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Depletion of NUAK2 blocks the stemness
and angiogenesis and facilitates senescence
of lung adenocarcinoma cells via enhancing
ferroptosis

Jun Fan', Lei Xue', Haoran Lin' and Jinhua Luo'"

Abstract

Background NUAK family kinase 2 (NUAK2) has been identified as an important mediator for tumor progression in
multiple malignancies. Nevertheless, its role in lung adenocarcinoma (LUAD) remains unclear.

Methods Bioinformatic analysis was performed to assess the expression and prognosis of NUAK2 in patients with
LUAD. The NUAK?2 expression was measured in multiple LUAD cell lines, and the loss-of-function experiment was
conducted. Cell proliferation ability was assessed using CCK-8 and colony formation assays. Spheroid formation,
alkaline phosphatase (AP) staining, tube formation and SA--gal staining assays were performed to examine
stemness, angiogenesis and senescence. Lipid peroxidase was assessed by TBARS production and lipid ROS. Western
blot was used to detect critical proteins. In addition, A549 cells were treated with ferroptosis inhibitor ferrostatin-1
(Fer-1) for a rescue assay. Finally, A549 cells were subcutaneously injected into the right flank of mice to establish
LUAD-bearing mouse model, and the tumor weight and size were detected.

Results NUAK2 was upregulated in patients with LUAD and LUAD cell lines. NUAK2 depletion inhibited cell

viability, colonies, tumor spheres and decreased Oct4 and Nanog expression, confirming NUAK2 depletion inhibited
proliferation and stemness of A549 cells. Meanwhile, NUAK2 depletion blocked angiogenesis via reducing formed
tubes and VEGFR1/2 expression, and promoted senescence of A549 cells by elevating SA-B-gal-positive cells and

p16, p21 and p53 expression. Moreover, NUAK2 depletion elevated lipid ROS, TBARS production and Fe?* level,
demonstrating that NUAK2 depletion could trigger ferroptosis in A549 cells. Furthermore, the rescue experiments
revealed that the impacts of NUAK2 depletion on malignant behaviors in A549 cells were partly weakened by
additional Fer-1 treatment. Finally, in vivo experiments demonstrated that NUAK2 knockdown greatly inhibited tumor
growth in LUAD-bearing mice.

Conclusion In summary, NUAK2 depletion impeded oncogenic phenotypes of A549 cells partly via triggering
ferroptosis, suggesting NUAK2 as a novel target for treating LUAD.
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Introduction

Lung cancer ranks among the highest-incidence malig-
nant solid tumors and has become the leading cause of
cancer-related deaths globally, among which non-small
cell lung cancer (NSCLC) is the main pathological type
accounting for 85% of all lung cancer cases and exhibits
a significant growth trend annually [1]. Histologically,
NSCLC can be further classified into lung adenocarci-
noma (LUAD), lung squamous cell carcinoma, and large
cell lung cancer. LUAD is the most prevalent histologi-
cal subtype of lung cancer accounting for beyond 40% of
NSCLC [2]. Despite great improvements at multimodal
therapy such as chemotherapy, molecular targeted ther-
apy and immunotherapy over the past several decades,
prognosis of patients with lung cancer is still not satisfac-
tory [3]. Herin, it is critical to identify novel therapeutic
strategies for LUAD treatment.

Accumulating documents reveal that ferroptosis, a
dynamic tumor suppressor, is deeply implicated in cancer
initiation and progression [4]. Ferroptosis is a new type
of regulated cell death and is characterized by excessive
accumulation of lipid peroxides and reactive oxygen spe-
cies (ROS) via an iron-dependent mechanism [5]. Pre-
vious reports reveal that ferroptosis is silenced in lung
cancer while activated ferroptosis can restrict lung can-
cer cell proliferation, migration and invasion, thereby
retarding tumor development [6, 7]. Thus, ferroptosis
may be a promising target for developing effective thera-
peutic strategies for LUAD treatment.

NUAK family kinase 2 (NUAK2), located on chromo-
some 1q32.1, is a member of the AMP-activated protein
kinase family and has been recognized as an essential
activator for YAP-driven overgrowth, stem cell expansion
and tumorigenesis [8, 9]. Recently, a number of studies
have confirmed that the deregulation of NUAK2 con-
tributes to the tumorigenesis and metastasis of various
malignant tumors. For instance, NUAK2 is upregulated
in gastric cancer tissues, and NUAK2 overexpression
is demonstrated to promote gastric cancer cell prolif-
eration [10]. Meanwhile, OTUD7B can accelerate gastric
cancer procession through upregulating NUAK2 expres-
sion [11]. Further, the upregulated NUAK2 is also found
in breast cancer, and NUAK2 upregulation can promote
tumorigenesis of breast cancer while knockdown of
NUAK? retards the tumorigenesis of breast cancer [12,
13]. Nevertheless, up to date, whether NUAK2 is dys-
regulated in LUAD remains unknown. It is interesting to
find that NUAK?2 has been proved to inhibit glutathione
peroxidase 4 (GPX4) and promote ferroptosis in breast
cancer, suggesting that NUAK2 may act as a ferroptosis
activator [14]. Taken the critical role of ferroptosis during

LUAD development into consideration, whether NUAK2
participates into the pathological processes of LUAD
development through regulating ferroptosis is deserved
to be explored.

Therefore, this study is designed to investigate the
regulatory role of NUAK2 in LUAD, and also attempt to
clarify its molecular mechanism associated with ferrop-
tosis. Our study identifies NUAK2 as a novel promising
target for developing potential therapies in LUAD.

Results

NUAK2 is upregulated in LUAD

First, ENCORI database was adopted to obtain the infor-
mation of NUAK2 expression in LUAD. As exhibited in
Fig. 1A that compared to the normal samples, the expres-
sion level of NUAK2 was elevated in tumor samples.
Meanwhile, as predicted from Kaplan-Meier Plotter,
patients with higher NUAK2 predict lower probabil-
ity of the survival time (Fig. 1B), suggesting NUAK2 as
a tumor promoter. Next, the expression level of NUAK2
was validated again in a series of LUAD cell lines. As
exhibited in Fig. 1 C-D that compared to the BEAS-2B
cells, both mRNA level and protein expression of NUAK2
were significantly increased in LUAD cell lines, includ-
ing HCC827, PC-9, A549 and NCI-H1975 cells. Of note,
A549 cells presented highest NUAK2 expression among
all cell lines, and thus A549 cells were used in the further
experiments.

NUAK2 depletion blocks the proliferation and stemness of
A549 cells

To explore the regulatory role of NUAK2 in LUAD, A549
cells were transfected with sh-NUAK2-1 or sh-NUAK2-2
to achieve knockdown of NUAK?2. Attributed to a supe-
rior transfection efficacy, sh-NUAK2-2 was selected in
following experiments (Fig. 2A-B). Subsequently, CCK-8
assay and colony formation assay revealed that NUAK2
knockdown significantly inhibited cell viability and
reduced colonies (Fig. 2 C-D), demonstrating the anti-
proliferative ability of NUAK2 knockdown in A549 cells.
In addition, according to sphere formation and alkaline
phosphatase (AP) staining assays, reduced tumor spheres
in sh-NUAK2 group were observed, in comparison to
sh-NC group (Fig. 2E). Meanwhile, the protein expres-
sion of Oct4 and Nanog was greatly declined following
NUAK2 knockdown (Fig. 2F), revealing that NUAK2
knockdown could restrict the stemness of A549 cells.



Fan et al. Cell Division (2024) 19:23 Page 3 of 12
NUAK2
A NUAK2 with 526 cancer and 59 normal samples in LUAD B < HR - 1 38 (1 05 _ 1 82)
! Data Source: ENCORI project Iogrank P=0019
<«
, *kk o
: —_ g B k™
N N
= ———| o | g
e a0 My
E; - - i I H——H[PH
£ = . ~ —
a o = S | Expression [ EE +
! ; — low . : ’
! : g l |‘7 hlgh T T T
0 50 100 150
Time {months)
Number at risk
low 295 71 18 4
high 200 34 8 1
Cc £ D .é
0
2 4 S 5
s Sk % *k%k
»
o
:t, 34 _— ek c — KRk
E sk s ; o 21
E NUAK2 —-———-ﬁfnmc—& g__ *
N
§ GAPDH o e o e g 1
5 11 5
=z A 9 O &
[+ ,Q’ cbqr () ‘)b‘ cs\ =
> 9" OY T v N o
g 0- & F & 2 0
& O A D O O ® A 9 9 4
T g8 N L R
/4 W 00 QT W o v? oo QT ¥ ,z:\
O %l R ¥
2 & < S

Fig. 1 NUAK2 is upregulated in LUAD. (A) The NUAK2 expression in LUAD samples and normal samples was obtained from ENCORI database. ***p <0.001.
(B) Kaplan-Meier Plotter database was used to assess NUAK2-related prognosis of patients with LUAD. (C) mRNA level and (D) protein expression of NUAK2
were detected using gRT-PCR and western blot, respectively. *p <0.05, ***p <0.001 vs. BEAS-2B

NUAK2 depletion blocks angiogenesis and promotes
senescence of A549 cells

Next, it was observed from tube formation assay that
compared to the sh-NC group, the tube structure was
severely destroyed in sh-NUAK2 group (Fig. 3A). Accord-
ingly, the expression level of VEGFR1 and VEGFR2 was
significantly decreased following NUAK2 knockdown
(Fig. 3B), suggesting that NUAK2 depletion restricted in
vitro angiogenesis. Moreover, compared to the sh-NC
group, accumulating senescence [-galactosidase (SA-f-
gal)-positive cells were found in the sh-NUAK2 group,
accompanied with increased protein expression of pl6,
p21 and p53 in NUAK2-depleted A549 cells (Fig. 3C-D),
revealing that NUAK2 knockdown could promote the
senescence of A549 cells.

NUAK2 depletion triggers ferroptosis in A549 cells
Further, as NUAL2 was linked to ferroptosis, we
sought to determine the effect of NUAK2 depletion on

ferroptosis in A549 cells. As exhibited from BODIPY
(581/591) C11 staining, the oxidized BODIPY C11 was
significantly elevated in the sh-NUAK2 group compared
to the sh-NC group (Fig. 4A), confirming that NUAK2
knockdown facilitated the production of lipid ROS.
Consistently, we also observed the higher thiobarbitu-
ric acid reactive substance (TBARS) production in sh-
NUAK?2 group than that in sh-NC group, confirming that
NUAK2 knockdown increased lipid peroxidases in A549
cells (Fig. 4B). Meanwhile, NUAK2 knockdown also led
to excessive Fe?" level in A549 cells (Fig. 4C). Further,
compared to the sh-NC group, the protein expression of
SLC7A11, GPX4 and FTH1 was downregulated and the
protein expression of ACSL4 was upregulated in the sh-
NUAK?2 group (Fig. 4D). Taken together, these findings
suggested that NUAK2 knockdown enhanced ferroptosis
in A549 cells.
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Fig. 2 NUAK2 depletion blocks the proliferation and stemness of A549 cells. (A) A549 cells were transfected with sh-NUAK2-1 or sh-NUAK2-2 to achieve
knockdown of NUAK2, and the mRNA level of NUAK2 was examined by gRT-PCR. (B) The protein expression of NUAK2 was examined by western blot. (C)
CCK-8 assay was conducted to examine cell viability. (D) The colony formation assay was conducted to assess the proliferation ability. (E) Tumor spheres
formation and AP staining assays were examined to reflect the stemness. (F) The protein expression of Oct4 and Nanog was examined using western blot.

**p<0.01,**p<0.001 vs. sh-NC
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Fig. 3 NUAK2 depletion blocks angiogenesis and promotes senescence of A549 cells. (A) The tube formation assay was performed to assess in vitro
angiogenesis. (B) The protein expression of VEGFR1 and VEGFR2 was examined using western blot. (C) SA-3-gal staining was performed to evaluate the
senescence. (D) The protein expression of p16, p21 and p53 was examined using western blot. ***p <0.001 vs. sh-NC

Ferroptosis inhibitor partly abolishes the regulatory
impacts of NUAK2 depletion on cell proliferation,
stemness, angiogenesis and senescence

To clarify whether NUAK2 regulated malignant behav-
iors of A549 cells through ferroptosis, NUAK2-depleted

A549 cells were treated with ferroptosis inhibitor fer-
rostatin-1 (Fer-1; 1 pM) for 24 h. Compared to the
sh-NUAK2 group, the cell viability and the number
of colonies were significantly elevated in the Fer-1+sh-
NUAK2 group (Fig. 5A-B), revealing that the Fer-1
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Fig. 4 NUAK2 depletion triggers ferroptosis in A549 cells. (A) Lipid ROS was measured by BODIPY (581/591) C11 staining. (B) Lipid peroxidation was
determined by TBARS method. (C) Fe?* level in A549 cells was examined using an Iron Assay kit. (D) Ferroptosis-related proteins were detected using

western blot. **p <0.01, ***p <0.001 vs. sh-NC

treatment partly weakened the anti-proliferative abil-
ity of NUAK2 depletion in A549 cells. Meanwhile, the
inhibitory effects of NUAK2 knockdown on the stemness
and in vitro angiogenesis were also partially weakened
by Fer-1 treatment, evidenced by the increased sphere
diameter, improved tube structure, and elevated protein
expressions of Oct4, Nanog, VEGFR1 and VEGFR2 in
Fer-1+sh-NUAK2 group in comparison to sh-NUAK2
group (Fig. 5C-F). Further, compared to the sh-NUAK2
group, the SA-P-gal-positive cells were remarkably
declined in Fer-1+sh-NUAK2 group, and the expression
levels of p16, p21 and p53 in NUAK2-depleted A549 cells
were significantly decreased following Fer-1 treatment
(Fig. 5G-H), revealing that ferroptosis inhibition partly
blocked NUAK2 depletion-induced senescence in A549
cells.

NUAK2 depletion restricts tumor growth in mice

Finally, in vivo animal study was conducted to validate
the critical role of NUAK2 in LUAD. A549 cells were
subcutaneously injected into the right flank of mice to
establish LUAD-bearing mouse model. As observed in
Fig. 6A-B, the tumor size of mice in sh-NUAK2 group
was much smaller than that in the sh-NC group. Mean-
while, compared to the sh-NC group, the tumor weight
was greatly decreased in the sh-NUAK2 group (Fig. 6C).
Therefore, above findings demonstrated that NUAK2
knockdown greatly inhibited tumor growth in LUAD-
bearing mice.

Discussion

Lung cancer is a great threaten to human health and
medical burden due to its high mobility and mortal-
ity rates [15]. Clarifying the pathogenesis of lung cancer
is essential to develop effective therapeutic strategies
for the treatment of lung cancer. In the present study,
we identified that NUAK2 was upregulated in LUAD
samples and cell lines. Functionally, NUAK2 depletion
could significantly suppress the proliferation, stemness
and angiogenesis and promote senescence of A549 cells,
and also restricted tumor growth in mice. In the term of
mechanism, NUAK2 depletion dramatically triggered
ferroptosis of A549 cells, and inhibition of ferroptosis
partially weakened the anti-tumor activity of NUAK2
depletion, suggesting that NUAK2 depletion impeded
oncogenic phenotypes of A549 cells partly via triggering
ferroptosis.

Cancer stemness cells (CSCs), a special range of cancer
cells, have a high capability of self-renewal, pluripotency,
and tumor initiation, playing an important role in cancer
metastasis, recurrence and drug resistance [16, 17]. Oct4
and Nanog are classical cancer stems cell biomarker, the
high expression of which is closely associated with the
recurrence and metastasis of cancers [18]. A previous
study revealed that co-expression of Nanog and Oct4
induced epithelial-mesenchymal transition, enhanced
CSC properties and thereby facilitated the malignancy
of LUAD [19]. CircRNA circ_POLA2 served as a poten-
tial therapeutic target for lung cancer patients due to its
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Fig. 5 Ferroptosis inhibitor partly abolishes the regulatory impacts of NUAK2 depletion on cell proliferation, stemness, angiogenesis and senescence. (A)
A549 cells were transfected with sh-NUAK2, with or without ferrostatin-1 (Fer-1; 1 uM) treatment for 24 h. Cell viability was assessed using CCK-8 assay.
(B) The colony formation assay was conducted to assess the proliferation ability. (C) Tumor spheres assay and AP staining assay were conducted to reflect
the stemness. (D) The protein expression of Oct4 and Nanog was examined using western blot. (E) The tube formation assay was performed to assess in
vitro angiogenesis. (F) The protein expression of VEGFR1 and VEGFR2 was examined using western blot. (G) SA-B-gal staining was performed to evalu-
ate the senescence. (H) The protein expression of p16, p21 and p53 was examined using western blot. ***p <0.001 vs. sh-NC; #p < 0.05, ##p <0.01 and

###p <0.001 vs. sh-NUAK2

promotive effect on lung cancer cell stemness, evidenced
by enhancing sphere-formation ability and stemness
marker expression (Oct4 and Nanog) [20]. Thus, we also
assessed the stemness-associated transcription factors in
this study. The findings exhibited that NUAK2 depletion
significantly declined the protein expression of Oct4 and
Nanog, suggesting that the CSCs property was weakened
by NUAK2 depletion. In addition, the tumor spheres
were also decreased following NUAK2 depletion in
A549 cells. Therefore, these findings demonstrated that
NUAK?2 depletion could repress stem-like characteristics
of LUAD cells.

Cellular senescence is an aging-related process char-
acterized by an irreversible growth arrest which can
prevent uncontrolled cell proliferation events [21]. Senes-
cent cells are featured as enlarged and flat cell morphol-
ogy and well-defined molecular changes, such as elevated
activities of B-galactosidase and upregulated expressions
of p16 and p21 [22, 23]. Currently, cellular senescence
has been recognized as an endogenous tumor-suppres-
sive mechanism, and considerable concern has been paid
on the modulation of cellular senescence in lung cancer
[24, 25]. It was reported that senescent cells within lung
cancer tissues were linked to unfavorable prognosis of
patients [26]. Wattanathamsan O et al. demonstrated
that CAMSAP3 knockout could promote lung cancer
cell senescence-associated phenotypes and restrict cell
proliferation ability, thereby delaying tumor initiation
and growth [27]. Zhang XL et al. identified Marchantin
C as an effective natural compound preventing against
lung cancer through inducing cellular senescence [28].
Therefore, developing novel regulators/drugs target-
ing senescence provides alternative options for cancer
treatment. In terms of NUAK2, a previous study dem-
onstrated that NUAK2 knockdown could induce cellular
senescence and inhibit the migration of melanoma cells
[29]. Consistently, in the present study, it was observed
that NUAK2 depletion markedly increased senescent
cells (SA-B-gal-positive), and elevated p16, p21 and p53
levels, confirming that NUAK2 knockdown could facili-
tate cellular senescence in lung cancer cells, which might
partly account for the anti-tumor activity of NUAK2
depletion against lung cancer. Furthermore, the lat-
est report evidences that senescent tumor cells have
acquired vulnerability to ferroptosis induction [30]. Pro-
tein p53, a critical mediator of senescence, can also mod-
ulate the response to ferroptosis via GPX4-dependent

and GPX4-independent pathway [31]. Consistently, it
was revealed in this study that NUAK2 knockdown facili-
tated cellular senescence in A549 cells, accompanied with
upregulated p53/GPX4 and enhanced ferroptosis. How-
ever, the complex connection between senescence and
ferroptosis is little research to date [32]. Although we
further demonstrated that ferroptosis inhibition could
weaken NUAK2 knockdown-induced senescence in
A549 cells, the detailed mechanisms are required to be
investigated.

Some limitations are presented in this study. On the
one hand, more shRNAs in cell phenotype assays are
required to exclude the shRNA off-target possibility. On
the other hand, this study raised multiple aspects (such
as senescence, stemness and angiogenesis) through
which NUAK2 contributed to the progression of LUAD,
while detailed mechanism on the association among
NUAK2, NUAK2-mediated ferroptosis and these aspects
are required to be explored in our future work.

Conclusion

In summary, this work, for the first time, disclosed that
NUAK2 was upregulated in lung cancer and contrib-
uted to the tumorigenesis and metastasis of lung cancer.
NUAK?2 depletion hindered the in vitro malignant behav-
iors of A549 cells and restricted in vivo tumor growth
partially through triggering ferroptosis. NUAK2 might be
an effective therapeutic approach for the targeted therapy
of clinical treatment of lung cancer.

Methods and materials

Bioinformatic analysis

The gene expression of NUAK2 in LUAD samples
(n=526) and the normal samples (#=59) was obtained
from the Encyclopedia of RNA Interactomes portal
(ENCORI, https://rna.sysu.edu.cn/encori/index.php)
[33]. Kaplan-Meier Plotter (https://kmplot.com/analy-
sis/) database [34] was utilized to predict the prognosis of
NUAK?2 in LUAD.

Cell culture

Human normal lung epithelial cells (BEAS-2B) were
obtained from iCell (Shanghai, China) and were incu-
bated with Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin (P/S). Human
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Fig. 6 NUAK2 depletion restricts tumor growth in mice. (A) 4x 10° A549 cells with sh-NC or sh-NUAK2 were subcutaneously injected into the right
flank of mice. After sacrifice, tumors were observed. (B) Tumor volume was measured each four days. (C) After sacrifice, the tumor weight was recorded.

***n < 0,001 vs. sh-NC

lung cancer cell lines (HCC827, PC-9, A549 and NCI-
H1975) were obtained from Procell (Wuhan, China), and
A549 cells were incubated with F12K Medium (Gibco)
while the other cells were incubated with Roswell Park
Memorial Institute (RPMI)-1640 medium, supplemented
with 10% FBS and 1% P/S. All cells were maintained at
37 °C in a humidified incubator with 5% CO,.

Total RNA isolation and quantitative real-time PCR (qRT-
PCR)

Total RNA was isolated from A549 cells using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in line
with the guidelines. Subsequently, 1 pg of total RNA was
reverse transcribed into ¢cDNA using the Prime-Script

one-step RT-PCR kit (Takara, Dalian, China). Thereafter,
qRT-PCR was carried out using iQTM SYBR Supermix
(Bio-Rad, Hercules, CA, USA) on an ABI PRISM 7300
detection system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The relative mRNA level of genes was
calculated using the 27244 method and normalized to
the internal standard GAPDH.

Western blot

A549 cells were lysed using RIPA lysis buffer. After cen-
trifugation, the supernatant was harvested and the total
protein concentration was detected utilizing the BCA
protein assay kit (Beyotime, Shanghai, China). Sub-
sequently, SDS-polyacrylamide gel electrophoresis
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(SDS-PAGE; Beyotime) was used to separate proteins,
and the segregated proteins were transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Merck Millipore,
Germany). After being blocked with nonfat milk, the
membranes were probed with primary antibodies at 4 °C
overnight, and then incubated with secondary antibod-
ies at room temperature for 2 h. Eventually, the protein
bands were developed using an enhanced chemilumines-
cence kit (ECL; Beyotime).

Cell transfection

Short hairpin RNAs targeting NUAK2 (sh-NUAK2-1 and
sh-NUAK2-2) were obtained from GenePharma (Shang-
hai, China), and the empty plasmid acted as the negative
control (sh-NC). When achieved 60-70% confluence,
A549 cells were transfected with sh-NC or sh-NUAK2-1/
sh-NUAK2-2 using Lipofectamine 3000 reagent (Invitro-
gen) strictly in line with the manufacturer’s protocol. 48 h
post transfection, the transfected cells were harvested for
following experiments.

Cell viability

Cell viability was assessed using Cell Counting Kit (CCK-
8; Yeasen, China) following the manufacturer’s instruc-
tions. In brief, A549 cells were inoculated into 96-well
plates at a density of 1x10? cells/well. After incubation at
37 °C for 6 h, 24 h, 48 h and 72 h, respectively, the CCK-8
reagent was added to each well, and the plates were incu-
bated at 37 °C for 3 h. Eventually, the plates were mea-
sured by a microplate reader (Bio-Tek Instruments,
Wibooski, VT, USA) to obtain the absorbance at 450 nm.

Colony formation assay

Cells were inoculated into 6-well plates and cultured at
37 °C in a humidified incubator with 5% CO,. After 2
weeks, cells were fixed with 100% methanol and stained
with 0.1% crystal violet at room temperature. The visible
colonies with more than 50 cells were photographed.

Spheroid formation assay and AP staining

A549 cells were cultured with F12K Medium containing
5 mg/L of heparin, 20 pg/L of hEGF, 2% B27, and 10 pg/L
of bFGF in Ultra-Low Attachment 6-well plate (Costar,
Corning, NY, USA). After incubation for 10 days, the
tumor spheres (sphere diameter over 50 um) were pho-
tographed. In addition, for the assessment of pluripotent
stem cells, Alkaline Phosphatase Stain Kit (Yeasen) was
applied. In brief, after the growth medium was removed,
the spheroids were stained with AP staining reagent for
30 min for visualization in line with the protocols of the
product.
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Tube formation assay

In vitro tube formation assay was conducted to assess
angiogenesis ability. In brief, transfected A549 cells
were inoculated into 6-well plates for 24 h. The culture
medium was then changed to serum-free medium and
cells were incubated at 37 °C for another 48 h. The super-
natant was collected as the conditional medium. 2x10*
HUVECs were inoculated into 96-well plates which were
pre-coated with Matrigel (BD Biosciences, Billerica, MA,
USA) and were cultured with above conditional medium
from each group. After incubation at 37 °C for 12 h, the
tube structures were photographed by microscopy.

Senescence-Associated B-Galactosidase staining

A549 cells were fixed with 4% paraformaldehyde for
15 min. After washing, cells were stained with SA-p-gal
(Beyotime) at 37 °C in the darkness overnight in line with
the manufacturer’s guidelines. The SA-B-gal-positive
cells were photographed by a light microscopy (Olympus,
Tokyo, Japan).

Thiobarbituric acid reactive substance (TBARS) assay

Lipid peroxidation was assessed by TBARS assay. In brief,
A549 cells were incubated with trichloroacetic acid and
butylated hydroxyanisole. After centrifugation, the col-
lected supernatant was mixed with trichloroacetic acid
again, followed by boiling. Eventually, a microplate reader
(Bio-Tek Instruments) was used to obtain the absorbance
at 450 nm.

BODIPY (581/591) C11 staining

Lipid ROS was measured by BODIPY (581/591) C11
staining (Invitrogen) according to the manufacturer’s
protocols. In brief, cells were inoculated into 6-well plates
and cultured at 37 °C in a humidified incubator with 5%
CO,. After washed with PBS, cells were incubated with
10 uM BODIPY (581/591) C11 at 37 °C in the darkness
for 30 min. Eventually, fluorescence was measured using
an inverted fluorescence microscope (Olympus).

Assessment of iron level

An Iron Assay kit (Abcam, Cambridge, UK) was used to
assess levels of Fe?* in A549 cells. In brief, the cell lysates
were incubated with iron probe at 37 °C for 60 min away
from the light in line with the manufacturer’s instruc-
tions. The microplate reader (Bio-Tek Instruments) was
used to obtain the absorbance at 593 nm.

Animal study

10 male BALB/c-nu mice (4-6-week-old; 18-20 g)
obtained from Shanghai SLAC Laboratory Animal
Center were kept in a standard environment with free
access to water and food. All animal studies were car-
ried in compliance with the ARRIVE guidelines and
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were approved by the First Affiliated Hospital of Nan-
jing Medical University. 4x10° A549 cells with sh-NC or
sh-NUAK2 were subcutaneously injected into the right
flank of mice. The tumor volume was monitored every
four days with the formula: Tumor volume=Length x
width?/2. Mice were sacrificed on the day 28 following
cell injection, and tumors were harvested for weighing.

Statistical analysis

All data are presented as mean+standard deviation (SD).
All statistical analyses were carried out using Graph-
Pad Prism (GraphPad Software, San Diego, CA, USA).
The differences among groups were analyzed by analy-
sis of variance (ANOVA), followed by Tukey’s post hoc
test. P<0.05 was considered to indicate statistically
significant.
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