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Exo-miR-1911-5p regulates ferroptosis to
promote macrophages M2 polarization-
mediated gastric cancer cisplatin
resistance via MYB/AKR1B10/ACC
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Tumor-associated macrophages (TAMs) have been implicated in fostering various hallmarks of cancer
progression in gastric cancer (GC). However, the intricate molecular mechanisms underlying TAM-
induced chemoresistance remain incompletely understood. Exosomes emerge as key players,
mediating TAM-induced resistance to cisplatin (DDP) by regulating ferroptosis. Our investigation
reveals that exo-miR-1911-5p, delivered to GC cells from TAMs, significantly contributes to cisplatin
resistance. Specifically, direct modulation of MYB by MiR-1911-5p leads to decreased expression of
AKR1B10, a crucial factor in preventing ferroptosis. Further exploration confirms the regulation of ACC
by AKR1B10. Through targeting the MYB/AKR1B10/ACC axis, exo-miR-1911-5p inhibits ferroptosis
to enhances cisplatin resistance. Additionally, exo-miR-1911-5p promotes M2 polarization of TAMs
by targeting ARHGEF3. Collectively, our findings highlight the critical role of exo-miR-1911-5p in
mediating cisplatin resistance through modulating the cross-talk between TAMs and GC. Targeting

exo-miR-1911-5p could represent a promising strategy for overcoming DDP resistance in GC.

Globally, gastric cancer (GC) accounts for more than 1 million new cases,
positioning it as the fifth most common form of cancer and the fourth
primary reason for cancer fatality'. Nevertheless, the outlook for advanced
gastric cancer is discouraging due to the existence of inherent or acquired
resistance to chemotherapy, resulting in a pessimistic five-year survival rate’.
Consequently, there is an immediate need to investigate the mechanism
behind chemotherapy resistance.

Currently, the tumor microenvironment (TME) has gained increased
attention for its role in enabling tumor survival’. Previous research has
suggested that it promotes tumor progression, and chemotherapy
resistance™. As one of the most abundant cells in TME, tumor-associated
macrophages (TAMs) tend to be M2-like, which promotes tumor malignant
progression”. However, the mechanism of crosstalk between macrophages
and GC remains uncertain.

Exosomes are small vesicles with a diameter of 30-150 nm that
mediate intercellular communication’. Numerous studies have highlighted
the role of exosome-mediated regulation in the effectiveness of cancer

chemotherapy’™'. The interaction between macrophages and tumor cells
through exosomes has been extensively studied in various cancers, con-
tributing to tumor advancement>”. MicroRNA (miRNA), encapsulated
within exosomes, mediates various physiological and pathological processes
through the transfer between different cells'. Current studies have proved
that miR-1911-5p can exist in exosomes and promotes migration and inva-
sion in lung adenocarcinoma®. But its involvement in the regulation of tumor
microenvironment and chemotherapy resistance has not been studied.

In our study, we discovered that miR-1911-5p is highly expressed in
TAM-exosomes and significantly induces resistance to cisplatin in GC.
More importantly, exo-miR-1911-5p specifically inhibits ferroptosis
induced by cisplatin. Our study demonstrated that exo-miR-1911-5p stra-
tegically modulates the ACC pathway via MYB/AKRIBI0 axis, playing a
significant role in chemotherapy resistance. Furthermore, exo-miR-1911-5p
was found to induce macrophage M2 polarization by modulating ARH-
GEF3. This research highlights that exo-miR-1911-5p induces cisplatin
resistance by regulating the cross-talk between TAMs and GC.
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Results

TAMs inhibit ferroptosis to induce cisplatin resistance in GC
Upon identification, TAMs exhibited high expression of M2-related mar-
kers (CD206, CD163, ARGI), along with low expression of M1-related
markers (INOS) (Fig. 1A). Subsequently, non-TAMs (NTAMs) and TAMs

A B

were co-cultured with gastric cancer cells. Compared to NTAMs, TAMs
significantly suppressed gastric cancer cell proliferation. However, this
inhibitory  effect ~was markedly attenuated by  Fer-1/DFO
(Figs. 1B-F and S2F), suggesting that TAM-mediated suppression of tumor
growth is partially dependent on ferroptosis activation. The TAM group
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Fig. 1 | TAM inhibits ferroptosis to induce cisplatin resistance in GC.

A Validation of macrophage polarization: Protein levels of CD206, CD163, ARG1,
iNOS in TAMs from human GC tissues vs. NTAMs from normal tissues by Western
blot. B-actin served as a loading control (n = 3); B-F Co-culture with TAMs/
NTAMs in the presence or absence of Fer-1 to investigate DDP-induced malignant
transformation via (B: CCK-8, C, D: Colony formation, E, F: EdU) (n = 3);

G Relative viability of GC cells co-cultured with TAMs/NTAM:s exposed to cisplatin
at the indicated concentrations (n = 3); H The IC50 of GC cells treated with
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cisplatin (n = 3); I Relative viability of GC cells co-cultured with TAMs/NTAMs
exposed to Erastin at the indicated concentrations (n = 3).J The IC50 of GC cells
treated with Erastin; K-M Co-culture with TAMs/NTAM:s in the presence or
absence of Fer-1 to investigate Erastin-induced malignant transformation via (K:
CCK-8, L: Colony formation, M: EdU) (n = 3). Representative of at least 3
experiments, data displayed as mean + SD. ****p < 0.0001, ***p < 0.001,

#p < 0.01, *p < 0.05.
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significantly suppressed DDP-induced cell death. Interestingly, the NTAM
group exhibited a notable increase in cisplatin inhibition upon the addition
of Fer-1/DFO, while the inhibitory effect of the TAM group remained
statistically unchanged (Figs. 1G, H and S2D, E). While the TAM group
significantly suppressed DDP-induced cell death, the NTAM group
exhibited enhanced cisplatin inhibition upon Fer-1/DFO treatment without
statistical changes in the TAM group (Figs. 1G, Hand S2D, E). Fer-1 rescued
cell death, whereas autophagy inhibitors did not (Fig. S2A-C), confirming
ferroptosis as the predominant mechanism. When exposed to erastin and
RSL3, the TAM group effectively suppressed cell death and proliferation
(Figs. 1I-M and S1A-G). However, the inhibition of ferroptosis by TAMs
was abolished upon the addition of the exosome inhibitor GW4869
(Figs. 1I-M and S1A-G). Exosomes derived from TAMs/NTAMs were
characterized, with size distribution analyzed via NTA, morphology asses-
sed by TEM, and marker expression validated through Western blot
(Fig. S3A-F). These findings suggest that TAMs may modulate cisplatin
sensitivity by impeding ferroptosis via exosomes.

High expression of exo-miR-1911-5p is transferred from

TAMs to GC

Compared to healthy controls in TCGA, GC patients exhibited 107 dif-
ferential miRNAs (log2 |fold change| > 2, FDR < 0.05) (Fig. S4A). Analysis
of exosomes from THP-1 and M2-like macrophages revealed 12 differential
exo-miRNAs in GSE97467 (Fig. 2A). Through the combination of predicted
genes, miRNAs (miR-1911-5p and miR-135b-3p) were identified (Fig. 2B).
Significantly elevated expression of miR-1911-5p was observed in TCGA-
STAD compared to the control group (Fig. 2C). Survival analysis of GC
patients undergoing chemotherapy indicated a poorer prognosis for those
with increased expression of miR-1911-5p (Fig. 2D). Among 10 pairs of GC
tissues, only the expression of miR-1911-5p showed significant alteration,
with higher expression observed in exosomes (Fig. 2E, F). Additionally,
higher expression of miR-1911-5p was detected in GC cell lines (MKN-45,
HGC-27, SGC-7901, BGC-823, and AGS) compared to GES-1 (Fig. 2G).
Furthermore, miR-1911-5p was found to be highly expressed in three pairs
of tumor-associated macrophages (TAMs) (Fig. 2H), particularly in exo-
somes (Fig. 2I).

Compared to the MO group, GC cells co-cultured with M2-like mac-
rophages exhibited increased expression of miR-1911-5p. However, this
expression decreased upon the addition of GW4869 (Fig. 2K). Additionally,
exosomes extracted from macrophages were successfully identified
(Fig. S4B-D), and PKH26-labeled exosomes from macrophages were
observed to be internalized by gastric cancer cells (Fig. 2L). In summary, exo-
miR-1911-5p is transferred from TAMs to GC, and its high expression is
associated with poor prognosis in GC.

Exosomal miR-1911-5p enhances cisplatin resistance in GC by
inhibiting ferroptosis

To investigate the role of miR-1911-5p in resistance to DDP, we initially
conducted transfections of cells with miR-1911-5p mimics and inhibitors
(Fig. S5A). Treatment with miR-1911-5p mimics resulted in enhanced
resistance to DDP (Figs. 3A, B and S5B). However, there were no discernible
differences in apoptosis-related proteins between the miR-1911-5p mimics/
inhibitor groups with DDP treatment (Figs. 3C, D and S5C).

To further explore the precise mechanism by which miR-1911-5p
modulates resistance to DDP, we subjected GC cells to treatment with
specific inhibitors targeting different cell death pathways, including the pan-
caspase inhibitor Z-VAD-FMK, the necroptosis inhibitor Nec-1, and the
ferroptosis inhibitor Fer-1. Interestingly, Z-VAD-FMK and Nec-1 failed to
attenuate the death rate induced by DDP to the same extent as miR-1911-5p
mimics inhibition, whereas Fer-1 achieved a comparable degree of inhibi-
tion, similar to miR-1911-5p inhibitor (Figs. 3E and S5D).

Furthermore, the M2 group showed marked reductions in Mal-
ondialdehyde (MDA) and lipid ROS levels, alongside an elevated GSH/
GSSG ratio compared to M0; GW4869 pretreatment abolished these effects
(Fig. S4E-G). Compared to the control group (NC), MDA was significantly

decreased in the miR-1911-5p mimics group (Figs. 3G and S5E). Addi-
tionally, the level of lipid reactive oxygen species was notably downregulated
in the mimics group, as evidenced by decreased green fluorescence
(Figs. 3F and S5F). Overexpression of miR-1911-5p not only elevated the
GSH/GSSG ratio (Figs. 3H and S5G), but also significantly reduced intra-
cellular Fe*' levels in miR-1911-5p mimics-transfected cells (Fig. 3I).
Moreover, under electron microscopy, overexpression of exo-miR-1911-5p
could reverse the mitochondrial volume reduction and membrane density
increase of GC cells induced by DDP, while knocking down exo-miR-1911-
5p exacerbated this phenomenon (Fig. 3]). In summary, exo-miR-1911-5p,
secreted by M2-like macrophages, inhibits ferroptosis characterized by lipid
peroxidation and mitochondrial dysfunction.

MiR-1911-5p regulates ferroptosis via MYB/AKR1B10 signaling

pathway

To elucidate the underlying mechanism of miR-1911-5p, we utilized several
databases, including miRDB, RNA22, TargetScan, Microt4, and miRWalk
to identify potential target genes of miR-1911-5p (Fig. 4A). Among these
candidates, MYB exhibited statistically significant downregulation in GC
cells upon miR-1911-5p transfection as confirmed by gqRT-PCR (Fig. 4B).
Moreover, a complementary binding sequence of miR-1911-5p within the
MYB gene is depicted (Fig. 4C). Subsequent luciferase activity assays
revealed a significant decrease in activity upon transfection with miR-1911-
5p mimics (Fig. 4D).

Furthermore, to analyze ferroptosis-related genes regulated by miR-
1911-5p, we employed a ferroptosis-specific PCR array and identified
numerous genes influenced by miR-1911-5p (Fig. 4E). Among these, GCLC
and AKRIBI0 emerged as common differential genes with statistically sig-
nificant alterations induced by miR-1911-5p (|fold change| >1.5, P <0.05).
Particularly, AKR1B10 was significantly modulated by miR-1911-5p
(Fig. 4F). Survival analysis from TCGA-STAD data revealed that low MYB
expression correlated with lower disease-free survival rates, whereas high
AKRI1B10 expression was associated with decreased survival rates (Fig. 4G).

Previous studies have reported that MYB acts as a transcriptional factor
in most of cases'®. To validate MYB regulate AKR1B10 as transcriptional
factor, JASPAR was used to predict the binding sites of MYB and AKR1BI10.
Chromatin immunoprecipitation validated the binding of MYB to
AKRI1BI10 (Fig. 4H, I), and dual-luciferase reporter assays demonstrated
MYB’s negative regulation of AKR1B10 (Fig. 4], K). Western blot analysis
indicated decreased MYB expression and increased AKR1B10 expression in
the miR-1911-5p mimics group (Fig. 4L, M). Collectively, our findings
provide evidence that miR-1911-5p negatively regulates MYB, thereby
exerting a positive regulatory effect on AKR1B10.

Exo-miR-1911-5p/MYB/AKR1B10 regulates ferroptosis through
ACC pathway

As depicted in Fig. 5A, the induction of cell death in GC cells by DDP was
hindered by exo-miR-1911-5p. Conversely, cell death increased with exo-
miR-1911-5p inhibitor (exo-inh), but this elevation was alleviated upon
MYB knockdown (Fig. 5A). Si-MYB significantly decreased the levels of
MDA and lipid ROS, which were elevated in the exo-inh group (Fig. 5B, C).
Relative to the exo-inh group, si-MYB increased the ratio of GSH/GSSG and
expression of AKR1BI10, and reversed the regulatory effect of exo-inh on
AKRI1BI0 (Fig. 5D, E). These findings further that MYB could reverse the
inhibition of DDP-induced ferroptosis by exo-miR-1911-5p.

Acetyl-CoA carboxylase (ACC) stands as a pivotal regulator within the
lipid metabolism pathway governing ferroptosis'’. Previous study has
proved that AKR1B10 interacts with ACC, preventing ACC ubiquitination
and proteolysis'®. To identify subcellular localization of AKR1B10 and ACC,
we found that AKR1B10 and ACC were both localized in the cytoplasm by
confocal microscopy (Fig. 5F). Subsequent co-immunoprecipitation
experiments confirmed the interaction between AKR1B10 and ACC
(Fig. 5G, H). Moreover, the protein expression of ACC was elevated in the
exo-mimics group, and si-MYB led to an increase in ACC protein levels
(Fig. 5I). ACC activity significantly increased in the exo-miR-1911-5p
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Fig. 2 | High expression of exo-miR-1911-5p is transferred from TAM:s to GC.
A Volcano map of different miRNA expression levels in M2-exo VS M0-exo in
GSE97467; B Venn diagram of the intersection of differential miRNAs; C Expression
level of miR-1911-5p in TCGA-STAD; D Survival curve of miR-1911-5p in patients
treated with chemotherapy from TCGA-STAD; E, F qRT-PCR of miR-1911-5p and
miR-135b-3p expression in GC tissues (E) (n = 10), exosomes from GC tissues (F)
(n = 10); G Comparison of miR-1911-5p expression in GC cell lines and GES-1

DAPI Merge PKH26-EXO DAPI Merge

(n = 3); H, I qRT-PCR of miR-1911-5p and miR-135b-3p expression in TAMs (H)
(n = 3), exosomes from TAMs (I) (n = 3);J Co-culture pattern of GC cells and M2-
like macrophages; K qRT-PCR analysis of miR-1911-5p expression in GC cells after
co-culture and addition of GW4869 (n = 3); L Internalization of PKH26-labelled
exosomes (red) in GC cells were observed through confocal microscopy. Repre-
sentative of at least 3 experiments, data displayed as mean + SD. ****p < 0.0001,
#HEp < 0.001, ¥¥p < 0.01, *p < 0.05.

overexpression group but was downregulated in the exo-inh group. Si-MYB
could reverse the decline in ACC activity observed in the exo-inh group
(Figs. 5], Kand S6A, B).

Furthermore, treatment with PF-05175157, an ACC inhibitor, resulted
in increased lipid ROS (Fig. 5L) and MDA levels (Fig. 5M), along with a
decreased GSH/GSSG ratio (Fig. 5N) compared to the exo-mimics group. In
summary, these results demonstrate that exo-miR-1911-5p can regulate the
ACC signaling pathway to inhibit ferroptosis.

Exo-miR-1911-5p as a therapeutic target for cisplatin resistance
in vivo

To further elucidate the possible clinical significance of exo-miR-1911-5p,
the animal experiment model diagram is presented in Fig. 6A. Compared
with the PBS group, the volume and weight of the subcutaneous tumors
in the M2-exo group were significantly increased, and the tumors in
the miR-1911-5p knockdown group were significantly reduced
(Figs. 6B-D and S7B-D). Western blot showed that the expression of MYB
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Fig. 3 | Exosomal miR-1911-5p enhances cisplatin resistance in GC by inhibiting
ferroptosis. A Relative viability of GC cells co-cultured with exo-mimics/inhibitor
exposed to cisplatin at the indicated concentrations (n = 3); B The IC50 of GC cells
treated with cisplatin; C, D Expression of apoptosis-related proteins detected by
Western blot (n = 3); E Cell viability of GC cells regulated by cell death inhibitors (Z-

VAD-FMK, Nec-1, Fer-1) in response to DDP treatment (1 = 3); F-I The phenotype
of ferroptosis modulated by exo-miR-1911-5p (F Lipid peroxidation product MDA;
G Lipid ROS; H GSH/GSSG ratio; I Fe*') (n = 3);J Electron microscopy used to view
mitochondria in GC cells. Representative of at least 3 experiments, data displayed as
mean + SD. ¥***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

was upregulated and the expression of AKR1B10 and ACC was down-
regulated in the exo-inh group (Figs. 6E and S7E). In addition, the activity of
ACC was also significantly downregulated in the exo-inh group
(Figs. 6F and S7F). IHC of MYB and AKR1BI0 also followed the trend of
GC cell lines in vitro (Figs. 6H and S7H).

To further explore how M2-exo-miR-1911-5p regulates ferroptosis in
vivo, we injected ferroptosis agonist IKE into three groups of nude mice
(Fig. 6I). Under IKE treatment, the M2-exo group tumors were significantly

larger than PBS and M2-exo-inh group (Fig. 6K, L). The results of Western
blot and THC showed that under IKE treatment, MYB was upregulated in
exo-inh group compared with M2-exo group, and AKR1B10 and ACC were
upregulated (Fig. 6M-0). In addition, ACC activity was downregulated in
the exo-inh group (Fig. 6N). Besides, we also detected the lipid peroxidation
product MDA, which revealed that the exo-inh group was elevated com-
pared with the M2-exo group (Fig. 6P). In general, targeting exo-miR-1911-
5p is an effective means to address GC chemotherapy resistance.
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Microt4, and miRWalk; B The expression of screened target genes transfected with
miR-1911-5p (n = 3); C The mutant and putative binding site of miR-1911-5p with
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of at least 3 experiments, data displayed as mean + SD. ****p < 0.0001,

*H¥p < 0.001, **p < 0.01, *p < 0.05.

Exo-miR-1911-5p regulates ARHGEF3 to induce macrophage M2
polarization

To explore the regulatory effects of exo-miR-1911-5p on macrophages, we
constructed a co-culture system including gastric cancer cells and macro-
phages (Fig. 7A). In the THP-1 cells co-cultured with GC cells

overexpressing miR-1911-5p, the expressions of M2 polarization markers
CD206, CD163, ARG-1, and IL-10 were significantly increased, while the
M1-polarization markers iNOS, IL-1p were decreased, and the phenom-
enon disappeared after the addition of GW4869 (Fig. 7C). In addition,
ELISA detection of IL-10 and IL-1p was consistent with the above results
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Fig. 5 | Exo-miR-1911-5p/MYB/AKR1B10 regulates ferroptosis through ACC
pathway. A Cell viability after DDP stimulation detected by CCK-8 after MYB
knockdown (n = 3); B, C Lipid peroxidation levels were detected after MYB
knockdown (B Lipid ROS; C MDA) (n = 3); D Western blot was performed to
detect protein levels of MYB and AKR1B10 after MYB knockdown (n = 3).

E Detection of the GSH/GSSG ratio after knocking down MYB (n = 3);

F Subcellular localization of AKR1B10 and ACC in GC cell lines; G, H The binding of

AKR1B10 to ACC was verified by COIP experiments. I The expression of ACC
protein were detected after exosomes addition (n = 3).J ACC activities in GC cells
exposed to DDP treated with exo-mimics/inhibitor (n = 3); K ACC activities in GC
cells exposed to DDP treated with exo-inhibitor/si-MYB (n = 3); L-N Phenotypic
changes in ferroptosis after the addition of ACC inhibitors (L lipid ROS; M. MDA;
N:GSH/GSSG) (n = 3). Representative of at least 3 experiments, data displayed as
mean + SD. ¥¥**p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

(Fig. 7D). The expression levels of 12 target genes of miR-1911-5p were
analyzed from the macrophage dataset GSE159112 (Fig. 7B), finding sig-
nificant statistical differences in MYB, ARHGEF3, and LUC7L3. Subse-
quently, only ARHGEF3 in the THP-1 cell line had differences (Fig. 7C).

Western blot results showed that miR-1911-5p mimics significantly inhib-
ited the expression of ARHGEF3, and the expression of ARHGEF3
increased after the addition of GW4869 (Fig. 7E). We then used the dual-
luciferase reporter gene to show that miR-1911-5p negatively regulates
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ARHGEF3 (Fig. 7F). To further explore how GC-derived exosomes regulate
macrophages, we extracted exosomes from GC cell lines. Electron micro-
scopy showed that the exosomes were saucer-like (Fig. 7G), and particle size
analysis (NTM) suggested that the exosomes were about 100 nm in size
(Fig. 7H). When exosomes were added to MO cells, it was found that the

exosomes overexpressing miR-1911-5p significantly downregulated the
expression of ARHGEF3 (Fig. 71). In addition, the exosomes overexpressing
miR-1911-5p could promote M2 polarization (Fig. 7], K). The mechanism
diagram is shown in Fig. 7L. These findings supported the results that exo-
miR-1911-5p regulates ARHGEF3 to induce macrophage M2 polarization
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Fig. 7 | Exo-miR-1911-5p promotes M2 polarization in macrophages via ARH-
GEF3. A Co-culture pattern diagrams of M0 type macrophages and GC cell lines;
B Heat map of miR-1911-5p target gene expression in M0, M1, M2-like macrophages
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IL-10 and IL-1f in macrophage culture medium by Elisa (n = 3); E Western blot
revealed protein expression of ARHGEF3 after transfection and treatment with
GW4869 (n = 3); F Dual luciferase reporter gene reveals that miR-1911-5p

negatively regulates ARHGEF3 (n = 3); G Morphology of exosomes under TEM;
H The size of exosomes detected by NTA; I Western blot demonstrates protein
expression of ARHGEF3 after exosome therapy (n = 3);J The expression of the M1/
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D < 0,0001, ¥F¥p < 0.001, ¥¥p < 0.01, ¥p < 0.05.

Discussion

In the treatment for GC, cisplatin, 5-fuorouracil, paclitaxel and doxorubicin
are important chemotherapeutic drugs”. For advanced GC, the important
factor of poor prognosis is resistance to these drugs™. Recent research has
revealed the crucial role of tumor microenvironments, specifically cancer-
associated fibroblasts and tumor-associated macrophages, in cancer

development™”. These interactions between cells in a dynamic system
are responsible for tumor progression and distant metastasis"*”. Our
current investigation demonstrates that exo-miR-1911-5p enhances cispla-
tin resistance by facilitating the interaction between GC and TAMs,
leading to the formation of an immunosuppressive microenvironment
that supports tumor advancement. The intercellular interactions between
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GC cells and TAMs reveals the molecular mechanism of GC cisplatin
resistance.

Currently, elevated levels of miR-1911-5p contribute to the progression
of lung adenocarcinoma'’. However, the role of miR-1911-5p in GC remains
unexplored. In our study, we identified that miR-1911-5p is upregulated in
GC and correlated with the poor prognosis of GC patients. Recent studies
have demonstrated that exosome-enclosed miRNAs contribute to the
advancement of tumors. Increasingly evidence shows that exo-miR-522,
miR-21, and miR-301a-3p were strongly associated with GC progression,
recurrence, and poor prognosis™*~°. Our study also discovered that exo-miR-
1911-5p derived from TAMs enhances cisplatin resistance in GC. Generally
speaking, exo-miR-1911-5p enhances cisplatin resistance in GC.

TAMs are one of the most abundant cells in the tumor micro-
environment, and their interactions with GC cells have received more and
more attention’”. Exosomes, as small vesicles of intercellular commu-
nication, are often used to mediate material exchange between tumor
microenvironment and GC cells®, and regulate malignant behaviors™ ™.
Studies reported that TAMs-derived exosomes can enhance the DDP
resistance of GC cells™"". Our study proved that TAMs could transfer exo-
miR-1911-5p to GC cells and promote DDP resistance by regulating fer-
roptosis via MYB/AKR1B10/ACC signaling pathway. Additionally, GC
cells could transfer exosomes to TAMs for progression’. Our study found
that GC cells transfer exo-miR-1911-5p and accelerate M2-like macrophages
polarization. Therefore, exo-miR-1911-5p becomes the interaction medium
between GC and TAMs.

Ferroptosis is a newly discovered form of cell death™. In terms of the
study, cancer cells might be susceptible to ferroptosis, which are resistant to
chemical treatment’”. In our study, we discovered that exo-miR-1911-5p
specifically regulates ferroptosis to promote DDP resistance in vitro and
vivo. AKR1B10 has been shown to inhibits lipid peroxidation™ and be
involved in gastric cancer progression and DDP resistance””. Our
experiment revealed that MYB can transcriptionally regulate AKR1B10 and
that AKR1B10, in turn, can bind to ACC, thereby influencing lipid meta-
bolism to regulate ferroptosis. Our present study demonstrates that exo-
miR-1911-5p is an essential therapeutic target for drug resistance in gastric
cancer, and the development of a specific ferroptosis therapy strategy for it
could be a breakthrough in addressing chemotherapy resistance.

In this study, exosomal miR-1911-5p was identified as a critical
regulator of cisplatin resistance in gastric cancer; however, the statistical
power and generalizability of the findings were constrained by the limited
sample size. To address this limitation, the clinical cohort will be pro-
spectively expanded through multi-center collaborations and extended
follow-up periods to enhance data robustness. Furthermore, the trans-
lational potential of these findings will be advanced through the engi-
neering of exosomes using CRISPR-mediated modification or lipid
nanoparticle (LNP) delivery systems. These strategies will be validated in
patient-derived organoids and humanized PDX models to bridge
mechanistic insights with clinical applications for overcoming cisplatin
resistance.

Despite the limitation, this study demonstrated that elevated expres-
sion of miR-1911-5p predicts poor prognosis in chemotherapy GC patients,
and found in vivo and in vitro models that exosome forms of miR-1911-5p
regulate ferroptosis in gastric cancer via MYB/AKR1B10/ACC. In addition,
exo-miR-1911-5p modulates macrophage polarization via ARHGEF3. In
summary, we have proposed a signaling pathway for the regulation of drug
resistance in gastric cancer and considered exo-miR-1911-5p as a promising
therapeutic target.

Methods

Clinical specimens

The analysis of miRNA expression was conducted using R software (version
4.0.1), utilizing the TCGA and GEO databases. Patients who underwent
surgery at First Affiliated Hospital of Nanjing Medical University provided a
collection of 10 pairs of GC organizations and neighboring non-cancer
tissues. Every participant provided an informed consent, and the research

received approval from the Clinical Research Ethics Committee of The First
Affiliated Hospital of Nanjing Medical University. All ethical regulations
relevant to human research participants were followed.

Isolation of TAMs

The tissue is sliced into fragments with a diameter of 1 mm and then treated
with 0.15 WU/mL D-Liberase (Roche) and 800 U/mL DNase I (Sigma-
Aldrich) at a temperature of 37 °C for a duration of 15min®. To create
single-cell suspensions, the minced fresh specimens are carefully pressed
through a 70-um pore mesh and then undergo Ficoll gradient centrifuga-
tion. The cells are seed into a 6-well plate for 4 h at 37 °C in incubator.

Cell culture and transfection

The human gastric cancer cell lines (MKN-45, HGC-27, SGC-7901, BGC-
823, AGS), GES-1, and THP-1 were obtained from the American Type
Culture Collection (ATCC, USA). The SGC-7901 cell line, historically
recognized as a standard gastric cancer model, underwent STR authenti-
cation prior to experimentation. Cells were cultured in RPMI 1640 medium
(GIBCO, Brazil) with 10% FBS at 37 °C/5% CO,. For miRNA studies, AGS/
SGC-7901 cells were transfected with Lipofectamine 2000 (10 pL/
well, 50 nM RNA) containing MYB siRNA, NC, miR-1911-5p mimics/
inhibitors (GenePharma, China). Transfection complexes were incubated
for 6 h, followed by medium replacement. Cell viability was assessed at 24 h,
and samples were collected at 48h for analysis. Table S1 lists the
sequences used.

Isolation and identification of exosomes

Cells were grown in medium with exosome-free FBS and medium was
collected after transfection or drug treatment. Cell culture was centrifuged at
10,000 x g for 20 min to obtain supernatant. Then it was transferred to
centrifuge tube for centrifuging at 100,000 x g for 70 min. The sediments
were resuspended with PBS. Exosomes were harvested after the liquid
centrifuged at 100,000 x g for 1 h.

RNA extraction and quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from clinical samples/cell lines using TRIzol
(Invitrogen). Reverse transcription was performed with PrimeScript RT Kit
(TaKaRa) (500 ng RNA). qRT-PCR quantified mRNA/miRNA expression,
normalized to GAPDH and U6 levels. The PCR primer sequences are
shown in Table S2.

Analysis of Western blot

Proteins were isolated using RIPA buffer. Cell lysates were separated by 10%
SDS-PAGE, transferred onto PVDF membranes (Millipore), and detected
via Bio-Rad chemiluminescence Western blotting. All antibodies were
including anti-caspase 3 (#9662, Cell Signaling Technology, 1:1000),
c-caspase 3 (#9661, Cell Signaling Technology, 1:1000), BAX (#2772, Cell
Signaling Technology, 1:1000), MYB (sc-74512, Santa, 200 pg/ml),
AKRI1BI0 (ab96417, Abcam, 1:1000), ACC (#3676, Cell Signaling Tech-
nology, 1:1000), tubulin (AF1216, Beyotime, 1:1000), ARHGEF3 (PA5-
30608, Invitrogen, 1:2000), and B-actin (AF2811, Beyotime, 1:2000).

Dual-Luciferase reporter assay

The luciferase reporter assay was conducted according to previous
documentation®. The measurement of luciferase activity was performed
48h after transfection using the Dual-Luciferase Reporter System Kit
(E1910, Promega, USA).

Cell viability analysis
The cell viability was detected using Cell Counting Kit-8 (MCE, Shanghai,
China) to measure the cytotoxicity of DDP.

Lipid reactive oxygen species (ROS) level
Cells were treated with cultural medium containing 10 uM BODIPY ™ 581/
591 C11 probe (D3861, Thermo Fisher Scientific, USA) for 30 min. The
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lipid ROS level was determined by laser confocal microscope (Olympus,
Tokyo, Japan).

Malondialdehyde (MDA) measurement

Proteins were extracted from the treated cells and added the MDA detection
solution (S0131S, Beyotime) to the proteins. The mixture was heated at
100 °C for 15 min. After centrifugation at 12,000 x g, the supernatant was
taken and added to the 96-well plate. The absorbance was measured
at 532 nm.

GSH measurement

The collected cells were processed according to the instructions of the GSH
kit (S0052, Beyotime). The measurements were performed at a wavelength
of 412 nm.

Co-immunoprecipitation (Co-IP)

The working solution of 20 ug/ml antibody was mixed with the Protein and
turned for 2 h at 4 °C. After that, Protein A/G immunoprecipitation mag-
netic beads (B23202, Biomake) were added and turned overnight at 4 °C.
After magnetically separating the mixture, the supernatant was collected
and placed on ice for subsequent detection. Wash three times with 200 pL
washing buffer and leave to dry for 5 min. 50 pL 1 x SDS-PAGE Loading
buffer was added to the magnetic bead complex, mixed evenly and heated at
95 °C for 5 min, and the supernatant was collected for SDS-PAGE detection.

Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR)
The ChIP assay was carried out by the kit instructions (Thermo Fisher
Scientific, USA). The JASPAR database was used to predict binding sites of
transcription factors. Primers were designed and synthesized based on
binding sites, and PCR amplification was performed to validate the
sequences.

Enzyme-linked immunosorbent assay (ELISA)

The collected cell supernatant was added to the ELISA plate for incubation,
washing and color development according to the instructions of the ELISA
kit (ab185986, ab214025, Abcam). The absorbance (OD value) of each hole
was measured at 450 nm wavelength.

ACC activity measurement
The ACC activity measurement was carried out according to the instruc-
tions (AKFA009M, Beijing Boxbio Science & Technology, China).

Transmission electron microscopy (TEM)

For TEM detection, cells were fixed with 2.5% glutaraldehyde overnight at
4°C. It was washed three times by PBS. Then fixed the samples with 3%
osmium tetroxide for 2 h at room temperature. It was dehydrated in ethanol,
the concentration was 30%, 50%, 75%, 95%, and 100% in turn. The speci-
mens were immersed in epoxy resin and cut into 100 nm sections using an
Ultrathin microtome (RMC Boeckeler, USA). The pictures were acquired
using an 80 kV transmission electron microscope (H7500 TEM) manu-
factured by Hitachi in Japan.

Mice model

BALB/c nude mice and C57BL6 mice (6 weeks old; female; Beijing Vital
River Laboratory Animal Technology Co., Ltd, China) were randomly
divided in each group with five mice. Each mouse was subcutaneously
injected with GC cells (2 x 10° cells in 200 pl PBS). After 1 week of injection,
DDP (2 mg/kg) or fer-1 (5 mg/kg) or IKE (40 mg/kg) were intraperitoneally
injected twice a week for 2 weeks. Moreover, exosomes were injected every
two days through the tail vein. After 4 weeks, the mice were sacrificed, the
tumor was taken out and the samples were processed according to the
subsequent experiments. Euthanasia was performed when tumor burden
reached the pre-established ethical threshold of 2000 mm® in accordance
with institutional animal welfare guidelines. All animal experiments were
approved by the animal ethics committee of Nanjing Medical University and

performed in compliance with the Guide for the Care and Use of Laboratory
Animals. We have complied with all relevant ethical regulations for animal
use. The tumour measurements and volumes permitted by the animal ethics
committee were not exceeded in any of the animal experiments.

Statistics and reproducibility

For statistical analysis, GraphPad Prism 8.00 software (USA) and
SPSS version 22.0 software (USA) were used. The results were presented
as the average plus standard deviation of a minimum of three separate
trials. To determine the statistical distinction in two or more groups,
either one-way analysis of variance (ANOVA) or Student’s ¢ test was
employed. A significance level of less than 0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All experimental datasets supporting this study can be accessed through the
corresponding author following a formal data request process. Underlying
numerical data for graphs are available in Supplementary Data 1. Original
uncropped blots are provided in Supplementary Fig. S8.
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