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Abstract Background: Renal cell carcinoma (RCC) is a prevalent malignancy with growing mor-

tality and high metastasis. Ferroptosis has been identified as an essential process in cancer develop-

ment, but the regulatory mechanism underlying the RCC progression remains obscure. The

nanomaterial zinc oxide nanoparticles (ZONs) have presented anti-cancer function. Here, we iden-

tified the critical role of ZONs in promoting ferroptosis of RCC cells by regulating miR-27a-3p/

YAP axis.

Methods: The effect of ZONs on RCC was analyzed by qPCR, Western blot, MTT assays, col-

ony formation assays, Flow cytometry analysis, transwell assays, wound healing assays, iron assays,

lipid ROS detection, luciferase reporter gene assays, and tumor xenograft.

Results: The treatment of ZONs repressed expression of GPX4 and SLC7A11 and enhanced

ROS accumulation and iron/Fe2+ levels in RCC cells. Ferroptosis activator erastin repressed

RCC cell viabilities and ZONs further repressed this effect. ZONs inhibited invasion and migration

of RCC cells and treatment of ZONs represses RCC cell survival in vitro. ZONs suppressed RCC

cell growth in tumorigenicity mouse model. Mechanically, ZONs down-regulated YAP expression

by inducing miR-27a-3p, in which YAP overexpression and miR-27a-3p inhibition reverse ZONs -

inhibited RCC cell survival in vitro.
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Discussion: Thus, we concluded that ZONs induced RCC cell ferroptosis to suppress RCC cell

survival by targeting miR-27a-3p/YAP axis. The clinical significance of ZONs for the treatment of

RCC is required to further study and may benefit the targeted therapy of RCC.

� 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Renal cell carcinoma (RCC) is a leading cause of cancer-related
death globally (Linehan and Ricketts, 2019). Despite the devel-
opment of therapeutic methods, the prognosis of RCC remains
unsatisfactory (Lucarelli et al., 2019). Hence, its urgent to

develop novel therapeutic targets. Ferroptosis is a novel form
of regulated cell death driven by iron-dependent lipid peroxida-
tion, which differs fromother types of cell death including apop-

tosis, necrosis, and autophagy, in the aspects of morphology,
genetics and biochemistry (Dixon et al., 2012). During the pro-
cess of ferroptosis, increased free iron and accumulated lipid

peroxides are regarded as two main participants, which lead to
increased intracellular reactive oxygen species (Miess et al.,
2018) production and subsequent oxidative cell death (Yagoda
et al., 2007). Recent studies are gradually revealing the role of

ferroptosis duringRCCdevelopment and its potential as a novel
therapeutic target for RCC treatment. For example, the Hippo
signaling regulator TAZ modulates ferroptosis in RCC (Yang

et al., 2019). These studies suggested the potential role of ferrop-
tosis as a target for lung cancer therapy. Moreover, Zinc oxide
nanoparticles (ZONs) are the nanomaterial that have been

applied in industrial products and are capable of targeting mul-
tiple cancer cell types and cancer stem cells (Steele et al., 2009;
Hu and Du, 2020). However, the effect of ZONs on ferroptosis

of RCC cells is still unclear.
Yes-associated protein (YAP) is one of the primary effec-

tors of the Hippo pathway, functions as a transcriptional
regulator to facilitate expression of pro-growth genes and

suppress apoptotic genes (Maugeri-Sacca and De Maria,
2018). A recent study indicated that miR-27a directly target
YAP1, as well as downregulating the levels of Twist and

Snail to notably decrease the invasiveness of oral squamous
cell carcinoma cells (Zeng et al., 2016). Moreover, Jiang
et al. found that Merlin-HIPPO-YAP signaling is associated

with ferroptosis susceptibility of metastasis-prone epithelial
cells, suggesting the potential association between YAP
and ferroptosis (Wu et al., 2019).

In this study, we aimed to determine the role of ZONs in
RCC, and the related mechanisms. Here, we found ZONs
repressed RCC growth and metastasis by inducing ferropto-
sis, and deciphered the mechanisms involving its effect on

miR-27a-3p and subsequent release of YAP protein. Ulti-
mately, our work provided a promising therapeutic strategy
promoting ferroptosis through ZONs/miR-27a-3p/YAP regu-

latory axis in RCC.

2. Materials and methods

2.1. Cell culture and transfection

Human RCC cell lines (786-O, 769P and CAKI-1) were pur-
chased from the American Type Culture Collection (ATCC,
USA), and cultured with Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, CA, USA) containing 10% FBS (Gibco), 1%

penicillin and streptomycin (Sigma, USA), in a 37 �C humidi-
fied incubator with 5% CO2. The YAP overexpression plas-
mid, miR-27-3p mimics and the negative controls were

designed by and purchased from RiboBio (Shanghai, China).
The cell transfection was conducted by using Lipofectamine
3000 (Life Technologies, CA, USA) following manufactures’

instruction. For in vitro study, cells were treated with Erastin
(5 lM), and/or ZONs (30 lg/mL) for 24 h.

2.2. Patients and tissue samples

We included 50 RCC patients, who received surgical operation
in our hospital, in a clinical follow-up study for nine years.
Tumor tissues were collected during operation and subjected

to real-time PCR to evaluate the level of miR-27-3p, and
YAP. All experiments have acquired the consents of patients
and were performed under approval of Harbin Medical

University Cancer Hospital. And were carried out in compli-
ance with the ethical standards of the Declaration of Helsinki.

2.3. RNA extraction and quantification

The total RNA of RCC cells was extracted using a TRIzol
reagent (Invitrogen, CA, USA), reversely transcribed to cDNA
using a SuperScript�VILOTM cDNA synthesis kit (Invitrogen).

Quantification of the cDNA was performed by real-time qPCR
using a Fast SYBRTM Green Master Mix kit (Thermo, MA,
USA). GAPDH and U6 were used as internal control for nor-

malization of mRNA and the noncoding RNAs. The relative
change in RNA levels were calculated by 2�DDCt method.
The primer sequences were as follows: miR-27-3p: sense, 50-
GAACTTAGCCACTGTGAACACCACTTGG-30, antisense,
50-TTGCTTCCTGTCACAAATCACATTG-30; U6: sense, 50-
AAAGCAAATCATCGGACGACC-30, antisense, 50-
GTACAACACATTGTTTCCTCGGA-30.

2.4. Cell viability assay

The cell viability was detected by MTT assay. The cells were

conducted with indicated treatment, and placed in 96-well
plates at a density of 4 � 103 cells per well to growth for
48 h. Then 10 mL (5 mg/mL) of MTT reagent was added in

each well to incubate for another 4 h. At the end time point,
the medium with MTT were discarded and 150 mL DMSO
were added in each well. The absorbance values were detected

at 490 nm using a microplate reader (PerkinElmer, CA, USA).

2.5. Colony formation

The cells were conductedwith indicated treatment, and placed in

6-well plates at a density of 500 cells per well, and maintained in

http://creativecommons.org/licenses/by-nc-nd/4.0/
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normal culture condition to allow formation of mono colonies.
After incubation for 12 days, the colonies were fixed and stained
by 0.5% crystal violet inmethanol for 30 min. The colonies were

captured under a microscope (Olympus, Japan) and counted.

2.6. Flow cytometry of apoptosis

The intrinsically induced apoptotic cell death was detected by
flow cytometry analysis. The cells were seeded in 6-well plate at
a density of 5 � 105/well and conducted with indicated treat-

ment for 48 h. Next, the cells were digested with EDTA-free
trypsin to single-cell and collected, followed by re-suspension
in binding buffer and incubation with PI and Annexin-FITC

at room temperature for 15 min in dark. Then the suspension
was detected in a Flow cytometry (BD bioscience) to collect
fluorescence signals.

2.7. Transwell assay

Cell invasion ability was detected by transwell experiment
using Transwell chambers (Corning, CA, USA). Cells were

pretreated as indicated, and seed in upper chambers contain-
ing FBS-free medium at a density of 2 � 104/well, whereas
the bottom chamber were added with DMEM medium con-

taining 10% FBS. After incubation for 48 h, the upper
chambers were fixed and stained with 0.5% crystal violet
in methanol for 30 min, captured and counted. For cell inva-
sion experiment, the chambers were pre-coated with Matrigel

(Corning).

2.8. Wound healing assay

Cells were transfected with indicated RNAs and seeded in 6-
well plate at a density of 5 � 105/well to form a monoplayer.
A sterilized 200 ul pipette were used to gently scratch a line

on the monoplayer. Then the cells were washed with PBS to
wash out the detached cells, and replaced with fresh FBS-
free medium for continuing incubation. The images of scratch

were captured at 0 h, 6 h and 12 h after scratching with a
microscope (Olympus), and measured.

2.9. Iron assay

The intracellular Fe2+ level was determined by an iron assay
kit (Beyotime, Shanghai, China) following the manufac-
turer’s instruction. Briefly, cells were seeded in 6-well plate

at a density of 5 � 105/well, collected and homogenized.
Next, the supernatant was mixed with iron probe after incu-
bation with iron reducer. The absorbance values at 590 nm

were measured by a microplate reader (PerkinElmer).

2.10. Lipid ROS detection

The lipid ROS level of cells was determined by BODIPY C-11
staining (Beyotime, Shanghai, China). Cells were seeded in 6-
well plate at a density of 5 � 105/well, stained with BODIPY
C-11 dye for 30 min. Subsequently, the cells were collected

and detected by Flow cytometry (BD bioscience).
2.11. Western blotting

The cells were lysed by RIPA lysis buffer to collected total pro-
teins. Then the protein samples were separated by SDS-PAGE
and transferred to a PVDF membrane, followed by blocking

with 5% nonfat milk. The blots were incubated with specific
primary antibodies, which refer to anti-GPX4 (1:1000),
SLC7A11 (1:1000), anti-YAP (1:1000), anti-Snail (1:1000),
anti-Twist (1:1000), anti-E-cadherin (1:1000) , anti-Vimentin

(1:1000), and anti-b-actin (1:2000), at 4℃ overnight. Next
day, the blots were incubated with corresponding secondary
antibodies for 2 h at room temperature. The visualization of

blots was performed by using a ECL kit (Invitrogen), and cap-
tured by an imaging system (BD). All antibodies were pur-
chased from Abcam (MA, USA).

2.12. Luciferase reporter gene assay

The potential binding sites between miR-27a-3p with 30UTR

of YAP were predicted by online website ENCORI and Tar-
getScan. The wide type and mutated sequence of 30UTR of
YAP (YAP-WT and YAP-Mut) were inserted into psi-
CHECK2 plasmid (Promega, WI, USA). The cells were seeded

in 12-well plate at a density of 2 � 105/well, followed by co-
transfection with indicated luciferase reporter plasmids and
miR-27a-3p mimics or the negative control (NC) for 48 h.

Then the cells were collected and lysed, and the luciferase
activity was measured by the dual-luciferase reporter assay sys-
tem (Promega, WI, USA) following the manufacture’s

instruction.

2.13. Tumor xenograft

Ten SCID/nude mice aged 6–8 weeks were purchased from
Vital River (Beijing, China), and randomly divided into two
groups. Subsequently, CAKI-1 cells were suspended in saline
at a density of 5 � 106/100 mL, and were subcutaneously

injected to left back of each mouse. Tumor volume
(V = length � width2/2) and mice body weight were measured
every 3 days. Thirty days later, the mice were succumbed to

death and the tumors were isolated for following experiments.
All procedures performed in studies involving animals were in
accordance with the ethical standards of the Harbin Medical

University Cancer Hospital at which the studies were
conducted.

2.14. Statistics

All data in this study were presented as mean ± standard devi-
ation (SD), and were analyzed by SPSS25.0 software. Statistic
comparison between two groups or multiple groups were eval-

uated by Student’s t test or one-way ANOVA. P value < 0.05
were set as threshold for statistically significant.

3. Results

3.1. ZONs induce ferroptosis-like phenotypes in RCC cells

Interestingly, we observed that the treatment of ZONs
repressed expression of ferroptosis-negative regulated factors,
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including GPX4 and SLC7A11 in CAKI-1, 786-O, and 769P
cells (Fig. 1A and S1A). The ferroptosis related phenotypes,
such as ROS accumulation and iron/Fe2+ levels, were

enhanced by ZONs in CAKI-1, 786-O, and 769P cells (Fig. 1-
B-D and S1B-D). Ferroptosis activator erastin repressed
CAKI-1, 786-O, and 769P cell viabilities and ZONs promoted

this effect (Fig. 1E and Fig. S1E).

3.2. ZONs reduce invasion and migration of RCC cells

Next, we were interested in the correlation of ZONs with RCC
cell invasion and migration in vitro. Wound healing assays
showed that ZONs enhanced wound proportion in CAKI-1,

786-O, and 769P cells and indicated that ZONs inhibited
CAKI-1, 786-O, and 769P cell migration (Fig. 2A and B,
Fig. 1 ZONs induce ferroptosis-like phenotypes in RCC cells. (A) We

iron/Fe2+ analysis (D) were conducted in CAKI-1 and 786-O cells tre

and 786-O cells treated as the indicated labeling. N = 3, mean ± SD:
and Fig. S2A). Meanwhile, ZONs attenuated the migrated
and invaded abilities of CAKI-1, 786-O, and 769P cells
(Fig. 2C and D, and Fig. S2B). Meanwhile, the treatment of

ZONs repressed expression of Twist, and Vimentin and
enhanced E-cadherin expression (Fig. 2E, and Fig. S2C).

3.3. ZONs repress RCC cell survival in vitro

Furthermore, our data revealed that ZONs reduced CAKI-1,
786-O, and 769P cell viabilities (Fig. 3A and S3A). More obvi-

ously, the colony numbers of CAKI-1, 786-O, and 769P cells
were decreased by ZONs in the colony formation assays
(Fig. 3B and C, and S3B). ZONs significantly induced

CAKI-1, 786-O, and 769P cell apoptosis (Fig. 3D and E,
and Fig. S3C).
stern blot analysis of GPX4 and SLC7A11 (B), ROS analysis (C),

ated with ZONs. (E) MTT assays were performed in the CAKI-1

** P < 0.01.



Fig. 2 ZONs reduce invasion and migration of RCC cells. (A-E) The wound healing assays (A and B) and transwell assays (C and D) were

performed in CAKI-1 and 786-Ocells treated with ZONs. (E) The expression of Snail, Twist, Vimentin, and E-cadherin was analyzed by

Western blot. N = 3, mean ± SD: ** P < 0.01.
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Fig. 3 ZONs repress RCC cell survival in vitro. (A-E) The MTT assays (A), colony formation analysis (B and C), Flow cytometry

analysis of apoptosis (D and E) were carried out in the CAKI-1 and 786-O cells treated with ZONs. N = 3, mean ± SD: ** P < 0.01.
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3.4. ZONs suppress RCC cell growth in tumorigenicity mouse
model

To validate the function of ZONs in inhibiting RCC cell
growth, we performed tumorigenicity analysis in nude model.

As our data shown, the ZONs attenuated the tumor growth
in the system and the reduced tumor size, tumor weight, and
tumor volume were revealed (Fig. 4A-C). Meanwhile, we iden-

tified that miR-27a-3p was enhanced and YAP was reduced in
the ZONs-treated group (Fig. 4D and E). Meanwhile, ZONs
repressed expression of Twist, and Vimentin and enhanced

E-cadherin expression in the model (Fig. 4F).

3.5. ZONs down-regulate YAP expression by inducing miR-27a-
3p to suppress RCC cell survival

We found that the expression of miR-27a-3p was enhanced by
ZONs in the RCC cells (Fig. 5A). Subsequently, the binding
sequence was also identified between miR-27a-3p and YAP

and the up-regulation of miR-27a-3p significantly inhibited
luciferase activity of YAP mRNA 30UTR (Fig. 5B and C).
The mRNA and protein levels of YAP were reduced by

miR-27a-3p in CAKI-1 and 786-O cells (Fig. 5D and E).
Meanwhile, ZONs suppressed YAP expression and miR-27a-
3p inhibitor reversely affected this result in CAKI-1 and 786-

O cells (Fig. 5F). Meanwhile, we validated that the expression
of miR-27a-3p was reduced and YAP expression was upregu-
lated in clinical RCC tissues (Fig. 5G). Besides, the expression
of f miR-27a-3p was negatively correlated with YAP in clinical
RCC tissues (Fig. 5G).

The ferroptosis related phenotypes, such as ROS accumula-
tion and iron/Fe2+ levels, were enhanced by miR-27a-3p
mimic in CAKI-1, 786-O, and 769P cells (Fig. 5H-K and

S4A and B). Meanwhile, the miR-27a-3p mimic repressed
expression of Twist, and Vimentin and enhanced E-cadherin
expression (Fig. 5L and Fig. S4C).

Furthermore, ZONs reduced viabilities and enhanced

apoptosis of CAKI-1, 786-O, and 769P cells, which was
reversed by YAP overexpression and miR-27a-3p inhibitor
(Fig. 6A and B, and S5A and B). The treatment of ZONs

increased the levels of ROS and iron/Fe2+ in CAKI-1, 786-
O, and 769P cells, while YAP overexpression and miR-27a-
3p inhibitor could reverse this effect (Fig. 6C, and S5C). In

addition, the expression of SLC7A11 and GPX4 was reduced
by ZONs, but YAP overexpression and miR-27a-3p inhibitor
rescued the expression in CAKI-1 and 786-O cells (Fig. 6D).

Moreover, we observed that the invasion and migration of
CAKI-1 and 786-O cells were repressed by miR-27a-3p, while
the overexpression of YAP rescued the phenotype in the cells
(Fig. S6A). The miR-27a-3p mimic inhibited expression of

Twist, and Vimentin and enhanced E-cadherin expression in
CAKI-1 and 786-O cells, in which YAP overexpression
reversed the effect in the cells (Fig. S6B). Consistently, the

treatment of ZONs suppressed invasion and migration of
CAKI-1 and 786-O cells, while YAP overexpression and
miR-27a-3p inhibitor rescued the phenotype (Fig. S7A).

Besides, the treatment of ZONs reduced expression of Twist,



Fig. 4 ZONs suppress RCC cell growth in tumorigenicity mouse model. (A-E) Tumorigenicity analysis of CAKI-1 treated with ZONs.

The tumor size (A), tumor volume, (B) and tumor weight (C) were analyzed. The qPCR analysis of miR-27a-3p (D) and Western blot

analysis of YAP (E) were conducted in the tumor tissues. (F) The expression of Snail, Twist, Vimentin, and E-cadherin was analyzed by

Western blot. N = 5, mean ± SD: ** P < 0.01.
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and Vimentin and promoted E-cadherin expression in CAKI-1
and 786-O cells, in which YAP overexpression and miR-27a-3p

inhibitor could reverse the effect in the cells (Fig. S7B).

4. Discussion

RCC is the prevalent malignancy and is characterized by high
mortality and metastasis. Ferroptosis has been identified as an
essential process in cancer development, but the regulatory

mechanism underlying the RCC progression remains obscure.
In the present study, we identified the important role of ZONs
in promoting ferroptosis of RCC cells by regulating miR-27a-

3p/YAP axis.
It has been found that ferroptosis plays vital roles in RCC

progression. The glutathione redox system is critical to regu-
late ferroptosis related to impaired lipid metabolism in RCC

(Miess et al., 2018). Artesunate represses growth of sunitinib-
resistant RCC cells by ferroptosis induction and cell cycle
arrest (Markowitsch et al., 2020). Meanwhile, Nanoparticles

have presented significant therapeutic function in multiple dis-
eases (Abu-Dief et al., 2021). In this study, we found that
ZONs induce ferroptosis-like phenotypes in RCC cells. It pro-

vides new evidence of the molecular mechanism of ferroptosis
in RCC cells. Our data demonstrated that ZONs inhibited cell
growth in vitro and in vivo and repressed invasion and migra-

tion of RCC cells. These indicate the new function of ZONs
in RCC development.

YAP is a well-known oncogene and affects RCC progres-
sion as well. NR1B2 inhibits RCC development by regulating

LATS 1/2-YAP signaling (Yin et al., 2019). MiR-10b represses
RCC metastasis and invasion by targeting FAK/YAP signal-
ing in RCC (He et al., 2019). Meanwhile, YAP is involved in
the regulation of ferroptosis of cancer cells (Sun and Chi,
2021). Intercellular interplay regulates ferroptosis of cancer

cells by NF2/YAP signaling (Wu et al., 2019). The Hippo sig-
naling regulator TAZ modulates ferroptosis of renal cell carci-
noma cells (Yang et al., 2019). DDR2 contributes to

ferroptosis by YAP signaling in recurrent breast cancer (Lin
et al., 2021). Meanwhile, the function of YAP in epithelial-
mesenchymal transition (EMT) has been reported in multiple

cancers, including RCC. For example, it has been reported
that EMT transcription factor ZEB1 genome-widely cooper-
ates with YAP in breast cancer (Feldker et al., 2020). The coac-
tivation of Zinc-dependent modulation of ZEB1 and YAP

contributes to EMT plasticity and metastasis in pancreatic
cancer (Liu et al., 2021). Specifically, NR1B2 inhibits EMT
in RCC by regulation of LATS 1/2-YAP signaling (Yin

et al., 2019). These studies imply that YAP plays a crucial role
in EMT. Meanwhile, it has been reported that miR-27a-3p
inhibits metastasis through repressing VE-cadherin expression

and suppressing EMT in liver cancer (Zhao et al., 2016).
DANCR contributes to liver cancer progression and EMT
through targeting miR-27a-3p/ROCK1/LIMK1/COFILIN1

signaling (Guo et al., 2019). Interestingly, miR-27a-3p modu-
lates EMT in oral squamous cell carcinoma cells by targeting
YAP (Zeng et al., 2016). These reports imply that miR-27a-
3p is involved in the regulation of EMT. However, the effect

of miR-27a-3p/YAP axis on EMT in RCC remains unclear.
In this study, we identified that miR-27a-3p/YAP axis was
involved in ZONs regulated EMT in RCC. It suggests that

miR-27a-3p/YAP regulates EMT in RCC and provides the
new evidence of the role of miR-27a-3p and YAP in EMT dur-
ing cancer progression. Targeting miR-27a-3/YAP axis may be

a potential therapeutic strategy of RCC treatment. Meanwhile,



Fig. 5 ZONs up-regulate YAP expression by enhancing miR-27a-3p. (A) The expression of miR-27a-3p was measured by qPCR in the

cells treated with ZONs. (B) The binding analysis between YAP and miR-27a-3p in TargetHumanScan database. (C-E) The dual luciferase

reporter assays of YAP mRNA 30UTR (C), the qPCR analysis (D) and Western blot analysis (E) of YAP were conducted in CAKI-1 and

786-Ocells treated with control mimic or miR-27a-3p mimic. (F) The Western blot analysis of YAP was carried out in the CAKI-1 and

786-O cells co-treated with ZONs and miR-27a-3p inhibitor. (G) The expression and correlation of miR-27a-3p and YAP was analyzed by

qPCR in clinical RCC tissues (n = 50) and the adjacent non-tumor tissues (n = 50). The Western blot analysis of GPX4 and SLC7A11

(H), ROS analysis (I), iron/Fe2+ analysis (J and K) were conducted in the cells treated with miR-27a-3p mimic. (L) The expression of

Snail, Twist, Vimentin, and E-cadherin was analyzed by Western blot. N = 3, mean ± SD: ** P < 0.01.
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we identified that ZONs down-regulated YAP expression by
enhancing miR-27a-3p to inhibit RCC cell survival. This data

elucidates the downstream mechanism involving miR-27a-3p/
YAP axis in RCC development. As the previous reports,
YAP is a crucial oncogene to modulate metastasis, apoptosis,

and ferroptosis during the cancer development (Wu et al.,
2019). These data provide new insight into the mechanism by
which ZONs inhibits RCC development by targeting miR-
27a-3p/YAP axis.

5. Conclusions

Finally, we concluded that ZONs induced RCC cell ferroptosis

to suppress RCC cell survival by targeting miR-27a-3p/YAP



Fig. 6 ZONs down-regulate YAP expression by inducing miR-27a-3p to suppress RCC cell survival. (A-C) The CAKI-1 and 786-O cells

were treated with ZONs, or co-treated with miR-27a-3p inhibitor or YAP overexpressing plasmids. The MTT assay (A) and Flow

cytometry analysis (B) were carried out. The ROS analysis and iron/Fe2+ analysis (C) were conducted. (D) Western blot analysis of GPX4

and SLC7A11. N = 3, mean ± SD: ** P < 0.01.
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axis. The clinical significance of ZONs for the treatment of

RCC is required to further study and may benefit the targeted
therapy of RCC.
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