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Deubiquitinase USP18 mediates cell
migration, apoptosis and ferroptosis in lung
adenocarcinoma by depending on POU4F1/
PRKAA2 axis

Xinping Pan' and Hui Deng”

Abstract

Background Lung adenocarcinoma (LUAD) is a common type of lung cancer and its pathogenic mechanism is
complicated. A profound research for the molecular mechanism in LUAD is indispensable.

Methods Gene levels were detected via real-time quantitative polymerase chain reaction and western blot.
Proliferation, migration and apoptosis were assessed using colony formation assay, wound healing assay, and flow
cytometry. Ferroptosis was evaluated through oxidative stress and iron level. Relations between genes were analyzed
using Immunoprecipitation (IP) assay and ubiquitination assay, as well as ChIP assay and dual-luciferase reporter assay.
USP18 function in vivo was explored using xenograft model.

Results Ubiquitin-specific protease 18 (USP18) was overexpressed in LUAD tissues and cells. LUAD cell proliferation
and migration were suppressed but apoptosis and ferroptosis were enhanced after USP18 knockdown. Pou domain,
class 4, transcription factor 1 (POU4F 1) protein expression was stabilized through USP18-mediated deubiquitination.
Function of USP18 silence was reversed by POU4F1 overexpression in LUAD cells. POU4F1 promoted transcription of
AMPK-a2 (PRKAA2) and USP18 modulated PRKAA2 protein level via affecting POU4F 1. POU4F1 regulated LUAD cell
behaviors by upregulating PRKAA2. USP18 enhanced tumor growth in vivo via mediating POU4F1 and PRKAA2.
Conclusion All data demonstrated that USP18 acted as an oncogene in LUAD via interacting with POU4F1/PRKAA2
axis.
Highlights

- Silence of USP18 promotes lung adenocarcinoma cell apoptosis and ferroptosis.

- USP18 affects lung adenocarcinoma cell progression by stabilizing POU4F1 protein.
- USP18 regulates PRKAA2 via enhancing POU4F1.
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Introduction

Lung adenocarcinoma (LUAD) is a common type of lung
cancer and it accounts for about 40% of cases in lung can-
cers [1]. LUAD poses a serious global health burden due
to high morbidity and frequent recurrence or drug resis-
tance, ultimately resulting in unfavorable prognosis [2,
3]. It is imperative to comprehend the biological mech-
anisms underlying tumor malignant development to
discover the advanced treatment strategies of LUAD. Fer-
roptosis is an iron-dependent regulated cell death (RCD)
caused by lipid peroxidation, and targeting ferroptosis is
considered as an alternative therapy for targeting apop-
tosis in LUAD [4]. Hence, discovering the biomarkers for
ferroptosis may contribute to the treatment of LUAD.

Deubiquitination is a pivotal post-translational modifi-
cation in the protein reactions of human body and plays
an essential role in multiple diseases [5]. Deubiquitinat-
ing enzymes (DUBs) are vital regulators of deubiquitina-
tion by removing ubiquitin (Ub) molecules from various
substrates and maintaining protein stability [6]. DUBs
have been regarded as anticancer target candidates for
LUAD treatment [7]. Ubiquitin-specific proteases (USPs)
are one of the common types of DUBs, and exhibit the
pivotal regulation in LUAD via the mediation of deu-
biquitination. For example, USP22 facilitated oncogenic
activity of LUAD cells by acting as a DUB of COL17A1
[8]. Also, USP38 exerted the promoting function in the
malignant progression for LUAD by enhancing the deu-
biquitination of KLF5 [9]. USP18 is a common DUB with
a central role in human cancer [10]. The functional role
and regulatory mechanism of USP18 in LUAD remain to
be investigated.

USP18 is known to regulate various processes to accel-
erate the development of several autoimmune diseases
and carcinogenesis [11]. USP18 can stabilize Twistl by
cleaving its ubiquitination to facilitate cell metastasis in
glioblastoma [12]. USP18 was shown to promote lung
tumorigenesis and affect fatty acid metabolism [13].
In addition, loss of USP18 suppressed lung cancer cell
metastasis by destabilizing the downstream target [14].
To a certain extent, the oncogenic function of USP18 in
lung cancer is attributed to the deubiquitination regula-
tion. DUBs can regulate the main types of RCD, includ-
ing apoptosis and ferroptosis [15]. The effects of USP18
on LUAD cellular behaviors, especially in ferroptosis, are
worth studying.

Pou domain, class 4, transcription factor 1 (POU4F1)
is a member of class IV POU genes with unique upreg-
ulation and tumorigenic properties in many cancers,
such as breast cancer and esophageal squamous cell
carcinoma [16, 17]. POU4F1 was reported to be aber-
rantly expressed in lung cancer [18], however, the role
of POU4F1 in LUAD is still unexplored. AMPK-a2
(PRKAA2) is an AMP-activated protein kinase with
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oncogenic regulation in promoting invasion and migra-
tion of LUAD [19]. In addition, PRKAA2 mediated by
miR-186-5p could affect ferroptosis of LUAD cells [19].
The potential deubiquitination of USP18 for POU4F1, as
well as the relation between POU4F1 and PRKAA2, is
completely unknown in LUAD. Meanwhile, whether the
effects of USP18 and POU4F1 on ferroptosis are related
to PRKAA2 is required to be explored.

In this study, the biological function and deubiquitina-
tion effect of USP18 were mainly explored. Moreover, the
transcriptional regulation of POU4F1 on PRKAA2 was
also studied. USP18-mediated POU4F1/PRKAA2 axis
was firstly investigated in migration and ferroptosis of
LUAD.

Materials and methods

Datasets

Expression prediction was administrated via Timer (htt
ps://cistrome.shinyapps.io/timer/) and Ualcan (https://
ualcan.path.uab.edu/index.html). Ubibrowse (http://ub
ibrowser.bio-it.cn/ubibrowser/) and Jaspar (https://jasp
ar.elixir.no/analysis) were employed for predicting gene
interaction.

Tissues and cells

LUAD samples and normal controls were acquired from
LUAD patients (n=35) with surgical treatment at Dingxi
People’s Hospital, then instantly stored at -80°C. Gene
protein expression in tissue samples was analyzed using
immunohistochemistry (IHC) as previously reported
[20]. All procedures were authorized by the Ethics Com-
mittee of Dingxi People’s Hospital, based on acquisi-
tion of the written informed consent forms. LUAD
cells (H1299, A549) and normal 16HBE cells (BioVec-
tor NTCC Inc., Beijing, China) were grown in culture
solution consisted of DMEM medium, 10% fetal bovine
serum and 1% antibiotic in 37°C, 5% CO, incubator.
These reagents for cell culture were provided by Gibco
(Carlsbad, CA, USA).

Transfection of RNA or vector

Short hairpin RNA against USP18 (sh-USP18) or
POU4F1 (sh-POU4F1), pcDNA-USP18 (USP18),
pcDNA-POU4F1 (POU4F1) and pcDNA-PRKAA?2
(PRKAA2) were purchased from GENESEED (Guang-
zhou, China). Normal control (NC) was set by sh-NC
and pcDNA. Transfection of these RNAs and vectors was
implemented utilizing Lipofectamine™ 3000 (Invitrogen,
Carlsbad, CA, USA), then cells were collected for the
later research.
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Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was separated from clinical samples or har-
vested cells employing RNAiso Plus Reagent (Takara,
Beijing, China), followed by transformation of RNA
into ¢cDNA via PrimeScript™ RT reagent Kit (Takara)
and cDNA amplification through TB Green®Premix Ex
Taq™ 11 reagent (Takara) applying with specific primers
(Table 1). Gene expression was standardized to B-actin,
and data analysis was administrated via 2722 method.

Western blot

After total protein extraction by RIPA buffer (Sangon,
Shanghai, China), 50 pg proteins of each group were elec-
trophoresed. Isolated proteins on gels were transferred
onto PVDF membranes (Sigma, St. Louis, MO, USA),
and then blocked in 5% non-fat milk (Invitrogen). PVDF
membranes and the primary antibodies against USP18
(Abcam, Cambridge, UK; ab161390), POU4F1 (Abcam,
ab245230), PRKAA2 (Abcam, ab214425) were co-incu-
bated at 4°C overnight with a ratio of 1:1000. B-actin
(Abcam, ab8227) was employed as the internal control.
After the secondary antibody (Abcam, ab205718, 1:2000)
was incubated at 25°C for 45 min, protein blots were
displayed via Electrochemiluminescence (ECL) regent
(Sigma). Image ] software was utilized for protein level
analysis.

Colony formation assay

LUAD with 500 cells/well in 6-well plates were culti-
vated under normal condition for 14 d. When the white
colonies were observed, methanol (Beyotime, Shanghai,
China) and crystal violet (Beyotime) were added to fixate
and stain these colonies. Finally, colonies were numbed
using Image J software.

Wound healing assay

LUAD cells were cultured to mono-layer confluence,
then two straight scratches were generated employing
a sterile pipette tip. Cells of each well were washed and
then cultured with serum-free medium for 24 h. Images
were obtained by a digital camera. Wound healing
ratio = wound distance/wound widthg,.

Table 1 Primer sequences used for RT-gPCR

Name Primer sequences (5’-3)

UsP18 Forward AGTGAAGTCGTGCTGTCCTG
Reverse CCCAAACGCCTTGCTCATTC

POU4F1 Forward TGCATGTTGGGCGAAAACAG
Reverse TCCACCAGCAGCTTGTAAGG

PRKAA2 Forward CGGGTGAAGATCGGACACTA
Reverse AACTGCCACTTTATGGCCTG

B-actin Forward CTTCGCGGGCGACGAT

Reverse CCACATAGGAATCCTTCTGACC
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Flow cytometric assay

Firstly, 4 x 10* cells were harvested after 48 h of transfec-
tion. Subsequently, cells were incubated with Annexin
V-FITC and Propidium Iodide in accordance with opera-
tion procedures of Annexin V-FITC Apoptosis Detection
Kit (Invitrogen). Then, Flow cytometer (BD Biosciences,
San Diego, CA, USA) was utilized for cell analysis. Apop-
tosis rate = apoptotic cells/total cells x100%.

Oxidative analysis

Reactive oxygen species (ROS), malondialdehyde (MDA)
and glutathione (GSH) were examined through ROS
Assay Kit (Invitrogen), MDA Assay Kit (Sigma) and Glu-
tathione Colorimetric Detection Kit (Invitrogen) based
on the users’ guidelines.

Fe?* level

Fe’* level was determined via iron assay kit (Sigma)
in line with the supplied specification. After Fe** was
reduced to Fe** by Iron Reducer, iron Probe was incu-
bated for 1 h away from light and absorbance at 593 nm
was examined.

Immunoprecipitation (IP) assay

H1299 and A549 cells were lysed in RIPA containing
protease inhibitor (Beyotime), followed by concentra-
tion detection via BCA protein assay kit (Beyotime). Cell
lysates were immunoprecipitated with antibodies over-
night at 4°C, followed by incubation with protein A/G-
agarose beads (Beyotime). The complexes were washed
five times, then the bound proteins were collected for
western blot analysis.

Ubiquitination assay

H1299 and A549 cells were performed with transfec-
tion of sh-NC and sh-USP18 for 24 h. Then the immu-
noprecipitated protein was washed with lysis buffer and
then examined by western blot with anti-USP18 (Abcam,
ab161390), anti-POU4F1 (Abcam, ab245230), and anti-
ubiquitin (Abcam, ab7780) antibodies. In addition, cells
were transfected with pcDNA, USP18, or enzyme-dead
USP18-C64S mutant followed by ubiquitination level
detection of POU4F1.

Protein stability detection

H1299 and A549 cells were transfected with sh-NC or sh-
USP18, followed by treatment with 100 pM cyclohexyl-
amine (CHX, Sigma) for different times (O h,3h, 6 h,9h
and 12 h) or 20 uM M G132 (Selleck, Houston, TX, USA)
for 3 h. Then the protein level of POU4F1 was detected
using western blot. Additionally, half-life of POU4F1 was
detected by western blot after transfection with USP18 or
USP18-C64S under the treatment of CHX.
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ChiP

Enrichment of PRKAA?2 promoter was evaluated through
using a ChIP Assay Kit (Beyotime) following users’ guide-
lines. POU4F1 antibody (anti-POU4F1) or IgG antibody
(anti-IgG) was mixed with clear nuclear lysates for IP.
Co-precipitated DNA was purified and enrichment of
PRKAA2 promoter was assayed via qPCR.

Dual-luciferase reporter assay

PRKAA2 sequences of wild-type (WT) and mutant-type
(MUT) were cloned into the empty pmirGLO plasmid
(Promega, Madison, W1, USA), respectively. PRKAA2-
WT or PRKAA2-MUT and pcDNA or POU4F1 were
co-transfected into H1299 and A549 cells. Following
48 h, cells were harvested and then luciferase level was
evaluated via Dual-Luciferase® Reporter Assay System
(Promega).

Animal model

Six-week-old male BALB/c nude mice (Vital River
Laboratory Animal Technology, Beijing, China) were
employed for establishing xenograft model. 5x10°
A549 cells with different transfection (sh-NC, sh-
USP18, sh-USP18+POU4F1, sh-POU4F1, or sh-
POU4F1 + PRKAA2) were subcutaneously injected into
the right of back of mice. Tumor growth was observed
via recording volume (length x width?/2) and mice was
euthanized at 28 d. CO, inhalation is currently the most
common method of euthanasia for laboratory mice [21].
All mice were sacrificed by displacing the 30% air of cage
each minute using the flow rate of CO, according to the
current guideline of American Veterinary Medical Asso-
ciation (AVMA). Then, tumors were dissected and weight
of each tumor was measured. PRKAA2 protein detec-
tion was implemented through western blot and IHC
assay. All operations on mice have obtained ratification
from the Animal Ethical Committee of Dingxi People’s
Hospital.

Statistical analysis

Group comparison was administrated through Student’s
t-test or ANOVA followed by Tukey’s test. Each experi-
ment was independently carried out for three times. Data
were revealed as mean+SD. SPSS 22.0 and GraphPad
Prism were applied for statistical analysis. P<0.05 was
shown as a significant difference.

Results

USP18 was upregulated in LUAD tissues and cells

Timer dataset (Fig. 1A) and Ualcan dataset (Fig. 1B) pre-
dicted that USP18 was highly expressed in LUAD tumor
samples. After tissue collection, IHC analysis demon-
strated that USP18 protein expression was upregulated
in LUAD compared to normal tissues (Fig. 1C). RT-qPCR
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and western blot results exhibited the upregulation of
USP18 in LUAD tissues relative to non-cancer tissues
(Fig. 1D-E). Also, mRNA and protein levels of USP18
were significantly increased in H1299 and A549 cells
contrasted with normal 16HBE cells (Fig. 1F-G). USP18
was confirmed as a upregulated gene in LUAD.

Knockdown of USP18 promoted apoptosis and ferroptosis
of LUAD cells

H2199 and A549 cells were transfected with sh-NC,
sh-USP18 for function analysis of USP18. Western blot
indicated that knockdown efficiency of sh-USP18 was
significant when compared to sh-NC group (Fig. 2A). By
performing colony formation assay, colony number was
shown to be decreased after silence of USP18 (Fig. 2B).
Wound healing assay suggested that cell migration ability
was suppressed, as the result of USP18 downregulation
(Fig. 2C). More importantly, RCD plays a essential role in
cancer progression, and we further explored the effects of
USP18 on cell apoptosis and ferroptosis. Apoptosis rate
(Fig. 2D) and ROS level (Fig. 2E) were increased after
USP18 was knocked down. Silencing USP18 resulted in
the upregulation of MDA (Fig. 2F), the reduction of GSH
(Fig. 2G) and the increase of Fe*" level (Fig. 2H). In sum-
mary, USP18 knockdown inhibited proliferation, migra-
tion but enhanced apoptosis and ferroptosis in LUAD
cells.

USP18 stabilized POU4F1 protein expression through
inducing de-ubiquitination

Ubibrowser dataset revealed that POU4F1 was a sub-
strate of USP18 (Fig. 3A). IP assay indicated that POU4F1
could be detected by anti-USP18 and USP18 was also
enriched by anti-POU4F1, suggesting the interaction
between USP18 and POU4F1 in LUAD cells (Fig. 3B-C).
In addition, knockdown of USP18 reduced the protein
expression of POU4F1 but increased the ubiquitina-
tion level of POU4F1 (Fig. 3D). In other words, USP18
could induce de-ubiquitination and upregulate POU4F1.
Then, POU4F1 protein stability was assessed after CHX
treatment. CHX obviously disturbed the protein synthe-
sis of POU4F1, and half-life of POU4F1 protein expres-
sion with CHX treatment was significantly decreased
after USP18 knockdown (Fig. 3E-F). Furthermore, we
found MG132 (a proteasome inhibitor) blocked the pro-
tein degradation of POU4F1 caused by silence of USP18
(Supplementary Fig. 1A-B). Moreover, enzyme-dead
USP18-C64S mutant resulted in the prominent inhibition
of POU4F1 protein level and it reversed USP18-induced
reduction of ubiquitination level of POU4F1 (Supple-
mentary Fig. 1C). Half-life of POU4F1 with CHX treat-
ment was shorter in USP18-C64S group than that in
USP18 group (Supplementary Fig. 1D). Therefore, USP18
could enhance protein stability of POU4F1 through the
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Fig. 1 USP18 was upregulated in LUAD tissues and cells. (A-B) USP18 expression in LUAD in Timer dataset (A) and Ualcan dataset (B). (C) USP18 expres-
sion analysis in LUAD was conducted by IHC. According to the positive cells (brown), IHC quantification analysis was carried out by normalization of
normal group to 1. (D-E) RT-gPCR (D) and western blot (E) were employed for mRNA and protein analysis in LUAD tissues. (F-G) RT-qPCR (F) and western
blot (G) for USP18 expression detection in LUAD (H1299, A549) and normal 16HBE cells. "P < 0.001

mediation of de-ubiquitination. In IHC assay, POU4F1
protein expression was higher in LUAD tissues relative
to normal controls (Fig. 3G). Overexpression of POU4F1
was also detected in LUAD tissues through RT-qPCR
and western blot assays (Fig. 3H-I). Meanwhile, POU4F1
mRNA and protein levels were distinctly increased
in H1299 and A549 cells (Fig. 3J-K). Silencing USP18
reduced the protein expression of POU4F1 and this effect
was then reversed by overexpression of POU4F1, which
suggested the positive regulation of USP18 on POU4F1

expression (Fig. 3L). USP18 stabilized POU4F1 protein
level via causing de-ubiquitination.

Anti-tumor effects of USP18 silence were rescued by
overexpression of POU4F1 in LUAD cells

Analysis of colony number and wound healing ratio dem-
onstrated that cell proliferation (Fig. 4A + Supplementary
Fig. 2A) and migration (Fig. 4B + Supplementary Fig. 2B)
were enhanced in sh-USP18+POU4F1 group, relative
to alone sh-USP18 group. Also, sh-USP18-induced cell
apoptosis was counteracted following transfection with
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Fig. 3 USP18 stabilized POU4F1 protein expression through inducing de-ubiquitination. (A) POU4F1 was predicted as a USP18 substrate in Ubibrowser.
(B-C) Analysis of USP18 and POU4F1 interaction by IP assay. (D) The degree of POU4F1 ubiquitination was examined using western blot after USP18
knockdown. (E-F) Half-life of POU4F1 with CHX treatment under knockdown of USP18 was detected by western blot. (G) POU4F1 protein in LUAD tissues
was measured by IHC. According to the positive cells (brown), IHC quantification analysis was performed by normalization of normal group to 1. (H-)
RT-gPCR (H) and western blot () were administrated for POU4F1 detection in LUAD samples. (J-K) POU4F 1 mRNA and protein detection by RT-gPCR and
western blot in LUAD cells. (L) POU4F1 protein analysis by western blot after co-transfection with sh-USP18 and POU4F1, and control groups. ™P < 0.001

POU4F1 (Fig. 4C-D). Overexpression of POU4F1 allevi-
ated the promoting regulation of sh-USP18 in ROS and
MDA levels (Fig. 4E-F). GSH reduction (Fig. 4G) and
Fe?" level upregulation (Fig. 4H) triggered by sh-USP18
were mitigated after POU4F1 was overexpressed. The
regulatory function of USP18 was achieved by mediating
POU4F1 in LUAD cells.

USP18 affected PRKAA2 protein expression via
deubiquitinating POU4F1 in LUAD cells

PRKAA2 was predicted to be upregulated in LUAD tis-
sues by Timer dataset (Fig. 5A). Furthermore, high level
of PRKAA2 protein was detected in LUAD samples
compared with normal samples through IHC analysis

(Fig. 5B). Moreover, RT-qPCR and western blot showed
the aberrant overexpression of PRKAA2 in LUAD tis-
sues (Fig. 5C-D) and cells (Fig. 5E-F). Jaspar dataset dis-
played that there was binding site (GAGAGGCAGA
GA) between POU4F1 and PRKAA2 prompter region
(Fig. 5G). ChIP assay further indicated that PRKAA2
was enriched by anti-POU4F1 relative to anti-IgG, sug-
gesting the interaction between POU4F1 and PRKAA2
(Fig. 5H). Luciferase activity was shown to be increased
after co-transfection with PRKAA2-WT and POU4FI,
while no change was observed after co-transfection of
PRKAA2-MUT and POU4F1 (Fig. 5I-J). Hence, POU4F1
could directly bind to PRKAA?2 in LUAD cells. PRKAA2
protein expression was decreased by sh-POU4F1 and
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Fig. 4 Anti-tumor effects of USP18 silence were rescued by overexpression of POU4F1 in LUAD cells. Four groups: sh-NC, sh-USP18, sh-USP18 + pcDNA,
sh-USP18+4 POU4F1 were setin H1299 and A549 cells. (A-D) Examination of proliferation (A), migration (B) and apoptosis (C-D) through colony formation
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iron level assay. "P < 0.01, "P < 0.001

then this regulation was abated by PRKAA2 overex-
pression, which implied the direct and positive regula-
tion of POU4F1 on PRKAA?2 (Fig. 5K). The reversal of
PRKAA?2 protein expression was also found by POU4F1
transfection for sh-USP18, elucidating that USP18 regu-
lated PRKAA?2 via targeting POU4F1 (Fig. 5L). All in
all, POU4F1 could promote PRKAA?2 transcription and
USP18 upregulated PRKAA2 expression via the deubiq-
uitination of POU4F1.

PRKAA2 overexpression reversed the effects of POU4F1
knockdown on LUAD cells

Cell proliferation (Fig. 6A + Supplementary Fig. 2C) and
migration (Fig. 6B+ Supplementary Fig. 2D) were sup-
pressed by silence of POU4F1, whereas these effects
were balanced out after upregulation of PRKAA2. The
promoting regulation of sh-POU4F1 in cell apoptosis
(Fig. 6C-D), ROS level (Fig. 6E) and MDA level (Fig. 6F)
was rescued after PRKAA2 was overexpressed. Knock-
down of POU4F1 resulted in reduction of GSH level
(Fig. 6G) and increase of Fe*" level (Fig. 6H), which was
offset after co-transfection with PRKAA2 in LUAD cells.
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POU4F1 was involved in the regulation of LUAD cell
progression via affecting PRKAA2 expression.

Silencing USP18 reduced tumor growth in vivo by
mediating POU4F1/PRKAA2 axis

Xenograft model of sh-NC, sh-USP18, sh-
USP18 + POU4F1, sh-POU4F1, or sh-POU4F1 + PRKAA2
group was established in nude mice with n=5 in each
group, as shown in Fig. 7A. Tumor volume and weight
were decreased in sh-USP18 group or sh-POU4F1 group

of xenograft mice relative to sh-NC group, while over-
expression of POU4F1 or PRKAA2 respectively rescued
the tumor growth inhibition caused by sh-USP18 or sh-
POU4F1 (Fig. 7B-C). Western blot (Fig. 7D) and IHC
(Fig. 7E) demonstrated that knockdown of USP18 or
POU4F1 significantly downregulated the protein level
of PRKAA?2 in tumor tissues from mice, which was then
offset following upregulation of POU4F1 or PRKAA2.
The above results implicated that USP18 regulated
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TP <0.001

tumor growth in LUAD via mediating POU4F1 to affect
PRKAA2.

Discussion

DUBs can induce the post-translational modification
“deubiquitination” to affect protein stability and func-
tion [22]. USPs are common DUBs to deubiquitinate
target proteins, consequently involving in the regula-
tion of cancer occurrence and development [23]. In this
study, USP18 was confirmed to regulate various cellular
processes of LUAD via stabilizing POU4F1 protein to
enhance PRKAA?2 expression.

Different USPs have been found to participate in lung
cancer progression. For instance, USP15 and USP4
enhanced lung cancer cell proliferation ability [24], and
USP14 functioned as a promising target in response to
radiotherapy [25]. Also, USP18 was identified to play a
vital role in various genres of tumors. Liu et al.. stated
that ovarian cancer cell growth and motility were facili-
tated by USP18 [26]. Tan et al.. reported that USP18
promoted cell cycle progression and colony formation
of breast cancer in vitro. Diao et al.. showed that USP18
contributed to proliferation and reduced apoptosis in
cervical cancer [27]. The current expression analysis sug-
gested that USP18 was an upregulated gene, consistent
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quantification analysis was completed by normalization of sh-NC group to 1."P < 0.01, "P < 0.001

with the prediction of datasets. Functional assays dis-
played that USP18 downregulation suppressed cell pro-
liferation and migration, suggesting that USP18 served
as an oncogene in LUAD. DUBs exhibit the crucial reg-
ulation in cell death including apoptosis and ferroptosis
[15]. Herein, we found cell apoptosis was enhanced as the
result of USP18 knockdown. Ferroptosis is characterized
by the superabundant accumulation of iron-dependent
lipid peroxidation [28]. Our detection for oxidative indi-
cators and Fe?* showed that silencing USP18 accelerated
oxidative stress and intracellular iron level, which dem-
onstrated the anti-ferroptosis effect of USP18 in LUAD.
Meanwhile, USP18 could enhance tumor growth in vivo.

DUBs can control protein function and degradation
by removing ubiquitination of target proteins [29]. USP3
was manifested to promote lung cancer growth through
upregulating RBM4 via acting as a DUB [30], and USP5
contributed to cell proliferation via stabilizing cyclin D1
protein level in lung cancer [31]. USP10 mediated ZEB1
ubiquitination and protein stability to repress colorectal

cancer metastasis [32]. Our online prediction indicated
POU4F1 as a substrate of USP18. Furthermore, we found
that USP18 knockdown elevated the protein ubiquitina-
tion level of POU4F1 and reduced POU4F1 protein level,
which implicated that USP18 promoted POU4F1 protein
expression via inducing de-ubiquitination. Moreover, the
functional influences of USP18 knockdown on LUAD
cells were achieved by downregulating POU4F1. Thus,
USP18 facilitated LUAD cell progression via stabilizing
POU4F1 protein expression.

PRKAA2 is an AMP-activated protein kinase with
important regulation in tumor growth and brain metas-
tasis of melanoma [33]. Herein, PRKAA2 was found to
be upregulated in LUAD. In addition, POU4F1 could
promote transcription of PRKAA2 and the function
of POU4F1 was related to the positive regulation for
PRKAA2. Cheng et al.. suggested that USP53 regulate
cell viability and metabolism of esophageal carcinoma
via mediating AMPK pathway [34]. Our level analysis
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Fig. 8 USP18 regulated proliferation, migration, apoptosis, and ferroptosis by mediating deubiquitination of POU4F1 to affect PRKAA2
'd

demonstrated that USP18 promoted PRKAA?2 expression
by enhancing de-ubiquitination of POU4F1.

However, there are some limitations in the current
study. Firstly, the ubiquitination site of POU4F1 has not
been ensured, and we will study the ub-site in the future.
Secondly, it is unknown whether USP18 can affect LUAD
progression by POU4F1/PRKAA2 axis through some
signaling pathways. PRKAA2 downregulation has been
revealed to activate the mTOR signaling [35]. The down-
stream pathways of USP18/POU4F1/PRKAA2 axis may
be used as a future research highlight. In addition, USP18
could regulate ferroptosis via deubiquitinating SLC7A11
[36]. The regulatory potential of USP18 for SLC7A11 in
LUAD is unexplored, and we may investigate this poten-
tial in the future. Nevertheless, our results still provide a
novel understanding underlying migration and ferropto-
sis of LUAD.

In conclusion, USP18 regulated proliferation, migra-
tion, apoptosis and ferroptosis in LUAD through medi-
ating deubiquitination of POU4F1 to affect PRKAA2
expression (Fig. 8). For the first time, USP18 was discov-
ered to target POU4F1/PRKAA2 axis to function as an
oncogene in LUAD. USP18 might be applied as a thera-
peutic target for LUAD.
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