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Taurine Inhibits Ferroptosis Mediated by the Crosstalk
between Tumor Cells and Tumor-Associated Macrophages
in Prostate Cancer

Huixiang Xiao, Xinxing Du, Zhenkeke Tao, Nan Jing, Shijia Bao, Wei-Qiang Gao,*
Baijun Dong,* and Yu-Xiang Fang*

Tumor-associated macrophages (TAMs) play an essential role in tumor
therapeutic resistance. Although the lethal effect of ferroptosis on tumor cells
is well reported, how TAMs inhibit the effect of ferroptosis in tumors has not
been clearly defined. In this study, it is demonstrated that TAM-secreted
taurine suppresses ferroptosis in prostate cancer (PCa) by activating the Liver
X receptor alpha/Stearoyl-Coenzyme A desaturase 1 (LXR𝜶/SCD1) pathway.
Blocking taurine intake via inhibition of taurine transporter TauT restores the
sensitivity to ferroptosis in tumors. Furthermore, LXR𝜶 activates the
transcription of both miR-181a-5p and its binding protein FUS to increase the
recruitment of miR-181a-5p in tumor-derived extracellular vesicles (EVs). It is
observed that macrophages appear to be recipient cells of the
miR-181a-5p-enriched EVs. Intake of miR-181a-5p in macrophages promotes
their M2 polarization and enhances the taurine export by inhibiting
expression of its target gene lats1, which in turn inactivates the hippo
pathway and results in a Yes-associated protein (YAP) nuclear translocation
for transcriptional activation of both M2 polarization-related genes such as
ARG1 and CD163 and the taurine transport gene TauT. Taken together, the
findings indicate a reciprocal interaction between PCa cells and TAMs as a
positive feedback-loop to repress ferroptosis in PCa, mediated by
TAM-secreted taurine and tumor EV-delivered miR-181a-5p.
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1. Introduction

It has been well-reported that infiltration
of macrophages that are defined as tumor-
associated macrophages (TAMs) in the tu-
mor microenvironment are tightly related
to the resistance of tumor therapy.[1] In
prostate cancer (PCa), TAMs are major im-
mune cells in the tumor microenviron-
ment to facilitate PCa progression via en-
hancing PCa cell migration and metas-
tasis, promoting drug resistance, and so
on.[2–6] Functionally, TAMs are primarily
composed of M2-type macrophages, which
can be polarized by various tumor microen-
vironmental factors such as chemokines,
cytokines and tumor-derived extracellular
vesicles (EVs).[7,8]

Currently, besides their promoting ef-
fects on resistance of chemotherapy and
immunotherapy, TAMs are reported to be
also involved in the resistance of ferropto-
sis by secretion of transforming growth fac-
tor beta 1.[9] Ferroptosis is a programmed
cell death characterized by the accumula-
tion of lipid peroxidation and iron, eventu-
ally causing the rupture of membrane.[10]
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It is a main mechanism for anti-ferroptosis by activation of
Stearoyl-Coenzyme A desaturase 1 (SCD1) to produce monoun-
saturated fatty acids (MUFAs) for blocking the lipid ROS accu-
mulation on the plasma membrane.[11,12] For example, mTORC1-
dependent activation of SREBP1 promotes the transcription of
SCD1 for suppression of ferroptosis in PCa.[13] Besides dysregu-
lation of upstream pathways in tumors, factors such as cytokines
and metabolites from microenvironment also play an important
role in the activation of SCD1.[14,15] Recently, lactate secreted from
cancer-associated fibroblasts (CAFs) has been reported to be ab-
sorbed by liver cancer cells to suppress ferroptosis via activating
the HCAR1/MCT1-SREBP1-SCD1 axis.[16] These findings pro-
vide reasons for us to speculate whether macrophages can also
secrete certain metabolites to promote the resistance of ferropto-
sis by activating SCD1 in PCa.

On the other hand, tumor secreta including free factors
and EVs are major messengers to induce the M2 polariza-
tion of tumor-infiltrated macrophages so to form an oncogenic
microenvironment.[17,18] These M2 macrophages can then export
proteins or metabolites that can then act on tumor cells to pro-
mote tumor progression and treatment resistance.[19] For exam-
ple, tumor-derived EVs in which microRNAs and lncRNAs are
enriched can promote M2 polarization in macrophages to in-
crease the secretion of specific molecules to influence therapeutic
resistance in tumors.[17,20] These studies indicate that the tumor
cell-macrophage crosstalk plays an important role in treatment
resistance in tumors. However, what is the exact mechanism and
what molecules, EVs or metabolites mediating such crosstalk are
still unclear.

In this study, we screened and identified TAM-secreted tau-
rine as an available metabolite to promote the resistance of fer-
roptosis in PCa in a SCD1-dependent manner. We found that in-
take of miR-181a-5p-enriched EVs derived from PCa cells into
microphages promoted their M2 polarization to increase tau-
rine secretion as feedback. Our findings indicate that blockage
of taurine export/import to disrupt the tumor cell-macrophage
crosstalk might be a potential strategy to restore the sensitivity to
ferroptosis in PCa.

2. Results

2.1. Tumor Infiltrated M2 Type Macrophages were Involved in an
Inhibition of Ferroptosis in PCa

In order to evaluate the function of M2 type macrophages on
prevention of PCa from ferroptosis, THP-1-derived M0 type
macrophages (Figure S1A,B, Supporting Information) were first
induced to become M2 macrophages, which was confirmed
by upregulated expression of M2 macrophage markers includ-
ing ARG1, CD163, and IL-10 (Figure S1C,D, Supporting In-
formation). Then, M0 or M2 macrophages were co-cultured
with LNCaP and DU-145 cells respectively. After removing
macrophages and replating PCa cells, ferroptosis inducer RSL3
was added into the culture for 24 h and a higher survival rate
was observed in the M2 macrophage-PCa cell co-culture group
than the M0 macrophage-PCa cell co-culture group, indicating
the involvement of M2 macrophages in the inhibition of fer-
roptosis in PCa (Figure 1A; Figure S1E, Supporting Informa-
tion). Furthermore, M0 or M2 macrophage culture medium was

termed as M0 or M2 conditional medium, respectively (i.e., M0
CM or M2 CM) and used to culture PCa cells for 12 h. After the
conditional medium was replaced with fresh medium and fol-
lowed with a ferroptosis inducer (RSL3 or Erastin) treatment for
24 h, we found that pre-treatment with M2 CM significantly im-
proved the survival rate of LNCaP cells, implying that the M2
macrophage-conditioned medium contained functional factors
such as secretory proteins or metabolite to promote the resis-
tance of ferroptosis in PCa (Figure S1F,G, Supporting Informa-
tion). For the purpose of identifying the effective components se-
creted by macrophages for anti-ferroptosis, M0 CM or M2 CM
was filtrated to separate the high molecular weight components
(>10 KDa, with secretory proteins and EVs as major contents) and
low molecular weight components (<10 KDa, with metabolite as
major contents), respectively. Basic medium supplemented with
high molecular weight components (named M0-hCM and M2-
hCM respectively) or low molecular weight components (named
M0-lCM and M2-lCM respectively) was used for pre-treatment
before inducing ferroptosis in PCa cells. As shown in Figure S1H
(Supporting Information), we found that either M0-hCM or M2-
hCM showed any inhibiting effects on ferroptosis. However, M2-
lCM but not M0-lCM exhibited a significant inhibitory effect on
ferroptosis based on assays of cell viability, lipid ROS and MDA
(Figure 1B–D). Taken together, these results indicated that the
low molecular weight components secreted by M2 macrophages,
such as metabolite, might be taken in by PCa and were responsi-
ble for the inhibition of ferroptosis.

2.2. M2 Macrophages Produce Taurine to Repress Ferroptosis in
Prostate Cancer

In order to explore the specific low molecular weight com-
ponents that suppress ferroptosis, M0-lCM and M2-lCM were
processed for non-target metabolomics analysis. According to
the analysis, ten significantly enriched candidate metabolites
were identified in M2-lCM (Table S1, Supporting Information;
Figure 2A). Notably, we found that among these candidates ex-
amined, only M2 macrophage-secreted taurine (Figure S2A–C,
Supporting Information) showed an effective suppression on fer-
roptosis but not on other types of cell death, such as apoptosis, au-
tophagy and necroptosis, according to cell viability (Figure 2B,C;
Figure S2D–I, Supporting Information), lipid ROS as well as
MDA assays (Figure 2D,E). Since the taurine transporter TauT,
(also known SLC6A6 as its gene name) is a major export/import
protein of taurine, we herein examined the expression of TauT
in macrophages and found that TauT was indeed highly and spe-
cific expressed in M2 macrophages at both mRNA and protein
levels (Figure 2F; Figure S3A, Supporting Information). Consis-
tently, the analysis of published human PCa single-cell RNA-seq
data also showed a major expression of TauT in epithelial tumor
cells and tumor infiltratory macrophages (Figure 2G). As a con-
firmation, we collected both tumor and adjacent tissues from
PCa patients (n = 6) and separated the tissues into two parts.
One part was used to measure the content of taurine in tissues.
The other part was used to sort macrophages and epithelial cells,
and then to determine their expression of TauT respectively. A
significantly higher level of taurine was observed in tumor tis-
sues, compared to the adjacent tissues (Figure S3B, Supporting
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Figure 1. Low molecular weight components in M2 macrophage supernatant exhibit potent ferroptosis-inhibiting properties in prostate cancer cells.
A,B) Cell viability of PCa cells was checked after co-culture with THP1-derived M0/M2 macrophage (A) or incubated with M0-lCM or M2-lCM (B) for
24 h following with the RSL3 treatment for another 24 h. C,D) Lipid peroxidation (C) and MDA level (D) of PCa cells was measured after incubated with
M0-lCM or M2-lCM for 24 h following with the RSL3 treatment for another 24 h. Each experiment was performed in triplicate and independently repeated
three times. (Two-tailed Student’s t-test was used for the statistical analysis: **, p < 0.01; ***, p < 0.001. Data are presented as means ± SD, n = 3).

Information). As expected, the TauT expression was signifi-
cantly upregulated in tumor-infiltrated macrophages versus in
macrophages in the adjacent normal tissues and in tumor cells
versus in adjacent prostatic epithelial cells (Figure S3C, Support-
ing Information). However, in tumor tissues, no significant dif-
ference of either taurine content or the TauT expression was ob-
served among tissues with different Gleason Scores (Figure S3D,
Supporting Information). The TauT expressional data assay from
the TCGA database also showed a similar result as we described
above (Figure S3E, Supporting Information). On the other hand,
when the taurine content and the TauT expression in tumor tis-
sues with metastasis was compared to those without metasta-
sis, no significant difference was observed either in these two
groups (Figure S3F,G, Supporting Information). Moreover, we
attempted to investigate the polarization state of macrophages
in clinical samples, we found that the major tumor infiltrated
macrophage was M2 macrophages (38.2%±4.6%) by flow cytom-

etry assay (Figure S3H, Supporting Information), which was con-
sistent with previous reports.[21,22] In addition, we confirmed that
treatment with a high concentration of taurine showed no cyto-
toxicity to PCa cells in vitro (Figure S3I, Supporting Information).
Thus, these above results indicated that M2 macrophage-secreted
taurine plays an important role in the inhibition of ferroptosis
without a direct cytotoxicity in PCa.

2.3. Blockage of Taurine Export or Import Promotes Ferroptosis
in PCa

Next, considering as a potential therapeutic strategy, we won-
dered whether blocking taurine export in macrophage or block-
ing its import in PCa cells by repression of TauT expression could
restore the sensitivity to ferroptosis in PCa cells. To this end, we
knocked out TauT in M2 macrophages via CRISPR/Cas9 system
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(Figure S4A, Supporting Information). After TauT knock-out, we
indeed observed a decreased taurine level in the M2 macrophage
culture supernatant (named M2-KO lCM vs M2-NC lCM as a
control) (Figure 3A). Pre-treatment of PCa cells with the M2-
KO lCM resulted in a higher sensitivity to ferroptosis than M2-
NC lCM, which indicated that M2 macrophages-secreted taurine
was a major metabolite to repress ferroptosis in PCa (Figure 3B;
Figure S4B, Supporting Information).

Consistently, after the endogenous TauT expression
(Figure S4C, Supporting Information) was examined, we
knocked out TauT in PCa cells to block its import, a significant
decrease of intracellular taurine levels was observed (Figure 3C;
Figure S4D,E, Supporting Information). Moreover, TauT knock-
out sensitized PCa cells to ferroptosis even when a high level
of taurine (100 μm) is added in the culture medium, which was
evidenced by a decreased survival rate, increased cell death,
elevated lipid ROS and MDA levels in tumor cells (Figure 3D–F;
Figure S4F,G, Supporting Information). To extend our work in
an in vivo setting, TauT knockout DU145 cells or control cells
were subcutaneously inoculated in nude mice. One week after in-
oculation, RSL3 was intratumorally injected into mice every two
days for three weeks to induce ferroptosis. After the xenografts
were harvested (Figure 3G), we measured tumor tissue weights
(Figure 3H) and performed IHC staining (Figure 3I; Figure S4H,
Supporting Information) in tissue sections. We found that RSL3
treatment in a combination with knock-out of TauT showed
the most beneficial ferroptosis-mediated tumor killing effects,
evidenced by low tumor weights, a downregulation of Ki67
expression (Figure S4I,J, Supporting Information), an upregula-
tion of cell death (Figure S4K, Supporting Information) and the
strong staining of 4-HNE in related tissue samples (Figure S4L,
Supporting Information). Therefore, our results indicated that
intake of macrophage-secreted taurine could effectively suppress
ferroptosis in PCa. Blockage of taurine export or import by
inhibition of TauT expression might be a potential strategy to
restore the sensitivity to ferroptosis.

2.4. Taurine Protects PCa against Ferroptosis by Activating the
LXR𝜶/SCD1 Axis

In order to uncover the molecular mechanism of taurine-induced
anti-ferroptosis, we first investigated whether taurine could exert
its function through directly scavenging ROS or blocking process
of ferroptosis in the manner of chelating iron ion. By diphenyl-
2-picrylhydrazyl (DPPH) scavenging assay, we observed that tau-
rine did not have the ability to directly scavenge ROS (Figure 4A).
Next, by ferrozine iron chelation assay, taurine also showed no
chelation to iron compared to a positive control using deferoxam-
ine (DFO) (Figure 4B). According to the above results, we specu-

lated that similar to kynurenine as a ligand of Aryl Hydrocarbon
Receptor (AHR), taurine might work as a ligand to activate a re-
lated downstream protein/receptor for anti-ferroptosis.[20] Actu-
ally, it was reported that liver X receptor-alpha (LXR𝛼) was able to
interact with taurine during the process of lipogenesis.[23] Mean-
while, LXR𝛼 was also reported to be involved in the promotion of
chemoresistance in triple negative breast cancers.[24] Combined
our observation with these previous finding, we herein hypoth-
esized that taurine might activate LXR𝛼 to promote the expres-
sion of its downstream target genes to inhibit ferroptosis. Since
nuclear translocation of LXR𝛼 was reported as an activated status
of LXR𝛼,[25] to test our hypothesis, we examined the intracellular
localization of LXR𝛼 with or without the existence of taurine to
check its activity. We found that after knock out of TauT to disrupt
the import of taurine in PCa, LXR𝛼 was mostly sequestrated in
the cytoplasm with limited location in the nucleus, which indi-
cated that taurine might be a major ligand to activate LXR𝛼 and
to promote its nuclear translocation (Figure 4C; Figure S5A, Sup-
porting Information). Functionally, direct knock-out of LXR𝛼 re-
stored the sensitivity to ferroptosis in PCa even with the treat-
ment of taurine (Figure 4D; Figure S5B,C, Supporting Informa-
tion). Similarly, directly activated LXR𝛼 using its agonist GW3965
inhibited ferroptosis even under the condition of TauT knock-out
in PCa (Figure 4E). So, these evidence supported our speculation
that intake of taurine in PCa cells could inhibit ferroptosis via
activation of LXR𝛼.

Next, we further investigated potential target genes of LXR𝛼 for
inhibition of ferroptosis in PCa. Since stearoyl-CoA desaturase
1 (SCD1) was a well reported gene to be tightly related to in-
hibition of ferroptosis[11] and was indicated as a target gene of
LXR𝛼 in macrophages,[23] we herein first investigated whether
the expression of SCD1 could be promoted by LXR𝛼 in PCa. For
this purpose, we first analyzed the endogenous SCD1 expres-
sion (Figure S5D, Supporting Information) and then knocked-
out LXR𝛼 expression in DU145 cells to evaluate the change of
SCD1 expression. As a result, a decreased expression of SCD1
was observed at both mRNA and protein levels (Figure 4F,G).
Bioinformatic assay along with ChIP assay also confirmed that
SCD1 was a direct target gene of LXR𝛼 in PCa (Figure 4H), which
indicated that activated LXR𝛼 could suppress ferroptosis by en-
hancing the expression of SCD1. Besides coding genes such as
SCD1, we wondered whether there are non-coding genes (e.g.,
microRNAs and lncRNAs) also regulated by LXR𝛼 as its target
genes during the process of inhibition of ferroptosis (Figure S6A,
Supporting Information). We performed target prediction as-
say and found that miR-181a-5p was a potential target of LXR𝛼
(Figure S6B, Supporting Information), which was reported to be
enriched in serum EVs from bone-metastatic PCa patients in our
previous work.[26] As shown in Figure 5A, two binding sites of
LXR𝛼 were found to be located in the promoter of the host gene

Figure 2. TAMs secrete taurine to suppress ferroptosis of PCa cells. A) Heatmap of top ten metabolites with significant differences in content between
M0-lCM and M2-lCM using LC/MS assay. B) Cell viability of DU145 cells after treatment of ten metabolites for 24 h respectively following with the RSL3
treatment for another 24 h. The concentration used for each metabolite is listed in Table S2 (Supporting Information). C) Analysis of cell viability of PCa
cells after incubated with taurine (100 μm) for 24 h following with the RSL3 treatment for another 24 h. D,E) Lipid peroxidation (D) and MDA level (E)
of PCa cells after incubated with taurine (100 μm) for 24 h following with the RSL3 treatment for another 24 h. F) The mRNA and protein expression of
TauT in M0 and M2 macrophage. G) Visualization of SLC6A6 gene expression in different cell types on a plot of scRNA-seq profiles of human prostate
cancer (GSE141445). Each experiment was performed in triplicate and independently repeated three times. (Two-tailed Student’s t-test was used for the
statistical analysis: **, p < 0.01; ***, p < 0.001. Data are presented as means ± SD, n = 3).
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of miR-181a-5p precursor MIR-181A1 by ChIP assay. We found
that treatment with taurine in DU145 and LNCaP cells upregu-
lated the expression of both miR-181a-5p and its precursor MIR-
181A1 (Figure S6C,D, Supporting Information). In contrast, in-
hibition of LXR𝛼 or TauT expression significantly downregulated
the intracellular expression of both miR-181a-5p precursor and

mature miR-181a-5p (Figure 5B; Figures S5C and S6E,F, Sup-
porting Information). Additionally, we studied the enrichment
of miR-181a-5p in EVs derived from DU145 cells with or with-
out LXR𝛼 knock-out. Consistent with the intracellular expres-
sion of miR-181a-5p, inhibition of LXR𝛼 attenuated the enrich-
ment of miR-181a-5p in EVs (Figure 5D). Given the fact that FUS

Figure 3. Blockage of taurine export/import by TauT knockout restores sensitivity of ferroptosis in PCa cells. A) Taurine level in M2-NC lCM and M2-KO
lCM. B) Cell viability of PCa cells after incubated with M2-NC lCM or M2-KO lCM for 24 h following with the RSL3 treatment for another 24 h. C–F)
Taurine level (C), cell viability (D), Lipid peroxidation level (E), and MDA level (F) in TauT knockout or control PCa cells with taurine (100 μm) treatment.
G,H) Harvested xenografts (G) and tumor weight measurement (H) after inoculation of PCa cells with/without TauT knockout following with the RSL3
or DMSO treatment. (Scale bar = 1 cm, n = 5.) I) H&E and IHC staining in harvested xenografts (Scale bar = 100 μm). Each experiment was performed
in triplicate and independently repeated three times. (Two-tailed Student’s t-test was used for the statistical analysis: *, p < 0.05; **, p < 0.01; ***,
p < 0.001. Data are presented as means ± SD, n = 3).

Figure 4. Taurine protects PCa against ferroptosis by activating the LXR𝛼/SCD1 axis. A) The antioxidant activity of taurine was analyzed by a DPPH assay.
Liproxstatin-1 was used as a positive control. B) The iron chelator activity of taurine was analyzed by using the ferrozine Fe2+ binding assay. Deferoxamine
(DFO) was used as a positive control. C) The LXR𝛼 expression in both cytoplasm and nuclear in PCa cells after TauT knockout. D) Cell viability analysis
of PCa cells after LXR𝛼 knockout following with the RSL3 treatment for 24 h. E) Cell viability analysis of PCa cells after TauT knockout combined with
GW3965 incubation following with the RSL3 treatment for 24 h. F,G) The mRNA (F) and protein expression (G) of SCD1 in PCa cells after LXR𝛼 knockout.
H) Binding sites of LXR𝛼 transcription factors in the promoter region of SCD1. A black triangle indicates binding site(s) for LXR𝛼 transcription factors.
Experiments presented in (C–H) were performed with the existence of taurine (100 μm). Each experiment was performed in triplicate and independently
repeated three times. (Two-tailed Student’s t-test was used for the statistical analysis: ns, not significant; **, p < 0.01; ***, p < 0.001. Data are presented
as means ± SD, n = 3).
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Figure 5. LXR𝛼 activates the transcription of MIR181A1 and FUS. A) Binding sites prediction and ChIP assay confirmation of LXR𝛼 transcription factors
in the promoter region of the host gene of miR181A1. B,C) The intracellular expression of precursors miR181A1 (B), and mature miR-181a-5p (C) in PCa
cells after LXR𝛼 knockout. D) The level of miR-181a-5p in EVs derived from PCa cells in which LXR𝛼 was knock-outed. E,F) The mRNA (E) and protein
levels (F) of FUS in both PCa cells and in tumor cell-derived EVs after LXR𝛼 knockout. G) Binding sites prediction and ChIP assay confirmation of LXR𝛼
transcription factors in the promoter region of FUS. All of the experiments were performed with the treatment of taurine (100 μm). Each experiment
was performed in triplicate and independently repeated three times. (Two-tailed Student’s t-test was used for the statistical analysis: **, p < 0.01; ***,
p < 0.001. Data are presented as means ± SD, n = 3).

was an RNA-binding protein for recruitment of miR-181a-5p into
EVs,[27] we wondered whether LXR𝛼 knock-out also downregu-
lated the expression of FUS so to interfere the EV enrichment of
miR-181a-5p. As expected, we observed a decrease of FUS level
in both tumor cells and tumor-derived EVs after LXR𝛼 knock-out
(Figure 5E,F). Furthermore, by performing bioinformatic assay
in a combination with ChIP assays, we confirmed that there were
two predicted binding sites between LXR𝛼 and the promoter re-
gion of FUS, which supported idea that FUS is a downstream
target gene of LXR𝛼 (Figure 5G). Taken together, our findings in-
dicated that taurine could protect PCa against ferroptosis by acti-
vating the LXR𝛼/SCD1 axis. The latter promoted the expression

of miR-181a-5p and the expression of FUS as well for enrichment
of miR-181a-5p into tumor derived EVs.

2.5. MiR-181a-5p Enriched EVs Promoted M2 Polarization of
Macrophages to Suppress Ferroptosis in PCa Cells

Since tumor-derived EV was well reported to transport microR-
NAs as inducers to promote polarization of macrophage for tu-
mor progression,[17] we herein further investigated whether miR-
181a-5p-enriched EVs could be taken in by macrophages to pro-
mote their polarization and even to facilitate taurine production.
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To this end, we stably overexpressed miR-181a-5p in LNCaP and
DU145 cells (Figure S7A,B, Supporting Information) and then
harvested relevant EVs (named LN-181oe EVs vs LN-con EVs as
a control and DU-181oe EVs vs DU-con EVs as a control, re-
spectively). By nanoparticle tracking analysis (NTA), transmis-
sion electron microscopy (TEM) assay and western blot assay,
we confirmed similar characteristics of EVs no matter whether
miR-181a-5p was overexpressed or not (Figure S7C–E, Support-
ing Information). Also, the intake of miR-181a-5p-enriched EVs
was not significantly different compared to that of the control
ones (Figure S7F,G, Supporting Information). Next, we inves-
tigated whether endogenous expression of miR-181a-5p and its
precursor was changed during the process of M1 and/or M2
polarization. We induced M1 or M2 polarization by using LPS
+ INF-g or IL-4 + IL-13 respectively and no significant change
of either miR-181a-5p or its precursor was observed, indicating
that the process of polarization had almost no effect on the en-
dogenous expression of miR-181a-5p (Figure S7H,I, Support-
ing Information). Based on this observation, we incubated M0
macrophages with miR-181a-5p-enriched EVs and found that the
intracellular content of mature miR-181a-5p but not its precur-
sor was increased along with the upregulation of the expres-
sion of M2 macrophage marker gene, indicating the increased
M2 polarization (Figure 6A–C; Figure S7J, Supporting Informa-
tion). Moreover, we found that incubation of M0 macrophages
with miR-181a-5p-enriched EVs promoted their secretion of tau-
rine (Figure 6D). For an in vivo assay, we first incubated M0
macrophages with DU-181oe EVs or DU-con EVs, then these
pre-incubated macrophages were mixed with DU145 cells (1: 4)
to be co-inoculated subcutaneously in nude mice following with
the treatment of RSL3 (Figure S8A, Supporting Information). By
measurement of xenografts’ weights, we found that the tumor
growth was enhanced in the DU-181oe EVs incubation group
compared to the control group, indicating an effective inhibi-
tion of ferroptosis in PCa (Figure 6E,F). By IHC assay, we also
observed that the expression of SCD and Ki67 was upregulated
(Figure S8B, Supporting Information), the content of 4-HNE
and cell apoptosis (Figure S8C,D, Supporting Information) was
downregulated after treatment with RSL3 in DU-181oeEVs in-
cubation group versus control group, as evidence for ferroptosis
resistance (Figure 6G). On the other hand, we also directly over-
expressed miR-181a-5p in M0 macrophages as an efficacy control
in order to evaluate whether intake of miR-181a-5p was a major
cause of M2 polarization and enhancement of taurine secretion
in macrophages (Figure S8E, Supporting Information). Consis-
tent with the results with incubation with miR-181a-5p-enriched
EVs, direct overexpression of miR-181a-5p could effectively pro-
mote M2 polarization and taurine secretion (Figure S8F–H, Sup-
porting Information). Taken together, these data indicated that
intake of miR-181a-5p in macrophage promoted its M2 polariza-
tion, and in turn increased taurine secretion to protect PCa from
ferroptosis.

2.6. MiR-181a-5p Promoted M2 Macrophage Polarization and
Upregulated TauT Expression via Targeting the Hippo Signaling
Pathway

To explore the putative target of miR-181a-5p, we performed
bioinformatic assay to search and identify the possible target

gene. Given that it has been reported that under certain condi-
tions, inhibition of the hippo pathway could induce either M1
polarization or M2 polarization,[28,29] we focused on whether and
how miR-181a-5p regulated M2 polarization via the hippo-YAP
pathway. Notably, we found that Lats1, which is a well-reported
key negative regulator,[30] was one of the putative miR-181a-
5p target genes based on our data-mining using the miRDB
online software. Therefore, we then investigated whether pro-
motion of M2 polarization due to intake of miR-181a-5p was
achieved via targeting Lats1. First, by bioinformatic analysis and
luciferase reporter assay, we found two binding sites of miR-
181a-5p in the 3′UTR of with lats1 mRNA (Figure 7A,B). Then,
Overexpression of miR-181a-5p in M0 macrophages downreg-
ulated the expression of lats1 (Figure 7C). Moreover, either in-
cubation with miR-181a-5p-enriched EV or overexpression of
miR-181a-5p inhibited the Hippo pathway via targeting lats1,
which resulted in an increased nuclear translocation of YAP1
(Figure 7D; Figure S9A, Supporting Information). In a rescue
assay, this increased translocation could be reversed after overex-
pression of vectors containing lats1 CDS (Figure S9B, Support-
ing Information). At the same time, a decreased CD163-positive
population of M2 macrophages was observed after restoration
of lats1 expression, which indicated that miR-181a-5p promoted
M2 macrophage polarization via inhibition of the Hippo pathway
(Figure S9C,D, Supporting Information).

Given the fact that nuclear located YAP could work as a co-
activator of the transcriptional factor TEAD family (including
TEAD1-4) to promote the transcription of their target genes, we
herein performed ChIP assay to check whether M2 macrophage
markers and TauT were potential target genes of YAP-TEAD
complex. As shown in Figure 7E, there was one binding site
of TEAD4 in the promoter region of TauT and two binding
sites of TEAD4 in the promoter region of ARG1 and CD163,
respectively. Therefore, these data suggested that TauT, ARG1,
and CD163 are likely target genes of the YAP-TEAD complex.
To provide further evidence for this notion, we treated the mi-
crophage cultures with a YAP inhibitor Verteporfin (VP)[31] after
either incubation with miR-181a-5p-enriched EV or overexpres-
sion of miR-181a-5p, repressed expression of ARG1, CD163, and
TauT was observed along with the attenuated secretion of taurine
(Figure 7F,G). Collectively, these data demonstrated that intake of
miR-181a-5p from tumor-derived EVs inhibited the Hippo path-
way in macrophages to promote its M2 polarization as well as the
secretion of taurine, serving for resistance to ferroptosis in PCa.

3. Discussion

Induction of ferroptosis is a prospective strategy for treatment-
resistant of tumors including prostate cancer.[32] Emerging evi-
dence has suggested that factors in microenvironment, such as
metabolites and EVs, can activate antioxidant mechanisms and
suppress ferroptosis in tumor.[16,33] In this study, we found that
taurine, a metabolite of TAM, could effectively inhibit ferroptosis
in PCa by activating the LXR𝛼/SCD1 aixs. As a potential inter-
vention, besides direct knockdown of LXR𝛼, blocking taurine im-
port via inhibition of TauT expression restored the sensitivity of
ferroptosis in PCa. On the other hand, we found that LXR𝛼 could
also activate the transcription of miR-181a-5p and FUS, resulting
in an enrichment of miR-181a-5p into tumor-derived EVs. These
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miR-181a-5p-enriched EVs was taken in by macrophages and in-
duced their polarization to adapt the M2 phenotype via inhibition
of lats1 expression to repress the Hippo pathway, resulting in the
nuclear translocation of YAP to upregulate the expression of M2
macrophage marker genes such as ARG1 and CD163 as well as
TauT. Our findings demonstrated that the macrophage secreted-
taurine could induce anti-ferroptosis in PCa. Also, our data indi-
cated a shuttle of miR-181a-5p from tumor cells to macrophages
for the enhancement of taurine secretion as a feedback response
so to form a macrophage-tumor cell reciprocal communication
(Figure 8).

Although taurine has been shown to be able to directly react
with arachidonic acid to inhibit ferroptosis in lung cancer,[34] our
current study identified a different protective mechanism for the
resistance to ferroptosis. We found that taurine can activate the
LXR𝛼 receptor and its downstream gene SCD1 to repress ferrop-
tosis in PCa. There are serval lines of evidence to support our
model. First, support for our study comes from previous reports,
in which taurine is shown to be capable to bind to LXR𝛼 during
the process of lipogenesis in hepatocytes[20] and LXR𝛼 activates
the transcription of SCD1 in human preadipocytes.[35] Rather
than in lipogenesis, our study reveals that taurine can activate
LXR𝛼 and upregulate the expression of SCD1 during the resis-
tance to ferroptosis in PCa. Secondly, we observed that tumor-
infiltrated macrophages appeared to be a major source of tau-
rine in the tumor microenvironment besides to a direct uptake
from food. Thirdly, as a major transporter for taurine export and
import,[36] the expression of TauT was observed to be upregulated
in both M2 macrophages and PCa cells, although at the same
time, we also observed TauT expression in other cell types includ-
ing CD8+ T cells.[37] Therefore, our findings indicate that during
the resistance to ferroptosis, the crosstalk between tumor cells
and macrophages is established mainly due to the high TauT ex-
pression level in both two types of cells for transport of taurine.
On the other hand, we cannot rule out the possibility that besides
macrophages, T cells, endothelial cells and fibroblasts might also
be potential taurine-secretion cells. So detailed exploration of the
TauT function and the regulation of taurine secretion in other in-
trinsic cells such as T cells are need to be carried out. Moreover,
inhibition of TauT expression could attenuate the efficacy of anti-
ferroptosis in PCa. Thus, our results suggested that attenuating
TauT-mediated taurine export/import might be a promising ad-
juvant therapeutic strategy to restore the sensitivity to ferroptosis
during PCa treatment.

It is believed that the crosstalk between tumor cells and
macrophages play an important role during the process of thera-
peutic resistance including anti-ferroptosis in tumors.[38] How-
ever, the detailed mechanism is so far still not understood.
It is worth mentioning that besides an IL-6/JAK2/STAT3 axis-
dependent induction of a macrophage-tumor cell crosstalk as

described previously,[9] our study uncovered an EV-mediated
crosstalk between tumor cells and macrophages. That is,
tumor-derived EVs shuttle miR-181a-5p from tumor cells to
macrophages to promote the M2 polarization for anti-ferroptosis
in PCa. In detail, after intake of miR-181a-5p in macrophages,
it inhibits the expression of Lats1 to inactivate the Hippo path-
way to promote M2 polarization and in turn to increase taurine
secretion. We have following data to support our novel mecha-
nism of the crosstalk. First, besides promoting the expression
of SCD1 which is the downstream effector for anti-ferroptosis,
LXR𝛼 also upregulated the levels of miR-181a-5p and its RNA-
binding protein FUS,[27] thereby enhancing the enrichment of
miR-181a-5p in tumor-released EVs. Secondly, our study uncov-
ers that macrophages are likely recipient cells of the miR-181a-
5p-enriched EVs. Intake of miR-181a-5p in microphages down-
regulates the expression of Lats1, leading to inactivation of the
Hippo pathway and in turn the increase of nuclear translocation
of YAP. Thirdly, the nuclear translocated YAP upregulates the ex-
pression of M2 polarization-related genes ARG1 and CD163, as
well as taurine transport gene TauT so that both the M2 polar-
ization of macrophages and the export of taurine are enhanced.
Finally, as a feedback messenger, macrophage-secreted taurine
helps tumor cells to resist ferroptosis, which constitutes the re-
ciprocal crosstalk between tumor cells and microphages.

In summary, in this study we demonstrate that TAMs export
taurine to inhibit ferroptosis by activation of the LXR𝛼/SCD1 axis
in PCa. Meanwhile, LXR𝛼 promotes the expression and recruit-
ment of miR-181a-5p into tumor cell-released EVs. As a response,
EVs-mediated shuttle of miR-181a-5p into macrophages induces
M2 polarization of macrophages via inhibition of the Hippo path-
way to enhance the export of taurine as a positive feedback loop.
Based on our findings, disruption of taurine transport through
blockage of taurine import/export gene TauT using relevant an-
tibodies or small molecular inhibitors might be a potential adju-
vant treatment to attenuate this macrophage-tumor cell crosstalk
to restore the sensitivity to ferroptosis in PCa in clinics.

4. Experimental Section
Cell Culture: The human PCa cell lines LNCaP, DU-145, PC-3, CWR22-

Rv1, and the human monocytic leukemia cell line THP-1 were obtained
from the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). These cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM, for LNCaP and DU-145) (Gibco, C11995500BT)
or RPMI 1640 (for THP-1) (Gibco, C11875500BT) supplemented with
10% fetal bovine serum (Gibco, 10270-106) and 100 U mL−1 peni-
cillin/streptomycin (Beyotime, ST488) at 37 °C with 5% CO2 and authen-
ticated by short tandem repeat (STR) profile analysis.

Bone marrow-derived macrophages (BMDM) were obtained by flush-
ing cells from the femurs and tibias of mice. Cells were cultured with
RPMI-1640 containing 10% FBS and 20 ng ml−1 M-CSF (Peprotech,315-
02) for 7 days (replace medium at day3) to induce differentiation. The

Figure 6. MiR-181a-5p-enriched EVs promote M2 polarization of macrophages to suppress ferroptosis in PCa cells. A) The expression of mature miR-
181a-5p in macrophages after incubated with relevant EVs. B) The expression of M2 macrophage markers CD163, Arg-1, and IL10 in macrophages after
incubated with relevant EVs. C) Flow cytometry was performed to analyze the effect of PCa cell-derived miR-181a-5p-enriched EVs on promotion of the
expression of the typical M2 marker CD163. D) Taurine level in macrophages after incubated with relevant EVs. E,F) Harvested xenografts (E) and tumor
weight measurement (F) after inoculation of a mixture of related macrophages-PCa cells following treatments with RSL3 or DMSO. (Scale bar = 1 cm).
G) H&E and IHC staining in harvested xenografts (Scale bar = 100 μm). Each experiment was performed in triplicate and independently repeated three
times. (Two-tailed Student’s t-test was used for the statistical analysis: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data are presented as means ± SD,
n = 3).
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Figure 7. miR-181a-5p promotes M2 macrophage polarization and upregulates TauT expression via inhibiting the hippo signaling pathway. A) Wild-type
(WT) or mutant (MT) sequence of predicted binding sites of miR-181a-5p on 3′-UTR of Lats1 mRNA. B) luciferase reporter assay for confirmation the
binding of miR-181a-5p on its binding sites in 3′-UTR of Lats1 mRNA. C) The expression of LATS1 on mRNA and protein levels in M0 macrophages
after overexpression of miR-181a-5p mimics. D) The expression of Hippo pathway and its downstream YAP in M0 macrophage after incubation with
relevant EVs. E) Binding sites prediction and ChIP assay of TEAD4 transcription factor in the promoter regions of ARG1, CD163, and SLC6A6. F) The
mRNA and protein expression of ARG1, CD163, and TauT in M2 macrophages after treatment with verteporfin (VP) versus DMSO. G) Taurine level in
M2 macrophages after treatment with verteporfin (VP) versus DMSO. Each experiment was performed in triplicate and independently repeated three
times. (Two-tailed Student’s t-test was used for the statistical analysis: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data are presented
as means ± SD, n = 3).
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Figure 8. The crosstalk between TAMs and PCa cells promotes the resis-
tance of ferroptosis in PCa cells. Tumor derived miR-181a-5p enriched EVs
promote M2 macrophage polarization via targeting the hippo pathway to
upregulate the expression of TauT and the secretion of taurine so to en-
hance the resistance of ferroptosis in PCa as a positive feedback loop.

differentiated cells (i.e., BMDM M0 macrophages) were then treated with
100 ng ml−1 LPS (Biosharp, BS904) and 20 ng ml−1 IFN-𝛾 (Peprotech,
315-05) for polarization to M1 macrophages or 20 ng ml−1 IL-4 (Pepro-
tech, 214-14) combined with 10 ng ml−1 IL-13 (Peprotech, 210–13) for
polarization to M2 macrophages, respectively.

Macrophage Polarization and Coculture Experiment: THP-1 were differ-
entiated into M0 macrophages by treatment with 100 ng ml−1 phorbol
12-myristate 13-acetate (PMA) (sigma, P1585) for 24 h. M0 macrophages
were rested for 24 h and then were added 20 ng ml−1 IL-4 (Peprotech,
200–04) combined with 10 ng ml−1 IL-13 (Peprotech, 200–13) for M2 po-
larization or 100 ng ml−1 LPS (Biosharp, BS904) combined with 20 ng ml−1

IFN-𝛾 (Peprotech, 300–02) for M1 polarization, respectively. For coculture
experiment, macrophages were seeded in the upper chamber of a 0.4 μm
pore transwell insert (Corning, 3412) and PCa cells were cultured in the
lower chamber.

Conditioned Medium: After macrophages were incubated with EVs or
treated with IL4 and IL-13 for 24 h, the medium was replaced with fresh ba-
sic RIPM 1640 to culture for another 24 h. The supernatant was collected,
centrifuged at 300 g for 10 min to remove cell debris, filtered through a 0.22
μm pore filter (Corning, 430517) and the flow through medium was named
conditioned medium (CM). To separate high molecular weight compo-
nents, CM was centrifuged with an Amicon Ultra-15 centrifugal filter unit
(10 kDa, Millipore, UFC9010) at 4000 g for 60 min. The upper concen-
trated medium was diluted with basic RIPM 1640 and named high molec-
ular weight conditioned medium (hCM). The flow through medium was
named low molecular weight conditioned medium (lCM).

Clinical Samples: The investigation was conducted in accordance with
the ethical standards and according to the Declaration of Helsinki (World
Medical Association Declaration of Helsinki. Ethical Principles for Medi-
cal Research Involving Human Subjects, 1964), national and international
guidelines as well as the Committee for Ethical Review of Research Involv-
ing Human Subjects at Ren Ji Hospital (approval number: RH-2021-132).
Prostate cancer patients’ tumor tissue was obtained from the Department
of Urology, Renji Hospital of Shanghai Jiaotong University Medical School.
Six tumor tissues and paired tumor-adjacent tissue from PCa patients were
separated into two parts. One part was used for sorting of macrophages
(CD45+CD11b+CD68+) and epithelial cells (CD45−EPCAM+) by flow cy-
tometry and in turn to determine mRNA expression of SLC6A6 by qRT-
PCR. Another part was used to assess the levels of taurine. Another three
prostatic tumor tissue was employed to analyze the polarization state of
macrophage by flow cytometry. All specimens were obtained with the in-
formed consent of the patients. Details of the antibodies used are provided
in Table S3 (Supporting Information). The clinical information of prostate
cancer patients was showed in Table S4 (Supporting Information).

EV Purification and Identification: DMEM or RIPM1640 medium con-
taining 10% EV-depleted FBS (Gibco, A2720801) was used for cell culture
before the isolation of EVs. EVs were isolated from the culture medium

by differential centrifugation as previously reported.[39] Briefly, cell debris
was removed after centrifuging culture medium in turn at 300 g for 10 min,
2000 g for 10 min, and 10 000 g for 30 min. Then the cell supernatant was
centrifuged at 110 000 g for 70 min (all steps were performed at 4 °C). EVs
were collected and resuspended in PBS. EVs were subjected to transmis-
sion electron microscopy (TEM) and nanoparticle tracking analysis (NTA)
to analyze the morphology and size distribution. Western blot assay was
used to check the expression of EV biomarkers.

Taurine Assay: To determine the taurine content, a taurine assay kits
was used (Cell Biolabs, MET-5071). Pretreated cells or patient-derived
tissue was homogenized in cold PBS, and protein content was determined
using BCA assay. The homogenate was then mixed with taurine reaction
buffer and incubated at room temperature for 30 min. The reaction was
stopped by adding a stop solution, and the absorbance of each sample
was measured at 405 nm using a microplate reader. The concentration of
taurine in the samples was calculated using a standard curve generated
from the absorbance values of the taurine standards provided in the
kit.

Cell Transfection: Macrophages were transfected with miR-181a-
5p mimics (Ribobio, miR10000256-1-5) or miR-NC mimics (Ribo-
bio, miR1N0000001-1-10) using riboFECT CP transfection kit (Ribobio,
C10502-05) at a final concentration of 100 nm. The LATS1 overexpression
plasmids were purchased from Miaoling biology (P22816). LXR𝛼−3xFlag
was cloned into pLenti-CMV-MCS-T2A-Puro vector (Miaolingbio, 73582)
plasmid backbone to overexpress LXR𝛼. Dual sgRNA CRISPR/Cas9
system (Addgene, 52961) mediated gene deletion of SLC6A6 and
LXR𝛼 were constructed. The sgRNA sequences were as follows:
SLC6A6 sgRNA1: 5′-GACATCCTGAAGCCCTCACCA-3′, SLC6A6 sgRNA2:
5′-GCTAGACCACTTCTCCCTCTG-3′. LXR𝛼 sgRNA1: GCAGCAGCTGCATC-
CTCAGAG, LXR𝛼 sg RNA2: GCCCACAGCCCTGCTCACCA.

mRNA Extraction and qRT-PCR Analysis: Total RNAs were extracted
using an RNAfast200 kit (Fastagen, 220011). EV-containing microRNAs
were extracted using exoRNeasy Midi Kit (Qiagen, 77144). MicroRNA re-
verse transcription and qRT-PCR analysis were performed using Taqman
miRNA reverse transcription kit (Applied Biosystems, 4366596) and Taq-
man premix (Takara, RR390A), respectively. Total cDNA was synthesized
using HiScript II Reverse Transcriptase (Vazyme, R201-02) and then ampli-
fied using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02).
The corresponding primers and probe sequences were listed in Table S5
(Supporting Information).

Chromatin Immunoprecipitation (ChIP) Assay: The ChIP assay was per-
formed using the SimpleChIP Plus Enzymatic Chromatin IP Kit (Magnetic
Beads) (CST, 9003S). Briefly, 1 × 107 DU145 cells overexpressed with LXR𝛼
or 1× 107 M0/M2 macrophages were fixed with 1% formaldehyde and son-
icated for 60 s. Tead4 antibody, Flag antibody or normal rabbit IgG was
incubated with the solubilized chromatin overnight at 4 °C, respectively.
Pull-down ChIP DNA was quantified by real-time PCR. Putative LXR𝛼 or
TEAD4 binding chromatin regions were predicted by using the Contra V3
online software (http://bioit2.irc.ugent.be/contra/v3) or JASPR database
(https://jaspar.genereg.net/), respectively. Details of the antibodies used
are provided in Table S3 (Supporting Information). The corresponding
ChIP primers are listed in Table S6 (Supporting Information).

Luciferase Reporter Assay: For the dual luciferase assay, wild type (WT)
or mutant (MT) putative miR-181a-5p binding site sequences on lats1
mRNA 3′-UTR region were purchased from Genomeditech. Next, THP1-
derived M0 macrophages (1 × 106 cells) were co-transfected with 0.5 μg
above WT or MT binding site sequences containing luciferase reporter
plasmids, miR-181a-5p or NC mimics and 0.05 μg Renilla luciferase vector
using Lipofectamine 3000 (Invitrogen, L3000015). Fourty-eight hours after
transfection, luciferase activity was measured using the dual luciferase re-
porter assay system (Promega, E1910). Relative luciferase activity was ob-
tained by normalization of firefly luciferase activity to the Renilla luciferase
activity.

Cytoplasmic and Nuclear Protein Extraction and Western Blot: For to-
tal protein harvest, cells were harvested and lysed on ice using cell
lysate (Beyotime, P0013) containing protease inhibitors cocktail (MCE,
HY-K0011). In order to extract cytoplasmic and nuclear proteins respec-
tively, the Minute Cytoplasmic and Nuclear Extraction Kit (Sangon Biotech,
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C510001) was used. All of the lysates were boiled for 10 min to denature
and inactivate the protein samples for western blot assay.

Briefly, proteins were separated by SDS-PAGE and transferred to
polyvinylidene fluoride membrane (Millipore, IPVH00010). The mem-
branes were blocked in 5% non-fat milk for 1 h at room temperature and
then incubated with indicated diluted primary antibody overnight at 4 °C.
Membranes were then incubated with the secondary antibodies for 1 h
at room temperature. Chemiluminescence reagents (Millipore, P90720)
were used to capture protein bands in the Molecular Imager System (BIO-
RAD). Details of the antibodies used are provided in Table S3 (Supporting
Information).

DPPH Scavenging Assay: 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (MCE,
HY-112053) was dissolved in methanol at 200 μm as a dilution. Taurine
(Sigma, T8691) or Liprostatin-1 (MCE, HY-12726) was mixed with DPPH
dilution respectively to a final concentration at 200 μm. Liprostatin-1 was
used as a positive control. After incubation for 10 min, the absorbance
was measured at 517 nm using a BioTek Synergy HT microplate reader
(BioTek). Results were normalized to the H2O control.

Ferrozine Iron Chelation Assay: The concentration of Iron (II) chlo-
ride (Sangon Biotech, A501386) in water was diluted to 10 μm. Subse-
quently, the tested compounds were added to 1 ml of the solution con-
taining 40 μm Iron (II) chloride and incubated for 10 min at room temper-
ature. Then, 3-(2-pyridyl)−5,6-diphenyl-1,2,4-triazine-p, p′-disulfonic acid
monosodium salt hydrate (FerroZine) (MCE, HY-137805) was added and
mixed to achieve a final concentration of 20 μm. The samples were thor-
oughly mixed and incubated at room temperature for 1 h. Deferoxamine
(DFO) (MCE, HY-B0988) was used as a positive control. The absorbance
was measured at 562 nm using a microplate reader. The iron-chelating ac-
tivity of the tested compounds was normalized to that of DMSO, which
has no iron-chelating activity and was set as 100%.

Measurement of Lipid Peroxidation: The intracellular Malondialdehyde
(MDA) level was measured with a Lipid Peroxidation MDA Assay Kit (Be-
yotime, S0131S) according to the manufacturer’s instructions. The value
was normalized to the protein concentration detected by a Pierce BCA pro-
tein assay kit (Thermo Scientific, 23227). Lipid ROS was detected using a
BODIPY 581/591 C11 probe (Thermo Scientific, D3861). Briefly, cells were
incubated with 2 μm BODIPY 581/591 C11 at 37 °C for 30 min and then
the fluorescence was detected on a flow cytometer at fluorescein isothio-
cyanate (FITC) green channel (LSR Fortessa; BD). A minimum of 10 000
live cells were collected and data were then analyzed by FlowJo software.

Immunohistochemistry (IHC) and Immunofluorescent (IF) Staining:
Tissue samples were fixed in 10% formaldehyde, embedded in paraffin,
and sectioned (4 μm in thickness) for IHC or IF staining. Sections were de-
paraffinized and rehydrated, followed by inactivation of endogenous per-
oxidase activity with 3% H2O2(Aladdin, H112517) in methanol, blocked
with 5% donkey serum (Solarbio, SL050). The sections were then incu-
bated with the relevant primary antibodies overnight at 4 °C. The samples
were washed by PBS and incubated with peroxidase-labeled secondary an-
tibodies for 1 hour, followed by diaminobenzidine (DAB) staining (Vector
Laboratories, SK-4100).

PCa cells transfected with sg CTRL or sg TauT were plated in glass
coverslips in a 24-well culture plate. The adherent cells were fixed with
4% paraformaldehyde for 10 min at room temperature, permeabilized
with 0.05% Triton-100 for 10 min, blocked with 5% donkey serum for
1 h at room temperature. Next, the specimens were incubated with anti-
LXR𝛼 antibody at the dilution of 1:100 overnight. Then the specimens
were washed with PBS and stained with Alexa Flour 594-labeled second
antibody at room temperature for 2 h. Specimens were counterstained
with DAPI (Sigma, D9542) and mounted with DAPI-containing media
(Biosharp, BL739A). All images were captured with a microscope (Leica,
DFC420C).

Fluorescence Microscopy: M0 macrophages (1 × 107) were seeded
on coverslips in a 24-well plate and cocultured with PKH67 (Sigma,
PKH67GL)-labeled EVs or EVs containing Cy3 labeled miR-181a-5p (miR-
181a-5p-Cy3) at 37 °C for 4 h.[40] Specimens were counterstained
with DAPI (Sigma, D9542) and mounted with DAPI containing media
(Biosharp, BL739A). All images were captured with a microscope (Leica,
DFC420C).

Non-Targeted Metabolomics Analysis: The culture medium of M0 or
M2 macrophages was refreshed with basic medium to culture for another
24 h. After that, the supernatant was in turn collected into 50 ml centrifugal
tube, centrifuged at 300 g for 10 min, filtered using Amicon Ultra-15 cen-
trifugal filter units for preparing low molecular weight condition medium
(lCM). The lCM samples were frozen with liquid nitrogen for the subse-
quent analysis. The samples were subjected to Metabolomics Platform
(BioNovoGene, Suzhou, China) for non-targeted metabolomics analysis.
Top 10 differential metabolites in M2-lCM versus M0-lCM identified by
non-target metabolomics analysis were listed in Table S1 (Supporting In-
formation).

CCK8 Cell Viability Assay: A Cell Couting Kit-8 (CCK8) (Biosharp,
BS350A) was used to determine cell viability. Cells (1 × 104) were cultured
in a 96-well plate and were pretreated with relevant conditional medium or
compound. After that, cells were incubated with CCK-8 for 1 h at 37 °C and
the absorbance value was measured at 450 nm. Z-VAD-FMK (HY-16658B),
Rapamycin (HY-10219), 3-Methyladenin (HY-19312), and Necrostatin-1
(HY-15760) were purchased from MCE. Necroptosis Inducer Kit with TSZ
(C1058S) was purchased from Beyotime Biotechnology. The related infor-
mation of the 10 metabolites used in this study is listed in Table S2 (Sup-
porting Information).

Cell Death Assay: Propidium iodide (PI) staining, tunnel staining, and
flow cytometry were used for the cell death assay. In brief, for in vitro as-
say, cells were washed and resuspended in PBS containing 10 μg mL−1

PI and incubated for 20 min at room temperature under dark conditions.
The samples were then analyzed by flow cytometry. In order to detect in
vivo cell death, the tunnel assay was conducted on paraffin embedded tis-
sue using the Tunnel assay kit HRP-DAB (Abcam, ab206386). Briefly, the
sections were deparaffinized and rehydrated as previously described. Tu-
mor sections were permeabilized with proteinase K, followed by quench-
ing of endogenous peroxidase activity and equilibration using a Terminal
deoxynucleotidyl Transferase (TdT) buffer. Apoptotic cells were labeled us-
ing a TdT enzyme and incubated for 2 h at room temperature, followed by
a 30-min incubation with streptavidin-HRP conjugate. HRP-positive cells
were developed using diaminobenzidine (DAB). All images were captured
with a microscope (Leica, DFC420C).

Animal Models: All animal experimental protocols were approved by
the Medical Experimental Animal Care Commission of Ren Ji Hospital
(RA-2021-192). The investigation was conducted in accordance with the
ethical standards and according to the national and international guide-
lines as well as the Committee for Ethical Review of Research Involving
Animal Subjects at Ren Ji Hospital (approval number: RA-2021-192). To
investigate the effect of TauT on ferroptosis of PCa cells, twenty 8-week-old
male nude mice were divided into two groups (n = 10 per group) to sub-
cutaneously inject with DU145+sgCTRL or DU145+sgTauT cells (1 × 107)
respectively. One week after inoculation, for each group, DMSO (n =
5) or RSL3 (n = 5) were injected intratumorally at a dose of 5 mg k−1g
every two days for 3 weeks. At the end of the treatment, mice were
euthanized and the subcutaneous tumors were excised for histological
examination.

To evaluate the effects of M2 polarized macrophages on tumor anti-
ferroptosis activity in vivo, 1 × 107 DU145 cells were mixed in a 4:1 ratio
with the M0 macrophages pre-incubated with either DU145-con EVs or
DU145-181oe EVs. The relevant cell mixture was named as conEV-mix or
181oeEV-mix respectively. Similar to the above assay, 20 mice were divided
into two groups (n = 10 per group) to subcutaneously inject with conEV-
mix or 181oeEV-mix respectively. One week later, for each group, DMSO
(n = 5) or RSL3 (n = 5) were injected intratumorally at the same dose to
above every two days for 3 weeks. After 3 weeks, the mice were euthanized,
and the subcutaneous tumors were removed and fixed in formaldehyde for
hematoxylin and eosin (H&E) staining and IHC assay.

Statistical Analysis: Statistical and image analyses were performed us-
ing GraphPad Prism software (version 9.5). Data are expressed as the
mean ± SD of at least three independent experiments. Statistical tests are
reported in the figure legends, p < 0.05 was considered significant. Expres-
sion of SLC6A6 in single cell subpopulations was calculated from The Tu-
mor Immune Single Cell Center (TISCH) in prostate cancer dataset (acces-
sion number: GSE141445).[41] The LXR𝛼 ChIP-seq data used in this study
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was obtained from the hTFtarget database (http://bioinfo.life.hust.edu.
cn/hTFtarget#!/) and corresponds to the GSE77039 dataset. The potential
target gene of miR-181a-5p was predicted by miRDB (https://mirdb.org).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by the National Key Research and Development
Program of China (2022YFA1302704 to WQG), the National Natural Sci-
ence Foundation of China (81874097 and 82072843 to YXF and 81672850
to BD), the Science and Technology Commission of Shanghai Municipal-
ity (20JC1417600 and 21JC1404100 to WQG and 19411967400 to BD), the
Peak Disciplines (Type IV) of Institutions of Higher Learning in Shanghai
to WQG; 111 Project (B21024) and KC Wong foundation to WQG.

Summit Plateau Program, Research Physician Program,Shanghai Jiao
Tong University School of Medicine to BD, Shanghai Municipal Health
Commission (2019LJ11, 2020CXJQ03) to BD.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
H.X. and X.D. contributed equally to this work. Y.-X.F., W.-Q.G., and B.D.
conceived the concept; H.X, X.D, Z.T., and N.J. performed all experiments
and data analyses; H.X. and Y.-X.F. contributed to original manuscript
drafting; H.X., Y.-X.F., W.-Q.G., and B.D. contributed to manuscript edit-
ing.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
extracellular vesicles, ferroptosis, prostate cancer, taurine, tumor-
associated macrophages

Received: June 14, 2023
Revised: September 17, 2023

Published online: November 29, 2023

[1] A. Mantovani, F. Marchesi, A. Malesci, L. Laghi, P. Allavena, Nat. Rev.
Clin. Oncol. 2017, 14, 399.

[2] C. Han, Y. Deng, W. Xu, Z. Liu, T. Wang, S. Wang, J. Liu, X. Liu, J. Oncol.
2022, 2022, 8580043.

[3] X. F. Li, C. Selli, H. L. Zhou, J. Cao, S. Wu, R.-Y. Ma, Y. Lu, C. B. Zhang,
B. Xun, A. D. Lam, X. C. Pang, A. Fernando, Z. Zhang, A. Unciti-
Broceta, N. O. Carragher, P. Ramachandran, N. C. Henderson, L. L.
Sun, H. Y. Hu, G.-B. Li, C. Sawyers, B. Z. Qian, J. Exp. Med. 2023, 220,
e20221007.

[4] T. Xie, D.-J. Fu, Z. M. Li, D. J. Lv, X.-L. Song, Y.-Z. Yu, C. Wang, K. J. Li,
B. Zhai, J. Wu, N. H. Feng, S. C. Zhao, Mol. Cancer 2022, 21, 173.

[5] J. C. Zarif, J. A. Baena-Del Valle, J. L. Hicks, C. M. Heaphy, I. Vidal,
J. Luo, T. L. Lotan, J. E. Hooper, W. B. Isaacs, K. J. Pienta, A. M. De
Marzo, Eur. Urol. Oncol. 2019, 2, 429.

[6] C. Antognelli, M. Mandarano, E. Prosperi, A. Sidoni, V. N. Talesa, Can-
cers 2021, 13, 2965.

[7] Q. Y. Chen, B. Gao, D. Tong, C. Huang, Cancer Lett. 2023, 552, 215979.
[8] K. V. Myers, S. R. Amend, K. J. Pienta, Mol. Cancer 2019, 18, 94.
[9] H. Li, P. Yang, J. Wang, J. Zhang, Q. Ma, Y. Jiang, Y. Wu, T. Han, D.

Xiang, J. Hematol. Oncol. 2022, 15, 2.
[10] S. J. Dixon, K. M. Lemberg, M. R. Lamprecht, R. Skouta, E. M. Zaitsev,

C. E. Gleason, D. N. Patel, A. J. Bauer, A. M. Cantley, W. S. Yang, B.
Morrison, B. R. Stockwell, Cell 2012, 149, 1060.

[11] U. N. Das, Cell. Chem. Biol. 2019, 26, 309.
[12] S. Doll, B. Proneth, Y. Y. Tyurina, E. Panzilius, S. Kobayashi, I. Ingold,

M. Irmler, J. Beckers, M. Aichler, A. Walch, H. Prokisch, D. Trümbach,
G. Mao, F. Qu, H. Bayir, J. Füllekrug, C. H. Scheel, W. Wurst, J. A.
Schick, V. E. Kagan, J. P. F. Angeli, M. Conrad, Nat. Chem. Biol. 2017,
13, 91.

[13] J. Yi, J. Zhu, J. Wu, C. B. Thompson, X. Jiang, Proc. Natl. Acad. Sci USA
2020, 117, 31189.

[14] Y. Yin, A. Sichler, J. Ecker, M. Laschinger, G. Liebisch, M. Höring, M.
Basic, A. Bleich, X. J. Zhang, L. Kübelsbeck, J. Plagge, E. Scherer, D.
Wohlleber, J. Wang, Y. Wang, M. Steffani, P. Stupakov, Y. Gärtner, F.
Lohöfer, C. Mogler, H. Friess, D. Hartmann, B. Holzmann, N. Hüser,
K. P. Janssen, J. Hepatol. 2023, 78, 820.

[15] Y. H. Jung, C. W. Chae, H. S. Chang, G. E. Choi, H. J. Lee, H. J. Han,
Free Radical Biol. Med. 2022, 192, 1.

[16] Y. Zhao, M. Li, X. Yao, Y. Fei, Z. Lin, Z. Li, K. Cai, Y. Zhao, Z. Luo, Cell
Rep. 2020, 33, 108487.

[17] S. Zhao, Y. Mi, B. Guan, B. Zheng, P. Wei, Y. Gu, Z. Zhang, S. Cai, Y.
Xu, X. Li, X. He, X. Zhong, G. Li, Z. Chen, D. Li, J. Hematol. Oncol.
2020, 13, 156.

[18] C. S. Lu, A.-L. Shiau, B. H. Su, T. S. Hsu, C. T. Wang, Y.-C. Su, M. S.
Tsai, Y. H. Feng, Y. L. Tseng, Y.-T. Yen, C. L. Wu, G. S. Shieh, J. Hematol.
Oncol. 2020, 13, 62.

[19] L. Cassetta, J. W. Pollard, Nat. Rev. Drug Discovery 2018, 17, 887.
[20] Z. Li, X. Meng, P. Wu, C. Zha, B. Han, L. Li, N. Sun, T. Qi, J. Qin, Y.

Zhang, K. Tian, S. Li, C. Yang, L. Ren, J. Ming, P. Wang, Y. Song, C.
Jiang, J. Cai, Cancer Immunol. Res. 2021, 9, 1383.

[21] P. Kundu, N. Kane, A. Lim, T. M. Ma, Y. Li, R. R. Huang, H. Ye, A. Lee,
N. G. Nickols, A. Chang, J. Clin. Oncol. 2022, 40, 271.

[22] M. Lanciotti, L. Masieri, M. R. Raspollini, A. Minervini, A. Mari, G.
Comito, E. Giannoni, M. Carini, P. Chiarugi, S. Serni, BioMed. Res.
Int. 2014, 2014, 486798.

[23] M. H. Hoang, Y. Jia, H. J. Jun, J. H. Lee, K. Y. Hwang, D. W. Choi, S. J.
Um, B. Y. Lee, S. G. You, S. J. Lee, Mol. Nutr. Food Res. 2012, 56, 900.

[24] S. A. Hutchinson, A. Websdale, G. Cioccoloni, H. Røberg-Larsen, P.
Lianto, B. Kim, A. Rose, C. Soteriou, A. Pramanik, L. M. Wastall, B. J.
Williams, M. A. Henn, J. J. Chen, L. Ma, J. B. Moore, E. Nelson, T. A.
Hughes, J. L. Thorne, Oncogene 2021, 40, 2872.

[25] W. Hu, W. Zhang, Y. Chen, U. Rana, R.-J. Teng, Y. Duan, Z. Liu, B.
Zhao, J. Foeckler, H. Weiler, R. E. Kallinger, M. J. Thomas, K. Zhang,
J. Han, Q. R. Miao, Hepatology 2016, 64, 1559.

[26] Y. Wang, Y.-X. Fang, B. Dong, X. Du, J. Wang, X. Wang, W. Q. Gao, W.
Xue, Theranostics 2021, 11, 878.

[27] S. Zhao, Y. Mi, B. Zheng, P. Wei, Y. Gu, Z. Zhang, Y. Xu, S. Cai, X. Li,
D. Li, J. Extracell. Vesicles 2022, 11, e12186.

[28] Y. Zhang, Y. Fan, X. Jing, L. Zhao, T. Liu, L. Wang, L. Zhang, S. Gu, X.
Zhao, Y. Teng, Cancer Lett. 2021, 504, 104.

[29] X. Zhou, W. Li, S. Wang, P. Zhang, Q. Wang, J. Xiao, C. Zhang, X.
Zheng, X. Xu, S. Xue, L. Hui, H. Ji, B. Wei, H. Wang, Cell Rep. 2019,
27, 1176.

Adv. Sci. 2024, 11, 2303894 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303894 (15 of 16)

http://www.advancedsciencenews.com
http://www.advancedscience.com
http://bioinfo.life.hust.edu.cn/hTFtarget#!/
http://bioinfo.life.hust.edu.cn/hTFtarget#!/
https://mirdb.org


www.advancedsciencenews.com www.advancedscience.com

[30] S. Ma, Z. Meng, R. Chen, K. L. Guan, Annu. Rev. Biochem. 2019, 88,
577.

[31] F. Ziemssen, H. Heimann, Expert Opin. Drug Metab. Toxicol. 2012, 8,
1023.

[32] A. Ghoochani, E.-C. Hsu, M. Aslan, M. A. Rice, H. M. Nguyen, J. D.
Brooks, E. Corey, R. Paulmurugan, T. Stoyanova, Cancer Res. 2021, 81,
1583.

[33] H. Zhang, T. Deng, R. Liu, T. Ning, H. Yang, D. Liu, Q. Zhang, D. Lin,
S. Ge, M. Bai, X. Wang, L. Zhang, H. Li, Y. Yang, Z. Ji, H. Wang, G.
Ying, Y. Ba, Mol. Cancer 2020, 19, 43.

[34] X. Zhang, Y. Xu, L. Ma, K. Yu, Y. Niu, X. Xu, Y. Shi, S. Guo, X. Xue, Y.
Wang, S. Qiu, J. Cui, H. Wang, X. Tian, Y. Miao, F. Meng, Y. Qiao, Y.
Yu, J. Wang, Cancer Commun. 2022, 42, 287.

[35] C. Darimont, O. Avanti, I. Zbinden, P. Leonevautravers, R.
Mansourian, V. Giusti, K. Mace, Biochimie 2006, 88, 309.

[36] S. Baliou, A. Kyriakopoulos, M. Goulielmaki, M. Panayiotidis, D.
Spandidos, V. Zoumpourlis, Mol. Med. Rep. 2020, 22, 2163.

[37] Y. Ping, J. Shan, Y. Liu, F. Liu, L. Wang, Z. Liu, J. Li, D. Yue, L. Wang,
X. Chen, Y. Zhang, Cancer Immunol. Immunother. 2023, 72, 1015.

[38] R. Bai, Y. Li, L. Jian, Y. Yang, L. Zhao, M. Wei, Mol. Cancer 2022, 21,
177.

[39] C. Thery, S. Amigorena, G. Raposo, A. Clayton, Isolation and charac-
terization of exosomes from cell cultre supernatants and biological fluids,
Curr Protoc Cell Biol., Wiley-VCH, Weinheim, Germany 2006. Chapter
3, Unit 3.22.

[40] J. Zhuang, L. Shen, M. Li, J. Sun, J. Hao, J. Li, Z. Zhu, S. Ge, D. Zhang,
H. Guo, R. Huang, J. Yan, Cancer Res. 2023, 83, 1611.

[41] D. Sun, J. Wang, Y. Han, X. Dong, J. Ge, R. Zheng, X. Shi, B. Wang, Z.
Li, P. Ren, L. Sun, Y. Yan, P. Zhang, F. Zhang, T. Li, C. Wang, Nucleic
Acids Res. 2021, 49, D1420.

Adv. Sci. 2024, 11, 2303894 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303894 (16 of 16)

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Taurine Inhibits Ferroptosis Mediated by the Crosstalk between Tumor Cells and Tumor-Associated Macrophages in Prostate Cancer
	1. Introduction
	2. Results
	2.1. Tumor Infiltrated M2 Type Macrophages were Involved in an Inhibition of Ferroptosis in PCa
	2.2. M2 Macrophages Produce Taurine to Repress Ferroptosis in Prostate Cancer
	2.3. Blockage of Taurine Export or Import Promotes Ferroptosis in PCa
	2.4. Taurine Protects PCa against Ferroptosis by Activating the LXR83±/SCD1 Axis
	2.5. MiR-181a-5p Enriched EVs Promoted M2 Polarization of Macrophages to Suppress Ferroptosis in PCa Cells
	2.6. MiR-181a-5p Promoted M2 Macrophage Polarization and Upregulated TauT Expression via Targeting the Hippo Signaling Pathway

	3. Discussion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


