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Tumor-secreted LCN2 impairs gastric cancer progression via
autocrine inhibition of the 24p3R/JNK/c-Jun/SPARC axis
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Gastric cancer (GC) is one of the most lethal malignancies worldwide. Despite extensive efforts to develop novel therapeutic
targets, effective drugs for GC remain limited. Recent studies have indicated that Lipocalin (LCN)2 abnormalities significantly impact
GC progression; however, its regulatory network remains unclear. Our study investigates the functional role and regulatory
mechanism of action of LCN2 in GC progression. We observed a positive correlation between LCN2 expression, lower GC grade, and
better prognosis in patients with GC. LCN2 overexpression suppressed GC proliferation and metastasis both in vitro and in vivo.
Transcriptome sequencing identified secreted protein acidic and rich in cysteine (SPARC) as a pivotal downstream target of LCN2.
Mechanistically, c-Jun acted as a transcription factor inducing SPARC expression, and LCN2 downregulated SPARC by inhibiting the
JNK/c-Jun pathway. Moreover, LCN2 bound to its receptor, 24p3R, via autocrine signaling, which directly inhibited JNK
phosphorylation and then inhibited the JNK/c-Jun pathway. Finally, analysis of clinical data demonstrated that SPARC expression
correlated negatively with lower GC grade and better prognosis, and that LCN2 expression correlated negatively with p-JNK, c-Jun,
and SPARC expression in GC. These findings suggest that the LCN2/24p3R/JNK/c-Jun/SPARC axis is crucial in the malignant
progression of GC, offering novel prognostic markers and therapeutic targets.

Cell Death and Disease          (2024) 15:756 ; https://doi.org/10.1038/s41419-024-07153-z

INTRODUCTION
Gastric cancer (GC) is the fifth most prevalent cancer worldwide
and the third leading cause of cancer-related death [1, 2].
Although the prognosis of GC has improved with the develop-
ment of comprehensive treatment, the 5-year survival rate for
patients with GC remains below 40% [3]. In addition, the prognosis
of metastatic, recurrent, and advanced GC remains unsatisfactory,
as the mechanisms underlying GC occurrence and progression are
unclear [4]. Therefore, uncovering of the etiology of GC,
identification of novel diagnostic markers, and discovery of
promising therapeutic targets are urgently required.
Lipocalin (LCN)2, also known as neutrophil gelatinase-

associated lipocalin (NGAL), siderocalin, and 24p3, is a secreted
protein initially identified as a crucial component of the innate
immune system against microorganisms [5, 6]. LCN2/NGAL (LCN2
for short) is implicated in a variety of physiological roles, including
hydrophobic ligand transport across cell membranes, immune
response modulation, iron homeostasis maintenance, and epithe-
lial cell differentiation promotion [5–7]. Meanwhile, LCN2 dysre-
gulation has also been linked to a number of human diseases,
such as obesity, metabolic syndrome, and cardiovascular disease
[6, 8, 9]. Notably, recent studies have shown that LCN2 is

abnormally expressed in a variety of cancers, including breast [10],
colon [11, 12], pancreas cancers [13]. Furthermore, the oncological
role of LCN2 in various cancers has been investigated, revealing its
close association with cancer occurrence and development
[11, 13, 14]. However, the role of action of LCN2 in GC remains
unclear and controversial. Nishimura et al. reported that LCN2
inhibits EMT process via MMP2 downregulation, resulting in GC
progression inhibition [15]. However, Xu et al. and Koh et al.
suggested that LCN2 promotes GC progression via different
molecular mechanisms [16, 17]. Notably, our previous single-cell
RNA sequencing (scRNA-seq) data identified lower LCN2 expres-
sion levels in metastatic lymph nodes (LN) than in that in their
paired primary GC sites, suggesting a potential relationship
between LCN2 and GC progression [18]. Therefore, investigating
the role of LCN2 in GC is paramount and warrants further study.
Secreted protein acidic and rich in cysteine (SPARC) is a unique

matricellular glycoprotein associated with many biologic pro-
cesses, including development, wound repair, tissue remodeling,
angiogenesis, matrix cell adhesion, cell differentiation, prolifera-
tion, and migration [19, 20]. The role of SPARC in cancer has
generated considerable interest owing to the fact that it functions
not only its ability to modulate cell-cell and cell–matrix
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interactions, but its de-adhesive and growth inhibitory properties
in non-transformed cells. The divergent actions of SPARC also led
to questions regarding its complexity and how it regulates tumor
growth [21–24]. For example, increased SPARC expression is
strongly associated with tumor progression in gliomas and
melanomas [25, 26], while some studies have reported SPARC as
a tumor suppressor in neuroblastomas as well as ovarian and

colorectal cancers [27–29]. Currently, the function of SPARC in GC
progression is also unclear and conflicting. Most studies have
shown that SPARC expression is upregulated in GC tissues, and
upregulation of SPARC expression is negatively correlated with
prognosis and patient survival [30, 31]. However, one study
showed that SPARC is negatively correlated with clinical factors of
GC and suppressed GC cell metastasis by decreasing MMP-7,

Fig. 1 LCN2 is aberrantly expressed in GC and correlates with the positive prognosis of patients. A LCN2 mRNA expression was negatively
correlated with GC grade in our cohort. B Detection of LCN2 protein levels in GC tissues and their paired adjacent normal tissues using
western blot (n= 10). C, D LCN2 protein expression was negatively correlated with GC grade in our cohort. E, F mRNA and protein expression
levels of LCN2 in GES-1 and various GC cells. G TCGA and KM-plot database showed that LCN2 overexpression correlated with better
prognosis. H Kaplan–Meier survival analysis revealed that low expression of LCN2 is correlated with shorter overall survival times in our cohort
(n= 94, p < 0.001; log-rank test). I Correlation analysis between LCN2 expression and CDH1, CDH2, VIM, and ZEB1 expression in GC from the
TCGA database. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2 LCN2 inhibits proliferation, migration, and invasion capabilities of GC cells in vitro. A Measurement of LCN2 overexpression
efficiencies in AGS and HGC-27 cells using RT-qPCR and western blot. B Measurement of LCN2 knockdown efficiencies in MKN1 and MKN28
cells using RT-qPCR and western blot. C, D LCN2 overexpression suppressed the proliferation of GC cells but LCN2 knockdown promotes as
assessed by CCK-8 assay. E, F Representative images (left panel) and quantitative results (right panel) of transwell assay in transfected GC cells.
G, H Representative images (left panel) and quantitative results (right panel) of wound healing assay in transfected GC cells. I, J Representative
images (left panel) and quantitative results (right panel) colony formation assay in transfected GC cells. Data are presented as mean ± SD of
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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MMP-9, N-cadherin, Sp1, and p-ERK1/2 expression [32]. Taken
together, current studies do not provide a unifying picture of the
function of SPARC in GC, nor explain the precise mechanism by
which its expression is upregulated. Therefore, exploring the
detailed roles and regulatory mechanisms of SPARC in GC is
urgently required.
In this study, we investigated the functional role and regulatory

mechanism of action of LCN2 in GC progression, and its cross-talk
with underlying SPARC upregulation in GC. We demonstrated that
LCN2 was aberrantly expressed in GC and correlated with a
positive prognosis in patients with GC. LCN2 deletion promoted
GC proliferation and metastasis both in vitro and in vivo.
Mechanistically, LCN2/24p3R signaling inhibited the expression
of SPARC by directly inactivating the JNK/c-Jun pathway. Our
study reveals the functional role and regulatory mechanism of
action of LCN2 in GC progression, suggesting its potential as a
promising therapeutic target for GC treatment.

RESULTS
LCN2 is aberrantly expressed in GC and correlates with the
positive prognosis of patients
To investigate the function and mechanism of action of LCN2 in
GC progression, LCN2 expression levels were analyzed in GC
and the adjacent normal tissues using the Cancer Genome Atlas
(TCGA) database. The results indicated upregulation of LCN2

expression in GC tissues (Supplementary Fig. 1A), with a
negative correlation between LCN2 expression and GC grade
(Supplementary Fig. 1B). To validate these findings, LCN2 mRNA
levels in a cohort of 59 paired GC tissue samples and their
adjacent non-tumor tissues was examined. Consistent with the
results of TGCA analysis, LCN2 mRNA expression was upregu-
lated in GC tissues compared to that in non-tumor tissues
(p < 0.001, Supplementary Fig. 1C), and a significant negative
correlation was observed between LCN2 mRNA expression and
GC grade (Fig. 1A). These findings were further confirmed at the
protein level using western blotting and immunohistochemistry
(IHC) (Fig. 1B–D and Supplementary Fig. 1D). In addition, GC
cells with high proliferation and metastatic capabilities (AGS,
HGC-27) exhibited lower LCN2 levels than GC cells with lower
proliferation and metastatic capabilities (MKN1 and MKN28)
(Fig. 1E, F). Altogether, these findings suggested aberrant LCN2
expression in GC and a potential negative association with GC
progression.
Data from the TCGA database and Kaplan–Meier plotter were

analyzed to understand the clinicopathological characteristics
and prognostic value of LCN2 in GC. Survival analysis indicated
that high LCN2 expression was associated with positive
prognosis (Fig. 1G). Furthermore, 94 patients with GC in the
tissue microarray were categorized into low (score 0–6) or high
(score 7–12) LCN2 expression groups according to their IHC
scores (Supplementary Fig. 1E). Consistent with the information

Fig. 3 LCN2 suppresses GC tumor growth and metastasis in vivo. A–C Images of xenograft tumor samples (A), tumor volumes (B), and
tumor weights (C) derived from MGC803-Vector and MGC803-LCN2 cells. D Representative images of HE staining and IHC staining for LCN2,
Ki-67, and E-cadherin (n= 6), scale bar:100 μm. E Representative bioluminescence images of mice, 40 after tail vein injection of MGC803-
Vector or MGC803-LCN2 cells. F Representative HE staining images of lung samples from (E). Scale bars: 2.5 mm (upper panel) and 250 μm
(bottom panel). G Quantitative results of the metastatic nodes of the lungs in (F). H Representative images of popliteal lymph node metastasis
and non-metastatic mice 32 days after footpad injection with the MGC803 cells. I Images of the popliteal lymph nodes of mice injected with
the indicated cells. J Volume of the popliteal lymph nodes in (I). K Representative HE staining and CK-18 staining images of the popliteal
lymph nodes in (I). Scale bars:1.25 mm (upper panel) and 100 μm (lower panel). L Percentage of metastatic and non-metastatic popliteal
lymph nodes in the indicated groups. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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in the database, patients with high LCN2 levels in primary
tumors displayed significantly better prognoses (p < 0.001) (Fig.
1H). Moreover, high LCN2 expression correlated with smaller
tumor sizes (p= 0.0038), fewer distant metastases (p= 0.0139),
and LN metastases (p= 0.002) (Supplementary Table 1). A

significant relationship between LCN2 expression and epithelial
mesenchymal transition-related markers was also observed (Fig.
1I). Collectively, these results suggest that LCN2 loss may
contribute to GC progression, and that its expression may have
prognostic value for GC patients.
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LCN2 inhibits proliferation, migration, and invasion
capabilities of GC cells in vitro
GC cell lines were selected for gain- or loss-of-function studies
based on their low or high endogenous LCN2 levels. The efficiency
of stable overexpression and knockdown of LCN2 was verified
using reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) and western blotting (Fig. 2A, B and Supplementary Fig.
2A). The cell counting kit-8 (CCK-8) assay revealed that LCN2
overexpression inhibited GC cell proliferation (Fig. 2C and
Supplementary Fig. 2B), while LCN2 knockdown showed the
opposite effect (Fig. 2D and Supplementary Fig. 2C). Transwell and
wound healing assays were performed to assess the effects of
LCN2 on GC cell migration and invasion. The results demonstrated
that LCN2 overexpression delayed wound closure and decreased
migration and invasion abilities (Fig. 2E, G and Supplementary Fig.
2D, F). Conversely, these abilities were markedly enhanced after
LCN2 knockdown (Fig. 2F, H and Supplementary Fig. 2E, G). Finally,
colony formation assays revealed a reduction in colony number
with LCN2 overexpression (Fig. 2I and Supplementary Fig. 2H),
while LCN2 knockdown promoted colony formation (Fig. 2J and
Supplementary Fig. 2I). Taken together, these results demonstrate
that LCN2 inhibits GC cells proliferation, migration, and invasion
capabilities in vitro.

LCN2 suppresses GC growth and metastasis in vivo
To confirm the results of in vitro analysis, the role of LCN2 in tumor
growth and metastasis was investigated using a xenograft model.
In nude mice, LCN2 overexpression in MGC803 cells (MGC-803-
LCN2) reduced tumor volume and weight (Fig. 3A–C and
Supplementary Fig. 3A). Furthermore, the number of Ki-67-
positive cells significantly decreased in LCN2-overexpression
group, while the number of E-cadherin-positive cells increased
(Fig. 3D and Supplementary Fig. 3B). To investigate the effect of
LCN2 on GC hematogenous metastasis in vivo, a lung metastasis
model was established by injecting MGC803-vector or MGC803-
LCN2 cells into the tail veins of nude mice. The LCN2 over-
expression group exhibited significantly reduced metastatic
nodules than the vector group at 40 days post-injection (Fig.
3E–G and Supplementary Fig. 3C). Furthermore, to determine the
effect of LCN2 on LN metastasis of GC, an in vivo nude mouse
popliteal LN metastasis model was used to simulate the
directional drainage and metastasis of GC (Fig. 3H and Supple-
mentary Fig. 3D). The volumes of LN were significantly smaller
(Fig. 3I, J) and the lymphatic metastatic ratio was also lower in the
LCN2 overexpression group than those in the vector group (Fig.
3K, L) at 32 days post-modeling. Collectively, these observations
demonstrate that LCN2 also suppresses GC growth and metastasis
in vivo.

SPARC is a pivotal downstream target of LCN2 in GC
To elucidate the molecular mechanism via which LCN2 inhibits GC
growth and metastasis, we performed whole-genome expression
profiling to analyze the effect of LCN2 knockdown on MKN1 cells.

The results of RNA-seq showed that LCN2 knockdown promoted
several oncogenic pathways, including MAPK and estrogen
signaling pathways (Supplementary Fig. 4A). A volcano plot
illustrated significant changes in gene expression following
LCN2 knockdown (Fig. 4A). We identified 16 genes as pivotal
downstream targets of LCN2 by setting gene changes ˃8 and p-
values < 0.01 (Supplementary Fig. 4B). Next, we investigated the
correlation between the expression levels of LCN2 and the 16
genes via TCGA database, and used qPCR to quantify the mRNA
levels of these genes in LCN2-overexpressing cells, LCN2 knock-
down cells, and the corresponding control cells (Supplementary
Fig. 4C, D). The results indicated that SPARC may be a pivotal
downstream target of LCN2 in GC (Fig. 4A). We also confirmed this
finding using RT-qPCR analysis, in which LCN2 overexpression
inhibited SPARC mRNA levels in AGS and HGC-27 cells, whereas
LCN2 knockdown upregulated SPARC mRNA levels in MKN1 and
MKN28 cells (Fig. 4B). Consistently, SPARC protein levels correlated
negatively with LCN2 levels in GC cells (Fig. 4C). Moreover, IHC
staining of the xenograft tumor samples also showed that LCN2
overexpression reduced SPARC protein levels (Fig. 4D). Subse-
quently, we assessed SPARC expression in GC cells using RT-qPCR
and western blotting; results revealed high expression in AGS and
HGC-27 cells but low expression in MKN1 and MKN28 cells
(Supplementary Fig. 5A). Accordingly, we selected AGS and
MKN1 cells for gain- or loss-of-function studies, and the
efficiencies of stable overexpression and knockdown of SPARC
were verified using RT-qPCR and western blotting (Supplementary
Fig. 5B, C). The results showed that SPARC overexpression
significantly promoted proliferation and metastasis in MKN1 and
AGS cells (Fig. 4E, F and Supplementary Fig. 5D), whereas SPARC
knockdown showed the opposite effect (Fig. 4G, H and
Supplementary Fig. 5E). These results suggest that SPARC is a
potential oncogene in GC and the pivotal downstream target of
LCN2-rgegulated GC progression.
Furthermore, we performed a rescue experiment by targeting

SPARC with siRNAs in LCN2-knockdown MKN1 cells and quantified
SPARC protein levels using western blotting (Fig. 4I). We found
that SPARC knockdown significantly inhibited the proliferation,
migration, and invasion abilities of LCN2-knockdowned
MKN1 cells (Fig. 4J and Supplementary Fig. 5F). Correspondingly,
SPARC overexpression rescued the proliferation, migration, and
invasion abilities of LCN2-overexpressed AGS cells (Fig. 4K, L and
Supplementary Fig. 5G). These results all indicate that SPARC is a
potential oncogene representing a crucial downstream target of
LCN2 in GC.

SPARC knockdown partially reverses GC progression induced
by LCN2-knockdown in vivo
To confirm that SPARC is a downstream target of LCN2 in vivo, we
co-transfected MGC803 cells with LCN2 and SPARC knockdown
lentiviruses. In a subcutaneous xenograft model, nude mice
treated with MGC803-shLCN2 cells showed faster tumor progres-
sion in terms of volume and weight. However, tumor growth was

Fig. 4 SPARC is a pivotal downstream target of LCN2 in GC. A Volcano plot showing the differential expression genes in negative control
and LCN2 knockdown MKN1 cells. The x-axis represents the fold changes of read density and the y-axis shows the adjusted p value.
B, C Detection of SPARC mRNA (B) and protein (C) levels in GC cells with LCN2 overexpression or knockdown using RT-qPCR and western blot.
D IHC images of SPARC expression in xenograft tumor tissues with LCN2 overexpression and the negative control. Scale bar: 50 μm.
E, F Promotion of the proliferation and metastasis ability of MKN1 (E) and AGS (F) cells by SPARC overexpression, as assessed by CCK-8 assay
and transwell assay. G, H Inhibition of the proliferation and metastasis ability of MKN1 (G) and AGS (H) cells by SPARC knockdown, as assessed
by CCK-8 assay and transwell assay. I Increase in SPARC protein level following LCN2 knockdown, which was rescued by SPARC siRNAs. Protein
levels were measured by western blotting assay (left panel), and the grayscale was measured by ImageJ software. J CCK-8 and transwell assays
showing that the proliferation and metastasis ability increased upon LCN2 knockdown, and this effect was rescued by SPARC knockdown.
K Transfection of SPARC-overexpressed plasmids and the corresponding controls into LCN2-overexpressed AGS cells. Protein levels were
measured by western blotting (left panel), and the grayscale was measured by ImageJ software. L CCK-8 and transwell assays revealed that
SPARC overexpression rescued the suppression of proliferation and metastasis ability caused by LCN2 overexpression. Data are presented as
mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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reduced when SPARC was knocked down in MGC803 cells.
Importantly, SPARC knockdown partially reversed the tumor-
promoting effect induced by LCN2 knockdown (Fig. 5A–C and
Supplementary Fig. 6A). Correspondingly, LCN2 knockdown
promoted the expression of Ki-67 and SPARC; however, SPARC
knockdown reversed the effect of LCN2 knockdown on Ki-67
expression (Fig. 5D and Supplementary Fig. 6B). Similarly, in vivo,
lung and LN metastases were markedly increased in the LCN2-
knockdown group, and further knockdown of SPARC partially
restored these biological properties (Fig. 5E–J and Supplementary
Fig. 6C, D). These results further reveal that LCN2 inhibits GC
tumorigenicity and metastasis by downregulating the expression
of SPARC.

LCN2 downregulates SPARC expression by inhibiting the JNK/
c-Jun signaling pathway
Next, we investigated the underlying mechanism of how LCN2
regulates SPARC expression. LCN2 could affect EMT process by
regulating MMP protein expression in GC [15], and a close
relationship between MMP protein expression and SPARC
expression has also been found in other cancers [33]. Therefore,
we examined SPARC expression after MMP2 or MMP9 over-
expression in AGS cell, and found that MMP2 or MMP9
overexpression did not affect SPARC expression (Supplemen-
tary Fig. 7A). Given that LCN2 regulates SPARC expression
independently of MMP protein in GC, we conducted a
comprehensive analysis of RNA-seq data to identify the possible
mechanism of action. LCN2 deficiency significantly altered the

MAPK signaling pathway, which plays a crucial role in cancer
progression. Further analysis using a phosphorylated protein
array revealed significant upregulation of p-JNK (T183/Y185 and
T221/Y223), p-c-Jun (Ser63), and ERK (T202/Y204 and T185/
Y187) upon silencing of LCN2 in MKN1 cells (Fig. 6A). It has been
reported that the amyloid precursor protein inhibits SPARC
expression by inhibiting the transcriptional activity of c-Jun
[34]. Furthermore, JASPAR database also indicated that there
are potential binding sites for c-Jun in the promoter region of
SPARC (Supplementary Tables 5 and 6). Therefore, we specu-
lated that the JNK/c-Jun signaling pathway was involved in
LCN2-regulated SPARC expression. Western blotting confirmed
that LCN2 overexpression reduced p-JNK (T183/Y185 and T221/
Y223), c-Jun, and p-c-Jun (Ser63) levels, while LCN2 knockdown
increased the levels of these proteins (Fig. 6B). Meanwhile, we
also found that LCN2 affected the levels of different phos-
phorylated forms of JNK (Supplementary Fig. 7B). Next, we used
the JNK inhibitor, SP600125 (10 μM), to block the JNK/c-Jun
signaling pathway in LCN2-knockdown MKN1 and MKN28 cells.
LCN2 knockdown promoted SPARC expression, proliferation,
and metastasis of GC cells, whereas SP600125 had an opposite
effect. Blocking of the JNK/c-Jun signaling pathway dramatically
inhibited the increase of the SPARC expression and the
proliferation, migration, and invasion abilities of GC cells
induced by LCN2 knockdown (Fig. 6C–F and Supplementary
Fig. 7F). We also used siRNAs to target c-Jun in LCN2-
knockdown MKN1 and MKN28 cells to further confirm that
LCN2 regulated SPARC expression and GC progression in a JNK/

Fig. 5 SPARC knockdown partially reverses GC progression induced by LCN2-knockdown in vivo. A–C Image of xenograft tumor samples
(A), tumor volumes (B), and tumor weights (C) derived from mice injected with the indicated cells. D Representative images of HE staining and
IHC staining for LCN2, Ki-67, and SPARC of each group (n= 6). Scale bar:100 μm; E Representative HE staining images of lung samples from the
indicated groups. Scale bars:1.25 mm (upper panel) and 200 μm (lower panel). F Quantitative results of the metastatic nodes of the lungs in
(E). G Images of the popliteal lymph nodes of mice injected with the indicated cells. H Volume of the popliteal lymph nodes in (G).
I Representative HE staining images of the popliteal lymph nodes in (G). Scale bars:1.25 mm (upper panel) and 100 μm (lower panel).
J Percentage of metastatic and non-metastatic popliteal lymph nodes in the indicated groups. Data are presented as mean ± SD of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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c-Jun signaling pathway-dependent manner. Correspondingly,
c-Jun knockdown also partially blocked the elevation in SPARC
expression and the improvement in the proliferation, migration,
and invasion abilities of LCN2-knockdown GC cells (Fig. 6G–J
and Supplementary Fig. 7G). Overall, these findings suggest

that the JNK/c-Jun signaling pathway plays a critical role in
LCN2-regulated SPARC expression and GC progression.
Given that c-Jun and p-c-Jun acted as a transcription factor in

colorectal cancer [34], breast cancer [35], and acute lymphoblastic
leukemia [36], and the JASPAR database indicated the presence of
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c-Jun-binding sites in the promoter region of SPARC, we
hypothesized that LCN2 inhibits the JNK/c-Jun signaling pathway
and weakens the transcriptional activity of c-Jun and p-c-Jun to
SPARC, ultimately leading to SPARC downregulation. To test this
hypothesis, we firstly performed chromatin immunoprecipitation
(ChIP) and determined whether c-Jun could bind to the promoter
region of SPARC. The results showed that the c-Jun antibody
significantly enriched in the SPARC promoter region, whereas the
negative IgG did not show any such effect (Fig. 6K). Next, the
luciferase reporter assays showed that the upregulated transcrip-
tion activity of SPARC induced by LCN2 knockdown could be
restored by the using of the JNK inhibitor (SP600125) or the
siRNAs to target c-Jun in MKN1 and MKN28 cells (Fig. 6L, M).
Furthermore, we also found that c-Jun knockdown significantly
inhibited the SPARC expression, proliferation, migration, and
invasion capabilities of GC cells (Supplementary Fig. 7C–E).
Therefore, these results suggest that c-Jun and p-c-Jun act as
transcription factors to induce SPARC expression, and LCN2
downregulates SPARC expression and inhibits GC progression
via the JNK/c-Jun signaling pathway inhibition.

LCN2 inhibits the activation of the JNK/c-Jun signaling
pathway by binding to its receptor 24p3R
LCN2 reportedly regulates the signaling pathway by acting on
24p3R, the receptor for LCN2, in an autocrine manner [37]. We
found that 24p3R inhibition could reverse the LCN2-induced
decrease in p-JNK, c-Jun, p-c-Jun, and SPARC levels in GC cells,
indicating that 24p3R was indispensable for LCN2-mediated
inhibition of the JNK/c-Jun/SPARC axis activation (Fig. 7A). An
immunoprecipitation assay revealed a possible binding between
24p3R and JNK (Fig. 7B–D). In addition, GST pull-down assays
confirmed the direct interaction between 24p3R and JNK (Fig. 7F),
and overexpression of LCN2 enhanced the binding of 24p3R and
JNK to GC cell membranes (Fig. 7C–E). The in vitro JNK kinase
assay showed that JNK was phosphorylated when incubated with
anisomycin. However, this effect was significantly weakened when
recombinant LCN2 and 24p3R proteins were present together (Fig.
7G), indicating that LCN2/24p3R signaling directly inhibited JNK
phosphorylation. Collectively, these results demonstrate that LCN2
binds to 24p3R, and then downregulates SPARC expression by
directly inhibits the activation of the JNK/c-Jun signaling pathway.

Clinical relevance of LCN2, SPARC, and c-Jun in GC
Finally, we assessed whether the LCN2/JNK/c-Jun/SPARC axis
identified in vitro was clinically relevant to GC. We found that
SPARC was significantly upregulated in GC tissues compared to
that in paired adjacent non-tumor tissues, and that its expression
levels correlated positively with higher tumor grade in patients
with GC from TCGA cohort (Supplementary Fig. 8A). Consistently,
RT-qPCR and western blotting in our cohort showed significant
overexpression of SPARC and c-Jun in GC tissues compared to that
in paired non-tumor tissues, and a positive correlation was
observed between SPARC expression and GC grade (Fig. 8A–C and
Supplementary Fig. 8B, C). Moreover, SPARC and c-Jun

overexpression were associated with shorter OS in patients with
GC in TCGA database and our cohort (Fig. 8D–E and Supplemen-
tary Fig. 8D). Moreover, we also observed a positive correlation
between the expression of SPARC and N-cadherin, MMP2, and
MMP9 in GC (Fig. 8F). Furthermore, analysis of LCN2, c-Jun, and
SPARC expression levels in GC tissues from TCGA and our cohort
revealed a negative correlation between LCN2 and c-Jun and
SPARC expression levels, and a positive correlation between c-Jun
and SPARC expression (Fig. 8G–H). IHC also revealed that lower
LCN2 expression corresponded with higher levels of p-JNK, c-Jun,
and SPARC in GC tissues (Fig. 8I). Taken together, these findings
demonstrate that the LCN2/JNK/c-Jun/SPARC axis is widely
involved in the growth and metastasis of GC.

DISCUSSION
Abnormal expression of oncogenes or suppressor genes is closely
implicated in tumor occurrence and development. Here, we
elucidated the inhibitory role of LCN2 in GC progression and
describe a novel mechanism of LCN2-regulated GC progression
using comprehensive clinical sample, in vitro, and in vivo data.
LCN2, which belongs to the LCN family of proteins involved in
various cellular functions [38], has been extensively studied and is
closely linked to tumor development [7]. LCN2 is overexpressed in
various cancers and has been identified as a potential therapeutic
target [10–13]. However, the role of LCN2 as an oncoprotein or
suppressor protein is still debated. For instance, few studies
reported that LCN2 could promote cancer growth while others
suggested LCN2 as a tumor suppressor [14, 39–41]. Besides,
current studies on the role of LCN2 in tumors have mainly focused
on its function as an intracellular protein. Kubben et al. found that
increased levels of MMP-9/lipocalin-2 complexes in GC tissues
were associated with reduced survival [42]. However, the basic
form of LCN2 is a secreted protein, and a recent study also
reported the role and mechanism of LCN2 as secreted protein in
tumor progression. In this study, we demonstrated that LCN2 was
aberrantly expressed in GC and negatively correlated with tumor
grade and poor prognosis in patients with GC by combining the
results of our previous scRNA-seq analysis data with information
from database and our clinical cohort. The specific mechanism of
LCN2 as a secreted protein regulating GC progression were
described and confirmed. To the best of our knowledge, this is the
first study to determine the role of LCN2 in GC progression by
synthesizing multiple data, and also the first to reveal the
mechanism of LCN2 as a secreted protein regulating GC
progression.
Substantial evidence suggests that the occurrence and devel-

opment of GC is related to the aberrant of various intracellular
signaling pathways. Moreover, LCN2 has been found to influence
tumor progression by regulating various intracellular signaling
pathways [11, 40]. More importantly, a recent study showed that
the secreted protein, LCN2, binds to its receptor 24p3R, which
directly phosphorylates JAK2 and activates the JAK2/STAT3
pathway, ultimately leading to produce increased amounts of an

Fig. 6 LCN2 downregulates SPARC expression by inhibiting the JNK/c-Jun signaling pathway. A Representative image of Phospho-
proteomic profiling in negative control and LCN2 knockdown MKN1 cells (left panel) and quantitative results (right panel). B Detection of JNK,
p-JNK, c-Jun, and p-c-Jun protein levels in GC cells with overexpression and knockdown of LCN2 using western blot. C, E Measurement of
SPARC, c-Jun, and p-c-Jun protein levels in MKN1 (C) and MKN28 (E) cells combining with LCN2 knockdown and SP610025 treatment by
western blotting (left panel), and grayscale measurement using ImageJ software. D, F CCK-8 and transwell assay showing that increased
proliferation and metastasis ability upon LCN2 knockdown, which was rescued by SP610025 treatment. G, I Measurement of SPARC and c-Jun
protein levels in MKN1 (G) and MKN28 (I) cells combining LCN2 knockdown and c-Jun knockdown using western blotting (left panel), and
grayscale measurement using ImageJ software. H, J CCK-8 and transwell assay showing that increased proliferation and metastasis ability
upon LCN2 knockdown, which was rescued by c-Jun knockdown. K ChIP-qPCR analysis demonstrating binding of c-Jun to the SPARC
promoter region in MKN1 and MKN28 cells. L, M Assessment of SPARC promoter activity by combining LCN2 knockdown plasmid and
SP610025 treatment (L) or c-Jun knockdown (M) using luciferase reporter assays in MKN1 and MKN28 cells. Data are presented as mean ± SD
of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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angiogenic factor, CXCL1 [37]. Here, our GSEA analysis and
phosphorylation sequencing revealed that LCN2 expression was
strongly associated with the JNK/c-Jun pathway. The JNK/c-Jun
pathway is a critical intracellular pathway, which is widely involved
in the regulation of cell proliferation, migration, and cancer
progression [43]. The aberrant activation of the JNK/c-Jun pathway
has been linked to the development of multiple cancers, including
GC [44–46]. In this study, the results of RNA-seq and phospho-
kinase array indicated that JNK/c-Jun pathway activation was
negatively correlated with the LCN2 expression. Blocking the JNK/
c-Jun pathway could largely rescue the promotion effect of

knocking down LCN2 on proliferation and metastasis in GC cells.
More importantly, we revealed the precise mechanisms of how
the secreted protein, LCN2, binds to its receptor 24p3R via
autocrine, and then directly inhibit the JNK/c-Jun pathway
activation. Taken together, our study suggests that LCN2
negatively regulates the JNK/c-Jun signaling pathway to exert its
tumor-inhibitory functions in GC.
Both unphosphorylated c-Jun and phosphorylated c-Jun

could promote tumor progression by regulating the transcrip-
tion of many important cell-proliferating and growth-regulating
genes. The JNK family of MAP kinase phosphorylates c-Jun at

Fig. 7 LCN2 inhibits the activation of the JNK/c-Jun signaling pathway by binding to its receptor 24p3R. A LCN2-overexperessed GC cells
were transfected with siRNAs targeting 24p3R for 48 h, and then subjected to western blotting assays. B–D The whole cell lysate (B) and
membrane fractions (C, D) of the indicated cells were subjected to co-immunoprecipitation and western blot to analyze the binding of JNK
and 24p3R. E Immunofluorescence staining was used to detect the subcellular localization of JNK and 24p3R in negative control and LCN2
overexpression GC cells. F Magnetic beads linked to Myc-tagged JNK were incubated with purified recombinant 24p3R protein. The levels of
24p3R in the flow through and bound to the beads were detected by western blotting. G Recombinant LCN2 protein (40 μg/ml), 23p3R
protein (40 μg/ml), JNK protein (200 μg/ml), and anisomycin were incubated for 30min in kinase reaction buffer. The phosphorylated JNK level
in the reaction was analyzed by western blotting. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001.
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Fig. 8 Clinical relevance of LCN2, SPARC, and c-Jun in GC patients. A SPARC mRNA expression was positively correlated with GC grade in
our cohort (n= 59). B Detection of SPARC protein levels in GC tissues and their paired adjacent normal tissues using western blot (n= 10).
C LCN2 protein expression was positively correlated with GC grade in our cohort. D TCGA and KM-plot database showing correlation between
SPARC overexpression and poorer prognosis. E Kaplan–Meier survival analysis revealing shorter overall survival times in patients with high
SPARC expression in our cohort (n= 94, p < 0.001, log-rank test). F Correlation analysis between SPARC expression and CDH2, MMP2, and
MMP9 expression in GC using the TCGA database. G Correlation analysis of LCN2 expression, SPARC expression and c-Jun expression in GC
using the TCGA database. H Correlation analysis of LCN2, SPARC, and c-Jun mRNA expression in our cohort using RT-qPCR. I Negative
correlation between LCN2 levels and p-JNK, c-Jun, and SPARC levels in GC specimens. Scale bars: 100 μm. J Illustrative model showing the
proposed mechanism by which Tumor-secreted LCN2 impairs gastric cancer progression through autocrine inhibition of the 24p3R/JNK/c-
Jun/SPARC axis. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Ser-63, thus greatly enhancing the transcriptional activity of
c-Jun. Here, we identified that SPARC as a key target of the
LCN2/24p3R/JNK/c-Jun axis, and the transcription factors, c-Jun
and p-c-Jun, activate the transcription of SPARC via directly
binding to the promoter region of SPARC. SPARC belongs to the
matricellular family of secreted proteins that plays a critical role
in mediating cell–matrix interactions [47]. The role of SPARC in
cell survival and death remains controversial and appears to be
cell-type specific. In most studies, SPARC has been reported as
an oncogene [25, 30, 48]. These studies are consistent with our
results that SPARC overexpression in GC cells shortens cell
population doubling time, enhances cell migration ability, and
increases tumor cell invasiveness. Contrary to these observa-
tions, SPARC can also delay tumor growth and metastasis in
certain cancer types [49, 50]. These phenomena suggest that
SPARC plays different roles in tumor progression across
different tumor cell types and acts via different signal
transduction pathways. In this study, SPARC upregulation in
GC tissues significantly correlated with poor patient prognosis.
SPARC knockdown significantly inhibited GC cell proliferation
and metastasis, and GC cells with LCN2 knockdown showed
markedly reversed cell proliferation and metastasis after SPARC
siRNA transfection. Furthermore, we demonstrated that LCN2
affects SPARC expression by regulating the transcriptional
activity of c-Jun and p-c-Jun. Collectively, these findings
suggest that SPARC is a pivotal downstream target of the
LCN2/24p3R/JNK/c-Jun axis, and is also a necessary and
sufficient key oncogenic driver of GC progression.
In summary, our study highlights the crucial role of LCN2 in

inhibiting GC progression. LCN2 downregulates SPARC expres-
sion by inhibiting c-Jun and p-c-Jun transcriptional activity,
thereby affecting GC growth and metastasis. Furthermore, LCN2
binds to the receptor, 24p3R, on GC cell surfaces via autocrine,
directly inhibiting the JNK/c-Jun signaling pathway. Clinically,
LCN2 expression in GC negatively correlates with tumor grade,
poor prognosis, SPARC expression, and c-Jun expression.
Therefore, targeting of the LCN2/24p3R/JNK/c-Jun/SPARC axis
may be an effective strategy to improve the survival rate of
patients with GC.

MATERIALS AND METHODS
Clinical samples
A tissue microarray containing 107 primary GC tissues with comparable
clinicopathological features and follow-up data (13 of these patients were
lost to follow-up) was used for IHC and prognostic analysis. In addition, a
second cohort comprising 59 paired fresh tumor and adjacent non-tumor
tissues was used for RT-qPCR and partially for western blotting.
Furthermore, a third cohort comprising 50 paired tumors and adjacent
non-tumor tissues was used for IHC. All samples were collected at the First
Affiliated Hospital of Sun Yat-sen University. This study was approved by
the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen
University (project number 2020-164), and written informed consent was
obtained from each patient before sample collection.

Cell lines, cell culture, and reagents
AGS, MKN1, MKN28, HGC-27, MGC803, and GES-1 cell lines were obtained
from the American Type Culture Collection (ATCC). AGS and MGC803 cells
were cultured in Dulbecco’s modified Eagle’s medium (Gibco, Waltham,
MA, USA), while MKN1, MKN28, HGC-27 and GES-1 cells were cultured in
Roswell Park Memorial Institute-1640 medium (Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin. All
cells were incubated in a 5% CO2 incubator at 37 °C and routinely checked
for Mycoplasma infection using the Mycoplasma detection kit (Beyotime,
Guangzhou, Guangdong, China).
Drug treatments, including those with SP600125 (HY-12041; MCE,

Shanghai, China) and anisomycin (HY-18982; MCE), were performed as
described previously [51, 52]. Briefly, cells were seeded in a 6-well plate,
and 10 μmol/l SP600125 was added to the medium when the cell density
reached 70–80%.

RNA interference and lentivirus transduction
To generate stable overexpression and knockdown in GC cells, lentiviruses
were constructed by iGene Biotechnology (Guangzhou, Guangdong,
China). In brief, lentiviruses were added to the culture medium at a
multiplicity of index of 1:100, and the fresh medium was replaced after
48 h. Then, the infected cells were incubated with 2 μg/ml puromycin for
2 weeks to screen for the stably transfected cells. The target sequences of
siRNA were synthesized and purified by JIJIE Biotechnology (Guangzhou,
Guangdong, China), as listed in Supplementary Table 2. siRNA transfections
were performed using Lipofectamine RNA iMAX reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.

CCK-8 proliferation and colony formation assays
Cell proliferation was assessed using the CCK-8 assay (Boster Biological
Technology, Wuhan, Hubei, China) according to the manufacturer’s
instructions. Briefly, six replicates of GC cells were seeded (1000 cells per
well) in 96-well plates and cultured in 200 µl medium. Then, 10 μl CCK-8
was added into each well at the same time and incubated in a humidified
incubator for 3 h at 37 °C in the presence of 5% CO2. Finally, the
absorbance was measured at 450 nm. For colony formation assays, 500
cells per well were seeded in a 6-well plate and the medium was changed
twice per week. After 20 days, the colonies were fixed using 4%
paraformaldehyde for 30min at room temperature and then stained
using 0.5% crystal violet for 20min. Finally, the number of colonies was
photographed and counted.

Transwell cell migration and invasion assay
Cell migration and invasion were examined using transwell chambers
(8 μm inserts; Corning, Tewksbury, MA, USA) in a 24-well plate. For
migration assays, 5 × 104 GC cells suspended in 300 μl serum-free medium
were seeded into the upper chambers, while the lower chambers were
filed with 600 μl culture medium containing 10% FBS. After 24−48 h, the
cells were fixed, stained, and randomly imaged using a microscope
(Olympus, Tokyo, Japan). For the invasion assays, 5 × 104 GC cells were
inoculated in the upper chamber of Matrigel-coated inserts (Corning), and
the other steps followed were the same as that in migration assays.

Wound healing assay
The GC cells were seeded into a 6-well culture plate and cultured at 37 °C
in the presence of 5% CO2. The medium was removed when the cells
reached 90% confluence and the surface of the inoculated cells was
scratched using a 20 μl pipette tip, followed by gentle washing using PBS.
Two milliliters of serum-free medium were added to continue the culture.
Finally, the scratches were photographed at 0 h and 24 h.

RNA isolation and RT-qPCR
Total RNA was isolated from tissues and cells using the Trizol reagent
(Takara, Beijing, China) according to the manufacturer’s protocol. RNA was
subjected to cDNA synthesis using the master mix cDNA synthesis kit
(Accurate Biotechnology, Changsha, Hunan, China). qPCR was performed
using SYBR Green (Accurate Biotechnology) in a LightCycle480 II platform
(Roche, Switzerland). mRNA expression was analyzed using the 2-ΔΔCt

method and normalized to GAPDH expression, which was used as an
internal control. The primers used in this study are listed in Supplementary
Table 3.

Protein extraction and western blotting
For protein extraction, tissues and cells were lysed in radioimmunopreci-
pitation assay buffer (Beyotime) and then centrifuged at 12,000 × g at 4 °C
for 15min. For western blotting, the protein lysates were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes. The membranes were incubated
with primary antibodies overnight at 4 °C, washed, and then probed with
horse radish peroxidase-conjugated secondary antibodies at room
temperature for 1 h. Finally, the chemiluminescence signals were visualized
using enhanced chemiluminescence reagent. All the antibodies used in
this study are listed in Supplementary Table 4.

Phospho-proteomic profiling
LCN2-knockdown MKN1 cells and control cells were washed thrice with
phosphate-buffered saline (PBS) and resuspended in lysis buffer. The cell
lysates were then centrifuged at 14,000 × g for 5 min, and the supernatant
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was transferred into a clean test tube. After quantifying the protein
concentration using the bicinchoninic acid assay kit (Beyotime), cell lysates
containing 500 µg total protein were diluted and detected using the
proteome profiler human phospho-kinase array (R&D Systems, Minneapo-
lis, MN, USA) following the manufacturer’s instructions.

ChIP
ChIP assays with MKN1 and MKN28 cells were performed using a ChIP
assay kit (Cell Signaling Technology, MA, Boston, USA), following the
manufacturer’s protocol. The cells were crosslinked with 1% paraformal-
dehyde for 15min at room temperature, followed by glycine quenching.
After washing with PBS, the cells were centrifuged and resuspended in
lysis buffer. The fragmented chromatin was incubated with anti-IgG and
anti-c-Jun and then incubated with protein A/G magnetic beads at 4 °C for
2 h. Finally, the immunoprecipitated DNA was purified and analyzed using
qPCR with the primers listed in Supplementary Table 3.

Dual-luciferase reporter assay
The SPARC promoter region was amplified and subcloned into the GV-148
vector (GeneChem, Shanghai, China) for the luciferase assay. Cells were
seeded in 24-well plates at a density of 10,000 cells/well. After overnight
incubation, the cells were transfected with the corresponding plasmids
using Lipofectamine 3000 (Invitrogen). Finally, the luciferase and renilla
signals were measured 48 h after transfection using a dual-luciferase
reporter assay kit (Beyotime) following the manufacturer’s instructions.

Co-immunoprecipitation (Co-IP)
Cell lysates were prepared by lysing AGS and HGC-27 cells using a cell lysis
buffer (Beyotime). The lysates containing 5mg protein were incubated
with a specific primary antibody overnight at 4 C. Then, protein A/G
agarose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was incubated
with the obtained protein complex for 2 h at 4 °C. Finally, the immune-
precipitates were washed and analyzed using western blotting.

JNK-activated protein kinase assay
For the kinase reaction, JNK, anisomycin, LCN2, and 24p3R were combined
in a kinase reaction buffer (25mM Tris, pH 7.4, 0.5 mM sodium vanadate,
20mM MgCl2, 2 mM MnCl2, 20 mM ATP) on ice. After 30min of incubation
at 30 °C, sodium dodecyl sulfate sample buffer was added to terminate the
reactions. The samples were resolved and subjected to western blot
analysis.

IHC
Paraffin-embedded sections were deparaffinized using xylene, followed by
antigen retrieval using an autoclave in 0.01mol/l EDTA buffer (pH 8.0). The
sections were incubated with primary antibodies overnight at 4 °C. The
proportion of positively stained cells was scored as follows: 0, 0%; 1, <10%;
2, 10–40%; 3, 40–75%; and 4, >75%. Staining intensity was scored from 0 to
3 (0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining).
The scores for the percentage of positive cells and staining intensity were
multiplied to calculate the immunoreactivity score (IRS; range, 0–12) for
each sample. IRS score <6 was defined as low expression and the rest as
high expression.

Animal studies
For the xenograft model, 4–6-week-old female BALB/c nude mice were
purchased from SPF Biotechnology Co., Ltd. (Beijing, China). All mice were
housed in a specific pathogen-free facility and kept 12 h of light/12 h of
darkness. Besides, mice were randomly assigned to each group (6 mice per
group). The animal experiments were approved by the Animal Care and
Use Committee of Sun Yat-sen University (No. 2021019) and conducted in
accordance with the regulations and operational procedures of experi-
mental animal management. MGC803 cells (5 × 106) resuspended in 100 μl
PBS were subcutaneously injected into the right flank of the mice. Tumor
volume was measured every 3 days and calculated using the formula:
(length × width2)/2. The mice were sacrificed 21 days after tumor cell
implantation. To assess lung metastasis, MGC803 cells (1 × 106 in 100 μl
PBS) were injected into the tail vein of 6-week-old female BALB/c nude
mice. All mice were sacrificed 8 weeks after injection. Intact lungs were
resected, photographed, and fixed in 4% paraformaldehyde for further
analysis. Metastatic nodules in the lungs were counted using a digital
microscope (Nikon, Tokyo, Japan). For the popliteal LN metastasis model, a

30 μl suspension containing 1 × 106 MGC803 cells was implanted into the
footpads of mice. The primary footpad tumors and popliteal LNs were
resected, photographed, fixed in 4% paraformaldehyde, and subjected to
IHC once the tumor volume reached ~500 mm3. In all animal studies, we
used a blind approach to reduce biases in data collection and analysis.
Researchers are not aware of specific groups when conducting and
evaluating experiments.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism 8 software
(GraphPad, La Jolla, CA, USA). The independent T-test was used for
comparison between two groups and one-way analysis of variance was
used for comparison within multiple groups. A two-sided statistical test
was consistently conducted, with a minimum sample size of n ≥ 3 was
considered. The log-rank test was applied to examine potential survival
differences among two or more groups in the Kaplan–Meier analysis. p
value < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01,
and ***p < 0.001).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

cancer statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209–49.

2. Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer.
Lancet. 2020;396:635–48.

3. Thrift AP, El-Serag HB. Burden of gastric cancer. Clin Gastroenterol Hepatol.
2020;18:534–42.

4. Smyth EC, Moehler M. Late-line treatment in metastatic gastric cancer: today and
tomorrow. Ther Adv Med Oncol. 2019;11:1758835919867522.

5. Xiao X, Yeoh BS, Vijay-Kumar M. Lipocalin 2: an emerging player in iron home-
ostasis and inflammation. Annu Rev Nutr. 2017;37:103–30.

6. Jaberi SA, Cohen A, D’Souza C, Abdulrazzaq YM, Ojha S, Bastaki S, et al. Lipocalin-2:
structure, function, distribution and role in metabolic disorders. Biomed Phar-
macother. 2021;142:112002.

7. Santiago-Sánchez GS, Pita-Grisanti V, Quiñones-Díaz B, Gumpper K, Cruz-
Monserrate Z, Vivas-Mejía PE. Biological functions and therapeutic potential of
lipocalin 2 in cancer. Int J Mol Sci. 2020;21:4365.

8. Dekens DW, Eisel ULM, Gouweleeuw L, Schoemaker RG, De Deyn PP, Naudé PJW.
Lipocalin 2 as a link between ageing, risk factor conditions and age-related brain
diseases. Ageing Res Rev. 2021;70:101414.

9. Yang H-H, Wang X, Li S, Liu Y, Akbar R, Fan G-C. Lipocalin family proteins and their
diverse roles in cardiovascular disease. Pharm Ther. 2023;244:108385.

10. Leng X, Wu Y, Arlinghaus RB. Relationships of lipocalin 2 with breast tumor-
igenesis and metastasis. J Cell Physiol. 2011;226:309–14.

11. Feng M, Feng J, Chen W, Wang W, Wu X, Zhang J, et al. Lipocalin2 suppresses
metastasis of colorectal cancer by attenuating NF-κB-dependent activation of
snail and epithelial mesenchymal transition. Mol Cancer. 2016;15:77.

12. Kim S-L, Lee ST, Min IS, Park YR, Lee JH, Kim D-G, et al. Lipocalin 2 negatively
regulates cell proliferation and epithelial to mesenchymal transition through
changing metabolic gene expression in colorectal cancer. Cancer Sci.
2017;108:2176–86.

13. Tong Z, Kunnumakkara AB, Wang H, Matsuo Y, Diagaradjane P, Harikumar KB,
et al. Neutrophil gelatinase-associated lipocalin: a novel suppressor of invasion
and angiogenesis in pancreatic cancer. Cancer Res. 2008;68:6100–8.

14. Tyagi A, Sharma S, Wu K, Wu S-Y, Xing F, Liu Y, et al. Nicotine promotes breast
cancer metastasis by stimulating N2 neutrophils and generating pre-metastatic
niche in lung. Nat Commun. 2021;12:474.

15. Nishimura S, Yamamoto Y, Sugimoto A, Kushiyama S, Togano S, Kuroda K, et al.
Lipocalin-2 negatively regulates epithelial-mesenchymal transition through
matrix metalloprotease-2 downregulation in gastric cancer. Gastric Cancer.
2022;25:850–61.

16. Xu J, Lv S, Meng W, Zuo F. LCN2 mediated by IL-17 affects the proliferation,
migration, invasion and cell cycle of gastric cancer cells by targeting SLPI. Cancer
Manag Res. 2020;12:12841–9.

17. Koh SA, Lee KH. HGF mediated upregulation of lipocalin 2 regulates MMP9
through nuclear factor-κB activation. Oncol Rep. 2015;34:2179–87.

18. Qian Y, Zhai E, Chen S, Liu Y, Ma Y, Chen J, et al. Single-cell RNA-seq dissecting
heterogeneity of tumor cells and comprehensive dynamics in tumor

Z. Huang et al.

13

Cell Death and Disease          (2024) 15:756 



microenvironment during lymph nodes metastasis in gastric cancer. Int J Cancer.
2022;151:1367–81.

19. Brekken RA, Sage EH. SPARC, a matricellular protein: at the crossroads of
cell–matrix. Matrix Biol. 2000;19:569–80.

20. Bradshaw AD, Sage EH. SPARC, a matricellular protein that functions in cellular
differentiation and tissue response to injury. J Clin Invest. 2001;107:1049–54.

21. Goktas Aydin S, Bilici A, Calis E, Kutlu Y, Hamdard J, Muglu H, et al. Impact of
SPARC expression on treatment response of pembrolizumab and brain metas-
tasis in patients with metastatic non-small cell lung cancer. Int Immuno-
pharmacol. 2023;124:110947.

22. Enriquez C, Cancila V, Ferri R, Sulsenti R, Fischetti I, Milani M, et al. Castration-
induced downregulation of SPARC in stromal cells drives neuroendocrine dif-
ferentiation of prostate cancer. Cancer Res. 2021;81:4257–74.

23. Alachkar H, Santhanam R, Maharry K, Metzeler KH, Huang X, Kohlschmidt J, et al.
SPARC promotes leukemic cell growth and predicts acute myeloid leukemia
outcome. J Clin Invest. 2014;124:1512–24.

24. Zhong M-E, Chen Y, Xiao Y, Xu L, Zhang G, Lu J, et al. Serum extracellular vesicles
contain SPARC and LRG1 as biomarkers of colon cancer and differ by tumour
primary location. EBioMedicine. 2019;50:211–23.

25. Tichet M, Prod’Homme V, Fenouille N, Ambrosetti D, Mallavialle A, Cerezo M, et al.
Tumour-derived SPARC drives vascular permeability and extravasation through
endothelial VCAM1 signalling to promote metastasis. Nat Commun. 2015;6:6993.

26. Shi Q, Bao S, Song L, Wu Q, Bigner DD, Hjelmeland AB, et al. Targeting SPARC
expression decreases glioma cellular survival and invasion associated with
reduced activities of FAK and ILK kinases. Oncogene. 2007;26:4084–94.

27. Peng F, Zhong Y, Liu Y, Zhang Y, Xie Y, Lu Y, et al. SPARC suppresses lymph node
metastasis by regulating the expression of VEGFs in ovarian carcinoma. Int J
Oncol. 2017;51:1920–8.

28. Chlenski A, Liu S, Baker LJ, Yang Q, Tian Y, Salwen HR, et al. Neuroblastoma
angiogenesis is inhibited with a folded synthetic molecule corresponding to the
epidermal growth factor-like module of the follistatin domain of SPARC. Cancer
Res. 2004;64:7420–5.

29. Aoi W, Naito Y, Takagi T, Tanimura Y, Takanami Y, Kawai Y, et al. A novel myokine,
secreted protein acidic and rich in cysteine (SPARC), suppresses colon tumor-
igenesis via regular exercise. Gut. 2013;62:882–9.

30. Zhao Z-S, Wang Y-Y, Chu Y-Q, Ye Z-Y, Tao H-Q. SPARC is associated with gastric
cancer progression and poor survival of patients. Clin Cancer Res. 2010;16:260–8.

31. Yin J, Chen G, Liu Y, Liu S, Wang P, Wan Y, et al. Downregulation of SPARC
expression decreases gastric cancer cellular invasion and survival. J Exp Clin
Cancer Res. 2010;29:59.

32. Zhang J, Wang P, Zhu J, Wang W, Yin J, Zhang C, et al. SPARC expression is
negatively correlated with clinicopathological factors of gastric cancer and
inhibits malignancy of gastric cancer cells. Oncol Rep. 2014;31:2312–20.

33. Tanaka HY, Kitahara K, Sasaki N, Nakao N, Sato K, Narita H, et al. Pancreatic stellate
cells derived from human pancreatic cancer demonstrate aberrant SPARC-
dependent ECM remodeling in 3D engineered fibrotic tissue of clinically relevant
thickness. Biomaterials. 2019;192:355–67.

34. Zhang X, Hu F, Zhu B, Jiao X, Li Y, Wu S, et al. Downregulation of TEX11 promotes
S-Phase progression and proliferation in colorectal cancer cells through the
FOXO3a/COP1/c-Jun/p21 axis. Oncogene. 2022;41:5133–45.

35. Zou Y, Lin X, Bu J, Lin Z, Chen Y, Qiu Y, et al. Timeless-stimulated miR-5188-
FOXO1/β-catenin-c-Jun feedback loop promotes stemness via ubiquitination of
β-catenin in breast cancer. Mol Ther. 2020;28:313–27.

36. Jiménez-Izquierdo R, Morrugares R, Suanes-Cobos L, Correa-Sáez A, Garrido-
Rodríguez M, Cerero-Tejero L, et al. FBXW7 tumor suppressor regulation by
dualspecificity tyrosine-regulated kinase 2. Cell Death Dis. 2023;14:202.

37. Huang C, Li H, Xu Y, Xu C, Sun H, Li Z, et al. BICC1 drives pancreatic cancer
progression by inducing VEGF-independent angiogenesis. Signal Transduct Tar-
get Ther. 2023;8:271.

38. Tong Z, Wu X, Ovcharenko D, Zhu J, Chen C-S, Kehrer JP. Neutrophil gelatinase-
associated lipocalin as a survival factor. Biochem J. 2005;391:441–8.

39. Chi Y, Remsik J, Kiseliovas V, Derderian C, Sener U, Alghader M, et al. Cancer cells
deploy lipocalin-2 to collect limiting iron in leptomeningeal metastasis. Science.
2020;369:276–82.

40. Lu K-H, Yang J-S, Hsieh Y-H, Chu H-J, Chou C-H, Lu EW-H, et al. Lipocalin-2 inhibits
osteosarcoma cell metastasis by suppressing MET expression via the MEK-ERK
pathway. Cancers. 2021;13:3181.

41. Schröder SK, Pinoé-Schmidt M, Weiskirchen R. Lipocalin-2 (LCN2) deficiency leads
to cellular changes in highly metastatic human prostate cancer cell line PC-3.
Cells. 2022;11:260.

42. Kubben FJGM, Sier CFM, Hawinkels LJAC, Tschesche H, van Duijn W, Zuidwijk K,
et al. Clinical evidence for a protective role of lipocalin-2 against MMP-9 auto-
degradation and the impact for gastric cancer. Eur J Cancer. 2007;43:1869–76.

43. Wu Q, Wu W, Fu B, Shi L, Wang X, Kuca K. JNK signaling in cancer cell survival.
Med Res Rev. 2019;39:2082–104.

44. Bai Y, Liu X, Qi X, Liu X, Peng F, Li H, et al. PDIA6 modulates apoptosis and
autophagy of non-small cell lung cancer cells via the MAP4K1/JNK signaling
pathway. EBioMedicine. 2019;42:311–25.

45. Liu C, Qian X, Yu C, Xia X, Li J, Li Y. Inhibition of ATM promotes PD-L1 expression
by activating JNK/c-Jun/TNF-à signaling axis in triple-negative breast cancer.
Cancer Lett. 2024;586:216642

46. Wu M-C, Cheng H-H, Yeh T-S, Li Y-C, Chen T-J, Sit WY, et al. KDM4B is a coactivator
of c-Jun and involved in gastric carcinogenesis. Cell Death Dis. 2019;10:68.

47. Tai IT, Tang MJ. SPARC in cancer biology: its role in cancer progression and
potential for therapy. Drug Resist Updat. 2008;11:231–46.

48. Sun J, Bai Y-K, Fan Z-G. Clinicopathological and prognostic significance of SPARC
expression in gastric cancer: a meta‑analysis and bioinformatics analysis. Oncol
Lett. 2023;25:240.

49. Said N, Frierson HF, Sanchez-Carbayo M, Brekken RA, Theodorescu D. Loss of
SPARC in bladder cancer enhances carcinogenesis and progression. J Clin Invest.
2013;123:751–66.

50. Onorato MA, Fiore E, Bayo J, Casali C, Fernandez-Tomé M, Rodríguez M, et al.
SPARC inhibition accelerates NAFLD-associated hepatocellular carcinoma devel-
opment by dysregulating hepatic lipid metabolism. Liver Int. 2021;41:1677–93.

51. Xia HH-X, He H, De Wang J, Gu Q, Lin MCM, Zou B, et al. Induction of apoptosis
and cell cycle arrest by a specific c-Jun NH2-terminal kinase (JNK) inhibitor, SP-
600125, in gastrointestinal cancers. Cancer Lett. 2006;241:268–74.

52. Luo S, Lin R, Liao X, Li D, Qin Y. Identification and verification of the molecular
mechanisms and prognostic values of the cadherin gene family in gastric cancer.
Sci Rep. 2021;11:23674.

ACKNOWLEDGEMENTS
This study was supported by the National Natural Science Foundation of China (grant
numbers: 82173239 and 82100626); the Natural Science Foundation of Guangdong
Province (grant numbers: 2022A1515011534, 2023A1515011187, 2023A1515011169,
and 2024A1515010739); the 5010 project of the First Affiliated Hospital of Sun Yat-
sen University (grant number: 2018004); the Guangzhou Basic and Applied Basic
Research Foundation (grant number: 202201010777); and the GDAS’ Special Project
of Science and Technology Development (grant number: 2021GDASYL-
20210103012).

AUTHOR CONTRIBUTIONS
Jianhui Chen and Shirong Cai designed the research. Zhixin Huang, Ying Li, and Yan
Qian contributed equally to the study, including implement, analysis and
interpretation of data. Ertao Zhai, Zeyu Zhao, Tianhao Zhang, Yinan Liu, Linying Ye,
Ran Wei, Risheng Zhao, Zikang Li, and Zhi Liang participated in the literature search,
sample collection and statistical analysis. Zhixin Huang and Ying Li wrote the whole
paper. Jianhui Chen and Shirong Cai supervised the whole study and edited and
reviewed the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study was approved by the Ethics Committee of the First Affiliated Hospital of
Sun Yat-sen University (project number 2020-164), and written informed consent was
obtained from each patient before sample collection. All animal procedures were
approved by the Animal Care and Use Ethics Committee of Sun Yat-sen University,
with endeavors made to minimize animal suffering.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-07153-z.

Correspondence and requests for materials should be addressed to Shirong Cai or
Jianhui Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Z. Huang et al.

14

Cell Death and Disease          (2024) 15:756 

https://doi.org/10.1038/s41419-024-07153-z
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence 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 licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Z. Huang et al.

15

Cell Death and Disease          (2024) 15:756 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tumor-secreted LCN2 impairs gastric cancer progression via autocrine inhibition of the 24p3R/JNK/c-Jun/SPARC axis
	Introduction
	Results
	LCN2 is aberrantly expressed in GC and correlates with the positive prognosis of patients
	LCN2 inhibits proliferation, migration, and invasion capabilities of GC cells in vitro
	LCN2 suppresses GC growth and metastasis in vivo
	SPARC is a pivotal downstream target of LCN2 in GC
	SPARC knockdown partially reverses GC progression induced by LCN2-knockdown in vivo
	LCN2 downregulates SPARC expression by inhibiting the JNK/c-Jun signaling pathway
	LCN2 inhibits the activation of the JNK/c-Jun signaling pathway by binding to its receptor 24p3R
	Clinical relevance of LCN2, SPARC, and c-Jun in GC

	Discussion
	Materials and methods
	Clinical samples
	Cell lines, cell culture, and reagents
	RNA interference and lentivirus transduction
	CCK-8 proliferation and colony formation assays
	Transwell cell migration and invasion assay
	Wound healing assay
	RNA isolation and RT-qPCR
	Protein extraction and western blotting
	Phospho-proteomic profiling
	ChIP
	Dual-luciferase reporter assay
	Co-immunoprecipitation (Co-IP)
	JNK-activated protein kinase assay
	IHC
	Animal studies
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




