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Abstract
Background

Resistance to ferroptosis, a regulated cell death caused by iron-dependent excessive accumulation of
lipid peroxides has recently been linked to lung adenocarcinoma (LUAD), the most prevalent lung cancer
subtype. Despite intracellular antioxidant system is required for protection against ferroptosis, whether
and how extracellular system desensitizes LUAD cells to ferroptosis is incompletely known.

Methods

Immunohistochemistry (IHC) and immunoblotting (IB) were used to analyze protein expression, and
quantitative RT-PCR (qPCR) was used to analyze mRNA level. Cell viability, cell death and the lipid
reactive oxygen species (ROS) generation were measured to evaluate the responses to ferroptosis
induction. Metabolites were measured using appropriate kits. Exosomes were observed using
transmission electron microscope (TEM). The localization of arachidonic acid (AA) was detected using
click chemistry labeling followed by confocal microscope observation. Interaction between RNA and
protein were detected using RNA-pulldown, RNA immunoprecipitation (RIP) and photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP). Proteomic analysis was used
to investigate circRNA_101093 (cir93) regulated protein and metabolomic analysis was used to analyze
metabolites that changed among LUAD tissues expressing low and high Fatty acid-binding protein 3
(FABP3) levels. Cell-derived xenograft (CDX), patient-derived xenograft (PDX) and cell-implanted
intrapulmonary LUAD mouse models and plasma/tissue specimens from LUAD patients were used to
validate the mechanism that exosome and cir93 desensitized ferroptosis in LUAD.

Results

Here, the roles of exosome and circular RNA (circRNA) to desensitize LUAD cells to ferroptosis were
investigated. Plasma exosome from LUAD patients exclusively reduced lipid peroxidation and
desensitized ferroptosis. This might because exosomal-cir93 sustained an elevation of intracellular-cir93
in LUAD to modulate AA, a poly-unsaturated fatty acid that is critical for ferroptosis-associated over
peroxidation in the plasma membrane. Mechanistically, cir93 interacted and lifted FABP3, which
transported and facilitated AA reaction with taurine. Thus, global-AA was reduced while N-Arachidonoyl
taurine (NAT), the product of AA and taurine, was induced. Notably, a role of NAT to suppress AA
incorporation into plasma membrane was also revealed. In pre-clinical in vivo models, reducing exosome
exhibited an improvement of ferroptosis-based treatment.

Conclusion

Exosome and cir93 are essential for desensitizing LUAD cells to ferroptosis, and blocking exosome will be
helpful for future LUAD treatment.
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Background
Lung cancer is one of the leading causes of malignant death worldwide, with lung adenocarcinoma
(LUAD) being the most prevalent subtype [1]. Although driver mutations such as those in epidermal
growth factor receptor (EGFR), v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (kRAS), anaplastic
lymphoma kinase (ALK) and tumor protein 53 (p53) are major causes of LUAD [2, 3], other mechanism,
for example, dysregulation of N6-methyladenosine (m6A) RNA methylation is still critical for LUAD
tumorigenesis [4, 5]. Recently, resistance to ferroptosis, a newly identi�ed regulated cell death caused by
iron-dependent excessive accumulation of lipid peroxides, has been regarded as another non-mutation
mechanism linked to initiation and progression of LUAD [5-7]. Although a higher-than-normal-cell
metabolic activity enables tumor cells to produce more lipid peroxides [8], the existence of intracellular
anti-oxidant system strongly protects LUAD cells against ferroptosis [4, 5, 7]. However, whether and how
extracellular system also desensitizes LUAD cells to ferroptosis still remains unclear.

Exosome is a type of extracellular vesicle that originated from endocytosis [9]. As a master regulator of
cellular signaling, exosome orchestrates various autocrine and paracrine functions to alter tumor micro-
environment, growth and progression [10]. Reasoning that exosome can not only be taken by target cells
but also secreted from host cells, they are critical messengers participating in cell-to-cell communications
[11]. Interestingly, one exciting study has revealed that ferroptosis-resistance in tumor cells is achieved by
formation of ferritin-containing exosome that takes labile iron out of the cell [12]. However, what are the
effects on the sensitivity of LUAD cells to ferroptosis following uptake of extracellular exosome have not
been explained yet. 

Besides metabolite like iron, circular RNAs (circRNAs) are also important contents in exosome [13].
Increasing studies have demonstrated that circRNAs are closely linked to LUAD tumorigenesis [14].
CircRNAs are more stable than other kinds of RNAs because of their covalently closed loop structure [15].
The protection of the vesicles further increases stability of circRNAs and makes them more e�cient to
transmit information among cells [16]. However, our knowledge understanding the roles of circRNAs in
modulating sensitivity of LUAD cells to ferroptosis is still quite limited.

Despite the functions of circRNAs as competing endogenous RNAs (ceRNAs) are well established, the
roles of circRNAs to interact with proteins are less understood [17]. Reasoning that ferroptosis is closely
associated with metabolism [18], those proteins exerting dual-roles in interacting with circRNAs and
participating in metabolism could be strong candidates to in�uence ferroptosis. Fatty acid-binding
proteins (FABPs) are critical for the transport of poly-unsaturated fatty acids (PUFA) to speci�c cellular
compartments [19]. Notably, peroxidation of PUFA, mainly arachidonic acid (AA) and adrenal acid (AdA)
in the plasma membrane, are essential for sensitizing cells to ferroptosis [20]. However, whether and how
circRNA-FABPs interactions regulate PUFA and ferroptosis sensitivity remains largely unknown.

Therefore, the aim of the present study was to investigate whether and how exosome and circRNA
desensitize LUAD cells to ferroptosis. We uncovered that exosomal-cir93 is critical for elevating
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intracellular-cir93 in the tumor part of LUAD, by which eventually upregulates intracellular Fatty acid-
binding protein 3 (FABP3). FABP3 facilitates AA reaction with taurine and thus reduces global-AA. In
addition, N-Arachidonoyl taurine (NAT), the product of taurine and AA, also suppresses AA incorporation
into the plasma membrane. Thus, the opportunity for lipid peroxidation and followed ferroptosis is
mitigated in LUAD.

Materials And Methods
Cell culture

Established MRC-5, WI38, H358, H1650, PC9, H1975, A549 and H1299 cell lines were purchased from
Fuheng Biotechnology (Shanghai, China) and validated by short tandem repeat analysis. For monolayer
culture, cells were cultured with Dulbecco’s modi�ed eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Patient-derived primary LUAD cells were derived from
LUAD tissues. Brie�y, fresh LUAD tissues without necrosis were washed with ice-cold Dulbecco's
phosphate buffered saline (DPBS) for 3 times before re-suspending in DMEM containing collagenase I (2
mg/ml, Solarbio, Shanghai, China) at 37 °C, 5%CO2 for 4 h. After washing for 3 additional times with
fresh DMEM, cells were cultured in routine conditions for 1 week. Subsequently, tumor epithelial cells
were sorted using anti-epithelial cell adhesion molecule (EpCAM) antibodies (R&D systems, Minneapolis,
MN, USA, #FAB9601G) by a �ow cytometer, thus the EpCAM (+) cells were obtained, and the left cells
were regarded as EpCAM (-) cells. For 3D spheroid culture, basement membrane extract (BME) (Trevigen,
Gaithersburg, MD, USA) was seeded in a 96-well plate at 50 μl/well and plated at 37 °C for 30 min. Then,
cells were seeded on top of BME at a density of 1×105 cells per well. After formation of spheroids, they
were treated with dimethyl sulfoxide (DMSO), erastin (Sigma, St Louis, MO, USA) or ras-selective lethal
small molecule 3 (RSL3, Sigma). Images were captured after staining with SYTOX green (Invitrogen,
Carbsland, CA, USA). 

Mouse experiments and patient information

For generations of routine cell-derived xenograft (CDX) mouse models, established LUAD cells (initial
5x106) were subcutaneously injected into 6-week-old athymic nude mice (Jiesijie, Shanghai, China). For
generation of H1975/A549 cell-implanted intrapulmonary LUAD mice, 6-week-old athymic nude mice
were intrapulmonarily injected with cells (5x106) under anesthesia prior to intranasal administrating with
AAV5 particles (2x1012 viral particles/ml, Genomeditech, Shanghai, China) 3 weeks later. For generation
of patient-derived xenograft (PDX) mouse models, fresh LUAD tissues in a size of 2-3 mm3 were
subcutaneously implanted into six-week-old athymic nude mice. After successful passage, the PDX mice
were used for further study. Tumor volumes were calculated as 0.5 x L x W2 (L indicating length while W
indicating width). For drug administration, piperazine erastin (PKE, MedChemExpress, Monmouth
Junction, NJ, USA) and GW4869 (Sigma) were injected.
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The basic patient information for Fig. 1A and C, 2B-C and 7A-C, and Supplementary Fig. S1A-B, S2A-B and
S7A were summarized in Supplementary Table. S1. The information for Fig. 1B were summarized in
Supplementary Table. S2. The information for healthy individuals and LUAD patients in Fig. 1E-F, 2D, 4M,
5H-I, 1G, 6F and 6N, are available in Supplementary Table. S3, S4 and S5. Also, the information for Fig.
2E, 7D-E, 4I, 7J and Supplementary Fig. S7B-C was summarized in Supplementary Table. S6, S7, S8 and
S9. All the tissue and plasma specimens were recruited in Shanghai Chest Hospital (Shanghai, China)
from May 2013 to December 2020. Mutations in tissues were sequenced by Mapbioo Biotechnology
(Shanghai, China). All the informed written consents were obtained. The study including those for
animals were approved by the institutional ethics committee of Shanghai Chest Hospital.

Reagents and plasmids

For reagents, erastin (Sigma), RSL3 (Sigma), GW4869 (Sigma), 5,5-(N-N-dimethyl)-amiloride
hydrochloride (DMA, Sigma), deferoxamine (DFO, Sigma), Ferrostatin-1 (Fer-1, Sigma), NAT (Cayman, Ann
Arbor, MI, USA), Actinomycin D (ActD, Sigma), C11-BODIPY581/591 (Invitrogen), propidium iodide (PI,
Sigma) were used for cell treatments.

For plasmids, WT and mutant-circRNA_101093 (cir93, including cir93△R#1, cir93△R#2) expressing
plasmids were purchased from Geneseed Biotechnology (Guangzhou, Gongdong Province, China). Anti-
cir93-1/2 plasmids were purchased from Sangon (Shanghai, China). WT-FABP3 expressing plasmids
were purchased from Biovision (Shanghai, China). Plasmids expressing mutant-FABP3 including
FABP3△P#1, FABP3△P#2, FABP3△P#3, FABP3△P#4 and FABP3F16S were constructed using overlapping PCR
and cloned into pcDNA3.1(+) plasmids. LentiCRISPR v2-based constructs were used for knockout of
FABP3. shRNAs targeting against cysteine sul�nic acid decarboxylase (CSAD) and cysteine dioxygenase
type 1 (CDO1) were purchased from Biovision. The sequences for primers, gRNAs and shRNAs were
summarized in Supplementary Table S10.

Immuno�uorescence (IF), immunohistochemistry (IHC), immunoblotting (IB) and enzyme linked
immunosorbent assay (ELISA) 

IF, IHC and IB were performed as per conventional protocols. For IF, PKH67 (Sigma, MKCG5294) was
probed for marking exosome packaged in A549/H1299 cells. For IHC, the primary antibodies used in the
study were, anti-alpha smooth muscle actin (αSMA, Abcam, Hong Kong, China, #ab7817) and anti-4-
hydroxynonenal (4-HNE, Abcam, #ab48506). For IB, the primary antibodies used were, anti-FABP3
(Abcam, #ab133585), anti-GAPDH (Abcam, #ab181602), anti-CSAD (Abcam, #ab91016), anti-CDO1
(Abcam, #232699), anti-acyl-CoA synthetase long-chain family member (ACSL4, Abcam, #ab155282),
anti-lysophosphatidylcholine acyltransferase 3 (LPCAT3, Abcam, #ab232958), anti-phospholipid transfer
protein (PLTP, Abcam, #ab134066), anti-Myc (CST, #2276), anti-cluster of differentiation 63 (CD63,
Abcam, #ab271286), anti-tumor susceptibility 101 (TSG101, Abcam, #125011), anti-ALG-2 interacting
protein X (ALIX, Abcam, #ab275377), anti-cluster of differentiation 9 (CD9, Abcam, #ab92726) and anti-
Calnexin (Abcam, #ab133615). For ELISA, FABP3, hepatocyte nuclear factor alpha (HNF4a) and
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hypermethylated in cancer 1 (HIC1) levels were measured using kits from Yingxin Biotech Ltd. (Shanghai,
China) as per manufacturer’s instructions.

Measurements of metabolites

AA was measured using a kit from CUSABIO (Houston, TX, USA), malondialdehyde (MDA) and taurine
were measured using kits from Abcam according to the manufacturer’s instructions. NAT was analyzed
by HPLC-ESI-MS/MS. The high performance liquid chromatograph (HPLC) system was Agilent 1100
(Agilent, Chandler, Arizona, USA). Mass spectrometry (MS) system was AB 6500+ triple quadrupole
tandem MS detection system (AB Sciex, Boston, MA, USA) equipped with electrospray ionization (ESI)
source and Analyst 1.7.1 workstation.

Quantitative RT-PCR (qPCR)

Total RNA was extracted using Trizol reagent (Ambion, Carlsbad, CA, USA) and reverse-transcribed into
cDNA using the PrimeScriptTM RT reagent kit (Takara, Dalian, China). For real-time qPCR, the SYBR
premix Ex Taq (Takara) kit was used for detecting the relative levels of Nucleoporin 107 (NUP107) mRNA,
cir93 and circRNA_100934 (cir34). Semi-qPCR was also performed to examine NUP107 mRNA and cir93,
and the reaction was terminated at the cycle 29 and the products were visualized by agarose gel
electrophoresis. The primers are listed in Supplementary Table S10.

Measurements of cell viability, cell death, lipid reactive oxygen species (ROS) generation and ex vivo
tissue slice culture 

Cell viability was detected using a CellTiter-Glo luminescent cell viability assay kit (Promega, Madison, WI,
USA). Cell death was measured by staining with SYTOX Green followed by �ow cytometry. Lipid ROS
generation was analyzed by probing with C11-BODIPY581/591 at a �nal concentration of 1.5 μM for 20
min before subjecting for further analysis using �ow cytometer. For ex vivo tissue slices, they were
prepared through a similar protocol described in our previous study [21]. Afterwards, DMSO, erastin or Fer-
1 was co-incubated before tissue slices were stained with PI and photographed under microscope.

Transmission electron microscope (TEM) analysis 

For exosome observation, exosome was resuspended in 4% paraformaldehyde (PFA), and images were
captured using the JEM1230 TEM (JEOL, Tokyo, Japan). For morphological observation of mitochondria,
cells were seeded onto 4-well chambered cover glass (Thermo Scienti�c, Waltham, MA, USA) at a density
of 15,000 cell/well. Images were captured using the Olympus EM208S TEM (HITACHI, Tokyo, Japan). 

Fluorescence in situ hybridization (FISH)

The main procedure was similar with that of conventional IHC but with several additional steps before
adding primary antibodies. Brie�y, tissues were incubated by a formamide/saline sodium citrate (SSC)
solution at 37 ℃ for 4 h prior to the addition of digoxigenin (DIG)-labeled cir93 or cir34 probes (Sangon,



Page 8/40

Shanghai, China, listed in Supplementary Table S10) at 37 ℃ overnight. Afterwards, the primary anti-DIG
antibodies (Abcam, #ab420) and HRP-labeled secondary antibodies (CST) were used for �nal
visualization of cir93 and cir34.

Isolation and measurement of exosome

Exosome was isolated from cultured media of cells or plasma of human via three sequential
centrifugation steps at 4 ℃, 1) 15 min at 500g to remove cells; 2) 30 min at 10,000g to remove cell
debris; and 3) ultracentrifugation at 110,000g for 70 min to pellet exosome. The pellet was �nally re-
suspended in PBS and centrifuged at 110,000g for another 70 min to remove soluble and secreted
proteins. The concentration and size of exosome were analyzed using a Nanosight NS 300 system
(NanoSight Technology, Malvern, UK). 

Click chemistry for alkyne labeling

Cells were incubated with DMEM containing 10% FBS, 3% BSA ± AA-alkyne or AdA-alkyne (20 mM, Wuxi
AppTec, Wuxi, China) for 2 h. Next, the treatment medium was replaced by fresh DMEM containing 3%
BSA for another 10 h and cells were subsequently �xed in 4% PFA and permeabilized with 0.1% Triton-X
in PBS. Afterwards, cells were incubated with the PBS-based click reaction buffer [0.1 mM Azide-�uor 488
(Cat# 760765, Sigma), 1 mM CuSO4, 1 mM TCEP] for 1 h in a light-impermeable humid chamber. Finally,
cells were washed 5 times with 1x PBS and blocked with PBS-BT (1x PBS, 3% BSA, 0.1% Triton X-100,
0.02% NaN3) for 45 min at RT followed by probing with Concanavalin A-Alexa Fluor 350 and DAPI
(Molecular Probes, Eugene, OR, USA). Images were captured using a confocal microscope.

RNA pull-down, RNA immunoprecipitation (RIP) and photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP)

For RNA pull-down assay, synthesized cir93 (including WT and mutants) and its antisense probes were
labeled with biotin and ordered from Sangon (listed in Supplementary Table S10). About 1 × 107 cells
were lysed and incubated with 3 μg biotinylated probes at 4℃ overnight. The biotin-coupled RNA-protein
complex was pull-downed with streptavidin magnetic beads (Life Technologies, Carlsbad, CA, USA) for
another 4 h. After washing for �ve times with PBS, the streptavidin beads were boiled and the elutes were
subjected for IB or proteomic analysis.

For RIP assay, a Magna RIP Kit (Merck Millipore, Billerica, MA, USA) was used. Brie�y, cell lysates were
incubated with magnetic beads loaded with 5 μg anti-FABP3 antibodies (Abcam, #ab133585) or control
IgG (CST #3900) overnight at 4 ℃. The remaining RNA after proteinase K digestion was extracted by
TRIzol regent and analyzed by qPCR.

For PAR-CLIP, cells were incubated with 4-SU (250 μM, Sigma) for 16 h followed by irradiation with 365
nm UV light for crosslinking. Subsequently, cells were lysed with NP40 lysis buffer on ice and centrifuged
at 18,000g for 15 min to collect supernatant, which was further incubated with 600 μl protein A



Page 9/40

dynabeads (Invitrogen) bound with 15 μg anti-FABP3 antibodies (Abcam, #ab133585) for 2 h. After
washing three times with IP wash buffer, beads were re-suspended and boiled at 95 ℃ for 10 min. To
detect FABP3-bound circRNAs, RNA was recovered and subjected into qPCR analysis.

Proteomic and metabolomic analysis 

Proteomic and metabolomic analysis were performed and analyzed by Luming Biotechnology (Shanghai,
China). The data of proteomics regarding the proteins that controlled and pulled down by cir93 have been
deposited in ProteomeXchange Consortium.

Statistical analysis

Tests used to examine the differences between groups were student’s t test, one-way, two-way ANOVA
and χ2 test. The correlation between two groups was evaluated by the Spearman rank-correlation
analysis. The survival rate was calculated by Kaplan-Meier method and statistical signi�cance was
assessed by log-rank tests. A P< 0.05 was considered statistically signi�cant.

Results
Exosome antagonized lipid peroxidation and desensitized ferroptosis in LUAD

Excessive lipid peroxidation is a hallmark of ferroptosis, and HNF4a and HIC1 play opposite roles in
ferroptosis [22]. MDA, a byproduct of lipid peroxidation, was anti-correlated with anti-ferroptotic HNF4a,
while was correlated with pro-ferroptotic HIC1 in LUAD (Supplementary Fig. S1A-B), con�rming that MDA
re�ects ferroptosis-associated lipid peroxidation.

We were curious to know whether lipid peroxidation is suppressed in LUAD, and indeed, MDA levels were
lower in LUAD tissues in comparison to the matched adjacent tissues (Fig. 1A). In addition, 39.9% LUADs
(75/188) also showed downregulation of 4-HNE, another byproduct of lipid peroxidation in LUAD (Fig.
1B). As known, LUADs are commonly driven by mutations [2, 3]; however, after screening common
mutations within EGFR (Del19, L858R and T790M), kRAS (G12C, G12S, G12A and G13C) and p53 (R196P,
H179Y, P250L, R249S and R248G), we found that MDA at least might not be determined by these driver
mutations (Fig. 1C). Collectively, lipid peroxidation is suppressed possibly via a driver mutation-
independent manner in a large proportion of LUAD.

Then, we tested whether exosome suppresses lipid peroxidation and desensitizes LUAD cells to
ferroptosis. Ex vivo primary LUADs from patients for curative therapy were treated with or without
GW4869 and DMA, two exosome biogenesis inhibitors, and they both elevated 4-HNE (Fig. 1D), hinting
that prevention of exosome generation stimulates lipid peroxidation. Does exosome from LUAD plasma
desensitize ferroptosis? To this end, plasma exosome from healthy individuals and LUAD patients were
extracted and veri�ed by TEM (Fig. 1E). The exosome diameters were mainly between 30 and 150 nm
(Supplementary Fig. S1C), which were similar to that reported in prior studies [23, 24]. Except
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endoplasmic reticulum (ER) biomarker Calnexin, exosome biomarkers including CD63, TSG101, ALIX and
CD9 were all clearly detected in our samples (Supplementary Fig. S1D), further demonstrating the quality
of the exosome. A549 and H1975 LUAD cell lines were picked up for further study because they exhibited
the least and the most sensitivity to erastin and RSL3, two ferroptosis agonists, among the LUAD cell
lines tested in 3D spheroid culture (Supplementary Fig. S1E-F). By pre-co-incubating H1975 cells with
exosome, we found that plasma exosome from a large proportion of LUAD patients could signi�cantly
prevent erastin- and RSL3-reduced cell viability and -induced cell death and lipid ROS generation. By
comparison, plasma exosome from healthy individuals failed to do so (Fig. 1F). The results from 3D
spheroid culture, which is a better way to re�ect cell-cell interaction than monolayer culture, also
supported that only the exosome from LUAD plasma had the capacity to prevent erastin- and RSL3-
induced cell death in H1975 spheroids (Fig. 1G). Reasoning that the sensitivity to ferroptosis was varied
between A549 and H1975 cells, we wondered whether the exosome from A549 cells was required for
H1975 cells to obtain a less sensitivity to ferroptosis. As expected, pre-co-incubation with exosome that
extracted from A549-cultured DMEM or directly the DMEM itself desensitized H1975 cells to the induction
of erastin and RSL3 (Fig. 1H). However, fresh DMEM, DMEM from cultured H1975 cells and A549 cells
following GW4869 treatment did not have such effects (Fig. 1H). Together, a role of exosome to
antagonize lipid peroxidation and desensitize LUAD cells to ferroptosis was established.

A link between exosomal- and intracellular-cir93 in LUAD

Then, important contents in the exosome were investigated. Emerging studies have demonstrated the
critical roles of exosomal-circRNAs in tumorigenesis [25, 26]; we thereby tried to identify such circRNAs in
LUAD exosome. Firstly, the available circRNA-chip data (Zhu, et al., Ref. 27 and Yang, et al., GSE101586)
evaluating differential circRNA expression between LUAD and normal lung were mined. Two circRNAs, i.e.
cir93 and cir34 were identi�ed as the common upregulated intracellular-circRNAs in LUAD between the
two datasets (Fig. 2A). Further veri�cations indicated that only cir93, but not cir34 was elevated in our
LUAD cohort (n=250, Fig. 2B-C and Supplementary Fig. S2A-B), and this led us to focus on cir93 hereafter.
Dislike NUP107 mRNA, the transcript of cir93 parental gene, cir93 could only be PCR ampli�ed from cDNA
but not gDNA template of A549 and H1299 cells using circRNA-speci�c primer sets (Supplementary Fig.
S2C), suggesting that cir93 is a genuine circRNA. Of note, an elevation of plasma exosomal-cir93 was
also observed in LUAD (n=200) as compared to healthy individuals (n=200, Fig. 2D). Reasoning that
circRNA can be transmitted via exosome between host and target cells [28], we suggested that elevation
of intracellular-cir93 is closely linked with exosomal-cir93 in LUAD.

Exosome secreted by tumor cells themselves was essential for elevating intracellular-cir93 in LUAD 

Because tumor and tumor stroma are both important for tumorigenesis [29, 30], we thereby wanted to
ascertain whether they are involved separately or in combined for the link between exosomal- and
intracellular-cir93. After measuring cir93 in LUAD tissue specimens, we found 68.0% of them (34/50)
exclusively expressing cir93 in the tumor part. By contrast, only 4.0% (2/50) exhibited an exclusive cir93
expression in the stroma part (Fig. 2E). Those specimens with cir93 exclusively expressed in tumor part
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were further evaluated by IHC using antibodies against αSMA; a biomarker of �broblast and to some
extent capable of distinguishing stroma from tumor parts. Indeed, all of them (34/34) showed mutual
exclusion of cir93 and αSMA within the same areas (Fig. 2F). EpCAM is a surface pan-carcinoma antigen.
By sorting patient-derived EpCAM (+) and EpCAM (-) cells in primary tumors from 3 distinct LUAD
patients, we found that intracellular-cir93 was much higher in EpCAM (+) cells than that in EpCAM (-) cells
(Fig. 2G). Taken together, tumor part is the more likely site to establish the link between exosomal- and
intracellular-cir93 in LUAD.

Subsequently, we tried to investigate whether exosome secreted by tumor cells themselves elevates
intracellular-cir93 in the tumor part of LUAD. To this end, primary EpCAM (+) and EpCAM (-) cells from
case #1 and #2 in Fig. 2G were used for further analysis. Before co-incubating cultured-DMEM from the
�rst cells with the secondary cells, the exosome concentrations in cultured DMEM were ensured to be
similar between EpCAM (+) and EpCAM (-) cells (Fig. 2H, lanes, 1-4); however, intracellular-cir93 in case
#2 EpCAM (+) cells could only be sustained after co-incubating with the cultured-DMEM from case #1
EpCAM (+) cells, and vice versa (Fig. 2H, lanes, 1-2). By contrast, in both case #1 and #2, co-incubation of
cultured-DMEM from EpCAM (-) cells failed to sustain intracellular-cir93 in EpCAM (+) cells (Fig. 2H, lanes,
3-4). The critical roles of exosome in EpCAM (+) cells were further veri�ed because reduction of exosome
in the cultured-DMEM of the �rst EpCAM (+) cells following GW4869 treatment failed to sustain
intracellular-cir93 in the secondary EpCAM (+) cells (Fig. 2H, lanes, 5-6). In addition to the DMEM, the
results from extracted exosome also demonstrated that only that exosome from EpCAM (+) but not
EpCAM (-) cells had the capacity to elevate intracellular-cir93 in EpCAM (+) cells (Fig. 2I-J). The valid
exosome-mediated cir93 transmission between A549 and H1299 cells was further con�rmed by
incubating one cell line with extracted PKH67-marked exosome from another cell line expressing
mCherry-labeled cir93 followed by tracing the exosome (green) and cir93 (red) under microscope (Fig.
2K). Together, exosome secreted by tumor cells themselves is essential for elevating intracellular-cir93 in
the tumor part of LUAD.

Elevated intracellular-cir93 desensitized LUAD cells to ferroptosis via regulating AA

Despite elevation of intracellular-cir93 is sustained by exosome in LUAD (Fig. 2), whether exosome
antagonizes ferroptosis via elevating intracellular-cir93 remains unclear. Ferroptosis is characterized by
the presence of smaller than normal mitochondria with condensed densities of mitochondrial membrane
[31]. Expectedly, treating H1975 cells with erastin and RSL3 resulted in such effects; however, they were
prevented by overexpressing cir93 (Fig. 3A). By pre-infecting H1975 cells with dual-cir93 and GFP-
expressing lenti-virus and staining the cells with PI, a small �uorescent molecule that binds to DNA but
cannot penetrate into live cells, elevating cir93 was also revealed to prevent erastin- and RSL3-induced
cell death (Fig. 3B). In addition, like ferroptosis inhibitors Fer-1 and DFO, overexpressing cir93 was
capable of holding back erastin- and RSL3-induced reduction of cell viability and induction of lipid ROS
generation in H1975 cells (Fig. 3C and Supplementary Fig. 3A). Interestingly, cir93 itself could not be
affected by erastin and RSL3 (Supplementary Fig. S3B), suggesting that cir93 is an independent factor to
in�uence ferroptosis. If cir93 truly desensitizes LUAD cells to ferroptosis, anti-cir93 could exert opposite
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function. Expectedly, administrating anti-cir93 downregulated intracellular-cir93 in A549 cells
(Supplementary Fig. S3C), and aggravated erastin- and RSL3-induced reduction of cell viability and
induction of cell death and lipid ROS generation (Supplementary Fig. S3D-F). Thus, the above data
demonstrated a role of elevating cir93 to mitigate ferroptosis in vitro.

To investigate whether elevating intracellular-cir93 also desensitizes LUAD cells to ferroptosis in vivo,
H1975 cell-implanted intrapulmonary LUAD-bearing mice were intranasal infected with adeno-associated
virus 5 (AAV5) dual-expressing cir93 and GFP before further administrating with PKE, an in vivo stable
erastin derivative. Compared to the control, cir93 was indeed overexpressed, and PKE-induced elevation
of 4-HNE and MDA were largely prevented in intrapulmonary LUAD (Fig. 3D), suggesting that elevating
cir93 suppresses ferroptosis-associated lipid peroxidation in vivo. To further investigate whether anti-
cir93 oppositely stimulates lipid peroxidation within plasma membrane fraction in mouse LUAD, a
�uorescent probe C11-BODIPY581/591 was used to directly measure oxidized lipid and conA-AlexaF was
employed to visualize membrane. Images were captured at emission at 580/600 nm (the non-oxidized
form, red) and 490/510 nm (the oxidized form, green) and then merged to demonstrate the fraction of the
oxidized C11-BODIPY581/591. As shown in Fig. 3E, the fraction of oxidized C11-BODIPY581/591 (green)
within the plasma membrane was remarkably increased following administrating with anti-cir93.
Combined with the data showing that overexpressing cir93 desensitizes cells to ferroptosis that induced
by both erastin and RSL3 (Fig. 3A-C), and reasoning that treating two small molecules both lead to lipid
peroxidation [32], we supposed that elevating intracellular-cir93 might desensitize LUAD cells to
ferroptosis via suppressing lipid peroxidation.

Next, we investigated how elevating intracellular-cir93 suppresses lipid peroxidation in LUAD cells.
Excessive peroxidation of PUFA, such as AA and AdA are prerequisite for the trigger of ferroptosis [20].
Plasma membrane incorporation of AA is also essential for such a process [33]. By a click chemistry-
based method using alkyne-labeled AA or AdA and Fluro-488-labeled Azide, we found that elevating cir93
in H1975 cells was capable of reducing AA but not AdA incorporation into the plasma membrane (Fig. 3F-
G and Supplementary Fig. S3G-H). Moreover, global-AA could be simultaneously reduced by
overexpressing cir93 in H1975 cells (Fig. 5E and 5G). These results suggested that suppression of lipid
peroxidation by elevating cir93 might be conducted by modulation of AA.

Finally, we examined whether exosome suppresses lipid peroxidation in a cir93-dependent way.
Reasoning that MRC-5 and WI-38, two established lung �broblasts, demonstrated remarkable lower levels
of intracellular-cir93 and exosomal-cir93 in cultured DMEM than LUAD cell lines (Supplementary Fig. S3I),
we compared the effects of extracted exosome from MRC-5, WI-38 and LUAD A549 cells on lipid ROS
generation following erastin treatment in H1975 cells. We noticed that only exosome from A549 cells
signi�cantly reduced lipid ROS generation that induced by erastin (Fig. 3H), hinting that the role of
exosome to suppress lipid peroxidation in LUAD cells is via a cir93-dependent way.

FABP3 worked as a downstream of cir93, interacting and being upregulated by cir93
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Then, the downstream effectors of cir93 were further investigated. CircRNAs interact with proteins [34,
35]; we hence performed proteomics to seek potential proteins that cir93 might in�uence. Via pull-down
experiments with cir93, anti-sense cir93, or without RNA (blank) followed by proteomics, 143 proteins
were identi�ed speci�cally interacted with cir93 (Fig. 4A). To narrow candidates, we wanted to know
which proteins are also cir93-regulated. Because intracellular-cir93 was higher in A549 cells than H1975
cells (Supplementary Fig. S3I), we inhibited cir93 in A549 cells while overexpressed cir93 in H1975 cells
before subjecting samples into proteomics again. Only FABP3 was identi�ed upregulated by cir93.
Unfortunately, no proteins were identi�ed downregulated by cir93. Interestingly, FABP3 was also one of
those 143 proteins interacting with cir93 (Fig. 4A). The upregulation of FABP3 by cir93 was further
veri�ed by IB (Fig. 4B). Like cir93, FABP3 could not be regulated by erastin and RSL3 (Fig. 4C and
Supplementary Fig. S3B), indicating that FABP3 is also an independent factor to in�uence ferroptosis.
Moreover, elevating cir93-desensitized LUAD cells to erastin- and RSL3-induced ferroptosis and
ferroptosis-associated lipid ROS generation were all indispensable of FABP3, because compared to WT
H1975 cells, cir93 was ineffective in FABP3-/- cells (Fig. 4C and Supplementary Fig. S4A-C). Together,
FABP3 interacts and being upregulated by cir93, through which facilitates FABP3 working as a
downstream of cir93 to desensitize LUAD cells to ferroptosis.

Molecular basis behind cir93-FABP3 interaction and its essential role in modulating FABP3, AA, lipid
peroxidation and sensitivity of LUAD cells to ferroptosis 

Subsequently, we investigated the molecular basis for cir93 to interact and upregulate FABP3. To further
verify that FABP3 interacts with cir93, PAR-CLIP was performed, and we found that FABP3 did not interact
with cir34, but rather, interacted with cir93 (Supplementary Fig. S4D). Molecular basis between FABP3
and cir93 was then predicated by catRAPID online software. Three regions, named as P#1 (26th~77th

a.a), P#2 (44th~95th a.a) and P#3 (51st~102rd a.a) located within FABP3, and two regions, named as R#1
(57th~108th nt) and R#2 (151st ~202rd nt) located within cir93 were predicted with interaction potentials
(Fig. 4D and Supplementary Fig. S4E). Cir93 pull-down experiments demonstrated that deletion of the
R#2 region of cir93 exclusively abolished cir93-FABP3 interactions in H1975 cells (Fig. 4E).
Reconstitution of FABP3-/- H1975 cells by Myc-tagged WT or FABP3 without P#3 region followed by RIP
experiments using anti-Myc antibodies indicated that the P#3 region of FABP3 contains critical domain
responsible for the cir93-FABP3 interaction (Fig. 4F). The P#1 and P#2 regions of FABP3 were excluded
because FABP3 still interacted with cir93 even when they were deleted (Supplementary Fig. S4F).
Because P#1, P#2 and P#3 have overlapped regions and only the region compassing 96th~102rd a.a in
P#3 is unique as compared to P#1 and P#2 (Fig. 4D), we speculated participation of this region
(hereafter named as P#4) in the cir93-FABP3 interaction, and expectedly, deletion of P#4 disrupted cir93-
FABP3 interaction in H1975 cells (Fig. 4F). Furthermore, besides P#3, P#4 was also prerequisite for cir93
to upregulate FABP3 (Supplementary Fig. S4G). Together, the molecular basis for cir93-FABP3 interaction
and its essential roles to upregulate FABP3 in LUAD cells was elucidated.
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Does cir93-FABP3 interaction also in�uence AA, lipid peroxidation and sensitivity of LUAD cells to
ferroptosis? Like elevating cir93, overexpressing FABP3 reduced AA but not AdA incorporation into the
plasma membrane of H1975 cells; however, the effects no longer exist once upon the P#4 site was
deleted. Deletion of the R#2 region also prevented the roles of cir93 to suppress AA membrane
incorporation (Fig. 3F, 4G and Supplementary Fig. S4H-I). Data from Fig. 4H further demonstrated that the
cir93-FABP3 interaction was required for the reduction of global-AA (Fig. 4H). To get clinical support,
intracellular-cir93 and the open reading frame (ORF) of FABP3 in 30 randomly chosen LUAD tissue
specimens were sequenced. Only one specimen (3.3%, 1/30) each contained a mutation in R#2 of cir93
and P#4 of FABP3, respectively (Fig. 4I). The disruption of cir93-FABP3 interaction resulted by the two
mutations were subsequently veri�ed (Supplementary Fig. S4J-K). Of note, mutations in cir93 and FABP3
increased 4-HNE concentrations in LUAD (Fig. 4J), further con�rming the importance of cir93-FABP3
interaction in reducing lipid peroxidation. Moreover, disruption of cir93-FABP3 interaction abolished the
effects of cir93 and FABP3 to desensitize H1975 cells to erastin- and RSL3-induced cell death (Fig. 4K).
Collectively, cir93-FABP3 interaction and its role to upregulate FABP3 are essential for modulating AA and
reducing lipid peroxidation and sensitivity of LUAD cells to ferroptosis.

Exosome functioned to upregulate FABP3 via the cir93-FABP3 interaction in LUAD

Because the cir93-FABP3 interaction is required for cir93 to upregulate FABP3 (Fig. 4B and
Supplementary Fig. S4G), and exosome is essential for elevating intracellular-cir93 in LUAD (Fig. 2); we
wondered whether plasma exosome from LUAD lifts intracellular FABP3 expression via the cir93-FABP3
interaction. To address this, plasma exosome from LUAD (n=200) was co-incubated with engineered
H1975 cells expressing WT or FABP3 without P#4 region. More than two-fold upregulation of FABP3 in
FABP3WT-expressing H1975 cells was observed following co-incubation of 68.5% (137/200) exosome,
while only 3.5% (7/200) exosome exhibited similar functions in those cells expressing FABP3△P#4 (Fig.
4L-M), suggesting the cir93-FABP3 interaction is also the basis for exosome to upregulate FABP3 in
LUAD.

Taurine was essential for cir93-mediated upregulation of FABP3 to modulate AA and desensitize LUAD
cells to ferroptosis

Next, we investigated the outcome following upregulation of FABP3 in LUAD. Because FABP3 acts as a
transporter responsible for transporting AA to the location where it can react with other metabolites [36,
37], the metabolites both regulated by FABP3 and associated with AA could determine sensitivity of LUAD
cells to ferroptosis. To �gure out such metabolites, metabolomics were performed to compare
metabolites in LUAD tissues expressing high and low levels of FABP3. Among 362 metabolites, 63 were
upregulated while 26 were downregulated in FABP3 high-expressing LUADs (n=30) in comparison to the
low-expressing ones (n=30, Fig. 5A and Supplementary Fig. S5A). To the best of our knowledge, among
all the identi�ed metabolites, taurine was the only one that can also react with AA to generate NAT (Fig.
5A-B and Ref. 38). Because taurine and AA are substrates while NAT are products of this reaction
(illustrated in Fig. 5B), a reduction of taurine in FABP3 high-expressing LUAD (Fig. 5A) might be explained
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by FABP3-mediated acceleration of the reaction. Unfortunately, a decrease of global-AA and an increase
of NAT were not detected by metabolomics, which may due to the methodology limitation [39]. However,
after evaluated by ELISA and targeted MS, we found that global-AA and NAT were indeed reduced and
induced following overexpressing FABP3 in H1975 cells (Supplementary Fig. S5B-C). FABP3 transports
AA via its phenylalanine (F)16 residue [37], we hence replaced this F by a serine (S) to test whether
reduction of taurine is mediated by the transport function of FABP3, and expectedly, overexpressing
FABP3F16S failed to reduce taurine as compared to FABP3WT in H1975 cells (Fig. 5C). These results
suggested that upregulation of FABP3 stimulates transport of AA to react with taurine and thus reduces
global-AA in LUAD cells.

Reasoning that FABP3 works as a downstream of cir93 (Fig. 4C and Supplementary Fig. S4B-C), we
wondered whether cir93 is also linked with FABP3-mediated manipulation of taurine and global-AA.
Overexpressing cir93 in H1975 cells led to simultaneous reductions of taurine and global-AA, and they
were entirely abolished upon knocking out FABP3 (Fig. 5D-E), demonstrating that cir93 regulates taurine
and global-AA via FABP3. By contrast, inhibiting cir93 via anti-cir93 in A549 cells induced taurine and
global-AA at the same time (Fig. 5F-G). Thus, manipulating taurine and global-AA is the downstream
effect of cir93 in LUAD cells. In addition, co-incubation H1975 cells with plasma exosome from LUAD
also resulted in lower levels of taurine and global-AA as compared to the exosome from healthy
individuals (Fig. 5H-I). Due to the importance of AA in ferroptosis, exosome-desensitized LUAD cells to
ferroptosis might partially via reduction of global-AA in a cir93-FABP3-taurine-dependent way.

To further verify the essential roles of taurine to reduce global-AA and desensitize LUAD cells to
ferroptosis, we tried to eliminate endogenous taurine in LUAD cells. CDO1 and CSAD are critical for the
synthesis of taurine (illustrated in Fig. 5J). By simultaneously knocking CDO1 and CSAD down in H1975
cells, taurine was signi�cantly reduced and could not be further declined anymore by overexpressing
cir93 or FABP3 (Fig. 5K), suggesting that su�cient taurine are prerequisites for cir93 and FABP3 to
regulate taurine itself. Of note, taurine was indeed essential for cir93 and FABP3 to reduce global-AA (Fig.
5L). We then investigated whether taurine is indispensable for cir93 and FABP3 to desensitize LUAD cells
to ferroptosis and reduce lipid ROS generation. Once upon taurine was depleted, erastin- and RSL3-
induced ferroptosis and lipid ROS generation were signi�cantly aggravated at basal levels; however, the
restore effects by cir93 and FABP3 were all blocked (Fig. 5M and Supplementary Fig. S5D), suggesting
that taurine is basically anti-ferroptotic and essential for cir93 and FABP3 to desensitize LUAD cells to
ferroptosis. Via evaluating the fraction of the oxidized C11-BODIPY581/591 and MDA concentration in the
implanted LUAD in mice, the essential role of taurine for cir93 and FABP3 to reduce lipid peroxidation
following administrating PKE in vivo was further veri�ed (Fig. 5N-O and Supplementary Fig. S5E).

NAT prevented AA incorporation into the plasma membrane in LUAD cells

As described above, we used a click chemistry-based method to evaluate AA incorporation into the
plasma membrane (Fig. 3F and 4G); however, click chemistry was performed when excessive exogenous
alkyne-labeled AA was added. In such conditions, overexpressing cir93 and FABP3 still prevented AA
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incorporation into the plasma membrane although endogenous global-AA could also be reduced by cir93
and FABP3 (Fig. 5E, 5G, 5L, 6A-B and Supplementary Fig. S6A), hinting that other mechanism might be
simultaneously involved. Reasoning that AA consume is accompanied with NAT generation (illustrated in
Fig. 5B); we speculated that the nascent NAT might be essential for the function of cir93 and FABP3. As
expected, the relationships among cir93, FABP3 and NAT were established in H1975 cells (Fig. 6C-D).
Also, taurine was essential for cir93 and FABP3 to elevate NAT in H1975 cells and implanted tumors (Fig.
6E and Supplementary Fig. S6B). Interestingly, compared to plasma exosome from healthy individuals,
co-incubation of the one from LUAD led to a higher level of intracellular-NAT in H1975 cells (Fig. 6F),
further indicating that elevating NAT is a critical event for exosome to desensitize LUAD cells to
ferroptosis. To provide direct evidences supporting the role of NAT to prevent AA incorporation into the
plasma membrane, NAT was directly incubated with H1975 cells, and such function of NAT was
con�rmed (Fig. 6G-H). Then, we investigated whether NAT desensitizes LUAD cells to ferroptosis, and
found that erastin- and RSL3-induced induction of cell death and lipid peroxidation as well as reduction
of cell viability could be mitigated in the presence of NAT (Fig. 6I-J and Supplementary Fig. S6C-E). Thus,
cir93- and FABP3-desensitized LUAD cells to ferroptosis might also via stimulated generation of NAT to
prevent AA incorporation into the plasma membrane.

Next, we investigated the related mechanisms. As known, ACSL4, LPCAT3 and PLTP are enzymes
involved in incorporation of AA into the plasma membrane (illustrated in Fig. 6K, and Ref. 40, 41, we
therefore tested whether NAT affects these enzymes, and noticed that they were all reduced by NAT dose-
dependently in H1975 cells (Fig. 6L). By comparing fold changes of ACSL4, LPCAT3 and PTLP with or
without co-incubation of plasma exosome, we found that 78% (78/100), 67% (67/100) and 70% (70/100)
of the one from LUAD patients could reduce ACSL4, LPCAT3 and PTLP to a remaining level of less than
50%; however, similar effects were found for only 12% (12/100), 12% (12/100) and 15% (15/100) of the
one from healthy individuals (Fig. 6M-N). Together, NAT-mediated downregulation of enzymes that
associated with AA incorporation into the plasma membrane is equally important for exosome, cir93 and
FABP3 to desensitize LUAD cells to ferroptosis.

The correlations among exosomal- and intracellular-cir93, FABP3, taurine and NAT in LUAD

To further verify the conclusions draw from above cell- and mice-based experiments (Fig. 1-6), we
evaluated correlations among exosomal- and intracellular-cir93, FABP3, taurine and NAT in human LUAD
specimens. Similar to intracellular-cir93 (Fig. 2B-C), FABP3 was also elevated in our LUAD cohort (n=250,
Supplementary Fig. S7A). A signi�cant correlation between FABP3 and intracellular-cir93 was revealed in
LUAD (n=250, Fig. 7A). Moreover, taurine was negatively correlated with intracellular-cir93 and FABP3
(Fig. 7B-C). By contrast, positive correlations among NAT, intracellular-cir93 and FABP3 were identi�ed in
LUAD (Fig. 7D-E). To further evaluate the close relationship between exosomal- and intracellular-cir93,
matched plasma and tissue specimens were obtained from same LUAD patients (n=15), and we found
that exosomal-cir93 correlated well with intracellular-cir93 and FABP3 (Supplementary Fig. S7B-C).
Therefore, the close relationships among exosomal- and intracellular-cir93, FABP3, taurine and NAT were
established in LUAD.
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Ferroptosis resistance and poor survival outcome predicted by high levels of cir93 and FABP3 in LUAD

PDX mouse models are promising tools to evaluate drug e�cacy in vivo. We compared e�cacy of PKE in
two PDX mice models expressing distinct levels of cir93 and FABP3 (Fig. 7F), and noticed that higher
levels of cir93 and FABP3 in PDX#2 resulted in less suppressions of tumor growth and lower 4-HNE levels
following PKE administration as compared to PDX#1, which had relative lower levels of cir93 and FABP3
(Fig. 7F-G and Supplementary Fig. S7D), further demonstrating that cir93 and FABP3 play roles to
stimulate tumor growth and desensitize cells to ferroptosis in LUAD. Via evaluating tissue slices of PDX
ex vivo, we also found that PDX#2 was more resistant to erastin-induced ferroptosis in comparison to
PDX#1 (Fig. 7H). Overall survival (OS) was subsequently evaluated for PDX mouse models, and PDX#2
demonstrated a shorter OS than PDX#1 (Fig. 7I). Shorter OS was also observed in those LUAD patients
with higher levels of cir93 and FABP3 (n=41) compared to those with lower levels (n=41, Fig. 7J). These
data demonstrated that ferroptosis resistance and poor survival in LUAD can be predicted by high levels
of cir93 and FABP3.

Blocking exosome improved ferroptosis-based treatment

Reasoning that exosome from LUAD desensitizes cells to ferroptosis (Fig. 1-6); we wondered whether
blocking biosynthesis of exosome could improve ferroptosis-based treatment. To this end, we further co-
administrated PKE-treated A549-based CDX mice with GW4869. We found that co-treating mice with
GW4869 resulted in more signi�cant impairments of tumor growth and longer OS as compared to those
treated with PKE alone (Fig. 7K-M). The aggravated elevation of MDA further con�rmed that the effects
were through a lipid peroxidation-dependent manner (Fig. 7N). Together, co-treating with agents that can
block biosynthesis and function of exosome might be helpful to improve ferroptosis-based therapy
against LUAD.

Discussion
Ferroptosis occurs when excessive lipid peroxides cannot be promptly eliminated [4, 5, 40]. To study the
resistance of ferroptosis, prior studies have mainly focused on the effects of intracellular antioxidant
systems; however, extracellular signaling is less concerned. Although a few studies have demonstrated
that exosome exerts roles to suppress ferroptosis in miRNAs- or proteins-dependent manners [42, 43]. To
the best of our knowledge, we proposed for the �rst time that exosome and circRNA are also capable of
desensitizing LUAD cells to ferroptosis via a FABP3-dependent reduction of global-AA and prevention of
AA incorporation into the plasma membrane. Such effects �nally lead to a suppression of lipid
peroxidation (Fig. 8). Prior studies also suggested that exosome secreted from cancer-associated
�broblasts (CAFs) and mesenchymal stem cells (MSCs) in tumor microenvironment play key roles to
suppress ferroptosis [42, 44]. However, in the present study, the knowledge might be expanded because
we have revealed that exosome released from tumor cells themselves has the capacity to elevate
intracellular-cir93 for the function to upregulate FABP3 and desensitize LUAD cells to ferroptosis (Fig. 8).
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Other than the most well accepted function to absorb miRNAs as ceRNA sponges [17], circRNAs can also
directly interact with protein(s) to exercise physiological functions [34, 35]. In the present study, we have
added another example indicating that the cir93-FABP3 interaction is required for the upregulation of
FABP3 in LUAD cells. However, the mechanism underlying how cir93 elevates FABP3 is still unknown.
Recently, circRNA cerebellar degeneration-related protein 1 transcript antisense (CDR1as) has been
revealed to directly interact with p53 via the p53 DNA binding domain (DBD) domain. Interestingly, such
interaction also disrupts complex formation between p53 and its Ubiquitin E3 ligase (E3) mouse double
minute 2 homolog (MDM2), and �nally protects p53 from degradation and increases its expression [45].
Reasoning that the cir93-FABP3 interaction is also critical for cir93 to lift FABP3 expression, cir93 might
also interfere ubiquitination of FABP3. However, the genuine E3 involved is unclear and needs to be
further identi�ed and veri�ed.

Phosphoethanolamines (PE)-containing AA is one of the key phospholipids that undergo peroxidation
and essential for ferroptosis [20, 33]. Evidences demonstrate that supplementing AA sensitizes cells to
ferroptosis [46]. However, the regulation of AA per se is not completely known. In this study, we elucidated
that global-AA can be reduced through its reaction with taurine, and such process is boosted by FABP3.
As known, FABP3 is a critical factor for PUFA transport, with no exception for AA [36, 37]. Our data
supported that the reaction between AA and taurine is also indispensable from the transport function of
FABP3. Reasoning that FABP3 has the ability to transport AA to proteins, such as α-Synuclein [36], we
hypothesize that some certain proteins might work as adaptor platform, providing reaction site for AA
and taurine. However, such proteins are still unknown and should be identi�ed in our future study.
Interestingly, the product of AA and taurine, i.e. NAT prevents AA incorporation into the plasma
membrane, thus further reducing the opportunity for PUFA peroxidation in the membrane fraction. NAT
reduces ACSL4, LPCAT3 and PLTP, which are all essential for AA incorporation into the plasma
membrane [40, 41]. Of note, NAT activates transient receptor potential vanilloid 1 (TRPV1) channel and
Ca2+ [47]; however, whether NAT suppresses the three enzymes via one common mechanism, such as
TRPV1 and Ca2+, is unclear and worth investigating in the future.

Cellular protection against oxidative damage in ferroptosis is organized by antioxidant system.
Antioxidants, such as glutathione (GSH), coenzyme Q10 (CoQ10) and tetrahydrobiopterin (BH4) are
critical for protecting tumor cells against ferroptosis [48]. Prior �ndings from our lab also approve that
ferroptosis is suppressed by the sustained synthesis and utilization of GSH [4, 5, 22, 49]. However,
antioxidants that protect against ferroptosis are not completely known. Due to the role of taurine to
reduce global-AA and generate NAT, taurine is essential to prevent excessive lipid peroxidation, and thus
can be regarded as a newly discovered antioxidant protecting against ferroptosis.

Recently, ferroptosis-based therapy has been recognized as a potential approach to treat against cancer
[6, 32]. However, even the cancer-killing effect of sorafenib, a FDA-approved small molecule compound
for cancer therapy, has been linked to ferroptosis [50], and other ferroptosis-related gene therapies, as well
as nanomaterials are in development [51], it is still a long way for ferroptosis-based therapy to be applied
in clinical because of its off-target effects, unsatisfactory e�cacy, unguaranteed safety and low in vivo
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stability of the inducers [6, 32, 52]. Here, we provide several new ferroptosis targets including cir93,
FABP3, taurine and NAT, and their functions all link with exosome. Indeed, the e�cacy of ferroptosis can
be synergized by blocking exosome biosynthesis in our in vivo preclinical models, thus providing new
strategy to improve ferroptosis-based therapy.

Conclusions
In conclusion, the roles of exosome and cir93 are critical to desensitize LUAD to ferroptosis. Blocking
exosome will be helpful to enhance e�cacy of ferroptosis-based therapy in future treatment against
LUAD.
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Figure 1

Exosome reduced lipid peroxidation and desensitized ferroptosis in LUAD. (A) The concentration of MDA
in tumor and matched adjacent tissues of LUAD (n=250). (B) Representative IHC images for 4-HNE and
the percentage of LUAD (n=188) with different 4-HNE tumor/adjacent alterations. (C) Incidence of
indicated mutations in different groups of LUAD with varied MDA tumor/adjacent ratios. (D) 4-HNE was
evaluated by IHC in ex vivo primary LUAD treated with DMSO, GW4869 (10 µM), or DMA (50 nM). Scale
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bar, 200 µm. Also, MDA was parallel tested. (E) Representative TEM images of plasma exosome in LUAD
patients and healthy individuals. Scale bar, 300 nm. (F) Percentage of exosome from LUAD patients or
healthy individuals on the alterations of cell viability, cell death and lipid ROS generation, as indicated, in
H1975 cells following treating with DMSO, erastin (10 µM, 16-24h), or RSL3 (5 µM, 16-24h). (G) 3D
spheroids were generated by H1975 cells, which were pre-co-incubated with saline, plasma exosome from
LUAD patients or healthy individuals. After formation of 3D spheroids, cell death was measured by
staining with SYTOX green following treating with DMSO, erastin (10 µM, 24h), or RSL3 (5 µM, 24h).
Representative images and graphed data are shown, Scale bar, 50 µm. (H) Exosome desensitized H1975
cells to ferroptosis. H1975 cells were pre-co-incubated with indicated DMEM or exosome prior to the
treatment of DMSO, erastin (10 µM, 16-24h), or RSL3 (5 µM, 16-24h). Afterwards, cell viability, cell death
and lipid ROS generations were measured. The data are shown as the mean ± SD from three biological
replicates. **P < 0.01 indicates statistical signi�cance. NS, non-signi�cance. Data in A were analyzed
using a student’s t test. Data in C, F were analyzed using χ2 tests. Data in D were analyzed using a one-
way ANOVA test. Data in G, H were analyzed using two-way ANOVA tests.



Page 27/40

Figure 2

Exosome secreted from tumor cells themselves was essential to elevate intracellular-cir93 in LUAD. (A)
CircRNA screening identi�ed cir93 and cir34 as upregulated circRNAs in LUAD. (B-C) Images of cir93 in
tumor and matched adjacent tissues of LUAD. Scale bar, 200 µm (B). The levels of cir93 were also
measured by qPCR and graphed (C). (D) Exosomal-cir93 was measured by qPCR in LUAD patients
(n=200) and healthy individuals (n=200). (E) Cir93 was exclusively expressed in the tumor part of LUAD.
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Representative FISH image of cir93 in LUAD (n=50) is shown in the left panel, and the percentages for
different cir93 expression pattern are illustrated in the right panel. Scale bar, 100 µm (F) Representative
FISH and IHC images for cir93 and αSMA in the same areas of LUAD from same patients (n=34). Scale
bar, 200 µm. (G) Intracellular-cir93 in EpCAM (+) and EpCAM (-) cells from 3 distinct primary LUAD, as
measured by qPCR. (H) Concentrations of exosome in the indicated DMEM before co-incubation with
indicated cells. Meanwhile, the levels of intracellular-cir93 in indicated cells after co-incubation with the
indicated DMEM were graphed. (I-J) Intracellular-cir93 in EpCAM (+) cells before and after co-incubation
of exosome from EpCAM (-) (I) and EpCAM (+) cells (J) from primary LUAD of 3 distinct patients. (K)
Transmission of cir93 between A549 and H1299 cells via exosome. The exosome from A549 or H1299
cells expressing cir93-mCherry (red) was marked by PKH67 (green) and incubated with H1299 or A549
cells. Afterwards, IF was performed for the detection of cir93 and exosome. Scale bar, 20 µm. The data
are shown as the mean ± SD from three biological replicates. *P < 0.05, **P < 0.01 indicates statistical
signi�cance. NS, non-signi�cance. Data in C, D, G, I and J were analyzed using student’s t tests. Data in H
were analyzed using a one-way ANOVA test.
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Figure 3

The roles of cir93 to reduce lipid peroxidation and desensitize LUAD cells to ferroptosis. (A) TEM images
showing changes of mitochondria following treating with or without erastin (10 µM, 12h) or RSL3 (5 µM,
12h) in H1975 cells pre-overexpressed with or without cir93. Scale bar, 500 nm. (B) Cell death was
measured by PI staining of H1975 cells co-expressing GFP with or without cir93 followed by treating with
DMSO, erastin (10 µM, 12h) or RSL3 (5 µM, 12h). Scale bar, 200 µm. (C) Cell viability was measured in
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H1975 cells expressing with or without cir93 following treating with DMSO, erastin (10 µM, 24h), RSL3 (5
µM, 24h), Fer-1 (1 µM, 24h), or DFO (80 µM, 24h). (D) Intracellular-cir93, 4-HNE and MDA were measured
in the tumors (n=30 tumors from 5 mice/group) from H1975 cell-implanted intrapulmonary LUAD mice
that intranasal pre-infected with GFP-expressing AAV5 with or without co-expressing cir93 followed by
administrating mice with PKE (20mg/kg, 2 weeks). Scale bar, 200 µm. (E) Lipid peroxidation was probed
by C11-BODIPY581/591 in A549 cell-implanted intrapulmonary LUAD mice intranasal infected with
control AAV5 and AAV5 carrying anti-cir93. The fractions of oxidized C11-BODIPY581/591 were
calculated in each group (n=30 tumors from 5 mice/group). Scale bar, 100 µm. (F-G) AA incorporation
into the plasma membrane, as measured by a click chemistry-based method in H1975 cells with or
without overexpression of cir93. The representative images (F) and graphed data (G) are shown. Scale
bar, 50 µm. (H) Lipid ROS generation in H1975 cells pre-co-incubated with exosome, as indicated,
followed by treating with or without erastin (10 µM, 16h). The data are shown as the mean ± SD from
three biological replicates. **P < 0.01 indicates statistical signi�cance. NS, non-signi�cance. Data in C, G,
H were analyzed using one-way ANOVA tests. Data in D, E were analyzed using student’s t tests.
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Figure 4

The cir93-FABP3 interaction was essential for reducing lipid peroxidation and desensitizing ferroptosis.
(A) Venn diagram showing that FABP3 was the only protein that could be simultaneously upregulated by
and interacted with cir93, as identi�ed via RNA pull-down followed by proteomics in A549 cells and direct
proteomics in both A549 and H1975 cells. The proteins that regulated by cir93 were de�ned as fold
changes>1.5 following treatments and with a P value<0.05. (B) Representative IB images of FABP3 in
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H1975 cells with or without cir93 overexpression, and in A549 cells with or without treatment of anti-
cir93. (C) FABP3 expression and cell death in WT and FABP3-/- H1975 cells with or without
overexpressing cir93 prior to the treatment of DMSO, erastin (10 µM, 24h) or RSL3 (5 µM, 24h). (D)
Prediction of the cir93-FABP3 interactions, as revealed by catRAPID database
(http://service.tartaglialab.com/page/catrapid_group). (E) RNA pull-down experiments in H1975 cells
expressing WT or mutant cir93 using WT or mutant cir93 probes, as indicated, and the interaction of
FABP3 was revealed by IB. (F) RIP experiments performing by anti-Myc and IgG antibodies in WT and
FABP3-/- H1975 cells reconstituting with indicated Myc-tagged FABP3. (G) Click chemistry experiments
demonstrating changes of AA incorporation in control cells and H1975 cells overexpressing FABP3,
FABP3ΔP#4 or cir93ΔR#2. Scale bar, 50 µm. (H) Changes of global-AA in control cells and H1975 cells
with indicated treatment. (I) Percentages of cir93 and FABP3 mutations in LUAD (n=30). (J) 4-HNE levels
in LUAD tissue with or without cir93 and FABP3 mutations, as indicated. Scale bar, 200 µm. (K) The R#2
of cir93 and P#4 of FABP3 were essential for cir93 and FABP3 to reduce erastin- and RSL3-induced cell
death in H1975 cells. Cell death was measured in H1975 cells pre-overexpressing WT, mutant cir93 or
FABP3 followed by treating with DMSO, erastin (10 µM, 24h) or RSL3 (5 µM, 24h). (L-M) Representative IB
images for FABP3 following co-incubation with or without LUAD plasma exosome in FABP3-/- H1975
cells reconstituting with FABP3WT or FABP3ΔP#4 (L). The incidences for plasma exosome with capacity
to alter FABP3 with different fold changes (FC) are shown in panel M. The data are shown as the mean ±
SD from three biological replicates (including IB). **P < 0.01 indicates statistical signi�cance. NS, non-
signi�cance. Data in C, F, G, H, K were analyzed using one-way ANOVA tests. Data in M were analyzed
using a χ2 test.
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Figure 5

Taurine was required for cir93 and FABP3 to modulate AA. (A) Metabolomics showing the amounts of
metabolites that changed among LUAD tissues expressing low (n=30) and high (n=30) levels of FABP3.
(B) Schematic representation of the reaction between AA and taurine to generate NAT. (C) Reduction of
taurine by FABP3 was relied on its transport function. Taurine was measured in control cells and H1975
cells overexpressing FABP3WT or FABP3F16S. (D-E) Taurine (D) and global-AA (E) was measured in WT
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and FABP3-/- H1975 cells with or without overexpressing cir93. (F-G) Taurine (F) and global-AA (G) in
A459 cells with or without treating with indicated anti-cir93. (H-I) Taurine (H) and global-AA (I) in H1975
cells following co-incubation of plasma exosome from healthy individuals (n=200) or LUAD patients
(n=200). (J) Schematic representation of the biosynthesis of taurine. (K-M) Taurine (K), global-AA (L) and
cell death (M) were measured in control cells and H1975 cells infected with shRNAs against CDO1 and
CSAD followed by overexpressing with or without cir93 or FABP3. (N-O) CDXs were generated from
control and H1975 cells infected with shRNAs targeting against CDO1 and CSAD followed by
overexpressing with or without cir93 or FABP3. Mice were administrated with DMSO or PKE (20mg/kg, 2
weeks) before lipid peroxidation was probed by C11-BODIPY581/591. The representative images are
shown in panel N, and the data were graphed in panel O. Scale bar, 200 µm. The data are shown as the
mean ± SD from three biological replicates (including IB). *P < 0.05, **P < 0.01 indicates statistical
signi�cance. NS, non-signi�cance. Data in C-G, K-M, O were analyzed using one-way ANOVA tests. Data in
H, I were analyzed using student’s t tests.
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Figure 6

NAT suppressed AA incorporation into the plasma membrane. (A-B) AA incorporation into the plasma
membrane, as measured by a click chemistry-based method in control and H1975 cells infected with
shRNAs targeting against CDO1 and CSAD followed by overexpressing with or without cir93 or FABP3.
The representative images are shown in panel A, and data were graphed in panel B. Scale bar, 50 µm. (C)
NAT was measured in WT and FABP3-/- H1975 cells with or without overexpressing cir93. (D) NAT in
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control and A549 cells treating with indicated anti-cir93. (E) NAT in control cells and H1975 cells infected
with shRNAs targeting against CDO1 and CSAD followed by overexpressing with or without cir93 or
FABP3. (F) NAT in H1975 cells following co-incubating plasma exosome from healthy individuals
(n=100) and LUAD patients (n=100). (G-H) Incorporation of AA into plasma membrane in H1975 cells
treated with DMSO or NAT (20 µM, 24h), as measured by a click chemistry-based method. Representative
images are shown in panel G, and data were graphed in panel H. Scale bar, 20 µm. (I-J) Cell death (I) and
lipid ROS generation (J) were measured in control cells and H1975 cells treated with erastin (10 µM, 16-
24h) or RSL3 (5 µM, 16-24h) alone or in combination with NAT (20 µM, 16-24h). (K) Schematic
presentation of how AA incorporates into the membrane and the enzymes involved. (L) Representative IB
images of ACSL4, LPCAT3 and PLTP in H1975 cells treated with DMSO, or increasing concentration of
NAT (10-20 µM, 24h). (M) Representative IB images of ACSL4, LPCAT3 and PLTP in H1975 cells following
co-incubation of plasma exosome from healthy individuals or LUAD patients. (N) Percentages of the
exosome from healthy individuals (n=100) and LUAD patients (n=100) for their effects to result in a
different fold change (FC) of ACSL4, LPCAT3 and PTLP between the H1975 cells with or without co-
incubation of plasma exosome. The data are shown as the mean ± SD from three biological replicates
(including IB). *P < 0.05, **P < 0.01 indicates statistical signi�cance. NS, non-signi�cance. Data in B-E, I, J
were analyzed using one-way ANOVA tests. Data in F, H were analyzed using student’s t tests. Data in N
were analyzed using a χ2 test.
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Figure 7

Clinical signi�cance of the study. (A) Correlation between FABP3 and intracellular-cir93 in LUAD tissues
(n=250). (B-C) The correlations between taurine and intracellular-cir93 (B, n=250) and between taurine
and FABP3 (C, n=250) in LUAD tissues. (D-E) The correlations between NAT and intracellular-cir93 (D,
n=50) and between NAT and FABP3 (E, n=50) in LUAD tissues. (F) Expression of cir93 and FABP3 in
PDX#1 and PDX#2. (G) The levels of 4-HNE in PDX#1 and PDX#2 following administrating PKE
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(20mg/kg, 2 weeks) in mice. Scale bar, 100 µm. (H) Tissue slices from PDX#1 and PDX#2 were treated
with DMSO, erastin (10 µM, 24h), in the presence or absence of Fer-1 (1 µM, 24h) ex vivo, followed by
staining with PI. Scale bar, 500 µm. (I) OS of PDX-bearing mice (n=8/group). (J) OS of LUAD patients with
indicated cir93 and FABP3 expression levels (n=41/group). (K-L) Co-administrating GW4869 improved
PKE e�cacy in A549 cell-based CDX mouse models. Representative images of tumors at the end of
experiment, in which mice were administrated with DMSO or PKE (20mg/kg), in the presence or absence
of GW4869 (2mg/kg), are shown in panel K, and the tumor growth curves were graphed in panel L. Scale
bar, 5 mm. (M) OS curves in A549 cell-based CDX mice following administrating with DMSO, PKE
(20mg/kg, 3 weeks), in the presence or absence of GW4869 (2mg/kg, 3 weeks). (N) MDA concentrations
in the tumors from panel K-L. The data are shown as the mean ± SD from three biological replicates
(including IB). *P < 0.05, **P < 0.01 indicates statistical signi�cance. Data in A-E were analyzed using
Spearman rank-correlation analysis. Data in I, J, M were analyzed using log rank tests. Data in L were
analyzed using a two-way ANOVA test. Data in N were analyzed using a one-way ANOVA test.
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Figure 8

Schematic representation of the study. Brie�y, exosome secreted by LUAD cells themselves is essential to
elevate intracellular-cir93 in LUAD cells. The intracellular cir93-FABP3 interaction is critical to upregulate
FABP3 for stimulating the reduction of global-AA via reaction with taurine. Besides, the function of NAT,
the product of taurine and AA, to prevent AA incorporation into the plasma membrane via suppressing
ACSL4, LPCAT3 and PLTP has also been uncovered in this study. Therefore, the roles of exosome and
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cir93 to reduce lipid peroxidation and desensitize ferroptosis in LUAD cells are established and might be
helpful to treat against LUAD in the future.
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