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ABSTRACT
Background Although anti- programmed cell death 
protein 1 (PD- 1) immunotherapy is greatly effective in 
melanoma treatment, low response rate and treatment 
resistance significantly hinder its efficacy. Tumor cell 
ferroptosis triggered by interferon (IFN)-γ that is derived 
from tumor- infiltrating CD8+ T cells greatly contributes 
to the effect of immunotherapy. However, the molecular 
mechanism underlying IFN-γ-mediated ferroptosis and 
related potentially promising therapeutic strategy warrant 
further clarification. MicroRNAs (miRNAs) participate in 
ferroptosis execution and can be delivered systemically 
by multiple carriers, which have manifested obvious 
therapeutic effects on cancer.
Methods MiRNAs expression profile in IFN-γ-driven 
ferroptosis was obtained by RNA sequencing. Biochemical 
assays were used to clarify the role of miR- 21- 3p in 
IFN-γ-driven ferroptosis and the underlying mechanism. 
MiR- 21- 3p- loaded gold nanoparticles were constructed 
and systemically applied to analyze the role of miR- 21- 3p 
in anti- PD- 1 immunotherapy in preclinical transplanted 
tumor model.
Results MiRNAs expression profile of melanoma cells 
in IFN-γ-driven ferroptosis was first obtained. Then, 
upregulated miR- 21- 3p was proved to facilitate IFN-γ-
mediated ferroptosis by potentiating lipid peroxidation. 
miR- 21- 3p increased the ferroptosis sensitivity by 
directly targeting thioredoxin reductase 1 (TXNRD1) to 
enhance lipid reactive oxygen species (ROS) generation. 
Furthermore, miR- 21- 3p overexpression in tumor 
synergized with anti- PD- 1 antibody by promoting tumor 
cell ferroptosis. More importantly, miR- 21- 3p- loaded 
gold nanoparticles were constructed, and the systemic 
delivery of them increased the efficacy of anti- PD- 1 
antibody without prominent side effects in preclinical mice 
model. Ultimately, ATF3 was found to promote miR- 21- 3p 
transcription in IFN-γ-driven ferroptosis.
Conclusions MiR- 21–3 p upregulation contributes 
to IFN-γ-driven ferroptosis and synergizes with 
anti- PD- 1 antibody. Nanoparticle delivery of miR- 
21–3 p is a promising therapeutic approach to increase 
immunotherapy efficacy without obvious systemic side 
effects.

BACKGROUND
Originating from epidermal melanocytes, 
melanoma is the most malignant skin cancer. 
In the past few decades, the incidence of 
melanoma is gradually increasing and the 
survival of patients with advanced mela-
nomas remains unoptimistic despite revo-
lutionary progress in currently available 
targeted therapy and immunotherapy.1 2 Of 
the therapeutic options, neutralizing anti-
bodies for blocking the interaction between 
programmed cell death protein 1 (PD- 1) and 
PD- 1 ligand (PD- L1) have been established to 
be greatly effective in treating melanoma.2 3 
However, the low response rate and frequent 

KEY MESSAGES
 ⇒ Tumor cell ferroptosis triggered by interferon (IFN)-γ 
derived from tumor- infiltrating CD8+ T cells greatly 
contributes to the effect of immunotherapy.

 ⇒ MicroRNAs (miRNAs) are operative in ferroptosis 
execution and can be delivered systemically by mul-
tiple carriers in treating cancer; however, the role 
of miRNAs in anti- programmed cell death protein 1 
(PD- 1) immunotherapy- associated ferroptosis, as 
well as their therapeutic effect on melanoma, re-
mains elusive.

 ⇒ In the present study, through RNA sequencing and 
a panel of biochemical assays, we proved that miR- 
21- 3p was a novel ferroptosis facilitator by targeting 
thioredoxin reductase 1 and could synergize with 
anti- PD- 1 immunotherapy via the induction of tumor 
cell ferroptosis.

 ⇒ The systemic delivery of miR- 21- 3p by gold 
nanoparticles robustly increased the efficacy of 
anti- PD- 1 antibody without prominent side effects 
in preclinical mice model.

 ⇒ This study demonstrates the great importance and 
translational potential of nanoparticle delivery of 
ferroptosis- associated miRNAs in melanoma immu-
notherapy, which warrants further investigations in 
future preclinical and clinical studies.  on M
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occurrence of treatment resistance prominently hinder 
further improvement of patients’ outcomes.4 5 Therefore, 
it is necessary to investigate the mechanism underlying 
the resistance to anti- PD- 1 immunotherapy and discover 
a novel combination therapeutic target to potentiate the 
treatment efficacy.

The induction of tumor cell death is the goal of all 
cancer treatments, including immunotherapy. Previous 
studies have demonstrated that tumor cell apoptosis 
triggered by cytotoxic factors like granzyme B, perforin 
and interferon-γ (IFN-γ) are mainly responsible for the 
cytotoxic effect of re- invigorated tumor- infiltrating CD8+ 
T cells after anti- PD- 1 antibody treatment.6 7 Recently, 
several reports have pointed out that the activation of 
tumor- infiltrating CD8+ T cells induces ferroptosis of 
melanoma cells through the suppression of glutamate- 
cystine antiporter in an IFN-γ-dependent manner, high-
lighting the great contribution of ferroptosis, a novel 
cell death modality triggered by iron- dependent lipid 
peroxidation, to PD- 1/PD- L1 blockade- based immuno-
therapy.8–10 More importantly, systemic application of 
agents like cyst(e)inase that facilitates tumor cell ferro-
ptosis can significantly increase the efficacy of anti- PD- 1 
immunotherapy in transplanted tumor model,9 11 which 
indicates the great translational potential of potentiating 
ferroptosis in melanoma immunotherapy. Of note, upon 
the treatment with ferroptosis inducers, some crucial 
mediators are simultaneously regulated to promote or 
suppress the execution of ferroptosis. For example, the 
activation of ATF4 promotes the expression of unfolded 
protein response regulator HSPA5 to suppress GPX4 
degradation and therefore inhibit ferroptosis.12 On the 
other hand, the upregulation of ATF3 potentiates ferro-
ptosis via the transcriptional suppression of system Xc− 
expression.13 Hence, to further elucidate the upstream 
regulators of ferroptosis might help to provide novel ther-
apeutic targets for amplifying the efficacy of anti- PD- 1 
immunotherapy.

MicroRNAs (miRNAs) are a class of endogenous small 
non- coding RNAs with 19–25 nucleotides that regulate 
gene expression mostly through the interaction with 
the 3’ untranslated region (3’UTR) of target mRNA.14 
MiRNAs are operative in ferroptosis execution.15 16 Specif-
ically, miR- 137 exerts its inhibitory effect on ferroptosis 
via the suppression of glutamine transporter SLC1A5 
in melanoma cells.17 In addition, miR- 522 secreted by 
cancer- associated fibroblasts suppresses tumor cell ferro-
ptosis to mediate acquired chemo- resistance in gastric 
cancer.18 These reports demonstrate the critical regula-
tory effect of miRNAs on ferroptosis and their potential 
as therapeutic targets. Intriguingly, some miRNAs deliv-
ered systemically by nanoparticle or alternative carriers 
exhibit obvious treatment effects on cancer with rela-
tively high specificity in targeting tumor cells.19–22 More-
over, some clinical trials reveal that miRNAs- based mimic 
drugs have potent antitumor capacity and a subset of 
patients can gain encouraging responses (NCT04675996 
and NCT02369198).23–26 Therefore, the employment of 

nanoparticle- based delivery of candidate miRNAs in the 
regulation of ferroptosis might be a promising synergistic 
approach for cancer immunotherapy, but the roles of 
miRNAs in anti- PD- 1 immunotherapy- associated ferro-
ptosis, as well as their therapeutic effect on melanoma, 
should be thoroughly investigated.

In the present study, we first investigated the miRNAs 
expression profile of melanoma cells in response to 
IFN-γ-potentiated ferroptosis that mimicked the effect 
of activated tumor- infiltrating CD8+ T cells in immuno-
therapy. Then, miR- 21–3 p was identified as one of the 
most significantly upregulated miRNAs in the expression 
profile analysis, of which the role in regulating ferroptosis 
and the underlying mechanism were demonstrated. 
Subsequently, overexpression of miR- 21–3p in tumor 
ex vivo and systemic delivery of miR- 21–3p- loaded gold 
nanoparticle in vivo respectively testified the synergized 
therapeutic effect on melanoma along with anti- PD- 1 
antibody. Ultimately, the upstream regulator responsible 
for the increase of miR- 21–3p in ferroptosis was also 
investigated.

METHODS
Cell culture and reagents
Human melanoma cell lines WM793B, A2058, A375, 
Hs294T and mouse melanoma cell line B16F10 were 
purchased from the American Type Culture Collection. 
A2058, A375, Hs294T and B16F10 cells were cultured 
in Dulbecco’s Modified Eagle Medium (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) supplemented 
with 10% fetal bovine serum (Invitrogen, Carlsbad, 
California, USA) and 1% penicillin- streptomycin (Invit-
rogen). WM793B cell line was maintained in MCDB153 
medium (Sigma- Aldrich) with 2% fetal bovine serum 
(Invitrogen). Human melanoma cell lines UACC62 
and UACC257 were given from Dr. Schrama in Univer-
sity Hospital Würzburg in Germany in 2016, and were 
cultured in RPMI 1640 medium (Hyclone) supple-
mented with 10% fetal bovine serum (Invitrogen). All 
these melanoma cell lines were authenticated by short- 
tandem repeat fingerprinting by Fourth Military Medical 
University in 2016, and these cell lines show no myco-
plasma contamination. IFN-γ was purchased from R&D 
Systems (Minneapolis, Minnesota, USA). Liproxstatin- 1 
(HY- 12726), (1S,3R)- RSL3 (HY- 100218A), erastin (HY- 
15763), ferrostatin- 1 (HY- 100579) were purchased from 
MedChemExpress (Monmouth Junction, New Jersey, 
USA). agomiR- 21–3p (hsa- miR- 21–3p) and antagomiR- 
21–3p (hsa- miR- 21–3p antagomiR) were purchased from 
RiboBio (Guangzhou, China).

Clinical specimens
Tissue samples for immunohistochemical and quanti-
tative real- time (qRT)- PCR analysis were taken from 31 
patients with melanoma after the histological confir-
mation. All the clinical specimens were obtained in 
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Department of Dermatology, Xijing Hospital, the Fourth 
Military Medical University.

MicroRNA isolation, complementary DNA synthesis and real-
time qRT-PCR
MiRNA isolation, complementary DNA (cDNA) synthesis 
and qRT- PCR were performed using kits according to the 
manufacturer’s instruction as described before.27 Total 
RNA was extracted using TRIzol reagent (cat. 15596018, 
Invitrogen). cDNA was synthesized from miRNA using 
miRNA cDNA First Strand Synthesis kit (cat. KR211- 
01, Tiangen Biotech, Beijing, China) and qRT- PCR was 
performed using miRNA SYBR qRT- PCR Kit (cat. FP411- 
01, Tiangen Biotech). The primers of hsa- miR- 21–3p 
(cat. CD201- 0093), has- miR- 22–3p (cat. CD201- 0305), 
has- miR- 210–3p (cat. CD201- 0293), has- miR- 7–5p (cat. 
CD201- 0141), has- miR- 10a- 5p (cat. CD201- 0515), has- 
miR- 9–5p (cat. CD201- 0142) and hsa- U6 (cat. CD201- 
0145) were purchased from Tiangen Biotech. The primer 
of mmu- miR- 21–3p (cat. MIRAP01226) was purchased 
from Sigma- Aldrich, and mmu- U6 was purchased from 
Genepharma. Threshold cycle (CT) for each miRNA 
was determined using the iQ5- standard Edition Optical 
System V.2.1 (Bio- Rad, Hercules, California, USA). 
Relative quantification was performed according to the 
ΔΔCT method, and results were expressed in the linear 
form using the formula 2-ΔΔCT. U6 miRNA was used as an 
internal control.

Luciferase reporter assay
Transfections of melanoma cells were performed 
using Lipofectamine 3000 (cat. L3000015, Invitrogen) 
according to the manufacturer’s instructions as described 
before.27 In brief, luciferase reporter vectors (100 ng) 
(thioredoxin reductase 1 (TXNRD1) wild- type (WT), 
TXNRD1 MUT and the empty vectors, GenePharma, 
Shanghai, China) were individually transfected into mela-
noma cells along with 100 nM agomiR- 21–3 p (RiboBio) 
or 100 nM agomiR- negative control (RiboBio). Forty- 
eight hours after transfection, luciferase assays were 
performed using the Dual- Luciferase Reporter Assay 
System (Promega, Madison, Wisconsin, USA) according 
previously described.27 At least three independent exper-
iments were performed and transfection efficiency was 
normalized using Renilla luciferase.

Immunofluorescence staining analysis
Paraffin- embedded tissue sections were deparaffinized 
and rehydrated with graded ethanol dilutions. After 
antigen retrieval in Tris- EDTA buffer (10 mM, pH 9.0), 
the paraffin tissue sections were blocked with goat serum 
for 30 min. And then immunofluorescence staining was 
performed by incubating the paraffin tissue sections 
with a primary antibody (cat. ab179800, rabbit mono-
clonal to anti- COX2 (PTGS2), 1:100, Abcam, Cambridge, 
Massachusetts, USA; cat. 67728- 1- Ig, mouse monoclonal 
anti- TXNRD1 antibody, 1:100, Proteintech, Rosemont, 
USA; cat. bs- 0480R, rabbit anti- IFN-γ antibody, 1:500, 

Biosynthesis Biotechnology, Beijing, China; cat. MA1- 145, 
rat monoclonal anti- CD8 antibody, 1:200, Invitrogen; cat. 
ab254268, rabbit monoclonal anti- ATF3 antibody, 1:100, 
Abcam) overnight at 4°C, followed by 1 hour incuba-
tion with appropriate secondary antibodies (cat. EK022, 
goat antirabbit IgG H&L (Cy3), 1:100; cat. EK041, goat 
antirat IgG H&L (FITC), 1:100 and cat. EK013, goat anti-
mouse IgG H&L (FITC), 1:100, Zhuangzhibio, Xi’an, 
China). Hoechst 33258 (cat. C1011, Beyotime, Shanghai, 
China) was used as a counterstain. Tissue sections were 
analyzed by confocal laser scanning microscopy (FV- 1000, 
Olympus, Tokyo, Japan).

RNA sequencing
A375 melanoma cells were treated with either RSL3 or 
RSL3 combined with IFN-γ, respectively. Total RNA was 
extracted using TRIzol reagent (Invitrogen) following 
the manufacturer’s instructions. A total amount of 3 μg 
of RNA per sample was used as input material for the 
RNA sample preparations. Sequencing libraries were 
generated using NEBNext Ultra Directional RNA Library 
Prep Kit for Illumina (NEB, USA) following the manu-
facturer’s recommendations. After cluster generation, 
the library preparations were sequenced on an Illumina 
Hiseq 2500 platform by CapitalBio Technology as previ-
ously described.28 Sequencing data are accessible through 
GEO series accession numbers GSE186497.

Immunohistochemical staining analysis
Paraffin- embedded heart, kidney, spleen, lung and liver 
tissues of mice were deparaffinized and rehydrated with 
graded ethanol dilutions. After antigen retrieval in Tris- 
EDTA Buffer (10 mM Tris Base, 1 mM EDTA solution, 
0.05% Tween- 20, pH 9.0), goat serum was added to block 
non- specific binding for 30 min. Tissue section was incu-
bated in Fast Red solution, and subsequently counter-
stained with hematoxylin and mounted with glycerol.

For the analysis of CD8α in paraffin- embedded mela-
noma tissues from patients and ATF3 and PTGS2 in 
tumor tissue microarray (TMA), tissue sections were 
de- paraffinized and rehydrated with graded ethanol dilu-
tions. After antigen retrieval in Tris- EDTA buffer (10 mM 
Tris Base, 1 mM EDTA solution, 0.05% Tween- 20, pH 
9.0), goat serum was added to block non- specific binding 
for 30 min. Tissue sections were then incubated with CD8 
antibody (cat. ZA- 0508, rabbit monoclonal antibody, 1:1, 
ZSGB- BIO, China), or a primary antibody (cat. ab254268, 
rabbit monoclonal anti- ATF3 antibody, 1:200, Abcam; cat. 
ab179800, rabbit monoclonal to anti- COX2 (PTGS2), 
1:100, Abcam) at 4°C overnight, followed by antirabbit 
alkaline phosphatase secondary antibody (cat. cw2069s, 
1:1, Cwbio, China). The section was then incubated in 
Fast Red solution, and subsequently counterstained with 
hematoxylin and mounted with glycerol. The evaluation 
of staining scores was described previously.29 Briefly, the 
percentages of staining- positive cells were scored into 
four categories: 0 (0%), 1 (1%–33%), 2 (34%–66%) 
and 3 (67%–100%). The staining intensities were scored 
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into four grades: 0 (none), 1 (weak), 2 (moderate) and 
3 (strong). The final staining score was defined as the 
product of the percentage and the intensity scores.

Fabrication of miR-21-3p-AuNp
The solution of tetrachloroauric acid (HAuCl4•XH2O, 1 
mL, 10 mM) was mixed with 9 mL 4- (2- hydroxyethyl)- 1- pi
perazineethanesulfonic acid (HEPES) buffer (pH 7.4, 50 
mM). After 10 min magnetic stirring, the solution color 
changed from golden yellow to wine red, which is the 
Au- core. Meanwhile, 1 mL tetrachloroauric acid (10 mM) 
solution was added into 9 mL buffer (50 mM HEPES, 
20% ethyl alcohol) which has dissolved 1 OD microRNA 
(miR- 21–3 p- SH) and 3 mg SH- PEGn- NH2 (MW 2000 
Da). Then it was mixed with the prepared Au- core solu-
tion (10 mL) under magnetic stirring. Finally, excess reac-
tants were removed by dialysis tubing (cut- off, 10 kDa) 
and washed twice by distilled water. Finally, we obtained 
miR- 21–3 p- AuNp.

Physicochemical properties of miR-21-3p-AuNp and its 
intergradations
The morphology and lattice structure were observed 
on transmission electron microscopy (TEM), which was 
performed on an HT7700 operated at an acceleration 
voltage of 100 kV. One portion of the pellet was placed 
onto a carbon- coated copper grid for imaging with high- 
resolution TEM and selected area electron diffraction 

(JEM- 200CX, Horiba, Japan). Energy- dispersive spectros-
copy analysis was performed on the nanoparticles formed 
from Au3+ at 20 kV accelerating voltage and 133 eV resolu-
tion on a scanning area of 1×1 μm using an EX- 250 spec-
trometer (Horiba). The hydrodynamic size distribution 
(1 mg/mL in phosphate- buffered saline (PBS), 1 mL) 
was obtained from the dynamic light scattering (DLS) 
measurement (Malvern Zetasizer Nano ZS system). For 
zeta potential measurement, the nanoparticles (1 mg/
mL, 1 mL) were incubated with PBS at different pH at 
37°C for 30 min, and measured by DLS. The surface 
chemical structure of modified nanocrystals was evalu-
ated by Fourier transform infrared spectroscopy (Nicolet 
6700) and UV- Vis absorption spectra (Shimadzu 3000 
spectrophotometer).

Animal experiments
In liproxstatin- 1 rescue experiment, 5×105 B16F10 cells 
were subcutaneously injected into the right flank of 
C57BL/6 mice. When the tumor grows to 50 mm3, 100 μg 
anti- PD- 1 antibody (Bio X Cell, USA), 30 mg/kg liproxsta-
tin- 1 (MedChemExpress, USA) or both were administered 
intraperitoneally to each mouse. Anti- PD- 1 antibody was 
administered every 3 days and liproxstatin- 1 was admin-
istered every day. Tumor diameters were measured using 
calipers. After around 16 days after the transplantation 
as indicated in figure 1A, the mice were sacrificed and 

Figure 1 The expression profile of miRNAs in IFN-γ-potentiated ferroptosis in melanoma. (A) A schematic view of the treatment 
plan that C57BL/6 mice burdened with B16F10 tumors received anti- PD- 1 antibody and liprostatin- 1 treatment as indicated. 
(B- D) Images of isolated tumors from mice that received indicated treatment. Tumor volumes and weights in each group were 
calculated and displayed in (C) and (D). (E) Relative lipid ROS in isolated transplanted tumors with indicated treatment. (F- G) 
Relative cell viability and lipid ROS level in A2058 and A375 melanoma cells after indicated treatment with IFN-γ, RSL3, erastin 
and Fer- 1. (H) The average abundance of the differentially expressed miRNAs related to (online supplemental figure S1D). (I) The 
relative expression of the most significantly differentially- expressed miRNAs after the treatment with RSL3 or RSL3 combined 
with IFN-γ in A375 melanoma cell. Erastin was used at 10 µM in both cell lines. RSL3 was used at 0.5 µM in A375 and 1 µM 
in A2058 cell line. Fer- 1 was used at 2 µM in both cell lines. IFN-γ was used at 50 ng/mL in both cell lines. Data represent the 
mean±SD of triplicates. P value was calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. IFN, interferon; 
miRNA, microRNA; ns, non- significant; PD- 1, programmed cell death protein 1; ROS, reactive oxygen species.
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the tumors were harvested and photographed. After the 
examination of their weights, tumors were fixed in 4% 
paraformaldehyde overnight. Paraffin- embedded sections 
were processed to immunofluorescence staining analysis 
of T cell infiltrate and ferroptosis- marker expression.

To determine whether tumorous miR- 21–3p upreg-
ulation was capable of contributing to anti- PD- 1 immu-
notherapy via the regulation of tumor cell ferroptosis 
in melanoma, 5×105 B16F10 cells pretransfected with 
vector encoding miR- 21–3p or miR- NC were subcuta-
neously injected into the right flank of C57BL/6 mice, 
which then received the systemic administration of anti- 
PD- 1 antibody and liproxstatin- 1 as indicated in figure 
4A. Tumor diameters were measured using calipers. To 
obtain the stable overexpression of miR- 21–3p in B16F10 
melanoma cells, the plasmid vectors encoding miR- 21–3p 
were used to transfect cells according to the manufactur-
er’s recommended procedures of Lipofectamine 3000 
(Invitrogen). The plasmid vectors were purchased from 
Genechem, China. After around 16 days after the trans-
plantation as indicated in figure 4A, the mice were sacri-
ficed and the tumors were harvested and photographed. 
After the examination of their weights, tumors were fixed 
in 4% paraformaldehyde overnight. Paraffin- embedded 
sections were processed to immunofluorescence staining 
analysis. The comparisons of tumor volumes and tumor 
weights between different groups were analyzed by two- 
tailed Student’s unpaired t-test.

In systemic delivery of miR- 21–3p by gold nanoparticles 
(AuNp) experiment, 5×105 B16F10 cells were subcuta-
neously injected into the right flank of C57BL/6 mice. 
When the tumor grows to 50 mm3, 100 μg anti- PD- 1 (Bio 
X Cell, USA), 10 mg/kg AuNp or miR- 21–3p- AuNp, 30 
mg/kg liproxstatin- 1 were administered intraperitoneally 
to each mouse. Anti- PD- 1 (Bio X Cell) and miR- 21–3p- 
AuNp were administered every 3 days and liproxstatin- 1 
was administered every day. After around 16 days after 
the transplantation as indicated in online supplemental 
figure 3B, the mice were sacrificed and the tumors were 
harvested and photographed. After the examination of 
their weights, tumors were fixed in 4% paraformaldehyde 
overnight. Paraffin- embedded sections were processed to 
immunofluorescence staining analysis. The comparisons 
of tumor volumes and tumor weights between different 
groups were analyzed by two- tailed Student’s unpaired 
t-test.

For T- cell depletion studies, antibodies to deplete CD8 
(clone 2.43; Bio X Cell) were injected intraperitoneally at 
100 μg per mouse on days −7 to –5, −2, +1, +4 and every 
other 3 days afterwards until completion of the study as 
displayed in online supplemental figure 4E.

To examine the intratumor levels of IFN-γ, tumor 
necrosis factor (TNF)-α, interleukin (IL)- 6, IL- 10, C- X- C 
motif chemokine ligand (CXCL)9 and CXCL10, single 
cell suspension of B16F10 transplanted tumors were 
obtained by rapid and gentle stripping, physical grinding 
in cold PBS and filter filtration (FALCON cell strainer, 
352350, Corning, New York, USA). These cytokines and 

chemokines were detected with ELISA kits (all from Elab-
science) according to the manufacturer’s instructions.

Flow cytometry analysis of immune cells in TME
All flow cytometry antibodies and agents for analyzing 
immune cells in TME were purchased from BioLegend, 
San Diego, California, USA. Single cell suspension of 
B16F10 transplanted tumors were obtained by rapid and 
gentle stripping, physical grinding in cold PBS and filter 
filtration (FALCON cell strainer, 352350, Corning). After 
getting rid of dead cells with Zombie UV Fixable Viability 
Kit (423108), cells were stained with Pacific Blue- CD45 
(cat. 157212), APC- CD3 (cat. 100236), PE- CD4 (cat. 
116006), PECY7- CD8a (cat. 100722), PE- CD11b (cat. 
101208) and APC- F4/80 (cat. 123116) for 30 min. After 
fixation and permeabilization by True- Nuclear Transcrip-
tion Factor Buffer Set (cat. 424401), intracellular GZMB 
and IFN-γ were stained using PE- GZMB (cat. 372208) 
and APC- IFN-γ (cat. 505810) antibody. Stained cells were 
analyzed by BD LSRFortessa. Data were further analyzed 
by FlowJo V.10.0 software.

Toxicity studies
To determine potential toxicities of miR- 21–3p- AuNp 
including the nephrotoxicity, we monitored body weights 
of all mice over the course of treatment and measured 
hematological indexes as well as organ function indexes 
after 13 days of treatment. Control mice were implanted 
with tumor, and only received the treatment of dimethyl 
sulfoxide. Forty- eight hours after the final infusion, mice 
were anesthetized and blood was collected for complete 
blood count determinations, including a white blood cell 
count with differential, a red blood cell count, hemo-
globin and a platelet count. Besides, blood serum was 
collected, and cytokines IL- 2, IFN-γ, TNF-α, IL- 6 and 
eosinophil and erythropoietin were measured by using 
quantitative ELISA kits according to the manufacturer’s 
instructions. Animals were then euthanized with carbon 
dioxide to retrieve organs, which were washed with 
deionized water before fixation in 4% paraformaldehyde. 
The tissues were processed routinely, and sections were 
stained with H&E.

Signature score computation
A gene set including CD8A, GZMA, GZMB, IFNG, 
CXCL9, CXCL10, PRF1 and TBX21 was used for CD8+ T 
effector signature score, and a gene set that is upregu-
lated by erastin treatment and reversed by co- treatment 
with β-mercaptoethanol in HT- 1080 cells was used for 
ferroptosis response signature.30 31 The signature score 
was calculated via gene set variation analysis (GSVA) 
and assumed to be normal random variable (~N(0, 1)) 
as previously described.32 In addition, the IFN-γ enrich-
ment scores of melanoma cell lines were also calcu-
lated by GSVA based on the expression of the gene 
set including IFNGR1, IFNGR2, JAK1, JAK2, STAT1 and 
IRF1.
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Statistical analysis
Each experiment was performed at least for three times, 
and statistical analyses of the data were performed using 
unpaired, two- tailed Student’s t- tests built into GraphPad 
Prism (GraphPad Software V.3.0; San Diego, California, 
USA). One- way analysis of variance was employed to 
compare the differences among multiple groups. Survival 
functions were estimated by Kaplan- Meier methods and 
log- rank test was used to calculate statistical differences. 
Pearson’s correlation was used to evaluate the association 
between the expressions of two genes. All the data are 
expressed as the mean±SD. P values <0.05 were consid-
ered statistically significant.

RESULTS
The expression profile of miRNAs in IFN-γ-driven ferroptosis 
in melanoma
Previous studies have reported that anti- PD- 1 immuno-
therapy could re- invigorate the effector function of CD8+ 
T cells in TME, which triggered tumor cell ferroptosis 
by secreting IFN-γ and suppressing the expression of 
subunits of the glutamate- cystine antiporter system Xc−.8 9 
To confirm whether tumor cell ferroptosis is responsible 
for the therapeutic effect of anti- PD- 1 antibody treatment, 
we employed liproxstatin- 1, a ferroptosis- specific inhibitor 
in vivo,33 to treat C57BL/6 mice implanted with B16F10 
melanomas and receiving anti- PD- 1 antibody treatment 
(figure 1A). As a result, while anti- PD- 1 antibody alone 
led to the reduction of tumor growth, the systemic admin-
istration of liproxstatin- 1 could prominently suppress 
melanoma regression resulting from immunotherapy 
(figure 1B–D). Immunofluorescence staining analysis 
consistently revealed that anti- PD- 1 antibody induced 
the expression of ferroptosis marker prostaglandin- 
endoperoxide synthase 2 (PTGS2) in the tumor, but 
co- administration with liproxstatin- 1 could significantly 
reverse this alteration (online supplemental figure S1A). 
In parallel, flow cytometry analysis detecting intratumoral 
lipid ROS level showed that liproxstatin- 1 treatment 
restrained the accumulation of lipid ROS induced by anti- 
PD- 1 antibody (figure 1E). IFN-γ is the main effector that 
triggers tumor cell ferroptosis in immunotherapy,9 for this 
assessment, we treated human melanoma cell lines A375 
and A2058 with IFN-γ and ferroptosis inducer erastin or 
RSL3 to mimic immunotherapy- induced tumor cell ferro-
ptosis in vitro as previously described.9 As expected, IFN-γ 
treatment enhanced erastin- induced or RSL3- induced 
melanoma cell ferroptosis with concomitant increased 
generation of lipid peroxidation end product malondi-
aldehyde (MDA) and lipid ROS, which was blocked after 
the further treatment with ferroptosis- specific inhibitor 
ferrostatin- 1 (figure 1F,G, online supplemental figure 
S1B,C). Therefore, the blockade of ferroptosis was 
capable of abolishing the efficacy of anti- PD- 1 immuno-
therapy in melanoma.

According to previous studies, some intrinsic signaling 
pathways would be activated or suppressed on the 

treatment with ferroptosis inducer to mediate the execu-
tion of cell death.34 The essential role of ferroptosis in 
contributing to tumor immunotherapy necessitates coun-
teracting the protective signaling (or promoting the facil-
itative signaling) in augmenting immunotherapy efficacy. 
Accumulative evidence has revealed that the dysregula-
tion of miRNAs was highly involved in modulating ferro-
ptosis.15 However, the role of miRNAs in IFN-γ-driven 
ferroptosis and related immunotherapy has not been 
thoroughly investigated. To this end, we employed RNA 
sequencing to obtain the expression profile of miRNAs in 
A375 melanoma cells treated with either RSL3 or RSL3 
combined with IFN-γ, respectively. Compared with RSL3 
monotreatment group, there were 86 miRNAs displaying 
>2- fold change and 70 miRNAs displaying <0.5- fold change 
in the RSL3 combined with IFN-γ treatment group, delin-
eating the specific expression profile of miRNAs in IFN-γ-
driven ferroptosis in melanoma cell (online supplemental 
figure S1D, online supplemental table S1). In particular, 
several differentially- expressed miRNAs were of relative 
higher abundance than other miRNAs that manifested 
more significant alteration after the co- treatment with 
RSL3 and IFN-γ (figure 1H, online supplemental table 
S1). Our subsequent qRT- PCR assay verified the alter-
ations of these candidate miRNAs including miR- 21- 3p, 
miR- 22- 3p, miR- 210- 3p, miR- 7- 5p, miR- 10a- 5p and miR- 
9- 5p after indicated stimulations, which displayed the 
same trend as the results of RNA sequencing (figure 1I). 
Of note, the expression level of miR- 21–3p was mark-
edly higher than that of miR- 22–3p and miR- 210- 3p after 
the combined treatment with RSL3/erastin and IFN-γ 
compared with RSL3/erastin monotreatment (online 
supplemental figure S1E). In addition, these candidate 
miRNAs were also robustly induced after RSL3 or erastin 
monostimulation compared with the control group, with 
the level of miR- 21–3p revealing more significant upregu-
lation (online supplemental figure S1E). Taken together, 
these miRNAs might be ferroptosis- responsive and the 
level of which could be further elevated after the co- treat-
ment with IFN-γ in melanoma.

MiR-21-3p upregulation contributes to ferroptosis via the 
potentiation of lipid peroxidation
Considering miR- 21–3p was increased more prominently 
after the combined treatment with erastin/RSL3 and 
IFN-γ and was of relatively higher abundance among the 
upregulated miRNAs, we went on to investigate the role of 
miR- 21–3 p in ferroptosis. To this end, we treated A2058 
and A375 cells with chemically engineered agomiRs 
and antagomiRs that could specifically potentiate or 
suppress the function of miR- 21–3p. As cell counting kit- 8 
(CCK8) assay revealed, agomiR- 21–3 p facilitated the 
cell death induced by erastin/RSL3 monotreatment or 
with combined IFN-γ treatment, and this effect could be 
mostly blocked by ferrostatin- 1 (figure 2A). In contrast, 
antagomiR- 21–3p could effectively antagonize the lethal 
effect of ferroptosis inducers (figure 2A). Concurrent 
colony formation assay also revealed that agomiR- 21–3p 
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facilitated ferroptosis induced by RSL3/erastin mono-
treatment, which could be forwardly enhanced by the 
combined treatment with IFN-γ in both A2058 and A375 
cell lines (figure 2B). These results suggested that the 
upregulation of miR- 21–3p was greatly implicated in 
IFN-γ-driven ferroptosis in melanoma. Furthermore, the 
transwell assay showed that agomiR- 21–3p treatment had 
little impact on the invasion and migration of both A2058 
and A375 melanoma cells (online supplemental figure 
S2A), suggesting that miR- 21–3p might be dispensable 
for the invasion and metastasis of melanoma.

To further confirm the upregulation of miR- 21–3p in 
IFN-γ-stimulated ferroptosis and the potential clinical 
implication in anti- PD- 1 immunotherapy, we employed 
qRT- PCR analysis to detect the expression of miR- 21–3p 
in vivo. We obtained the transplanted tumors isolated 
from C57BL/6 mice implanted with B16F10 melanoma 

cells and receiving anti- PD- 1 immunotherapy. The level of 
miR- 21–3p in the tumor was prominently increased after 
anti- PD- 1 antibody treatment (figure 2C), in keeping 
with the increase of IFN-γ in tumor- infiltrating CD8+ T 
cells (figure 2D). Moreover, the level of intratumoral 
miR- 21–3p was significantly reduced after the co- admin-
istration with liproxstatin- 1 (figure 2C). The qRT- PCR 
and immunohistochemical staining assays in a cohort 
of 31 melanoma tissues revealed the positive correlation 
between miR- 21–3p levels and the staining scores of CD8 
(figure 2E), proving the close relationship between miR- 
21–3p and CD8+ T cell- dependent antitumor immunity. 
We also examined the level of miR- 21–3p in human mela-
noma cell lines (A375 and A2058), fibroblasts (human 
dermal fibroblast- adult cell line),35 keratinocytes (HaCat 
cell line) and peripheral blood mononuclear cells, all of 
which are critical components in TME of melanoma. The 

Figure 2 MiR- 21–3p upregulation contributes to IFN-γ-mediated ferroptosis in melanoma by promoting lipid peroxidation. (A- 
B) Relative cell viability and colony formation after the intervention of miR- 21–3p in melanoma cells treated with both ferroptosis 
inducers and IFN-γ. (C) The level of miR- 21–3p detected by quantitative real- time- PCR in isolated transplanted tumors from 
mice that received indicated treatment related to figure 1A. (D) Immunofluorescence staining of CD8 and IFN-γ in isolated 
tumors from mice that received anti- PD- 1 antibody. Scale bar=50 µm. (E) The correlation between miR- 21- 3p level and CD8 
staining score in a cohort of 31 melanoma tissues. (F) Relative lipid ROS level in ferroptosis inducer- treated melanoma cells with 
the intervention of miR- 21–3p. AgomiR- NC, agomiR- 21–3p and antagomiR- 21–3p were all used at 100 nM in both cell lines. 
Erastin was used at 10 µM in both cell lines. RSL3 was used at 0.5 µM in A375 and 1 µM in A2058 cell line. Fer- 1 was used at 
2 µM in both cell lines. IFN-γ was used at 50 ng/mL in both cell lines. Data represent the mean±SD of triplicates. P value was 
calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. IFN, interferon; ns, non- significant; PD- 1, programmed 
cell death protein 1; ROS, receiver operating characteristic.
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relative level of miR- 21–3p is higher in melanoma cells 
compared with other types of cells (online supplemental 
figure S2B). Since that the quantity of melanoma cells 
dominates within TME compared with immune cells, 
fibroblasts and other types of cells, it is of high possibility 
that miR- 21–3p level in melanoma tissues is largely from 
melanoma cells.

Thereafter, to further explore the mechanism under-
lying the role of miR- 21–3p in ferroptosis, we analyzed 
lipid peroxidation and iron accumulation which are two 
important signaling events in triggering ferroptosis.36 
Concerning MDA was among the most important end- 
products of lipid peroxidation, we testified whether 
miR- 21–3p regulated MDA content in melanoma cell 
ferroptosis. As a result, the potentiation of MDA induced 
by either erastin or RSL3 monotreatment could be 
further intensified after the overexpression of miR- 
21–3p in melanoma cells. Besides, agomiR- 21–3p further 
promoted the generation of MDA resulting from the 
combined treatment with RSL3/erastin and IFN-γ in both 
A2058 and A375 cell lines (online supplemental figure 
S2C). In contrast, antagomiR- 21–3p treatment promi-
nently ameliorated MDA generation in melanoma cells 
after the stimulation with erastin/RSL3 or the combined 
treatment with IFN-γ (online supplemental figure S2C). 
Consistently, lipid ROS generation assayed by flow 
cytometry using the fluorescent probes C11- BODIPY 
unveiled that the agomiR- 21–3p potentiated lipid perox-
idation induced by erastin/RSL3 monotreatment or the 
combined treatment with IFN-γ (figure 2F).

The overload of intracellular ferrous iron (Fe2+) is 
also a crucial event for triggering ferroptosis according 
to previous reports.37 Treatment with iron chelators like 
deferoxamine could prevent multiple cells from under-
going ferroptosis.38 As expected, the intracellular level 
of Fe2+ was significantly increased after the stimulation 
with erastin/RSL3 compared with the control group, and 
was further potentiated after the combined treatment 
with IFN-γ (online supplemental figure S2D). However, 
agomiR- 21–3p had little impact on intracellular Fe2+ level 
under the treatment with erastin/RSL3 or the combined 
treatment with IFN-γ (online supplemental figure S2D). 
Taken together, the above results demonstrated that 
upregulated miR- 21–3p level contributed to IFN-γ-stimu-
lated ferroptosis mainly by promoting the generation of 
lipid peroxidation, rather than affecting intracellular Fe2+ 
level in melanoma.

We have also emphasized on considering the involve-
ment of IFN-γ pathway variations in different melanoma 
cells as previously described.39 To this end, we turned 
to CCLE database40 and found that there were tran-
scriptional data of six melanoma cell lines that are also 
currently available in our laboratory (A2058, UACC62, 
UACC257, A375, Hs294T and WM793B) (online supple-
mental table S2). While there were no any mutations 
or genomic variations in IFNGR1, IFNGR2, JAK1, JAK2, 
STAT1 and IRF1 in IFN-γ pathway (data not shown), 
the transcriptional expressions of these molecules in 

different cell lines display remarkable heterogeneity. 
GSVA of these molecules has been employed to calcu-
late the enrichment score to reveal the activation status 
of IFN-γ pathway in theses cell lines. As was shown, the 
GSVA enrichment score of IFN-γ pathway was highest in 
WM793B cell line, whereas A2058 and A375 cell lines 
harbored relatively low endogenous IFN-γ enrichment 
score (online supplemental figure S2E). This result indi-
cates that WM793B might be more responsive to IFN-γ 
stimulation and its mediated ferroptosis. We treated 
A2058, A375 and WM793B cell lines with the same 
concentration of IFN-γ, and the expressions of IRF1 and 
phosphor- STAT1 were increased more prominently in 
WM793B cell line compared with the other two (online 
supplemental figure S2F). Intriguingly, the combination 
of IFN-γ and RSL3/erastin could induce more promi-
nent tumor cell ferroptosis in WM793B cell line (online 
supplemental figure S2G- H, figure 2A). Besides, agomiR- 
21–3p treatment could promote more significant tumor 
cell ferroptosis induced by RSL3/erastin or RSL3/erastin 
combined with IFN-γ in WM793B cell line compared 
with the other two cell lines (online supplemental figure 
S2G–H, figure 2A). In line with this, lipid ROS generation 
displayed more significant alteration in WM793B cell line 
compared with A2058 cell line in corresponding group 
with identical treatments (online supplemental figure 
S2I). Therefore, the heterogeneity of IFN-γ pathway in 
different melanoma cells is decisive for the response to 
IFN-γ-driven ferroptosis. IFN-γ pathway deficiency might 
impair the induction of ferroptosis driven by IFN-γ and 
agomiR- 21–3p, thus leading to deficient antitumor 
immunity.

MiR-21-3p directly targets TXNRD1 to facilitate ferroptosis
We went on to identify the potential target of miR- 21–3p 
that mediated its effect on lipid peroxidation in ferro-
ptosis. We used publicly available bioinformatics tools 
TargetScan, miRWalk and miRanda to search for candi-
date genes containing potential miR- 21–3p- binding sites 
in their 3’UTRs. TXNRD1 was of high predictive score 
and was selected out due to its pivotal role in the regula-
tion of redox hemostasis through modulating a wide array 
of proteins with its selenocysteine- containing domain,41 
whereas its effect on ferroptosis remains elusive. Besides, 
the 3’UTR region of TXNRD1 mRNA contained the puta-
tive miR- 21–3p- binding site that is also highly conserved 
in many species (figure 3A). Subsequent firefly luciferase 
reporter assay showed that agomiR- 21–3p significantly 
suppressed the luciferase activity in melanoma cells trans-
fected with a plasmid harboring WT TXNRD1 3’UTR, 
but failed to influence the reporter activity in cells trans-
fected with plasmids harboring mutant TXNRD1 3’UTR 
(figure 3B). To further confirm that whether TXNRD1 
was truly a target of miR- 21–3p, we examined the impact 
of miR- 21–3p intervention on the mRNA and protein 
levels of TXNRD1. As a result, the overexpression of 
miR- 21–3p via the treatment with agomiR- 21- 3p induced 
prominent downregulation of TXNRD1 in both mRNA 
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and protein levels (figure 3C,D). In contrast, antagomiR- 
21- 3p resulted in significant upregulation of TXNRD1 
expression (figure 3C,D). These results demonstrated 
that TXNRD1 was a novel direct target of miR- 21–3p in 
melanoma.

We then employed TXNRD1 inhibitor Auranofin to 
treat melanoma cells co- treated with antagomiR- 21–3p 
and then underwent erastin or RSL3 stimulation. The 
inhibition of TXNRD1 activity by Auranofin abolished 
the protective effect of antagomiR- 21–3p on erastin or 
RSL3- triggered ferroptosis in melanoma cells as revealed 
by CCK8 and colony formation assays (figures 2A and 
3E,F). Congruently, intracellular MDA content and lipid 
ROS assayed by C11- BODIPY probe exhibited the same 
trend as that of cell ferroptosis (figure 3G,H, online 
supplemental figure S3A). Moreover, TXNRD1 inhibitor 
Auranofin could also restrain the suppressive function of 
antagomiR- 21–3p in IFN-γ-potentiated ferroptosis as iden-
tified by CCK8 and colony formation assays (figures 2C 
and 3E,F), as well as the generation of intracellular MDA 

and lipid ROS level (figure 3G,H, online supplemental 
figure S3A). Taken together, miR- 21–3p directly targeted 
TXNRD1 to promote lipid peroxidation generation and 
ferroptosis in melanoma.

MiR-21-3p increases the efficacy of anti-PD-1 immunotherapy 
by promoting ferroptosis in melanoma
Given the prominent regulatory role of miR- 21–3p in 
IFN-γ-potentiated ferroptosis, we supposed that increased 
miR- 21–3p in tumor might contribute to the efficacy of 
anti- PD- 1 immunotherapy via the regulation of tumor 
cell ferroptosis. To verify this, a preclinical transplanted 
tumor model was established via subcutaneous injection 
of B16F10 melanoma cells into the flank of C57BL/6 
mice to evaluate the therapeutic effect of anti- PD- 1 
immunotherapy synergized with the overexpression of 
tumor miR- 21–3p level obtained by the pretransfection 
with vector (figure 4A). The overexpression of miR- 
21–3p alone exerted no significant impact on tumor 
growth, whereas it could synergistically potentiate the 

Figure 3 MiR- 21–3p directly targets TXNRD1 to promote ferroptosis. (A) Schematic illustration of the sequence of hsa- miR- 
21–3p and its complementary sequence in 3’UTR of TXNRD1 mRNA in distinct species. (B) Luciferase activity assays using 
luciferase reporters with wild- type TXNRD1 3’UTR or mutant TXNRD1 3’UTR were performed with co- transfection of agomiR- 
21–3p or negative control into A375 and A2058 melanoma cells. (C) Relative mRNA level of TXNRD1 in melanomas with the 
intervention of miR- 21–3p. (D) Immunoblotting analysis of TXNRD1 in melanomas with the intervention of miR- 21–3p. (E- F) 
Relative cell viability and colony formation of ferroptosis inducer- treated melanoma cells with both the intervention of miR- 
21–3p and pharmacological inhibition of TXNRD1 by Auranofin. (G- H) Relative intracellular MDA content and lipid ROS level in 
ferroptosis inducer- treated melanoma cells with both the intervention of miR- 21–3p and pharmacological inhibition of TXNRD1 
by Auranofin. AgomiR- NC, agomiR- 21–3p and antagomiR- 21–3p were all used at 100 nM in both cell lines. Erastin was used 
at 10 µM in both cell lines. RSL3 was used at 0.5 µM in A375 and 1 µM in A2058 cell line. Fer- 1 was used at 2 µM in both cell 
lines. IFN-γ was used at 50 ng/mL in both cell lines. Auranofin was used at 2 µM in both cell lines. Data represent the mean±SD 
of triplicates. P value was calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. IFN, interferon; ns, non- 
significant; ROS, receiver operating characteristic; TXNRD1, thioredoxin reductase 1; 3’UTR, 3’ untranslated region.
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tumor- suppressive effect of anti- PD- 1 antibody on mela-
noma (figure 4B–D). Further immunofluorescence 
staining analysis of isolated transplanted tumors revealed 
that the staining intensity of PTGS2, an indicator of ferro-
ptosis, was increased more prominently in the combined 
treatment group (figure 4E). In addition, flow cytometry 
using C11- BODIPY also revealed that lipid ROS genera-
tion was increased after anti- PD- 1 antibody treatment and 
further potentiated after the overexpression of tumor 
miR- 21–3p (figure 4F). Furthermore, the combined 
effect of anti- PD- 1 antibody treatment and tumorous 
miR- 21- 3p overexpression on melanoma growth could be 
significantly blocked by the administration with liproxsta-
tin- 1 (figure 4B–F), indicating that the role of miR- 21–3p 
overexpression in potentiating the efficacy of anti- PD- 1 
antibody depended on the induction of tumor cell ferro-
ptosis. The immunofluorescence staining assay also 
showed that the expression of TXNRD1 was suppressed 
after miR- 21–3p overexpression and after the combined 
treatment (figure 4E), supporting that TXNRD1 was 
the target of miR- 21–3p in anti- PD- 1 immunotherapy- 
associated ferroptosis in vivo.

MiR-21-3p-loaded gold nanoparticle synergizes with anti-
PD-1 immunotherapy in melanoma
Previously, we reported the development of AuNp as a 
membrane- traversing delivery vehicle to carry peptide for 
anticancer therapy.42 This therapeutic approach could 
achieve prominent effects on tumor treatment with a 
favorable safety profile.43 Of note, some ongoing clin-
ical trials employed nanoparticles to transfer drugs more 
precisely and efficiently to target tumor cells in cancer 

therapy (NCT03774680, NCT00629499). Regarding the 
overexpression of tumor miR- 21–3p increased the efficacy 
of anti- PD- 1 immunotherapy in the preclinical mouse 
model, we proposed that systemic delivery of miR- 21–3p 
to tumor tissue by AuNp might be of high translational 
potential to synergize with anti- PD- 1 immunotherapy. To 
synthesize miR- 21–3p- loaded AuNp with high loading 
efficacy and stability, the antisense strand of miR- 21–3p 
was modified with sulfhydryl (- SH), that is, miR- 21–
3p- SH, and reacted with HAuCl4 to form a polymeric 
miRNA- Au compound. With a reductive environment, 
Au3+ ions connected miR- 21–3p- SH via the coordinate 
bond between Au and -SH. Furthermore, to potentiate 
miRNA loading, product stability and endosomal escape, 
thiol- PEG- amine (MW 2000 Da) was spiked at a molar 
ratio of 1:2 into miR- 21–3p- SH for reaction with HAuCl4. 
Subsequent addition of 50 mM HEPES as a reductant 
and 1 mM seed AuNp (Au core) to the [miR- 21–3p- 
S- Au1+]n solution resulted in nanoparticles fabricated 
with miR- 21–3p and PEG- amine, that is, miR- 21–3p- 
AuNp (figure 5A). This high content of Au(I)/Au(0)- 
thiolate complexes was well proved by XPS as previously 
reported (figure 5A).42 The UV- Vis absorption spectra 
and hydrodynamic diameter distributions of AuNp and 
miR- 21–3p- AuNp particles were also shown (figure 5B,C). 
In addition, miR- 21–3p- AuNp was well- dispersed in solu-
tion as shown by TEM (figure 5D–E). Analysis of AuNp 
and miR- 21–3p- AuNp by dynamic light scattering tech-
niques revealed that nanohybrid growth of miRNA/
PEGAu, under mildly reducing conditions, significantly 
increased the hydrodynamic diameter from ~70 to ~100 

Figure 4 Tumorous miR- 21–3p overexpression promotes the therapeutic efficacy of anti- PD- 1 antibody by promoting 
ferroptosis. (A) A schematic view of the treatment plan that C57BL/6 mice burdened with B16F10 tumors with or without 
tumorous miR- 21–3p overexpression received anti- PD- 1 antibody and liprostatin- 1 treatment as indicated. (B- D) Images of 
isolated tumors from mice that received indicated treatment. Tumor volumes and weights in each group were calculated and 
displayed in (C) and (D).  (E) Immunofluorescence staining of PTGS2 and TXNRD1 in isolated transplanted tumors with indicated 
treatment. Scale bar=50 µm. (F) Relative lipid ROS in isolated transplanted tumors with indicated treatment. Data represent the 
mean±SD of triplicates. P value was calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. ns, non- significant; 
PD- 1, programmed cell death protein 1; ROS, receiver operating characteristic; TXNRD1, thioredoxin reductase 1.
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nm (figure 5C). The zeta potential of miR- 21–3p- AuNp 
was nearly 0 mV (figure 5F). Treatment of melanoma cells 
with miR- 21–3p- AuNp increased the intracellular level 
of miR- 21–3p robustly compared with AuNp and miR- 
NC- AuNp treatment group (figure 5G). In parallel, the 
expression of TXNRD1 was significantly reduced in both 
mRNA and protein levels in A2058 and A375 cell lines 
(figure 5H,I). As a result, miR- 21–3p- AuNp treatment 
could sensitize melanoma cells to ferroptosis induced by 
erastin/RSL3 monotreatment or with the combination of 

IFN-γ (figure 5J). These data indicated that nanoparticle- 
based transfection of melanoma cells could be used to 
increase miR- 21–3p level to supraphysiological level and 
exert its regulatory role in ferroptosis.

To further determine whether systemic delivery of miR- 
21–3p by gold nanoparticle holds in vivo therapeutic 
potential to synergize with anti- PD- 1 immunotherapy, 
the preclinical mice model established via the subcuta-
neous injection of B16F10 melanoma cells into the flank 

Figure 5 Synthesis and characterization of miR- 21–3p- conjugated nanoparticles miR- 21–3p- AuNp. (A) A schematic view of 
the design and construction process of miR- 21–3p- AuNp. (B) UV- Vis absorption spectra of AuNp and miR- 21–3p- AuNp. (C) 
Hydrodynamic diameter distributions of AuNp and miR- 21–3p- AuNp, showing the successful self- assembly process of the 
nanoengineering miRNA into an auric sphere hybrid system. (D- E) Transmission electron micrograph images (TEM) of Au and 
miR- 21–3p- AuNp. (F) The zeta potential of miR- 21–3p- AuNp measured in PBS at pH 7.4. (G- H) Relative mRNA level of miR- 21–
3p and TXNRD1 after the treatment with miR- 21–3p- AuNp or AuNp in melanoma cell. (I) Immunoblotting analysis of TXNRD1 
after the treatment with miR- 21–3p- AuNp or AuNp in melanoma cell. (J) Relative cell viability of melanoma cells treated with 
ferroptosis inducer, IFN-γ and miR- 21–3p- AuNp or AuNp. Erastin was used at 10 µM in both cell lines. RSL3 was used at 0.5 µM 
in A375 and 1 µM in A2058 cell line. IFN-γ was used at 50 ng/mL in both cell lines. Data represent the mean±SD of triplicates. 
P value was calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. AuNp, gold nanoparticles; IFN, interferon; 
miRNA, microRNA; ns, non- significant; TXNRD1, thioredoxin reductase 1.
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of C57BL/6 mice was employed, and anti- PD- 1 antibody 
and miR- 21–3p- loaded AuNp were both injected intraper-
itoneally as indicated (online supplemental figure S3B). 
First of all, we testified the cellular internalization status 
of miR- 21–3p- AuNp in vitro and biodistribution in vivo. 
Flow cytometry analysis was employed to examine the 
cellular internalization status of sulfo- cyanine3 (Cy5)- 
conjugated miR- 21–3p- AuNp by B16F10 melanoma cells 
and RAW264.7 macrophages, respectively. While Cy5- 
miR- 21–3p- AuNp showed robust internalization into 
B16F10 melanoma cells (>80%), RAW264.7 macrophages 
took in much less Cy5- miR- 21–3p- AuNp (around 35%) 
after the incubation for 6 hours, providing a highly favor-
able profile for circulation (online supplemental figure 
S3C). Furthermore, the biodistribution of miR- 21–3p- 
AuNp in B16F10 transplanted melanoma mice model was 
examined by inductively coupled plasma mass spectrom-
etry (ICP- MS), which was used to quantify 197Au concen-
trations in tissues and presented by the percentage 
of injected dose (ID) in per gram of organ or tumor 
(ID%/g) as previously described.44 45As was revealed, a 
time- dependent tendency for tumor accumulation can 
be found in the biodistribution results (online supple-
mental figure S3D). We also employed qRT- PCR analysis 
to examine the actual level of miR- 21–3p in transplanted 
tumors and other normal organs in vivo. As a result, 
the level of miR- 21–3p in tumor was robustly increased 
4 hours after systemic delivery miR- 21–3p- AuNp, and 
remained at a relatively high level until 72 hours postin-
jection (online supplemental figure S3E). Besides, the 
level of miR- 21–3p in multiple normal organs including 
heart, liver, lung and kidney after systemic delivery miR- 
21–3p- AuNp displayed the alterations that were consis-
tent with the results of 197Au concentrations detected by 
ICP- MS (online supplemental figure S3F). Of note, the 
mRNA level of TXNRD1 in tumor displayed prominent 
downregulation 24 hours after systemic delivery miR- 
21–3p- AuNp, and was at forwardly reduced 48 hours after 
treatment (online supplemental figure S3G). In addition, 
the protein level of TXNRD1 in tumor was also remark-
ably downregulated 48 hours after treatment (online 
supplemental figure S3G). These results suggested the 
very early miRNA delivery and efficient molecular knock-
down effects already at days 1–2 after treatment.

Subsequently, we testified the therapeutic effect of the 
combined treatment with anti- PD- 1 antibody and miR- 
21–3p- AuNp. While the monotreatment with anti- PD- 1 
antibody resulted in a significant delay of tumor growth, 
the combination of miR- 21–3p- AuNp and anti- PD- 1 
antibody could lead to more prominent delay of tumor 
progression as revealed by the alteration of tumor volume 
and tumor weight, which could be reversed by the admin-
istration with liproxstatin- 1 (figure 6A–C). In addition, 
the body weights of mice after distinct indicated treat-
ments were not significantly altered compared with the 
control group (figure 6D). Of note, monotreatment with 
AuNp exerted no therapeutic effect on tumor growth 
(figure 6A–C), supporting that the tumor suppressive role 

of miR- 21–3p- AuNp was attributable solely to miR- 21–3p 
delivery. Concurrent immunofluorescence staining in 
isolated transplanted tumors revealed that the intensity 
of PTGS2 was prominently increased in the combined 
treatment group, whereas the expression of TXNRD1 was 
attenuated more significantly in the combined treatment 
group compared with miR- 21–3p- AuNp treatment group 
and anti- PD- 1 antibody treatment group (online supple-
mental figure S4A). Furthermore, we went on to analyze 
the immune profile of transplanted B16F10 tumors 
after the combined treatment with miR- 21–3p- AuNp 
and anti- PD- 1 antibody, in particular the infiltration and 
cytotoxicity of CD8+ T cells, as well as the number of 
macrophages within TME, in another cohort of C57BL/6 
mice. As a result, while the numbers of CD3+CD45+ 
lymphocytes within TME were comparable in different 
groups (figure 6E), the number of CD8+CD3+T cells was 
prominently increased after the treatment with anti- PD- 1 
antibody, and was forwardly increased after the combined 
treatment with miR- 21–3p- AuNp (figure 6E). The anti-
tumor capacity of tumor- infiltrating CD8+ T displayed 
similar trend as revealed by the positive percentage of 
granzyme B and IFN-γ in these cells in different groups 
(figure 6F). Furthermore, the combined treatment 
induced more infiltration of macrophages within TME, 
as revealed by the percentage of CD11b+F4/80+ in CD45+ 
lymphocytes (figure 6G). We also examined the content of 
some cytokines and chemokine in tumor that are crucial 
for antitumor immunity within TME via the employment 
of ELISA assay as previously described.46 It is revealed that 
the contents of TNF-α, IL- 6 and IFN-γ were prominently 
increased after the treatment with anti- PD- 1 antibody, 
and further potentiated after the combination with miR- 
21–3 p- AuNp. Conversely, the content of IL- 10 that can 
suppress antitumor immune response was significantly 
decreased in combined treatment group (figure 6H). 
Furthermore, the chemokines CXCL9 and CXCL10 
that are greatly implicated in the recruitment of CD8+ T 
cells to tumor were also upregulated after the treatment 
with anti- PD- 1 antibody, and were further increased in 
response to the combined treatment (figure 6I). There-
fore, miR- 21–3p- AuNp co- treatment could facilitate the 
expression and secretion of pro- inflammatory cytokines 
and chemokines to enhance antitumor immunity. These 
findings all point out that the combination treatment 
strategy can amplify the antitumor immunity compared 
with anti- PD- 1 antibody monotreatment.

To evaluate the role of miR- 21–3p- AuNp treatment in 
systemic immunity and the toxicity in vivo, we measured 
the level of serum IL- 2, IFN-γ, TNF-α and IL- 6, as well as 
eosinophil and erythropoietin in the blood in response 
to miR- 21–3 p- AuNp administration as previously 
demonstrated,43 all of which showed no obvious changes 
compared with the control (online supplemental figure 
S4B), indicating the hypo- immunogenicity of miR- 21–3p- 
AuNp when systemically delivered. The safety of miR- 
21–3p- AuNp was further confirmed by the steady- state in 
the number of white blood cells, thrombocytes, red blood 
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cells and hemoglobin after 12 days’ treatment (online 
supplemental figure S4C). H&E staining of the liver, 
spleen, kidney, heart and lung also revealed no prominent 
pathological dysregulation and supported the conclusion 
that miR- 21–3p- AuNp was sufficiently safe when systemi-
cally administrated (online supplemental figure S4D).

In order to rule out the possibility that the thera-
peutic effect of combined anti- PD- 1 antibody and miR- 
21–3p- AuNp is related to a direct effect on melanoma 
cells whereas not mediated by the immune system, we 
have performed animal experiments in C57BL/6 mice 
in which CD8+ T cells are systemically eliminated by 
intraperitoneal CD8α antibody injection (online supple-
mental figure S4E). As a result, systemic CD8α antibody 
treatment could significantly reverse the effect of the 

combination of anti- PD- 1 antibody and miR- 21–3p- AuNp 
(online supplemental figure S4F- H), indicating that syner-
gized effect was highly dependent on immune system and 
the actual involvement of T cells in antitumor synergy. 
This result is consistent with the previous report that the 
induction of tumor cell ferroptosis is mediated by IFN-γ 
derived from tumor- infiltrating CD8+ T cells within TME. 
Therefore, the therapeutic effect of the combination of 
miR- 21–3p- AuNp and anti- PD- 1 antibody was attributed 
to the CD8+ T cells- dependent antitumor immunity and 
IFN-γ-driven tumor cell ferroptosis.

Figure 6 Nanoparticle delivery of miR- 21–3p sensitizes melanoma to anti- PD- 1 immunotherapy by promoting ferroptosis. 
(A- C) Images of isolated transplanted tumors from mice that received indicated treatment. Tumor volumes and weights in 
each group were calculated and displayed in (B) and (C).  (D) Body weight of mice that received indicated treatment related to 
(A).  (E) FACS of CD3+ in CD45+ cells and CD8+ in CD3+ TILs from B16F10 transplanted tumors with indicated treatment and 
the quantification. (F) FACS of IFN-γ+ and GzmB+ in CD8+ TILs from B16F10 transplanted tumors with indicated treatment and 
the quantification. (G) FACS of F4/80+CD11b+ in CD45+ TILs from B16F10 transplanted tumors with indicated treatment and 
the quantification. (H- I) Levels of cytokine and chemokines in tumors after indicated treatment. Data represent the mean±SD 
of triplicates. P value was calculated by two- tailed Student’s t- test. *P<0.05, **p<0.01, ***p<0.001. ns, non- significant; AuNp, 
gold nanoparticles; FACS, fluorescence- activated cell sorting; PD- 1, programmed cell death protein 1; TIL, tumor infiltrating 
lymphocytes.  on M
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ATF3 transcriptionally upregulates miR-21-3p in IFN-γ-
stimulated ferroptosis
Ultimately, we wondered the regulatory mechanism 
responsible for the upregulation of miR- 21–3p in 
melanoma ferroptosis. To this end, hTFtarget analysis 
illustrated the potential binding sites of several tran-
scriptional factors to the promoter of miR- 21–3p, and we 
noticed that ATF3 was the candidate upstream regulator 
(figure 7A). ATF3 was reportedly a versatile transcrip-
tional factor involved in multiple biological processes 
like cell death.47–50 More importantly, as a common stress 
sensor, ATF3 could directly bind to the promoter of 
SLC7A11 to suppress its transcription and thereby result 
in lipid peroxidation and ferroptosis after the stimulation 
with erastin.50 Consistent with previous reports, our data 
showed that both the mRNA and protein levels of ATF3 
were significantly increased in response to either erastin/
RSL3 monotreatment, and were further upregulated 

after combined treatment with IFN-γ in melanoma cells 
(figure 7B,C).

Chromatin immunoprecipitation assay showed more 
enrichment of ATF3 to the promoter of miR- 21–3p on the 
treatment with erastin/RSL3, which was forwardly poten-
tiated after combined treatment with IFN-γ (figure 7D). 
In addition, ATF3 knockdown was found to prominently 
abolish the upregulation of miR- 21–3p in melanoma 
cells after either monotreatment with RSL3 or combined 
with IFN-γ (figure 7E). In accordance, the knockdown of 
ATF3 could increase the expression of TXNRD1 under 
the treatment with erastin or RSL3 (figure 7F). Further 
immunofluorescence staining analysis suggested that on 
anti- PD- 1 antibody treatment, the staining intensity of 
ATF3 was prominently increased, and co- administration 

Figure 7 ATF3 upregulation contributes to the increase of miR- 21–3p in ferroptosis. (A) Transcription factor analysis 
of miR- 21–3p promoter identified four ATF3 binding sites. (B- C) mRNA and protein levels of ATF3 in response to IFN-γ-
potentiated ferroptosis. (D) Chromatin immunoprecipitation analysis of the enrichment of ATF3 to the promoter of miR- 
21–3p in IFN-γ-potentiated ferroptosis. (E) Relative level of miR- 21–3p in IFN-γ-potentiated ferroptosis with or without the 
knockdown of ATF3. (F) Protein levels of TXNRD1 in response to ferroptosis inducers with or without the knockdown of ATF3. 
(G) Immunofluorescence staining of ATF3 in isolated transplanted tumors with indicated treatment. Scale bar=50 µm. (H) 
Immunohistochemical staining analysis of ATF3 and PTGS2 in TMA, with the correlation of staining scores displaying on the 
right. (I) The correlation between ATF3 and PTGS2 mRNA level in TCGA SKCM database. (J- K) The correlation between ATF3 
mRNA level and ferroptosis response score or CD8+ T effector signature score in TCGA SKCM database. (L) Kaplan- Meier 
survival analysis of patients with melanoma between high tumorous ATF3 and low tumorous ATF3 level defined by the median 
level. Erastin was used at 10 µM in both cell lines. RSL3 was used at 0.5 µM in A375 and 1 µM in A2058 cell line. IFN-γ was 
used at 50 ng/mL in both cell lines. Data represent the mean±SD of triplicates. P value was calculated by two- tailed Student’s t- 
test. **P<0.01, ***p<0.001. DMSO, dimethyl sulfoxide; IFN, interferon; ns, non- significant; TMA, tumor tissue microarray; TXNRD1, 
thioredoxin reductase 1.
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of liproxstatin- 1 in vivo reduced the staining intensity of 
ATF3 (figure 7G).

We then employed immunohistochemical staining of 
TMA consisting of 82 melanoma tissues to analyze the 
relationship between ATF3 and ferroptosis indicator 
PTGS2, which revealed a significant positive correlation 
between the staining scores of them (figure 7H). We 
also turned to TCGA SKCM database to investigate the 
clinical implications of ATF3 in melanoma and the rela-
tionship between ATF3 expression and ferroptosis and 
antitumor immunity. As was shown, the mRNA level of 
ATF3 was in positive correlation with ferroptosis indicator 
PTGS2 (figure 7I). Moreover, ATF3 mRNA level was also 
positively correlated with ferroptosis response signature 
score and CD8+ T effector signature score, respectively 
(figure 7J–K). More importantly, high expression of ATF3 
significantly correlated with better survival of patients 
with melanoma (figure 7L). Taken together, these results 
demonstrated the crucial role of ATF3 in promoting miR- 
21–3p upregulation in IFN-γ-potentiated ferroptosis and 
its implication in melanoma pathogenesis and anti- PD- 1 
immunotherapy.

DISCUSSION
Ferroptosis is a unique cell death modality that differs 
from apoptosis or necroptosis, and is characterized by 
iron- dependent excessive generation of lipid peroxi-
dation.51 Previous studies in terms of cancer treatment 
mainly emphasized the role of cell apoptosis.6 7 However, 
anti- PD- 1 antibody immunotherapy could activate tumor- 
infiltrating CD8+ T cells to secret IFN-γ, which suppressed 
the expression of glutamate- cystine antiporter system Xc− 
and triggered ferroptosis of melanoma cells.8–10 Herein, 
we proved that the inhibition of ferroptosis prominently 
dampened the efficacy of anti- PD- 1 antibody. There-
fore, to find novel regulatory molecules of ferroptosis- 
promotive function can provide novel synergistic targets 
to sensitize melanoma cells to immunotherapy. Jiang et al 
recently reported that tumors with high TYRO3 expres-
sion exhibited anti- PD- 1/PD- L1 resistance in a syngeneic 
mouse model and in patients who received anti- PD- 1/
PD- L1 therapy partially due to its suppressive effect on 
tumor cell ferroptosis. Arguably, TYRO3 could serve as 
a predictive biomarker for patient selection and a prom-
ising therapeutic target to overcome anti- PD- 1/PD- L1 
resistance.52 Similarly, our data illustrated the regula-
tory mechanism of melanoma cell ferroptosis from the 
perspective of miRNAs modulation by obtaining the 
expression profile of miRNAs. Some previous studies 
have yielded therapeutic insights into the regulation of 
ferroptosis by miRNA in melanoma. In particular, miR- 9 
reportedly regulated ferroptosis by targeting glutamic- 
oxaloacetic transaminase GOT1 in melanoma.53 Besides, 
miR- 137 could negatively regulate ferroptosis by directly 
targeting glutamine transporter SLC1A5 in melanoma 
cells.17 Supplementary to these, our results illustrated that 
miR- 21–3p upregulation contributed to IFN-γ-potentiated 

ferroptosis by directly targeting TXNRD1 and promoting 
lipid peroxidation, thus extending the regulatory 
network of ferroptosis- associated miRNAs and providing 
novel targets to increase the efficacy of immunotherapy. 
Further investigations could be employed to find more 
candidate miRNAs with competent translational poten-
tial in melanoma therapy.

MiRNAs are an abundant class of small non- coding 
RNAs that negatively modulate gene expression by 
targeting 3’UTR of mRNAs.54 We for the first time found 
that TXNRD1 was the novel target of miR- 21–3p and 
mediated its role in ferroptosis with a specific impact on 
lipid peroxidation. TXNRD1 is the rate- limiting enzyme 
in the thioredoxin anti- oxidant pathway.55 A recent study 
has reported that TXNRD1 activation played a protective 
role in lysine oxidase- triggered ferroptosis, and the inhi-
bition of TXNRD1 could enhance the cytotoxic effect of 
lysine oxidase prominently.56 In line with this, our data 
also supported that TXNRD1 could guard against ferro-
ptosis via ameliorating lipid peroxidation. Therefore, to 
intervene the upstream regulators of TXNRD1 like miR- 
21–3p could be promising in triggering tumor cell ferro-
ptosis and increasing the efficacy of immunotherapy.

There are two mature forms of miR- 21, namely, miR- 
21–5p and miR- 21–3p, and miR- 21 commonly refers to 
miR- 21–5p according to the information of sequence 
and IDs in MiRBase website (https://www.mirbase.org/). 
Previous studies have demonstrated that miR- 21 (namely 
miR- 21–5p) is an oncogenic factor that can promote 
cell proliferation and metastasis and suppress cell apop-
tosis in melanoma.57–60 In addition, miR- 21–5p has 
been proposed as a plausible diagnostic and prognostic 
biomarker, as well as a therapeutic target for several types 
of cancers.61 Nevertheless, the actual role of miR- 21–3p 
in melanoma pathogenesis remains elusive. According 
to our results, ectopic expression of miR- 21–3p induced 
a slight but significant reduction of both cell viability 
and colony formation in vitro. However, there was no 
significant alteration of tumor growth in miR- 21–3p- 
AuNp treatment group compared with AuNp treatment 
group. Therefore, the antitumor effect of miR- 21–3p in 
vivo was merely attributed to its role in melanoma cell 
proliferation. Instead, the synergized therapeutic effect 
of combining miR- 21–3p- AuNp and anti- PD- 1 antibody 
was dependent on the induction of tumor cell ferro-
ptosis triggered by tumor- infiltrating T cells. Besides, 
since that miR- 21–3 p alone exerted suppressive role in 
melanoma cell proliferation in vitro whereas insignificant 
effect on tumor growth in vivo, it is of low possibility that 
nanoparticle delivery of miR- 21–3 p might paradoxically 
lead to tumor expansion rather than control. Based on 
our findings, the combinatorial treatment strategy could 
be applied to increase the sensitivity to immune check-
point inhibitors in immunogenic melanomas that already 
harbor abundant infiltrating CD8+ T cells, especially for 
those that might be adaptively resistant to anti- PD- 1 immu-
notherapy. The lack of T cell response within TME could 
probably limit the efficacy of this strategy. Therefore, the 
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status of infiltrating CD8+ T cells within TME should be 
taken into account when determining the clinical impli-
cation of this combinatorial treatment strategy.

ATF3 is a versatile transcriptional factor implicated 
in various biological activities including cell prolifera-
tion, stress response, metabolism and antitumor immu-
nity.47 62–64 As a common stress sensor, ATF3 facilitates 
ferroptosis by potentiating lipid peroxidation via tran-
scriptionally activating miR- 21–3 p in addition to the 
regulation of cystine uptake.13 In line with this report, 
our results also demonstrated that ATF3 expression was 
increased under RSL3/erastin treatment or the combined 
stimulation with IFN-γ. Moreover, ATF3 could favor ferro-
ptosis by potentiating lipid peroxidation via transcription-
ally activating miR- 21–3 p in addition to the regulation of 
cystine uptake,13 indicating the co- existence of multiple 
regulatory mechanisms responsible for the crucial effect 
of ATF3. More importantly, Liu et al reported that the 
induction of ATF3 after ADORA1 inhibition promoted 
the expression of PD- L1 to suppress the activity of tumor- 
infiltrating lymphocytes and thus increased the efficacy 
of anti- PD- 1 immunotherapy.65 Our present results indi-
cated that ATF3 might contribute to the enhanced effect 
of anti- PD- 1 antibody by facilitating tumor cell ferroptosis, 
in addition to the effect on immune checkpoint mole-
cules and antitumor immunity. Therefore, ATF3 could 
act as a potent modulator of immunotherapy by simul-
taneously affecting the tumor cell itself and the tumor 
microenvironment.

Various types of nanoparticles like micelles, liposomes, 
polymers and AuNp have been widely used as delivery 
vehicles for miRNAs and peptides to target tumor mRNAs 
and protein- protein interaction for cancer therapy.66–71 
Of note, AuNp is characterized by chemical inertness, 
biocompatibility, convenience in preparation and rela-
tive high cellular uptake efficiency,72 73 and accumulative 
clinical trials revealed that miRNAs- based mimic drugs 
carried by multiple carriers had potent antitumor capacity 
with high specificity targeting tumor cells and some 
patients receiving these treatments gained encouraging 
response (NCT04675996).23–25 Our data proved that 
systemic delivery of miR- 21–3 p by AuNp could robustly 
increase the level of miR- 21–3 p in transplanted tumors. 
More importantly, we also confirmed the low toxicity of 
miR- 21–3 p- AuNp with the steady state in the number 
of blood cells and the maintenance of the physiological 
structure of multiple crucial organs after systemic admin-
istration. The low toxicity results from the rapid clear-
ance of nanoparticles from normal organs and reduced 
propensity to aggregate that was highly associated with 
its toxicity and ameliorated therapeutic efficacy.42 Addi-
tionally, our results proved that nanoparticle delivery of 
miR- 21–3 p could sensitize melanoma cells to anti- PD- 1 
immunotherapy by facilitating ferroptosis, highlighting it 
as a novel therapeutic approach to synergize with immu-
notherapy. Further investigations including preclinical 
experiments and clinical trials are needed to evaluate its 
translational potential in the future.

CONCLUSION
In the present study, our data demonstrate that ATF3- 
induced miR- 21–3 p upregulation contributed to the effi-
cacy of anti- PD- 1 immunotherapy by facilitating tumor 
cell ferroptosis via the suppression of the novel target 
TXNRD1 and lipid peroxidation. Nanoparticle delivery 
of miR- 21–3 p could be exploited as a promising ther-
apeutic approach to increase the efficacy of immuno-
therapy without prominent systemic side effects, which 
warrants further investigations in future clinical trials.
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Supplementary Materials and Methods 

Cell viability analysis 

Cell viability was examined by the cell counting kit-8 (CCK-8) assay (7seabiotech, Shanghai,  

China) following the manufacturer’s instructions. In brief, cells were seeded in 96-well plates  

(5000 cells per well) and received indicated stimulations. The CCK-8 reagent was diluted 

1:10 in 100 μl fresh medium for each well and replaced cultured medium after treatment, and 

then returned to the cell culture incubator for 1 h. The absorbance at 450 nm was measured 

using a Model 680 Microplate Reader (Bio-Rad, Hercules, CA, USA). 

 

Immunoblotting analysis 

After indicated treatment, cells were washed with phosphate-buffered saline (PBS) and lysed 

with cell lysis solution (RIPA, Beyotime, Shanghai, China), and then total protein extracts 

were obtained from cells and quantified using BCA Protein Assay kit (Beyotime, Shanghai, 

China). Equal amounts of protein were separated by SDS polyacrylamide gel electrophoresis 

(PAGE) and were then transferred onto polyvinylidene fluoride membranes (Millipore, 

Billerica, MA). After blocking in a solution of 5% non-fat dry milk diluted in Tris-buffered 

saline, the membranes were washed and then incubated with primary antibodies (cat. 

11117-1-AP, rabbit polyclonal anti-TXNRD1, 1:1000, Proteintech, Rosemont, USA; 

cat.11335-1-AP, rabbit polyclonal anti-IRF1, 1:1000, Proteintech, Rosemont, USA; cat.7649, 

rabbit monoclonal anti-Phospho-Stat1 (Tyr701) (D4A7) ,1:1000, Cell Signaling Technology, 

Danvers, MA, USA; cat. ab254268, rabbit monoclonal anti-ATF3, 1:1000, Abcam, Cambridge, 

MA, USA; cat. 60004-1-AP, mouse monoclonal anti-GAPDH, 1:5000, Proteintech, Rosemont, 
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USA) overnight at 4°C. After being washed, the membranes were incubated with horseradish 

peroxidase-conjugated secondary antibodies (Goat Anti-Mouse IgG, 1:5000; Goat 

Anti-Rabbit IgG, 1:5000, Santa Cruz, CA, USA) for 2 h at room temperature. Bound 

antibodies were detected using the ECL western blotting detection system and Image J 

software (Bio-Rad, Hercules, CA, USA). 

 

SiRNA transfection and plasmid vectors 

For the transient knockdown of ATF3, siRNAs against ATF3 were used to transfect melanoma 

cells. The siRNAs were purchased from GenePharma, Shanghai. The sequences of siRNAs 

against ATF3 are as follows: si-ATF3-1, sense 5’-GAGGCGACGAGAAAGAAAUTT-3’, 

antisense 5’-AUUUCUUUCUCGUCGCCUCTT-3’; si-ATF3-2, sense 

5’-GCCGAAACAAGAAGAAGGATT-3’, antisense 

5’-UCCUUCUUCUUGUUUCGGCTT-3’. siRNA transfections were performed using the 

Invitrogen Lipofectamine siRNAmax Kit according to the manufacturer’s instructions. To 

obtain the stable overexpression of miR-21-3p in B16F10 melanoma cells, the plasmid 

vectors encoding miR-21-3p were used to transfect cells according to the manufacturer’s 

recommended procedures of Lipofectamine 3000 (Invitrogen). The plasmid vectors were 

purchased from Genechem, China. 

 

Tumor tissue microarray 

Melanoma tissue microarray (DC-Mel21020) was purchased from Avilabio Inc. (Xi’an, 

China). Detailed information can be accessed via 
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http://www.avilabio.com/public/details?productId=59764&searchText=DC-Mel21020. 

 

Malondialdehyde (MDA) detection 

The MDA level in cell lysates was assessed using a lipid peroxidation assay kit (ab118970, 

Abcam, Cambridge, MA, USA) according to the manufacturer’s instructions. After treatment, 

cells were washed with ice-cold PBS and homogenized on ice in 300 μl of the MDA lysis 

buffer. After being centrifuged at 13,000 g for 10 mins, 200 μl of the supernatant from each 

homogenized sample was transferred to a microcentrifuge tube. Then, 600 μl of the 

thiobarbituric acid (TBA) solution was added into each vial and incubated at 95°C for 1 h. 

The MDA in the sample would react with TBA to generate an MDA-TBA adduct. After the 

samples were cooled to room temperature in an ice bath for 10 mins, 200 μl from each 

reaction mixture was added into a 96-well plate for analysis. The absorbance was then 

measured at 532 nm using a Model 680 Microplate Reader (Bio-Rad, Hercules, CA, USA). 

 

Lipid ROS analysis 

Lipid ROS level of cells was examined using flow cytometry. In brief, cells were seeded in 

6-well plates (3 × 105 per well). After indicated treatment, the culture medium was discarded, 

and replaced with 5 μM of BODIPY 581/591 C11 (D3861, Invitrogen, Carlsbad, CA, USA) 

diluted in 1 mL fresh medium for each well, and then incubated at 37 ℃ for 30 mins. Cells 

were directly collected and washed with PBS, and then resuspended in 500 μl of PBS. 

Oxidation of BODIPY-C11 resulted in a shift of the fluorescence emission peak from 590 nm 

to 510 nm proportional to lipid ROS generation. The fluorescence intensities were quantified 
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by flow cytometry (BD LSRFortessa™ Flow Cytometer, BD Biosciences, San Jose, CA, 

USA). A minimum of 10,000 cells was analyzed per condition. 

 

RNA isolation and qRT-PCR 

Total RNA was extracted using TRIzol reagent (cat. 15596018, Invitrogen, Carlsbad, CA, 

USA). mRNA was reversely transcribed to cDNA using the PrimeScriptTM RT Master Mix kit 

(cat. RR036A, TaKaRa, Tokyo, Japan) and qRT-PCR was performed using SYBR Premix Ex 

TaqTM II kit (cat. RR820A, TaKaRa, Tokyo, Japan). qRT-PCR was performed with a 

BIO-RAD Multicolor Real-time PCR Detection System (iQTM5, Bio-Rad, Hercules, CA, 

USA). The primer sequences used for PCR were: h-TXNRD1 forward, 5′- 

GAGAAAGCTGTGGAGAAGTTTG -3′ and h-TXNRD1 reverse, 5′- 

CCACAACACGTTCATTGTCTTT -3′; m-TXNRD1 forward, 5’- 

GTGGCGACTTGGCTAATC-3’ and m-TXNRD1 reverse, 5’- 

ACCAGGAGAGACACTCAC-3’;ATF3 forward, 5′- TAGCCCCTGAAGAAGATGAAAG -3′ 

and ATF3 reverse, 5′- CTTCTTCTTGTTTCGGCACTTT -3′; β-actin forward, 5′- 

TCATGAAGTGTGACGTGGACATC -3′ and β-actin reverse, 5′- 

CAGGAGGAGCAATGATCTTGATCT -3′. m-GAPDH forward, 5’- 

TCATCCCAGAGCTGAACG-3’ and m-GAPDH reverse, 

5’-TCATACTTGGCAGGTTTCTCC-3’. Relative quantification was performed according to 

the ΔΔCT method, and results were expressed in the linear 

form using the formula 2-

ΔΔCT. β-actin mRNA was used as an internal control for human cells. 

GAPDH mRNA was used as an internal control for murine cells. 
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Colony formation assay 

For colony formation assay, cells were collected, counted, and replated in appropriate 

dilutions in six-well plate after treatment. After 10-14 days of incubation, colonies were 

washed with PBS, fixed with 4% paraformaldehyde for 10-20 mins, and then stained with a 

mixture of 6 % glutaraldehyde and 0.5% crystal violet for 1-2 h. After removing the 

glutaraldehyde crystal violet mixture carefully and washing with PBS, the plates with 

colonies were leaved to dry naturally at room temperature. The number of clones was 

calculated and plating efficiency was determined for each sample.  

 

Transwell invasion and migration assay 

Melanoma cells with indicated transfection were incubated at 37 °C for 36 hours. Then, cells 

were starved in serum-free medium for 12 additional hours and then trypsinized for reseeding 

on the top chambers of 24-well transwell culture inserts (Corning). After 24 hours, cells were 

fixed in 4% paraformaldehyde at room temperature for 10 mins. For invasion assays, 

transwell chambers with 8 μm-pore size membrane filter inserts (Corning) coated with 

Matrigel (BD Biosciences) were used to determine cell invasion. The non-motile or 

non-invasive cells on the upper side of the filter were removed, while the motile or invasive 

cells on the lower side were stained with crystal violet. For the quantification of the invasive 

and migratory cells, we used the “Multi-point” tool in ImageJ software to count the stained 

cells. Five fields for each well were counted under the inverted system microscope (Ti-S, 

Nikon). 
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Chromatin immunoprecipitation (ChIP) assay 

ChIP assay was performed using SimpleChIP® Plus Sonication Chromatin IP Kit (#56383, 

Cell Signaling Technology, Danvers, MA, USA) according to the manufacturer’s instruction. 

In brief, immunoprecipitation was performed with rabbit monoclonal anti- ATF3 (cat. 

ab254268, Abcam, Cambridge, MA, USA). Rabbit IgG (cat. ab46540, Abcam, Cambridge, 

MA, USA) was used as an isotype control antibody. The immunoprecipitated DNA was 

treated with RNase A and proteinase K and purified using phenolchloroform extraction and 

ethanol precipitation. Input DNA starting from aliquots of cell lysates was purified using 

phenol-chloroform extraction and ethanol precipitation. The purified DNA and input genomic 

DNA were analyzed by real time PCR. Primer sequences of miR-21-3p promoter for 

amplifying purified DNA in this study are as follows: Forward primer: 5’- 

AGGTGCCTCCCAAGTTTGCTAATG-3’, Reverse primer: 5’- 

AGAAACTGCCCGCCCTCTCTC-3’. % Input was calculated using 100% × 2(–△CT), where△

CT = Ct (Ip) – Ct (Input). 

 

Iron assay 

Intracellular ferrous iron (Fe2+) level was accessed using the iron assay kit (cat. ab83366, 

Abcam, Cambridge, MA, USA) according to the manufacturer’s recommendations. Briefly, 

cells after indicated treatment were collected and washed twice with ice-cold PBS. Cells were 

homogenized in 5× volumes of iron assay buffer on ice. The supernatant was collected and 

iron reducer was added to each sample before mixing, and then processed to incubation for 30 

mins at 37 °C. Then, the iron probe was added to each sample before mixing, and then 
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processed to incubation for 60 mins at 37ºC. The output was measured immediately on a 

colorimetric microplate reader at optical density of 593 nm (Promega, Madison, WI, USA). 
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Supplementary Figure Legend  

 

Supplementary Figure S1 

 

Figure S1. (A) Immunofluorescence staining of PTGS2 in isolated transplanted tumors with 

indicated treatment. Scale bar = 50μm. (B) Relative intracellular MDA content in A2058 and 

A375 melanoma cells after indicated treatment with IFN-γ, RSL3, Erastin and Fer-1. (C) 

Representative flow cytometry images of relative lipid ROS in A375 and A2058 melanoma 

cells after indicated treatment with IFN-γ, RSL3, Erastin and Fer-1. (D) Volcano of 

significantly differentially-expressed miRNAs between RSL3-treated group and 

RSL3+IFN-γ-treated group in A375 melanoma cell through RNA-sequencing. (E) The 

relative expression of the most significantly differentially-expressed miRNAs after the 

treatment with RSL3/Erastin or combined with IFN-γ in A375 and A2058 melanoma cells. 
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Erastin was used at 10μM in both cell lines. RSL3 was used at 0.5μM in A375 and 1μM in 

A2058 cell line. Fer-1 was used at 2μM in both cell lines. IFN-γ was used at 50ng/ml in both 

cell lines. Data represent the mean ± SD of triplicates. P value was calculated by two-tailed 

Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. ns, non-significant.  
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Supplementary Figure S2 

 

Figure S2. (A) The migration and invasion of A375 and A2058 cells after the treatment with 

agomiR-21-3p. Scale bar = 100μm. (B) Relative level of miR-21-3p in human melanoma cells, 

keratinocytes, dermal fibroblasts and PBMCs. (C) Relative intracellular MDA content in 

A375 and A2058 melanoma cells after indicated treatment with IFN-γ, RSL3, Erastin and 

Fer-1. (D) Relative Fe2+ level in ferroptosis inducer-treated melanoma cells with the 

intervention of miR-21-3p. (E) The enrichment score of IFN-γ pathway in different melanoma 

cells via GSVA analysis. (F) Immunoblotting analysis of p-STAT1 and IRF1 in response to 
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IFN-γ stimulation (200ng/ml) in three melanoma cell lines. (G) Relative cell viability in 

WM793B melanoma cells after indicated treatment with IFN-γ, RSL3, Erastin and Fer-1. (H) 

The comparison of the relative cell viability between WM793B melanoma cell line and the 

other two cell lines after indicated treatment. (I) The comparison of the relative lipid ROS 

between WM793B melanoma cell line and the other two cell lines after indicated treatment. 

AgomiR-NC, agomiR-21-3p and antagomiR-21-3p were all used at 100nM in both cell lines. 

Erastin was used at 10μM in both cell lines. RSL3 was used at 0.5μM in A375 and 1μM in 

A2058 cell line. Fer-1 was used at 2μM in both cell lines. IFN-γ was used at 50ng/ml except 

in the immunoblotting analysis. Data represent the mean ± SD of triplicates. P value was 

calculated by two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. ns, 

non-significant.  
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Supplementary Figure S3 

 

Figure S3. (A) Representative flow cytometry images of relative lipid ROS in A375 and 

A2058 melanoma cells after indicated treatment related to Figure 3H. (B) A schematic view 

of the treatment plan that C57BL/6 mice burdened with B16F10 tumors with or without 

nanoparticle delivery of miR-21-3p received anti-PD-1 antibody and liprostatin-1 treatment as 

indicated. (C) Flow cytometry analysis and quantification of the uptake of 200nM 

Cy5-labelled miR-21-3p-AuNp in murine melanoma cells and macrophages after 6 h 

incubations. (D) Tumor and organ distribution of miR-21-3p-AuNp in C57BL/6 mice after 
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systemic injection of 10mg/kg miR-21-3p-AuNp. Serial sacrifices were carried out at 4h, 12h, 

24h and 48h after injection. Several organs/tissues, including heart, liver, lung, kidney and 

tumor were isolated to determine gold concentrations by ICP-MS. (E-F) Relative level of 

miR-21-3p in tumor and multiple organs after systemic injection of miR-21-3p-AuNp at 

indicated time points. (G) Relative level of TXNRD1 in tumor after 24 hours and 48 hours of 

the systemic injection of miR-21-3p-AuNp. Immunoblotting detection of TXNRD1 protein 

level in tumor after 48 hours of the systemic injection of miR-21-3p-AuNp.Two isolated 

tumors were harvested to perform the analysis. Data represent the mean ± SD of triplicates. P 

value was calculated by two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. ns, 

non-significant. 
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Supplementary Figure S4 

 

Figure S4. (A) Immunofluorescence staining of PTGS2 and TXNRD1 in isolated transplanted 

tumors with indicated treatment. Scale bar = 50μm. (B) The concentration of IL-2, IFN-γ, 

TNF-α, IL-6, erythropoietin and eosinophil in serum in C57BL/6 mice receiving 

miR-21-3p-AuNp or not. (C) The absolute content of hemoglobin, thrombocytes, red blood 

cells and white blood cells in C57BL/6 mice received miR-21-3p-AuNp or not. (D) 

Hematoxylin-eosin staining of heart, kidney, spleen, lung and liver in C57BL/6 mice received 

miR-21-3p-AuNp or not. Scale bar = 100μm. (E) A schematic view of the treatment plan that 
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C57BL/6 mice burdened with B16F10 tumors with or without nanoparticle delivery of 

miR-21-3p received anti-PD-1 antibody and CD8α mAb treatment as indicated. (F-H) Images 

of isolated tumors from mice that received indicated treatment. Tumor volumes and weights 

in each group were calculated and displayed in (G) and (H). Data represent the mean ± SD of 

triplicates. P value was calculated by two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 

0.001. ns, non-significant. 
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