activated microglia through
autocrine and paracrine mechanisms. Inflammatory stimulation
can increase the expression and secretion of LCN2, which then
acts in an autocrine manner to induce morphological changes and
sensitization processes in astrocytes and microglia (98, 99). Under
disease conditions, LCN2 has been demonstrated to activate both
astrocytes and microglia and modulate their production of both
anti- and pro-inflammatory cytokines by regulating iron
accumulation, mediating the regulation of neuroinflammation
and neurotoxicity (17). The interactions of LCN2 in the brain
microenvironment of BrM, specifically its impact on astrocytes, as
well as the recruitment of macrophages and neutrophils, are
investigated in this context (Figure 4).
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FIGURE 4

lllustration of the interactions among key components in the brain microenvironment (Created with BioRender.com). LCN2 facilitates tumor seeding
in the brain microenvironment by activating astrocytes, promoting neuroinflammation, enhancing iron availability via macrophage secretion, and
promoting neutrophil recruitment. These mechanisms collectively promote brain metastasis progression.

4.1 Astrocytes

In the CNS, astrocytes are the primary cellular source for LCN2
expression (100). Studies have shown that LCN2 expression in
astrocytes is induced by proinflammatory stimuli rather than anti-
inflammatory stimuli (101). The LCN2 derived from classically
activated astrocytes promotes further proinflammatory activation
(102). These results support the notion that LCN2 promotes the
classical activation of astrocytes in an autocrine manner (103).
LCN2-activated astrocytes in brain metastasis are induced by
various cytokines and growth factors secreted by cancer cells.
Once recruited and activated by brain metastasizing cells, reactive
astrocytes induce growth-promoting signaling in tumor cells by
expressing PD-L1 to inhibit T-cell activation and secrete
inflammatory factors, including lipocalin-2, directly suppressing
immune cells (104). LCN2 also acts as a signaling molecule that
transmits signals from the periphery to the brain, promoting
neuroinflammation through astrocyte activation during breast
cancer brain metastasis (105). Increased circulatory LCN2
upregulates the expression of the LCN2 receptor (24p3R) on
astrocytes, microglia, brain endothelial cells, and the secretion of
damage associated molecular pattern protein (DAMP) and high
mobility group box 1(HMGBI1), which subsequently induces
oxidative stress and nod-like receptor protein 3 (NLRP3)
inflammasome activation (75). Furthermore, elevated systemic
levels of LCN2 in blood can initiate neuroinflammation by
activating astrocytes, promoting brain metastasis by recruiting
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immunosuppressive myeloid monocytes and granulocytes, which
in turn secrete LCN2, exacerbating neuroinflammation in brain
metastasis (14). Collectively, these results indicate that elevated
LCN2 stimulates the activation of astrocytes, leading to
neuroinflammation and an enhanced release of pro-inflammatory
cytokines and chemokines, which can be exploited by tumor cells to
promote metastases formation and growth in brain metastasis.

4.2 Microglia/macrophage

Upon interacting with tumor cells, TAMs develop an iron-
releasing phenotype, thereby augmenting the iron supply in the
TME (106). The expression of iron-bound LCN2 in stromal cells
and macrophages is associated with the initiation of tumors,
metastases, and recurrence, independently of ferroportin (107). In
both PyMT-mouse tumors and primary human breast tumors,
LCN2 is primarily expressed in the tumor stroma rather than in
the tumor cells themselves. Macrophage-derived LCN2 is crucial for
iron transport into the TME, significantly enhancing tumor cell
proliferation (108). Studies show that iron bound to LCN2 released
by macrophages increases MCF-7 tumor cell proliferation, while
LCN2 knockdown reduces both iron release and cell proliferation
(109). Additionally, LCN2 depletion reduces FPN expression,
suggesting a cooperative role in regulating iron export from
TAM. These findings highlight the pivotal role of LCN2 in tumor
iron metabolism and progression (110). Moreover, IL-10 has been
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demonstrated to polarize macrophages toward a regulatory M2
phenotype, upregulating the protumorigenic protein LCN2 through
a STAT3 and C/EBPB-dependent mechanism (111). However, in
breast cancer leptomeningeal metastasis, macrophages do not
produce LCN2 themselves. Instead, they induce cancer cells
within the CSF to upregulate the expression of LCN2 and its
receptor SCL22A17. This upregulation enables the collection of
limited extracellular iron, thereby promoting breast cancer cell
growth in the hypoxic leptomeninges (112).

4.3 Neutrophils

The intricate interplay between innate immune cells and tumor
progression within the brain remains elusive. Notably, in brain
metastatic sites, the increased presence of neutrophils significantly
correlates with the expression of c-Met, which can be activated by
its cognate ligand—hepatocyte growth factor (HGF) in tumor cells
(113).The elevated activation of the c-Met pathway in brain
metastatic cells leads to the upregulation of inflammatory
cytokines like G-CSF, GM-CSF, CXCL1, and CXCL2.
Consequently, these cytokines enhance the infiltration and
survival of neutrophils within the brain microenvironment.
Furthermore, c-Met-mediated cytokine signaling reprograms
neutrophils into the N2 phenotype and modulates LCN2
expression in neutrophils, significantly enhancing the stemness
properties of brain metastatic cell lines. Among these cytokines,
tumor cell-derived G-CSF stands out as the primary cytokine
responsible for upregulating LCN2 expression in neutrophils and
inducing their reprogramming into immunosuppressive traits
(114). Furthermore, LCN2 released by N2-neutrophils also
promotes the mesenchymal-epithelial transition (MET) of breast
cancer cells during metastasis via ERK/KLF4 signaling, thereby
facilitating colonization and metastatic outgrowth (52). Collectively,
the recruitment and modulation of neutrophils by c-Met high brain
metastatic cells in metastatic sites promote brain metastasis through
G-CSF-mediated LCN2 secretion in theTME.

5 Interactions between LCN2 and TME
in preclinical models

Recent advancements in preclinical models have significantly
enhanced the ability to study and treat heterogeneous tumors by
accurately replicating the diverse TME in human cancer models
(115, 116).Immune cells from blood or patient tumors have been
reconstructed with heterogenic established cancer cell lines in
conventional monolayer, spherical, or primary organoid cultures.
However, these traditional vitro tumor models do not fully retain
the diversity and physical structure of the complex TME,
particularly lacking the capability to co-culture primary tumor
epithelium with their natural infiltrating immune population
(117). In recent years, the development of various 3D models,
including 3D spheroid models, organoids, and organ-on-chip
systems, has improved the study of physiologically relevant TME
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interactions through integrating different systems and facilitated
high-throughput screening platforms for anti-cancer drug discovery
and development (118, 119). These advancements have
revolutionized biomedical research by replicating the complex
TME in vitro, enabling detailed studies of tumor biology, cell
interactions, and disease progression through advanced
microphysiological systems (120). LCN2 has been implicated in
regulating TME interactions and tumor progression in well-defined
preclinical models.

Using a 3D spheroid model in which MCF-7 spheroids were
treated with either LCN2-deficient or LCN2-containing
macrophage-conditioned medium and then embedded in a
collagen I matrix, it was confirmed that macrophage-derived
LCN2 induces EMT and enhances the migration and invasion of
MCE-7 breast cancer cells into the ECM (55). Notably,
macrophage-derived LCN2 was found to donate iron to cancer
cells, enhancing tumor growth, in a 3D tumor spheroid model
established by stable LCN2R knockdown MCF-7 and MDA-MB-
231 breast cancer cells (107). In another study using human cerebral
organoids and direct astrocyte cultures, LCN2 synthesis in human
neural cells was found to depend on the presence of microglia, with
conditioned media from LPS-stimulated microglia significantly
increasing LCN2 levels (121). In glioblastoma models, co-
culturing glioblastoma cells with microglia resulted in
significantly higher LCN2 levels and increased nuclear NFxB and
STAT3 phosphorylation compared to monoculture, suggesting that
microglia stimulate glioblastoma through LCN2 modulation (121).
Furthermore, cytokine array and RNA sequencing analysis
identified the LCN2 as a key factor in remodeling TME in the
hepatocellular carcinoma (HCC)-on-a-chip model. LCN2 targeted
therapy demonstrated robust anti-tumor effects in both the in vitro
3D biomimetic chip and in vivo mouse model, including inhibition
of angiogenesis, promotion of sorafenib sensitivity, and
enhancement of nature killer (NK)-cell cytotoxicity (122). Taken
together, these innovations in 3D culture technologies and
preclinical models have provided powerful tools for
understanding the intricate interactions of LCN2 within the TME.
Although the role of these preclinical models in LCN2-mediated
brain metastasis has not yet been clearly studied, they suggest that in
various tumors, different cells within the microenvironment
regulate LCN2 expression to promote tumor progression.

6 LCN2-mediated resistance to
radiotherapy and chemotherapy

Chemotherapy and radiotherapy are among the most common
therapeutic tools used in cancer treatment, typically following the
surgical removal of tumors (123). However, several barriers have
diminished the effectiveness of these treatments. One major issue
leading to the failure of both chemo- and radiotherapy is the
resistance of tumor cells to anti-cancer drugs and X-ray
irradiation (124). LCN2 has been increasingly identified for its
significant role in modulating the response to radiotherapy and
chemotherapy across various cancer types (Table 1) (134).
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Research highlights that the expression of LCN2 increases
substantially following X-ray irradiation, suggesting its
involvement in cellular stress responses (135). The expression of
LCN2 in oral squamous cell carcinoma (OSCC) cells and lung
cancers was significantly upregulated by X-ray irradiation, possibly
involved in PI3K/Akt pathway. Further investigations using small
interfering RNA to silence LCN2 in OSCC cells and lung cancer
cells revealed an increase in radiosensitivity, indicating that LCN2
defends cells against extracellular stimuli and facilitates cell survival
(125). In nasopharyngeal carcinoma (NPC), LCN2 was highly
expressed in the radioresistant NPC cell line CNE2R. Reducing
LCN2 levels enhanced the radiosensitivity of NPC cells by
impairing their DNA repair and proliferation abilities.
Conversely, ectopic expression of LCN2 further promoted
radioresistance in NPC cells, likely through interactions with
hypoxia-inducible factor 1-alpha (HIF1A) (126). Although LCN2
has been implicated in promoting radioresistance in several cancer
types, further research is necessary to fully understand its role and
mechanisms across a broader range of tumors.

LCN2 also appears pivotal in chemotherapy resistance. In renal
cell carcinoma, LCN2 mediated resistance to the tyrosine kinase
inhibitor sunitinib (127). Similarly, in glioblastoma, LCN2 is
implicated in resistance to BCNU (carmustine), primarily through
its role in Akt dephosphorylation, which is crucial for apoptosis
sensitization (128). Additionally, silencing LCN2 in OSCC leads to

10.3389/fonc.2024.1448089

increased resistance to cisplatin by reducing the drug-induced
oxidative stress, an effect typically exacerbated by LCN2’s
influence on intracellular iron levels (129). When LCN2 is over-
expressed, it leads to resistance to 5-fluorouracil in colon cancer cell
lines both in vitro and in vivo by inhibiting ferroptosis through
decreasing intracellular iron levels and stimulating the expression of
glutathione peroxidase 4 and a component of the cysteine glutamate
antiporter, xCT (32). Enhanced expression of LCN2 and activation
of the Wnt signaling pathway may induce 5-FU resistance in RNA
polymerase II transcription elongation factor (EII3) over
—expressing MCF-7 cells, allowing them to evade apoptosis (130).
Moreover, LCN2 has been linked to acquired resistance to
almonertinib in non-small cell lung cancer (NSCLC) through the
LCN2-MMP-9 signaling pathway and its regulation by
HNRNPA2B1-mediated mA modification of FOXM1 facilitates
Cisplatin (DDP) resistance and inhibits ferroptosis in endometrial
cancer cells (131, 132). Additionally, LCN2 may regulate
chemosensitivity to gemcitabine treatment in pancreatic cancer.
However, further research is needed to explore the role of LCN2 in
gemcitabine resistance (133). Overall, LCN2 is a key mediator of
chemotherapy resistance across various cancers, warranting further
research into its mechanisms and potential as a therapeutic target.
However, lack of understanding of its specific mechanisms and
effects in BCBM necessitates further comprehensive research to
elucidate the role of LCN2 in this context.

TABLE 1 The influence of LCN2 on the response to radiotherapy and chemotherapy.

Author Therapy Cancer Type LCN2 Role Mechanism
Type
Shiiba 2013 Radiotherapy Oral Squamous Increases radioresistance Possibly involved in PI3K/Akt pathway
et al. (125) Cell Carcinoma
Shiiba 2013 Radiotherapy Lung Cancer Increases radioresistance Needs further research
et al. (125)
Zhang 2014 Radiotherapy Nasopharyngeal Promotes radioresistance Likely interacts with HIFIA
et al. (126) Carcinoma
Yu 2014 Chemotherapy =~ Renal Mediates resistance Mediates resistance to tyrosine kinase inhibitor
et al. (127) Cell Carcinoma to sunitinib
Zheng 2009 Chemotherapy = Glioblastoma Implicated in resistance Role in Akt dephosphorylation, crucial for apoptosis sensitization
et al. (128) to BCNU
Monisha 2018 Chemotherapy =~ Oral Squamous Increases resistance Reduces drug-induced oxidative stress
et al. (129) Cell Carcinoma to cisplatin
Chaudhary 2021 Chemotherapy = Colorectal Cancer Enhances chemoresistance Inhibits ferroptosis by lowering iron levels and increasing
et al. (32) to 5FU glutathione peroxidase 4 and xCT expression
Kim 2017 Chemotherapy = Breast Cancer Induces 5FU resistance via Participates in the activation of the Wnt signaling pathway
et al. (130) Wt signaling
Shi 2024 Chemotherapy =~ Non-Small Cell Mediates resistance Involves in LCN2-MMP-9 signaling pathway
et al. (131) Lung Cancer to almonertinib
Jiang 2023 Chemotherapy = Endometrial Cancer Facilitates cisplatin Regulated by HNRNPA2B1-mediated modifications
et al. (132) (DDP) resistance influencing ferroptosis
Zhang 2022 Chemotherapy = Pancreatic Cancer Regulates chemosensitivity Needs further research
et al. (133) to gemcitabine

PI3K, Phosphoinositide 3-kinase; HIF1A, Hypoxia-inducible factor 1-alpha; Akt, Protein Kinase B (PKB); 5FU, 5-fluorouracil; xCT, cysteine glutamate antiporter; Wnt, Wingless/Integrated;
MMP-9, Matrix metalloproteinase-9; HNRNPA2B1, N6-methyladenosine (m6A) “reader”.
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7 LCN2 as a potential marker for
diagnosis and therapy of BCBM

Based on the aforementioned findings, LCN2 has been
identified as a facilitator of breast tumor invasion and metastasis
by a variety of mechanisms: 1) induction of EMT, 2) enhancement
of angiogenesis and lymphangiogenesis, 3) binding to MMP-9,
4) interaction with innate immune system, 5) disruption of BBB
6) modulation of brain microenvironment. These activities position
LCN2 as a potential biomarker and therapeutic target for the
prevention of brain metastasis in breast cancer.

In a murine model, elevation of LCN2 levels in the blood
preceded the detection of brain metastasis by MRI (14). Notably,
nearly all mice with markedly elevated LCN2 levels developed brain
metastases, reinforcing the idea that elevated LCN2 can serve as an
indicator of brain metastasis (14). In human studies, Lcn2 levels in
urine and tissue samples from breast cancer patients have correlated
with the presence of cancer status and poor prognosis
(136).Moreover, the MMP-9/NGAL complex was detected in
86.36% of urine samples from breast cancer patients, contrasting
with its absence in samples from healthy age and sex-matched
controls (35). In a study of 55 female breast cancer patients revealed
a significant correlation between LCN2 and MM9 levels, suggesting
its potential utility in predicting MMP9 levels (63).

Therapies capable of reducing LCN2 secretion could offer
significant benefits for patients with breast cancer that has
metastasized to the brain. Mice deficient in LCN2 or treated with
an LCN2 inhibitory monoclonal antibody shown a reduction in
tumor growth and metastasis, attributed to the destabilization of the
LCN2/MMP-9 complex, underscoring the potential of such
interventions in addressing breast cancer brain metastasis (37).
Targeting LCN2 with a specific monoclonal antibody has also been
shown to attenuate the release of pro-inflammatory mediator and to
reduce the permeability of BBB further indicating the effectiveness
of this approach in curtailing brain metastasis (71).

A combined strategy involving the design of drug delivery
systems that can silence LCN2 while simultaneously blocking
other signaling pathways may offer a more effective way to
impede brain metastasis by targeting multiple migratory routes.
For instance, an Anti-CXCR4- targeted liposome encapsulating
LCN2 siRNA effectively targets metastatic breast cancer cells and
significantly blocks migration in triple-negative human breast
cancer cells (88% for MDA-MB-436 and 92% for MDA-MB-231)
along the CXCR4-CXCLI12 axis (137). Efficient silencing of LCN2
by ICAM-1-targeted liposomes encapsulating LCN2 siRNA
(ICAM-LCN2-LP) resulted in a remarkable decrease in vascular
endothelial growth factor (VEGF) production and substantially
suppressed angiogenesis in MDA-MB-231 cells that can
metastasize to the brain, both in vitro and in vivo (136).

8 Conclusion and prospect

The field of targeted therapies is rapidly advancing, with LCN2
rising as an innovative therapeutic target. Researches indicated that
LCN2 exerts a crucial influence on the progression of breast cancer
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brain metastasis through diverse mechanisms, including
enhancement of proliferation and EMT, ECM remodeling and
intravasation, disruption of the blood-brain barrier, modulation
of the neuroinflammation and immune suppression in brain
microenvironment. The multifaceted interactions of LCN2 with
various cellular elements and signaling pathways position it as a
central mediator in the metastatic cascade. The presence of elevated
systemic levels of LCN2 is associated with a poor prognosis and
enhanced metastatic capacity, highlighting its potential as a
prognostic biomarker. Interventions such as targeting LCN2 with
specific monoclonal antibodies or siRNA delivery systems have
shown promise in curbing tumor growth and metastasis.

Despite these advances, significant knowledge gaps persist
regarding LCN2. A key focus is investigating how LCN2 regulates
the expression of epithelial and mesenchymal markers in CTCs. This
could yield insights into their metastatic potential and provide a non-
invasive method of predicting responses to therapy. Another critical
area of research is the impact of the brain microenvironment on BrM;
specifically, the influence of LCN2 on neurons and other cells such as
microglia, oligodendrocytes, which warrants further investigation. Of
utmost importance, future research should concentrate on devising
effective therapeutic strategies aimed at inhibiting LCN2 activity, with
the goal of enhancing the treatment and outcomes for patients
afflicted with breast cancer brain metastasis.
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