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modulating NF-kB mediated ferroptosis via ferroportin
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Abstract: Cisplatin is a widely used anti-cancer drug. Unfortunately, many cancers often develop resistance, which
contributes to tumor recurrence and poorly prognosis. Growing knowledge has suggested the therapeutic potential
of ferroptosis in cancer. Lipocalin2 (LCN2) is demonstrated to be a critical iron metabolic factor and implies in ferrop-
tosis. Here, we aim to explore its role in chemotherapy resistance. The influence of LCN2 on colorectal cancer (CRC)
cell chemoresistance and ferroptosis were evaluated by in vitro and in vivo approaches. The interaction between
LCN2, NF-kB and ferroportin (FPN) was assessed by western blots, immunohistochemistry and dual luciferase re-
porter assays. Results showed that LCN2 was highly expressed in tumor regression grade 1 (TRG1) cases than that
in TRG3 specimens. Loss of LCN2 contributed to resistance to cisplatin-induced ferroptosis. Mechanistically, loss
of LCN2 inhibited cisplatin sensitivity and cisplatin-induced ferroptosis through elevating FPN expression which was
regulated by NF-kB, subsequently reducing Fe?* mediated Fenton reaction. Furthermore, FPN expression rate was
much lower in TRG1 cases, and negative correlation between LCN2 and FPN expression was observed in clinical
specimens. Collectively, low LCN2 expression enhances insensitivity of cisplatin to CRC cells via Fenton reaction
mediated ferroptosis. LCN2/NF-kB/FPN pathway might be potentially utilized for chemoresistance strategy. LCN2
and FPN expression might be a promising biomarker of chemotherapy effect for CRC patients.
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Introduction alyzed lipid peroxidation initiated by nonenzy-
matic (Fenton reactions) and enzymatic mecha-

Although great advances in therapies have nisms [5]. Since being found, great knowledge

been received, colorectal cancer (CRC) is still
the third most common malignancy worldwide
and leading cause of cancer-related deaths
globally, mostly due to its drug resistance and
low response in patients [1].

Cisplatin is an extremely effective and widely
used chemotherapy drug for the treatment of
solid tumors. Unfortunately, many cancers
often develop resistance in response to cispla-
tin treatment [2, 3]. Recent reports showed
that ferroptosis was involved in the chemother-
apy effect of cisplatin, the latter was indicated
to provoke ferroptosis in various pathology pro-
cesses [4].

Ferroptosis was a newly identified iron-depen-
dent regulated cell death triggered by iron-cat-

has revealed the promising potential of ferrop-
tosis as a novel therapeutic anticancer strate-
gy, more importantly, its potential to over-
come chemoresistance [6]. More interestingly,
researches showed that ferroptosis can propa-
gate among cells through a wave-like manner,
suggesting its potent killing effect on neighbor-
ing cells [7-9]. Thus, identifying and exploring
the clinical application of ferroptosis might be
beneficial for enhancing our understanding of
the ferroptosis mechanisms and tackling tumor
progression.

Lipocalin2 (LCN2) is dysregulated in a variety of
cancers and considered as a critical iron meta-
bolic factor due to its iron-sequestering capaci-
ty [10]. Recently, LCN2 was identified as one of
the antioxidant-related genes which is upregu-

https://doi.org/10.62347/MEYW3975


http://www.ajcr.us
https://doi.org/10.62347/MEYW3975

Loss of LCN2 enhances cisplatin chemoresistance via NF-kB/FPN pathway

lated in various cellular stress conditions and
involved in ferroptosis process. It was reported
that LCN2 was a potential target in the cancer
cachexia treatment by improving ferroptosis
[11], and increased LCN2 activates inflamma-
some-ferroptosis processes in a mouse model
of dry age-related macular degeneration [12].
Moreover, LCN2 was identified to be a core fer-
roptosis-related factor as it was highly correlat-
ed with ferroptosis-associated differentially
expressed genes [13]. Furthermore, silencing
of LCN2 was negatively related to ferroptosis
events in ulcerative colitis which is closely
associated with CRC [14]. Besides, LCN2 was
observed to have an inhibitory effect on the
system Xc-, and enhanced ferroptosis in intra-
cerebral hemorrhage [15]. Remarkably, consid-
ering the ferrous iron (Fe?*) and ROS dependen-
cy of ferroptosis, LCN2 might be involved in the
regulation of ferroptosis.

Early work showed that the key factor of tumor
progression, NF-kB, was elevated in LCN2
knockdown CRC cell lines [16], and was report-
ed as a modulator of ferroptosis [17, 18]. How-
ever, its mechanisms in ferroptosis remains
poorly understood.

Here, we provide evidence that loss of LCN2
expression acts as a negative regulator of fer-
roptosis by triggering NF-kB/FPN pathway
underlying cisplatin treatment, more important-
ly, enhancing cisplatin vulnerability in CRC.
Notably, LCN2 was negatively related with FPN
expression and score of TRGs in patients
undergoing chemotherapy. LCN2 and FPN
expression might be potential biomarkers for
predicting the chemotherapeutic effect of CRC
patients.

Material and methods
Cell culture and reagents

The human CRC cell lines of HT-29, SW620,
DLD1 and 293FT cells were generous gifts
from Professor Maode Lai (Department of
Pathology, School of Medicine, Zhejiang Uni-
versity); they were respectively cultured in RPMI
1640 and Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, Grand lIsland, USA) supple-
mented with 10% fetal bovine serum (FBS,
Excell Bioscience, Shanghai, China) and myco-
plasma removal agent (1:100) and grown at
37°C under 5% CO,. HT29 cells with LCN2
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knockdown or knockout (designated as HT29-
shLCN2 and HT29-LCN2-KO; vector control-
SHB), and SW620 cells that stably expressed
LCN2 (designated as OVER-LCN2; vector con-
trol-OB) were established by lentiviral shuttle
vector. Cisplatin (cis, Cat No. HY-17394) was
purchased from Med Chem Express (MCE, Hao
yuan Bioscience, Shanghai, China), and cispla-
tin was incubated with corresponding cells for
30 uM (24/48 h). H2DCFDA (Cat No. HY-D0940)
were from Med Chem Express (MCE, Haoyuan
Bioscience, Shanghai, China). BODIPY 581/
591 C11 (D3861) and Tetramethylrhodamine
(TMRM, 134361) were obtained from Invitrogen
(Thermo Fisher Scientific).

Reverse transcription-polymerase chain reac-
tion (PCR) and real-time PCR analysis

Total RNA was extracted from cells using TRIzol
(Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol, and its concentration
was measured using a spectrophotometer
(Eppendorf, Hamburg, Germany). Total RNA (4
ug) was reverse-transcribed using the HiScript
Il All-in-one RT SuperMix Perfect for gPCR, and
quantitative real-time PCR was performed
using the ChamQ Universal SYBR gqPCR Master
Mix (Nanjing Vazyme Medical Technology Co.,
Ltd.) on a Bio-Rad CFX384 pcr quantitative
analyzer (USA). The relative expression level
was calculated using the 2-22t method and nor-
malized by GAPDH expression. The sequences
of the specific primers are listed in Table S1.

Western blot assay

Cells were scraped, washed 3 times with PBS,
and then lysed in RIPA buffer (Cat No. PO0O13B),
which was purchased from beyotime Biotech-
nology, Shanghai, China.

Subsequently, the protein concentrations were
determined by the Bradford method, and ali-
quots of the protein samples were stored at
-80°C. Aliquots of protein extracts (15-50 ug)
were separated on 10-12% SDS-polyacrylami-
de gels according to the protein molecular
weights. Then, the proteins were elec-tropho-
retically transferred onto NC membranes
(Merck Millipore, Darmstadt, Germany). After
blocking with TBS-Tween 20 (TBST) containing
5% low-fat milk for 2 h in room temperature, the
membranes were incubated with primary anti-
body overnight at 4°C. The membranes were
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then incubated with secondary antibodies
(Odyssey, Li-COR, Bioscience, Lincoln, USA) for
1 h at room temperature. Finally, the mem-
branes were developed with the chemilumines-
cence image (Bio-Rad ChemiDoc MP system).

Antibodies against PTGS2 (AF7003, 1:1000),
and hepcidin (HAMP, DF6492, 1:1000) were
purchased from Affinity Biosciences (Shanghai,
China), GAPDH (Cat No. 60004-1-lg, 1:15000)
and NF-kBp65 (Cat No. 80979-1-RR, 1:20000)
were obtained from ProteinTech, Wuhan San-
ying (Wuhan East Lake Hi-tech Development
Zone, Wuhan, Hubei, P.R.C.). Ferroportin (FPN,
1:1000, NBP1-21502) antibody was purchased
from Novus Biologicals (USA). Antibodies of
LCN2 (ab41105, 1:1000) and NF-kBp65 (phos-
pho S536, ab76302, 1:500) were from Abcam
(Cambridge, England).

Vector construction and small interfering RNA
knockdown (siRNA)

The lentiviral shuttle vector LV242-LCN2 was
constructed to stably overexpress LCN2.

The lentiviral shuttle vector pLKO.1 was used
to express shRNA. The target sequences of
shRNA were: shLCN2-1: 5-GAGTTCACGCTGG-
GCAACATTAAGA-3’, shLCN2-2: 5-GCTGGGCA-
ACATTAAGAGTTA-3'.

For small interfering RNA (siRNA) knockdown of
p65, cells were transfected with either p65 or
negative siRNA (GenePharma, Shanghai, China)
using the PowerFect siRNA in Vitro Transfection
Reagent (Ver ll, SignaGen Laboratories, Gai-
thersburg, MD) following the manufacturer’s
instruction. The siRNAs of p65 and FPN se-
quences are listed as: sip65-1: sense, 5-GC-
ACCAUCAACUAUGAUGATT-3’, antisense, 5-UC-
AUCAUAGUUGAUGGUGCTT-3’; sip65-2: sen-
se, 5-CCUCCUUUCAGGAGAUGAATT-3’, anti-
sense, 5-UUCAUCUCCUGAAAGGAGGTT-3'. si-
FPN-1: sense, 5-GUGGAAUCAUCCUGAUGAU-
TT-3’, antisense, 5-AUCAUCAGGAUGAUUCCA-
CTT-3’; siFPN-2: sense, 5-GGGAUUGGAUUG-
UUGUUGUTT-3', antisense, 5'-ACAACAACAAUC-
CAAUCCCTT-3..

Generation of LCN2-KO cell line
The CRISPR/Cas9 technology was chosen to

generate Lcn2-knockout (KO) HT29 cells. LCN2
CRISPR/Cas9 KO Plasmid (h) (sc-401838),
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LCN2 HDR Plasmid (h) (sc-401838-HDR)
and the CRISPR/Cas9 scramble plasmid (ctr,
sc-418922) were obtained from Santa Cruz
Biotechnology. Each LCN2 CRISPR/Cas9 KO
plasmid consists of a pool of 3 plasmids, each
encoding the Cas9 nuclease and a target-spe-
cific 20 nt guide RNA designed for maximum
knockout efficiency. Briefly, HT29 cells were co-
transfected with CRISPR/Cas9 KO plasmids or
the Ctr CRISPR/Cas9 plasmids and the HDR
plasmids using Lipofectin 3000 (Thermo Fisher
Scientific) according to the manufacturer’s
instruction. The single-clonal populations were
then selected by flow cytometry and puromycin
for 21 days. The absence of LCN2 in the clones
generated was confirmed by Western blot anal-
ysis of protein extracts.

Proliferation assay

For the proliferation assays, 5 x 102 cells were
seeded into 96-well plate with 100 pl RPMI
1640 supplemented with 10% FBS, using the
Cell Counting Kit (CCK8, C0039, Beyotime
Biotechnology, Shanghai, China) following the
manufacturer’s instructions and detected by a
Luminometer (MD SpectraMax i3x, Austria) at
450 nm.

Dual luciferase reporter assay

Luciferase activity was measured as described
previously [16]. In a brief, 490 ng of PGL4.21-
FPN-luc or PGL4.21-luc and 10 ng of Renilla
luciferase plasmids were co-transfected into
corresponding cells. After 24 h of treatment,
luciferase activity was assayed using the Dual
Luciferase Assay System (Promega, Madison,
WI) according to the manufacturer’s protocol on
a Luminometer (MD SpectraMax i3x, Austria).
Each firefly luciferase value was corrected for
its co-transfected Renilla luciferase value.

Ferrous iron (Fe?*) level detection and mito-
chondrial membrane potential (MMP) mea-
surement

To detect intracellular Fe** and MMP levels,
FerroOrange (Dojindo) and TMRM (Invitrogen)
were used according to the manufacturer’s pro-
tocol. Corresponding cells were seeded in
96-well plates and treated with cisplatin for the
indicated time and stained with a final concen-
tration of 1 uM FerroOrange and 0.1 uM TMRM
respectively, for 30 minutes at 37°C protected
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from light, then detected by a Luminometer
(Bio-Tek Synergy Neo2, USA).

ROS measurement

The level of intracellular and total ROS was
respectively evaluated by the uptake of H2D-
CFDA and BODIPY 581/591 C11 (Invitrogen).
To visualize the lipid ROS, cells were seeded in
96-well plates and treated with the designate
conditions, then cells were stained with
H2DCFDA or BODIPY followed the manufactur-
er’s instructions. After 30 minutes in the dark,
the cells were detected by a Luminometer (Bio-
Tek Synergy Neo2, USA).

In vivo mouse tumorigenicity assay

Five-week-old male BALB/c mice were pur-
chased from Hangzhou medical college, Hang-
zhou, China. The mice were housed in individu-
ally ventilated cages and supplied with steril-
ized food, water, and bedding. The mice were
maintained at environmental temperature and
humidity ranges from 21 to 26°C, and from
50% to 70%, respectively. HT29-SHB, shLCN2-
1 and LCN2-KO cells (5 x 10°) in 200 ul PBS
were inoculated subcutaneously into the right
shoulders of BALB/c mice. Mice were randomly
allocated into different groups and intraperito-
neally injected with cisplatin (MCE, HY-17394)
at a dose of 15 mg/kg or the same amount of
saline water for control every other day, when
the tumor volume reaches 100-150 mm?.
Tumor length and width were measured with
calipers, and tumor volumes were calculated
according to the equation: V (mm3) = %2 [width?
(mm?) x length (mm)]. Growth curves were
plotted based on mean tumor volume within
each experimental group at the indicated time
points. Tumor growth was observed for 15
days. Ethics approval and consent to partici-
pate all human tissues and data and animals
involved in this study were approved by the
Ethics Committee of the First Affiliated Hospital,
School of Medicine, Zhejiang University.

Immunohistochemical staining and scoring

Immunohistochemical staining by Envision
method was performed on formalin-fixed paraf-
fin-embedded slides, which had been dewaxed
and rehydrated before antigen retrieval step
[16]. Each specimen was scored according to
the proportion of positive tumor cells: 0, nega-
tive or < 5%; 1, 5-25%; 2, 26-50%; 3, 51-75%; 4,
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> 75%. The score of staining intensity was kept
in range of O to 3 based on: O for no staining, 1
for weak staining, 2 for moderate staining and,
3 for strong staining.

The chemotherapy efficacy was evaluated
using the tumor regression grade (TRG) scoring
system by two independent pathologists, with
score of 1 (only minimal residual tumor cells
were left, with clear evidence of post-chemo-
therapy response) and 3 (large areas of residu-
al tumor cells were observed, with no clear evi-
dence of post-chemotherapy response).

Antibodies and dilutions are as below: LCN2
(dilution 1:200, ab41105, Abcam, cytoplasm,
n =17 (TRG1), n = 20 (TRG3)), and Ferroportin
(FPN, dilution 1:400, NBP1-21502, Novus,
cytomembrane and cytoplasm, n = 17 (TRG1),
n = 20 (TRG3)). Subsequently, LCN2 and FPN
staining were defined as negative (score 0) and
positive (scores > 1).

LCN2 was defined as low (score < 6) and high
(score > 6), while FPN was defined as low (score
<4)and high (score: > 4). Immunohistochemical
staining were from the database in pathology
department of the first affiliated hospital,
School of medicine, Zhejiang University. Clinical
specimens of all 37 patients were enrolled with
informed consent in accordance with a protocol
approved by the Ethics Committee of the first
affiliated hospital, School of medicine, Zhejiang
University.

Statistical analysis

All statistical analyses were performed using
Prism 8.0 (GraphPad Software) and SPSS (ver-
sion 24.0; IBM, New York, NY). For results from
cell lines, all data are reported as mean + S.D.
Differences between means were determined
using the two-tailed, unpaired Student’s t-tests.
Correlation coefficients were calculated by the
Spearman rank correlation test and were con-
sidered significant at P < 0.05.

Results

LCN2 is involved in regulating ferroptosis in
CRC cell lines

LCN2 participates in the development of vari-

ous tumors and plays an important regulatory
role in innate immune responses, for its ability
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of inhibiting bacterial growth by competing
with bacteria for binding to ferrous iron (Fe?*),
which is a critical factor in ferroptosis. To
explore the involvement of LCN2 in ferroptosis,
we first constructed an LCN2 knockdown cell
line (HT29-SHB/shLCN2) and found that the
expression of the critical ferroptosis marker
PTGS2 was significantly downregulated (Figure
1A). The mRNA levels of ferroptosis regulatory
factors, including GPX4, SLC7A11, and FTH1,
exhibited a notable increase, whereas ACSL4
and TFRC demonstrated significant reduction
(Figure 1B). Further examinations also indicat-
ed that shLCN2 decreased the levels of intra-
cellular and total lipid ROS, as well as mito-
chondrial membrane potential (MMP) hyperpo-
larization (Figure 1C-E). To further confirm the
origin of lipid ROS, we next measured iron
content and FPN in the treated cells, which are
the crucial regulators of iron metabolism.
As expected, results revealed that the content
of Fe?* was significantly decreased, and FPN
expression and promoter activity were mark-
edly increased (Figure 1A, 1F, 1G). Similar
changes of FPN expression and activity of pro-
moter were also observed in LCN2 knockout
(LCN2-KO) cells (Figure S1A, S1B). The mRNA
levels of the key regulatory factors of ferropto-
sis and the changes in lipid ROS, MMP, and Fe?*
levels in LCN2-KO cells were consistent with
the trend obtained in shLCN2 cells (Figure S1C-
G). Furthermore, in the constructed LCN2
overexpression cells (SW620-0B/OVER-LCN2),
it was also showed a significant increase of
PTGS2 expression and corresponding ferropto-
sis markers, and a decrease in FPN expression
(Figure 2A, 2B). Likewise, lipid ROS levels and
intracellular Fe?* contents were upregulated,
MMP was hyperpolarized in OVER-LCN2 cells
(Figure 2C-F). The above results suggest that
LCN2 may be involved in ferroptosis by modu-
lating FPN expression in CRC cells.

Downregulation of LCN2 expression amelio-
rates the sensitivity of CRC to cisplatin treat-
ment

Cisplatin is a classic chemotherapy drug widely
used in the clinical treatment of a series of can-
cers. To explore whether LCN2 was involved in
the sensitivity of CRC to cisplatin. We first mea-
sured LCN2 expression in the presence of cis-
platin. As expected, cisplatin can significantly
upregulate the expression of LCN2 in CRC cells
(Figure 3A). Next investigation revealed that
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cisplatin can significantly reduce the survival
and proliferation ability of CRC cells. shLCN2 or
LCN2-KO can slightly reverse the effect of cis-
platin in cell viability (Figure 3B, 3C). Further
exploration showed that shLCN2 and LCN2-KO
could significantly increase tumor volumes in
mouse tumor xenografts, while that were mark-
edly decrease under the treatment of cisplatin.
Consistent with our speculation, shLCN2 and
LCN2-KO could significantly restore tumor vol-
umes and proliferation ability in cisplatin treat-
ment, suggesting that loss of LCN2 impaired
the anti-tumor effect of cisplatin in vivo (Figure
3D, 3E). Thus, it is necessary to further explore
the role of LCN2 played in the process of cispla-
tin treatment.

Lack of LCN2 expression prevents cisplatin-
stimulated ferroptosis

We first investigate the role of cisplatin in fer-
roptosis of CRC. We measured changes of fer-
roptosis-related markers in the treatment of
cisplatin. Consistent with previous reports, cis-
platin could induce ferroptosis by increasing
the levels of PTGS2 expression, lipid ROS and
MMP hyperpolarization (Figure 4A-D). Similar
changes were obtained in mRNA levels of fer-
roptosis-related genes (Figure S2).

Next, corresponding cells were detected to fur-
ther confirm the role of LCN2 in cisplatin-
induced ferroptosis. As results shown in Figures
4A-D and S3A-D, lack of LCN2 significantly pre-
vented the cellular changes, such as elevated
expression of PTGS2, increased level of lipid
ROS and MMP, as well as mRNA changes of
ferroptosis-related genes, caused by cisplatin
treatment (Figure S2).

FPN was involved in cisplatin-induced ferropto-
sis mediated by loss of LCN2

Further investigation showed the reduced level
of Fe?" and the increased FPN expression and
its promoter activity in cells with loss of LCN2
expression. Unexpectedly, cisplatin treatment
enhanced the inhibition effect of lack of LCN2
on Fe?* content (Figures 4E-G, S3E, S3F). Fur-
thermore, the levels of lipid ROS, MMP and Fe?*
in shLCN2 and LCN2-KO cells were markedly
provoked and impaired the inhibition effect of
shLCN2 on cisplatin-induced ferroptosis after
decreasing FPN expression by specific siRNA
(Figure B5A-H). Moreover, according to TCGA
database, high LCN2 and low FPN expression
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Figure 1. Knockdown of LCN2 expression suppresses ferroptosis characteristics in vitro. Western blots detection of Lipocalin2 (LCN2), PTGS2, ferroportin (FPN),
and hepcidin (HAMP) (A) and real-time PCR analysis of ferroptosis-related markers (B) on LCN2-knockdown cells (HT29-sh1, 2). Level of intracellular and total ROS
(C, D), mitochondrial membrane potential (MMP) (E), and ferrous iron (Fe?*) (F) detection in LCN2-knockdown cells (HT29). (G) Quantification of the fold change of
dual luciferase promoter reporter assays of FPN in corresponding cells. Target mRNA levels were normalized to GAPDH. Mean + SD from at least three independent
experiments. *P < .05, **P < .01, ***P <.001, ns, not significant.
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were observed in CRC tumors compared to nor-
mal tissues (Figure 5I, 5J). Notably, among
cases which colonoscopy biopsy tissues were
reserved before chemotherapy, immunohisto-
chemical detection showed that the expression
rate of LCN2 in TRG1 cases (94.12%) was sig-
nificantly higher than that in TRG3 cases (60%)
(Figure S5A), while FPN expression rate was
markedly lower in TRG1 cases (47.06% vs. 90%)
(Table 1). Further analysis revealed a signifi-
cant negative correlation between LCN2 and
FPN, although without significant statistical
significance (Table 2). Likewise, immunohisto-
chemical measurement of tumor xenografts
showed enhanced staining of FPN in shLCN2-1
and LCN2-KO tumors and tumors with cisplatin
treatment (Figure S4), which is in accordance
with our results observed in cells. These results
suggested that loss of LCN2 may act as a nega-
tive regulator in cisplatin-stimulated ferroptosis
via manipulating FPN expression.

Loss of LCN2 renders insensitivity of CRC cells
to cisplatin via promoting FPN expression
through activating NF-kB

Our previous results showed enhanced pho-
spho-NF-kB p65 (p-p65) expression and capac-
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ity of cell proliferation, migration and invasion
in shLCN2 CRC cells [16]. To further investigate
mechanisms underlying LCN2/FPN pathway
modulated ferroptosis in the presence of cispl-
atin. The cells were then confirmed by evaluat-
ing NF-kBp65 (p65) activity, which plays a piv-
otal role in almost all cancers. However, its role
in ferroptosis remains to be elucidated yet. To
our surprise, p-p65 expression was also be
augmented by cisplatin (Figures 6A, S3F).
Knockdown of p65 by siRNA reversed the
expression of PTGS2 and FPN (Figure 6B, 6C),
and the changes of ferroptosis-related genes
(Figures S5B and S6), lipid ROS, Fe?* level and
MMP after cisplatin treatment in shLCN2 cells
(Figure 6D-F). The luciferase reporter assay
also confirmed that interfering with p65 could
significantly ameliorate the increasing activity
of FPN promoter by cisplatin (Figure 6G), imply-
ing that shLCN2 may inhibit ferroptosis through
triggering FPN expression induced by p65 acti-
vation, attenuating the subsequent Fenton
reaction, therefore, enhancing the insensitivity
of CRC cells to cisplatin.

Collectively, our results indicate that loss of
LCN2 expression exhibits as a suppressor of
ferroptosis by activating the p65/FPN signaling
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Table 1. Immunohistochemistry staining of
Lipocalin2 (LCN2) and ferroportin (FPN) in
clinical biopsy tissues before receiving che-
motherapy treatment

Score of chemotherapy effect

Variable (TRG system, n)

TRG1 (n = 17) TRG3 (n = 20)
LCN2 94.12% 60%
FPN 47.06% 90%

Chemotherapy effect was evaluated by tumor regression
grade (TRG) score system in radical surgery tissues after
chemotherapy by two independent pathologists.

pathway mediated Fenton reaction, mitigating
the sensitivity of CRC cells to cisplatin-induced
ferroptosis (Figure 7). Notably, LCN2 and FPN
expression may be a promising biomarker for
chemotherapy effect of CRC patients. Our find-
ings may provide new and unique insights for
chemotherapeutic effect for CRC patients.

Discussion

Here, we provide new evidence directly showing
that loss of LCN2 expression prevents CRC
cells from undergoing ferroptosis by targeting
the NF-kB/FPN signaling pathway, which modu-
lates intracellular Fe?* accumulation induced
Fenton reaction, more importantly, enhancing
cisplatin vulnerability in CRC. These findings
identify the LCN2/NF-kB/FPN signaling path-
way as highly suitable candidates for chemo-
therapeutic agents for CRC patients.

Our previous study showed that LCN2 was high-
ly expressed in CRC tissues. More importantly,
Higher expression of LCN2 together with nega-
tive NF-kB expression was positively related to
favorable prognosis [16].

As one of the most widely used chemotherapy
drugs, recent researches indicated that the
modulation role of cisplatin in ferroptosis.
Moreover, LCN2 was identified as a core factor
in iron metabolism due to its capacity of iron-
sequestering. Nevertheless, understanding of
the role of LCN2 in cisplatin-mediated ferropto-
sis has been complicated by the contradictory
findings in different researches. On the one
hand, reduced LCN2 expression could counter-
act cisplatin effects in oral squamous cell
carcinoma [19] and ameliorate erastin-mediat-
ed ferroptosis, meanwhile, increase cispla-
tin vulnerability in breast cancer cells [20].

2098

Table 2. Correlation analysis between the ex-
pression of immunohistochemical staining of
LCN2 and FPN in clinical CRC tissues before
receiving chemotherapy treatment

Variable
LCN2  FPN (TRG1,n=17) FPN (TRG3, n=20)
r value -0.333 -0.272
p value 0.197 0.233

Additionally, in prostate cancer, LCN2-KO
enhances cisplatin-induced apoptosis while
reducing cancer cell migration ability [21]. On
the other hand, LCN2 has been reported as a
biomarker for cisplatin-induced acute kidney
injury or nephrotoxicity [22-24], and elevated
LCN2 level could protect the kidney cells
against cisplatin-induced injury [25]. Besides,
knockdown of LCN2 significantly promotes the
ability of survival, proliferation, migration and
chemoresistance in oral cancer cell [26]. The
mechanisms of LCN2 underlying cisplatin-
induced ferroptosis needs further exploration.

Our results revealed that LCN2 expression was
significantly upregulated by cisplatin both in
vitro and in vivo, loss of LCN2 mitigated the
level of lipid ROS, MMP, Fe?* content and PTGS2
expression in CRC cells, subsequently prevent-
ed cisplatin-stimulated ferroptosis process.

Although the involvement of the NF-kB signal-
ing pathway in ferroptosis and chemotherapy
has been reported, the mechanisms involved
were not clear yet. Furthermore, the regulation
of LCN2 in the NF-kB signaling pathway on cis-
platin-induced ferroptosis in cancer had not
been reported. NF-kB was indicated to be a
prominent factor that takes part in almost all
cancers [27, 28]. Research showed that phos-
phorylation of NF-kB inhibits ferroptosis in
ulcerative colitis [29], which increases the risk
of CRC by causing a cellular immune response
and accumulating genetic alterations that
might trigger specific oncogenic pathways [30-
32]. Moreover, activated NF-kB activity attenu-
ates ferroptosis [18] and enhance chemoresis-
tance of cancer cells to cisplatin in multiple
cancers [19, 33, 34]. Our results demonstrated
that decreased LCN2 expression significantly
increases the expression of phosphorylation
p65, which is consistent with our previous
results in CRC cells. In addition, knockdown of
p65 by siRNA could partially rescue the inhibi-
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cumulation, this effect may contribute to chemoresistance of CRC cells.

tion of ferroptosis caused by reduced expres-
sion of LCN2 under the treatment of cisplatin,
suggesting that loss of LCN2 prevented cispla-
tin-induced ferroptosis and enhanced chemo-
resistance of CRC cells against cisplatin, par-
tially through activating NF-kB pathway.

As the reduced Fe?* accumulation and elevated
FPN expression were obtained after decreasing
LCN2 expression in our study, we next test the
possibility that LCN2-NF-«kB signaling pathway
participates in the modulation of FPN expres-
sion in ferroptosis in the treatment of cisplatin.
As shown in our results, inhibition of NF-kB
reverted the increased expression of FPN
after treatment with cisplatin, as well as the
enhanced promoter activity of FPN in shLCN2
or LCN2-KO cells. These results indicated that
reduced expression of LCN2 may suppress cis-
platin-induced ferroptosis and increase cispla-
tin vulnerability, via activating NF-kB-FPN path-
way, subsequently inhibiting Fe?* accumula-
tion-regulated Fenton reaction.

2100

needs more investigation.

More importantly, we identi-
fied two aspects of the clinical
importance of LCN2 in CRC.
patients with better
chemotherapy effect (TRG1)
showed higher LCN2 expres-
sion than that of TRG3.
Second, immunohistochemi-
cal analysis of CRC tissues
also showed that LCN2 ex-
pression was negatively corre-
lated with FPN expression, due to the limited
cases, we did not observe significant statistics
significance, the investigation of the relation-
ship between LCN2 and FPN still needs more
effort. In our study, LCN2 inhibited ferroptosis
of CRC cells in vitro, as well as tumor growth in
vivo.

Collectively, these results clearly demonstrate
that loss of LCN2 suppresses cisplatin-induced
ferroptosis by provoking NF-kB/FPN pathway
in CRC, which attenuates Fe®* induced Fenton
reaction and enhances chemoresistance of
CRC to cisplatin. Our study provides a new ther-
apeutic sight in CRC patients with chemothera-
py. Notably, LCN2 and FPN expression may be a
promising biomarker of chemotherapy effect
and chemoresistance in CRC.
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Table S1. The sequences of the specific primers

Gene Sequences 5’-3’
LCN2-F CTCCACCTCAGACCTGATCC
LCN2-R ACATACCACTTCCCCTGGAAT
TFRC-F GGCTACTTGGGCTATTGTAAAGG
TFRC-R CAGTTTCTCCGACAACTTTCTCT

Ferroportin-F
Ferroportin-R
ACSL4-F
ACSL4-R
NF-kBp65-F
NF-kBp65-R
PTGS2-F
PTGS2-R
FTH-F

FTH-R
SLC7A11-F
SLC7A11-F
GPX4-F
GPX4-R
GAPDH-F
GAPDH-R

CTACTTGGGGAGATCGGATGT
CTGGGCCACTTTAAGTCTAGC
CATCCCTGGAGCAGATACTCT
TCACTTAGGATTTCCCTGGTCC
GGGCATGCGCTTCCGCTACA
TCCCCACGCTGCTCTTCTTGGA
CCGCAGTTGATACTGACGCTC
GCGCAGTTTACGCTGTCTAGC
ACTGATGAAGCTGCAGAACC
GTCACCCAATTCTTTGATGG
CCTTTCAAGGTGCCACTGTT
TCCCTATTTTGTGTCTCCCCTT
TAGAAATAGTGGGGCAGGTCC
CGTCAAATTCGATATGTTCAGC
TGCACCACCAACTGCTTAGC
GGCATGGACTGTGGTCATGAG




Loss of LCN2 enhances cisplatin chemoresistance via NF-kB/FPN pathway

. 5 4- 45— === crr -
b -— e
HT29 & S 3 | == cono o =) gg_ -
S 3 =m FPN-promoter s
FPN - $ 204
g s 25\ x
s 24 2 8\
2 <
LCN2  e— 3 g °7
E"' E 44
dekek
5 2+
GAPDH [— s
SHB Ko a
>
K2

D_ 1.5+ E 15 Fos-
2 -
] g $ g
g wr g #* s S s ry
§ 1.0 X8 1.0- Z 1.0 % 1.04
c & o2 chk c=
8L ge it ¥
H ; cg 2 z 0
[
£ 05+ $8 051 § 05 § 054
§ g
: g 8
3 * & -
0.0 0.0- 0.0- 0.0-
SHB KO SHB KO SHB KO SHB KO

Figure S1. FPN expression and promoter activity of LCN2-KO and control cells (ctr, A, B). (C) Ferroptosis markers changes of mRNA levels (C), lipid ROS (D, E), MMP
detection (F) and Fe?* levels (G) in corresponding cells. Target MRNA levels were normalized to GAPDH. Mean + SD, **P < .01, ***P < ,001.
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Figure S2. Real-time PCR analysis of mMRNA levels of ferroptosis markers on LCN2-knockdown cells (shi, 2) treated with cisplatin (30 uM) for 24 h. Mean + SD, *P
<.05, **P < .01, ***P < .001.
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Figure S3. Knockout of LCN2 reduces ferroptosis induced by cisplatin. (A) Quantification of the fold change of MRNA levels of ferroptosis markers in corresponding
cells with cisplatin (30 uM, 24 h). Lipid ROS levels (B, C), MMP detection (D) and Fe?* contents (E) in CRC cells treated with cisplatin (30 uM, 24 h). (F) Western blot
analysis of FPN, p65 and p-p65 expression in LCN2-KO cells treated with cisplatin (30 uM) for indicated time. Ctr: control; Mean £ SD, *P < .05, **P < .01, ***P
<.001, ns, no significance.
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Figure S4. Imnmunohistochemical staining of LCN2 and FPN in mouse xenografts tissues. Expression of LCN2 (cy-
toplasm, A) and FPN (membrane and cytoplasm, B) of mouse xenografts tissues formed with HT29-SHB, shLCN2-1
and LCN2-KO cells and intraperitoneally injected with cisplatin (15 mg/kg) or the same amount of saline water for
control every other day for the next 12 days. Hematoxylin-eosin (H&E) staining on top right corner. Scale bar 50 pym.
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Figure S5. Immunohistochemical staining of LCN2 in clinical tissues of TRG1 and TRG3 (A). Changes of ferroptosis markers on mRNA levels of LCN2-knockdown
(SH1) cells transfected with specific p65 siRNA (sip65), and treated with cisplatin (30 uM) for 24 h (B). Hematoxylin-eosin (H&E) staining on top right corner. Scale
bar 1000 ym. Mean + SD, *P < .05, **P < .01, ***P < .001, ns, no significance.
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Figure S6. Changes of PTGS2, FPN, p-p65 and p65 expression (A), and mRNA levels of ferroptosis-related markers after knockdown by specific sSiRNA of p65 (sip65)
in corresponding cells (B). Mean + SD, **P < .01, ***P < .001.



