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Abstract. Non-small cell lung cancer (NSCLC), a common
type of cancer worldwide, is normally associated with a poor
prognosis. It is difficult to treat successfully as it often metas-
tasizes into brain or bone. Methods to facilitate the induction
of effective programmed cell death (PCD) in NSCLC cells to
reverse drug resistance, or to inhibit the invasion and migra-
tion of NSCLC cells, are currently under investigation. The
present study summarized the regulatory functions of PCD,
including apoptosis, autophagy and ferroptosis, in the context
of NSCLC metastasis. It further summarized how regulatory
agents, including long non-coding RNAs, circular RNAs and
microRNAs, regulate PCD during the metastasis of NSCLC
and characterized new potential diagnostic biomarkers of
NSCLC metastasis.
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1. Features of NSCLC

Non-small cell lung cancer (NSCLC) is the primary
histological type of lung cancer worldwide; it accounts
for ~85% of all lung cancer cases and is a leading cause of
cancer-related mortality. NSCLC is histologically divided
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into adenocarcinoma, squamous cell carcinoma and large cell
carcinoma (1). Epidemiology has revealed that lung cancer
accounts for ~18% of all cancer-related mortalities and remains
the major cause of cancer-related mortality worldwide. The
5-year survival rate ranges from 50 to 70% for stage I and
from 1 to 5% for stage I'V; however, only ~20% of patients
are diagnosed with stage I disease and the majority of patients
with NSCLC are diagnosed at an advanced stage (stage IV)
with distant metastasis and poor prognosis (2). Thus, it is
important to investigate the regulatory mechanisms of lung
cancer metastasis, and discover new predictive methods and
therapeutic targets. Findings from these investigations may
aid in the identification of new treatments for patients with
NSCLC and improve their prognosis.

Tumor metastasis occurs as a complex cascade involving
invasion, dissemination and distant colonization. Specifically,
primary tumor cells invade the surrounding tissues, enter the
circulatory system, survive during blood circulation, enter
the parenchyma of distant tissues and finally colonize distant
sites for subsequent proliferation (3). Postsurgical recurrence
is the major cause of mortality in the majority of patients
with NSCLC (3). Brain and bone metastases can be easily
observed in patients with advanced NSCLC; for example,
bone metastasis occurs in 30-40% of patients with NSCLC (4).
The present study summarized the regulatory processes
underlying metastasis of NSCLC, and analyzed the diagnostic
and prognostic factors related to tumor metastasis of NSCLC
to further clarify the molecular mechanisms underlying
metastasis in NSCLC.

2. The role of PCD in the metastasis of NSCLC

Programmed cell death (PCD) refers to orderly and autonomous
cell death that is controlled by a series of endogenous genes.
PCD includes apoptosis, autophagy, pyroptosis, ferroptosis
and necroptosis (5). PCD serves a key role in the treatment
of various metastatic tumors. The present study summarized
the regulatory molecular mechanisms involved in PCD and
their corresponding regulatory factors, including non-coding
(nc)RNAs, proteins and compounds, during the process of
NSCLC bone metastasis. Simultaneously, it drew attention to
future research trends and identified several unsolved problems
relevant to NSCLC metastasis.
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Apoptosis in NSCLC metastasis. Aberrant apoptosis often leads
to the progression and metastasis of various types of human
cancer. Cell apoptosis inhibits metastasis at multiple stages
ranging from invasion from the primary site to distant coloni-
zation (3). During the progression and metastasis of NSCLC,
apoptosis is regulated by various factors, such as proteins,
ncRNAs and other compounds. Previously, research examining
the metastasis of NSCLC has primarily focused on the regulatory
mechanisms of novel proteins, microRNAs (miRNAs/miRs),
long ncRNAs (IncRNAs) and circular RNAs (circRNAs) (5,6).

Novel proteins regulate apoptosis during the metastasis of
NSCLC.Recently, a series of novel and important proteins have
been reported to be associated with apoptosis, metastasis and
prognosis of NSCLC by modulating epithelial-mesenchymal
transition (EMT) progression or chemotherapeutic drug
resistance, and by regulating various cancer-related signaling
pathways in patients with NSCLC. The proteins identified in
the regulation of NSCLC metastasis are summarized in Fig. 1.
Interference with forkhead box D1 (FOXDI) has been shown
to inhibit proliferation and metastasis in vivo by increasing the
apoptotic rate of NSCLC cells (6). In addition, the oncogene
ecotropic viral integration site 5 (EVIS) has been reported
to be upregulated in NSCLC tissues. Knockdown of EVI5
may suppress cell invasion via the TGF-f/Smad signaling
pathway in NSCLC cells (7). The natural compound honokiol
may also inhibit the migration of NSCLC cells by targeting
cellular FLICE-inhibitory protein via the NF-xB pathway and
the N-cadherin/Snail pathway (8). Knockdown of eukaryotic
translation initiation factor 5A2 can significantly inhibit cell
proliferation and metastasis by inducing the apoptosis of
NSCLC cells (9).

Several regulators inhibit NSCLC metastasis by inducing
cell cycle arrest and apoptosis. Upregulation of thyroid
hormone receptor interacting protein 13 (TRIP13) has been
reported to be associated with tumor metastasis via EMT.
TRIP13 knockdown can promote cell apoptosis by inducing
cell cycle arrest at the S phase, and can inhibit the invasion
and migration of NSCLC cells (10). Calponin 3 overexpression
can also suppress the migration of NSCLC cells by inhibiting
the PI3K/AKT pathway and promoting G,-phase arrest (11).
Furthermore, inhibition of isoleucyl-tRNA synthetase 2,
mitochondrial (IARS2) has been shown to induce cell cycle
arrest at the G,/G, stage and mitochondrial apoptosis; thus,
TARS2 may function as an oncogene to promote NSCLC
tumorigenesis by activating the AKT/mTOR pathway (12).
The deubiquitinating enzyme ubiquitin-specific protease 39
(USP39) has been reported to be overexpressed in NSCLC
tissues. Notably, interference with the expression of USP39
has been demonstrated to induce cell cycle arrest at G,/M and
to induce apoptosis by activating the p53 and p21 pathways,
thus resulting in inhibition of metastasis (13). Tumor necrosis
factor-a-induced protein 8 may promote drug resistance in
NSCLC via the MDM?2/p53 pathway (14). Chromatin assembly
factor 1 subunit B (CHAF1B) has been shown to be highly
expressed in NSCLC tissues, and high CHAFI1B levels can
lead to poor clinical outcomes and lymph node metastasis (15).
By contrast, CHAF1B knockdown may contribute to cell
cycle arrest and the induction of apoptosis by activating the
p53-dependent apoptotic pathway.

Some newly identified regulators have been reported to
induce apoptosis and thus inhibit metastasis of NSCLC cells
and this has been demonstrated to be associated with the clinical
prognosis of patients with NSCLC. For example, homeobox
(HOCX) 8 has been shown to be upregulated in NSCLC speci-
mens and to function as a transcriptional activator that induces
the expression of TGF-B1. High levels of HOXCS8 have been
reported to be associated with tumor-node metastasis and poor
relapse-free survival in patients with NSCLC (16). Polycomb
group ring finger 3 has been demonstrated to be overexpressed
in tumors of patients with NSCLC and to be positively associ-
ated with lymph node metastasis; it can promote migration
via the PI3K/AKT pathway (17). Conversely, miR-320a
expression levels have been shown to be reduced in NSCLC
tissues and cells. Zinc finger E-box binding homeobox 1 can
inhibit the expression of miR-320a that contributes to the high
expression level of RADS51API to promote tumor growth
and metastasis in NSCLC (18). Vitamin D may suppress
metastasis of NSCLC cells by promoting apoptosis via the
PIBK/AKT/mTOR signaling pathway (19). In addition, C/EBP
homologous protein has been reported to suppress metastasis
and to sensitize NSCLC cells to cisplatin (DPP) by blocking
the Bcl-2/JNK pathway (20). RecQ-like helicase 5 (RECQLY),
a member of the RecQ helicase family, may promote the
migration of NSCLC cells and has been shown to be strongly
associated with the poor prognosis of lung adenocarcinoma;
knockdown of RECQLS can increase the level of apoptosis in
DPP-resistant A549 cells (21). Elevated levels of FOXDI have
been revealed to be even higher in NSLC tissues compared
with normal controls and to be associated with poor prognosis
in patients with NSCLC (6).

IncRNAs regulate apoptosis and metastasis of NSCLC.
A number of IncRNAs have been reported to be involved
in NSCLC metastasis by regulating apoptosis-related
pathways (22-25). As presented in Fig. 2, these regulatory
IncRNAs promote or inhibit the apoptosis process during the
metastasis of NSCLC cells. In addition, several IncRNAs and
associated miRNAs have been reported to be associated with
the prognosis of NSCLC, and thus could be used as effective
therapeutic and diagnostic targets in patients with NSCLC.
Certain IncRNAs have been reported to act as suppressor
genes in NSCLC metastasis by promoting apoptosis.
LINC00632 was shown to be downregulated in NSCLC
tissues, and low levels of LINC00632 can promote lymph
node metastasis and distant metastasis. Furthermore,
LINCO00632 was revealed to inhibit tumor growth in nude
mice with NSCLC by downregulating miR-1203 (22). The
IncRNA cancer susceptibility candidate 7 may inhibit the
growth and invasion of NSCLC cells and promote apoptosis
in vitro through phosphatase and tensin homolog upregula-
tion by sponging miR-92a (23). LINC00520 can inhibit cell
proliferation, metastasis and EMT, and increase the extent of
apoptosis in NSCLC cells. Mechanistically, LINC00520 has
been shown to serve as a competing endogenous (ce)RNA
involved in the regulation of miR-577 that affects the target
gene CCNE2 (24). Upregulated IncRNA-SNHG7 (SNHG7)
has been reported to be positively correlated with Fas apop-
tosis inhibitory molecule 2 (FAIM2) in lung cancer cells and
to function as a molecular sponge to sequester endogenous
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Figure 1. Newly identified proteins that regulate the metastasis of NSCLC via promoting apoptosis. NSCLC, non-small cell lung cancer; TRIP13, thyroid
hormone receptor interacting protein 13; HOX8, homeobox 8; USP39, ubiquitin-specific protease 39; PCGF3, polycomb group ring finger 3; ZEBI, zinc finger
E-box binding homeobox 1; CNN3, Calponin 3; EVIS, ecotropic viral integration site 5; EIF5A2, eukaryotic translation initiation factor SA2; CHAFIB, chro-
matin assembly factor 1 subunit B; FOXDI, forkhead box D1.

Figure 2. circRNAs regulate cell apoptosis and metastasis of NSCLC. The regulatory circRNAs on NSCLC metastasis are shown on a green background.
The targeted miRNAs are shown on a pink background and their corresponding target genes are shown on a brown background; blue background indicates
metastatic phenotype. circRNAs, circular RNAs; NSCLC, non-small cell lung cancer; miRNA, microRNA; FSCNI, fascin homolog 1, actin-bundling
protein 1; AKT3, AKT serine/threonine kinase 3; NEAT, nuclear paraspeckle assembly transcript; EZH2, enhancer of zeste homolog 2(); KIF2A, kinesin
family member 2A; TIPRL, TOR signaling pathway regulator-like.
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miRNA (25). Knockdown of SNHG?7 in vivo has been reported
to significantly inhibit tumor growth and decrease tumor
volume, which is accompanied by enhanced miR-193b expres-
sion and reduced FAIM?2 levels (25). Nuclear paraspeckle
assembly transcript (NEAT) 1 may act as a ceRNA against
let-7a, and IGF-2 is a direct target of let-7a; thus, knockdown
of NEATI can inhibit cell viability and reduce migration
by increasing apoptosis of NSCLC cells by regulating the
NEAT1/let-7a/IGF2 pathway (26).

LncRNAs have recently been identified as oncogenes that
promote the invasion and migration of NSCLC cells. For
example, the ncRNA plasmacytoma variant translocation 1
(PVTI) was shown to be highly expressed in 105 patients with
NSCLC and to promote tumor-to-node metastasis. Knockdown
of PVT1 was revealed to inhibit metastasis and proliferation by
increasing LATS?2 transcription via the Mdm2-p53 signaling
pathway (27). In addition, PVT1 may act as a miRNA sponge
and could promote cell metastasis of NSCLC by regulating
miR-361-3p/SOX9 and activating the Wnt/p-catenin signaling
pathway (28). AGAP2-ASI has been reported to function as an
oncogene to inhibit the transcription of the tumor-suppressors
LATS2 and KLF2; thus, interference with AGAP2-AS1 may
suppress migration and induce apoptosis in NSCLC cells (29).
The IncRNA HOTAIR has been reported to be overexpressed
in NSCLC specimens and can negatively regulate the levels of
miR-613. Conversely, knockdown of HOTAIR expression may
promote cell apoptosis and suppress the migration of NSCLC
by down-regulating miR-613 (30). Furthermore, interference
with IncRNA ADAMTSO9-AS1 has been shown to suppress
EMT in patients with NSCLC, and cause cell cycle arrest at
G,/G, and the induction of cell apoptosis, which is associated
with downregulation of CDK4, N-cadherin and vimentin,
and upregulation of Bad and E-cadherin (31). The IncRNA
PXN-AS1-L has been shown to be upregulated in NSCLC
tissues compared with levels in noncancerous lung tissues
and to be further upregulated in NSCLC bone metastasis
tissues, thus suggesting that higher levels of PXN-ASI-L
may be positively related to advanced TNM stage and poor
prognosis. This IncRNA can also promote NSCLC progres-
sion and metastasis by upregulating PXN during NSCLC
progression (32).

The IncRNA HNF1A-ASI1 may promote cell invasion by
targeting miR-17-5p in patients with NSCLC (33). By contrast,
lincRNAp21 can effectively inhibit migration and promote
the apoptosis of NSCLC cells by targeting miR-175p (34).
The IncRNA CBR3ASI can promote metastasis of NSCLC
by sponging miR-509-3p and competitively upregulating
histone deacetylase 9 expression (35). Overexpression of
SNHG15 has been reported to promote NSCLC tumorigen-
esis through regulating the CDK14 protein and by sponging
miR-486 (36). An elevated expression level of OSER1ASI has
been associated with lymph node metastasis in patients with
NSCLC. OSER1ASI may promote the malignant properties
of NSCLC by sponging miR-4333p and upregulating Smad?2
expression (37).

CircRNAs regulate NSCLC metastasis. CircRNA is a new
member of the ncRNA family that functions as a miRNA
sponge to influence gene transcription. These RNAs are
highly tissue-specific in mammals. An increasing number

of circRNAs have been identified that regulate apoptosis in
NSCLC metastasis. The specific and regulatory circRNAs
involved in NSCLC metastasis that function by inducing or
suppressing apoptosis in NSCLC cells have been summarized
in the present study.

As presented in Fig. 3, hsa_circ_0046263 can function as
an oncogene in NSCLC by sponging miR-940 and increasing
the expression levels of NOVA2 (38). circ-IGF1R has been
reported to suppress migration of NSCLC cells via the
circ-IGF1R/miR-1270/VANGL2 pathway (39). STAT3-induced
upregulation of circCCDC66 has been reported to facilitate
NSCLC progression by targeting the miR-33a-5p/KPNA4
axis (40). Furthermore, knockdown of circWHSCI may
suppress the migration of NSCLC cells and increase apoptosis
in NSCLC cells by sponging miR-296-3p and increasing the
expression levels of AKT3 (41). Circ_0000735 has also been
reported to enhance metastasis and glycolysis, and inhibit
apoptosis in NSCLC cells, by regulating the miR-635/family
via the sequence similarity 83 member F axis (42). Knockdown
of CircGLIS3 has been observed to be highly expressed in
NSCLC tissues and cell lines, and high circGLIS3 levels have
been revealed to be correlated with malignant characteristics
and poor prognosis of NSCLC (43). In addition, circGLIS3 can
sponge multiple anti-cancer miRNAs, including miR-526b,
miR-198, miR-498 and miR-664a. Notably, PTBP1 has
been revealed as a novel target of miR-644a (43). Therefore,
a circGLIS3/miR-644a/PTBP1 positive feedback loop
can promote the malignant progression of NSCLC (43).
The levels of circ_0006988 have been demonstrated to be
increased in NSCLC tissues and cells. Notably, knockdown
of circ_0006988 can inhibit metastasis and angiogenesis,
and induce apoptosis in NSCLC cells by modulating the
miR-491-5p/MAP3K3 axis (44). In addition, circ_0010235 has
been shown to be highly upregulated in patients with NSCLC.
Overexpression of circ_0010235 may promote NSCLC cell
metastasis in vitro and in vivo by sponging miR-338-3p to
upregulate the expression of kinesin family member 2A (45).

Certain circRNAs serve as tumor suppressor gene. For
instance, low hsa_circ_11780 expression levels have been
reported to be associated with distant metastasis and poor
overall survival. Overexpression of hsa_circ_11780 can
significantly suppress the metastasis of NSCLC cells in vitro
and in vivo by decreasing FBXW7 level to suppress the
function of miR-544a (46).

Several circRNAs have been reported to be involved
in chemotherapeutic drug resistance and the metastasis of
NSCLC cells. Knockdown of circ_0001821 may inhibit
metastasis and paclitaxel resistance in NSCLC cells via the
miR-526b-5p/GRKS pathway (47). Furthermore, circASXL1
silencing can inhibit DDP resistance and tumorigenesis
by sponging miR-206 in NSCLC tissues and cells (48).
Interference with circ-PRMTS has also been reported to induce
apoptosis, reverse DDP resistance and reduce metastasis in
DDP-resistant NSCLC. Notably, circ-PRMT5 can sponge
miR-4458 to increase REV3L expression levels and to promote
DDP resistance in patients with NSCLC (49). Tumor-derived
exosomal circRNA_102481 has been reported to correlate
with TNM stage, tumor differentiation status, brain metas-
tasis, progression-free survival and overall survival duration.
This RNA can promote cell proliferation, inhibit cell apoptosis
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Figure 3. IncRNAs regulate cell apoptosis and metastasis of NSCLC. The regulatory IncRNAs are shown on a red background. The targeted miRNAs are
shown on a pink background and their corresponding target genes are shown on a brown background; blue background indicates phenotype; green background
indicates circRNA. IncRNAs, long non-coding RNAs; NSCLC, non-small cell lung cancer; miRNA, microRNA; PVT1, plasmacytoma variant translocationl;
SOXO9, sex determining region Y-related high mobility group box9; MACCI, metastasis associated with colon cancer 1; DCLK1, doublecortin-like kinase 1;
MALATI, metastasis-associated lung adenocarcinoma transcript 1; COMMDS, copper metabolism MURRI domain-containing 8; CRNDE, colorectal
neoplasia differentially expressed; PSMA3ASI, PSMA3 antisense RNA 1; HMGAZ2, spindlin 1 high mobility group AT-hook 2; CASC7, cancer susceptibility
candidate 7; CBR3AS1, CBR3 antisense RNA 1; Smad2, mothers against decapentaplegic homolog 2.

and induce EGFR-TKI resistance by sponging miR-30a-5p to
increase RORI1 levels in NSCLC (50).

Furthermore, the expression of several circRNAs has been
shown to be associated with clinicopathological parameters
and prognostic value in patients with NSCLC. For example,
CDR1as has been considered an independent prognostic factor
for patients with NSCLC and knockdown of CDRlas can
upregulate miR-7, a process that leads to the induction of cell
apoptosis and G,/S arrest. Furthermore, high expression levels
of CDRI1as have been shown to be correlated with advanced
TNM stage, increased lymph node metastasis and shorter
overall survival time (51). Notably, circSATB2 has also been
reported to be highly expressed in NSCLC cells and tissues,
and to be associated with lung cancer metastasis. This circRNA
can promote the progression and invasion of NSCLC cells via
upregulation of fascin homolog 1 and actin-bundling protein
1, and downregulation of miR-326; this can provide a potential
biomarker for the diagnosis of NSCLC (52). Furthermore,
upregulation of circ_0016760 can be indicative of increased
lymph node metastasis and poor prognosis in NSCLC, and
can also promote cell progression and metastasis and inhibit
apoptosis through the miR-1287/GAGEI axis (53).

miRNAs regulate metastasis of NSCLC. miRNAs are the
most abundant endogenous small ncRNAs and are abnormally
expressed in various types of human cancer. The miRNAs
affecting NSCLC metastasis are summarized in Fig. 4. Several
miRNAs function as oncogenes that promote the invasion and
migration of NSCLC cells. Specifically, miR-4286 is consid-
ered an oncogenic miRNA in NSCLC that is significantly

Figure 4. Regulatory miRNAs in human NSCLC. Several miRNAs serve
a role as oncogenes to inhibit cell apoptosis and promote the metastasis of
NSCLC, whereas others function as tumor suppressors to induce cell apop-
tosis and inhibit NSCLC metastasis. The regulatory miRNAs are shown on
a pink background; corresponding target genes are shown on a brown back-
ground; green background indicates circRNA. miRNA, microRNA; NSCLC,
non-small cell lung cancer; ATF2, transcription factor 2; ZEBI, zinc finger
E-box binding homeobox 1; Runx3, runt-related transcription factor 3;
MDM2, mouse/murine double minute 2; TEXs, tumor-derived exosomes;
FGF2, fibroblast growth factor 2; CCND2, cyclin D2; CCNBI, cyclin B1.

enhanced in NSCLC tissues, and positively related to lymph
node metastasis and poor prognosis in patients with NSCLC.
Inhibition of miR-4826 has been reported to cause cell cycle
arrest at the G, stage by regulating Runt-related transcrip-
tion factor 3 in NSCLC cells (54). miR-619-5p transported
in tumor-derived exosomes has been shown to promote
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angiogenesis and metastasis of NSCLC by inhibiting
RCAN1 .4, which is a target of miR-619-5p (55).

Furthermore, certain miRNAs have been reported to func-
tion as tumor suppressors to promote apoptosis in NSCLC
cells. Tumor-suppressive miRNAs are significantly downregu-
lated in NSCLC tissues and cell lines. Downregulation of a
number of tumor-suppressive miRNAs has been reported to
be correlated with the poor prognosis of patients with NSCLC,
including miR-187-5p (56), miR-101 (57), miR-718 (58),
miR-374b (59) and miR-30a (60). These miRNAs can exert
anti-tumor effects by inhibiting the invasion and migration
of NSCLC cells by targeting various key proteins to regu-
late their corresponding signaling pathways. For example,
miR-186 has been shown to inhibit the metastasis of NSCLC
cells by targeting MAP3K?2 (61). miR-491-5p can suppress
NSCLC cell proliferation by arresting cells in the G /G,
phase and promoting cell apoptosis. In addition, miR-491-5p
can negatively regulate insulin-like growth factor 2 mRNA
binding protein 1 expression in malignant NSCLC (62) and
miR-187-5p can negatively regulate the target gene CYP1BI1 to
inhibit NSCLC cell metastasis (56).

miR-718 has been demonstrated to serve a tumor
suppressive role by suppressing NSCLC progression in vivo
by directly targeting cyclin Bl mRNA (58). Overexpression
of miR-374b may inhibit metastasis of NSCLC by directly
downregulating integrin 1 and upregulating p53 (59).
Furthermore, overexpression of miR-139-5p in vitro can
induce apoptosis through a process that is partly mediated by
inhibiting hepatoma-derived growth factor (HDGF) expres-
sion in NSCLC cells (63). In addition, miR-139-5p may also
induce apoptosis in NSCLC cells by targeting and regulating
YAF1 via the AKT/p38 MAPK signaling pathway (64). The
overexpression of miR-34a has been shown to inhibit NSCLC
growth and metastasis by increasing PTEN and decreasing
CDKG6 expression levels, as reported in tin miners in Gejiu
County and farmers in Xuanwei (65). miR-30a may sensi-
tize NSCLC cells by promoting DDP/pemetrexed-induced
apoptosis and by enhancing autophagy in NSCLC cells (60).
miR-1258 has been reported to inhibit GRB2 expression and
inactivate the Ras/ERK pathway in NSCLC, thus inhibiting
NSCLC progression (66). Phospholipase C el has been
demonstrated to promote metastasis of NSCLC cells, and to
be directly and negatively regulated by miR-1976 in NSCLC
cells (67). These identified miRNAs function as tumor
suppressors and could be used as therapeutic targets for
patients with NSCLC.

Autophagy regulation in metastasis of NSCLC. Autophagy
is critical in cancer development and metastasis, and serves a
complex role in tumorigenesis in various types of cancer (68).
Transfection with the autophagy-related gene ATG16L1-300T
(vs. 300A) has been shown to promote the brain metastasis
of NSCLC cells, suggesting that autophagy may be closely
associated with the metastasis of NSCLC (68). Autophagy
is involved in cancer cell metastasis by regulating EMT. The
autophagy protein Beclinl is a key regulator of tumorigenesis
and metastasis in NSCLC cells, and the expression levels of
Beclinl have been shown to be significantly reduced in NSCLC
tissues (69,70). Low Beclinl expression levels have also been
observed in patients with NSCLC with more advanced stages

of cancer, increased lymph node metastasis and more poorly
differentiated tumors (70). Reduced Beclinl expression has
also been associated with shorter survival of patients with
NSCLC, thus suggesting that autophagy, which is an inde-
pendent prognostic indicator for the survival of patients with
NSCLC, may be suppressed in these patients (69). Additionally,
an increased level of Nrf2 has been suggested as an indepen-
dent prognostic factor in patients with NSCLC (71). Thus, the
key autophagy-related proteins may be strongly associated
with the tumor stage and node metastasis of NSCLC, and this
could help to identify new independent prognostic biomarkers
for patients with NSCLC.

Previous research has suggested that autophagy induction
inhibits EMT or metastasis in NSCLC cells (72). Certain
agents are involved in regulating autophagy during the metas-
tasis of NSCLC. For example, the expression of transcription
factor 21 (TCF21) has been reported to be strongly associated
with tumor stage, metastasis and invasion of NSCLC, and to
be significantly regulated by its methylation level in patients
with NSCLC. Promoter methylation of TCF21 may suppress
autophagy and increase cell apoptosis in lung cancer metas-
tasis (72). Furthermore, knockdown of EHMT?2 can decrease
the proliferation of NSCLC cells by inducing autophagy (73).

The combination of apigenin and gefitinib has been shown
to inhibit the activation of multiple oncogenes, including
c-Myc, HIF-1a and phosphorylated EGFR, and this combina-
tion can also inhibit the AMPK signaling pathway in H1975
cells (74). These data revealed that apigenin combined with
gefitinib may promote apoptosis and inhibit autophagy of
EGFR L858R-T790M-mutated H1975 lung cancer cells and
this could be used as an alternative therapy for acquired
resistance in patients with NSCLC (74). The drug 10-hydroxy-
camptothecin (HCPT) may promote autophagy in H1299
cells by suppressing MAP4K3 levels and downregulating the
mTOR pathway. HCPT in combination with Astragalus poly-
saccharide (APS) has been reported to reduce the migration
and invasion of NSCLC cells compared with that observed in
response to individual treatments; this may be partly due to
the induction of HCPT-induced autophagy (75). Wnt inhibi-
tory factor 1-mediated autophagy may inhibit Wnt/Bcatenin
signaling by downregulating dishevelled2 and suppressing
activation of the PI3K/AKT/mTOR pathway that contributes
to the inhibition of proliferation and promotion of apoptosis in
NSCLC cells (76). In addition, treatment with miR-16 mimics
can suppress TGF-B1-induced EMT by inducing autophagy
in NSCLC cells (76). Cell division cycle-associated 4 can
inhibit EMT and metastasis in NSCLC by interacting with
coactivator-associated arginine methyltransferase 1 to activate
autophagy (77).

Consistently, previous studies have reported that the
induction of autophagy enhances the sensitivity of NSCLC
cells to chemotherapeutic drugs. For example, knockdown of
NIPBL has been shown to enhance the chemosensitivity of
NSCLC cells via the DNA damage response and autophagy
pathways (78). Combined therapy with rapamycin and suber-
oylanilide hydroxamic acid may also increase radiosensitivity
in these cells and inhibiting the levels of autophagy can
markedly weaken the radiotherapy sensitivity caused by this
combined treatment, thus suggesting that the inhibitory effect
of combination therapy may be partially due to the induction
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Figure 5. Autophagy regulation in metastasis of NSCLC. The key targets
involved in autophagy in metastasis of NSCLC are shown here. The role
of autophagy is complex in tumorigenesis and metastasis of NSCLC.
NSCLC, non-small cell lung cancer; DvI2, dishevelled2; CDCA4, cell
division cycle associated 4; CARMI, coactivator associated arginine
methyltransferase 1; DRAM2, damage-regulated autophagy modulator
2; WIF1, Wnt inhibitory factorl; SAHA, suberoylanilide hydroxamic
acid; NIPBL, nipped-B-like protein; TIPRL, TOR signaling pathway
regulator-like; FOXO3, forkhead box 03.

of autophagy in NSCLC (79). Cediranib has also been
shown to exhibit effective anti-tumor activities in NSCLC
cells by inducing G, phase cell cycle arrest and autophagy
via the MAPK/Erk1/2 and Akt/mTOR pathways in A549
cells (80).

Notably, there is an opposing view that inducing autophagy
increases chemoresistance or radioresistance in NSCLC
cells. For example, troponin Cl1, slow skeletal and cardiac
type can promote gemcitabine chemoresistance in NSCLC
by inducing autophagy and this is negatively regulated by
FOXO3 (81). Inhibition of autophagy by chloroquine has been
shown to prevent the development of paclitaxel resistance
and to alleviate the metastatic potential of NSCLC cells (82).
Furthermore, downregulation of CLDNI1 can induce apoptosis
in A549/CDDP cells, whereas overexpression of CLDNI can
increase drug resistance and metastasis of NSCLC by inducing
autophagy through upregulating the phosphorylation level of
ULKI1 (83). Lung cancer-associated transcript 1 upregulation
has also been shown to increase DPP resistance by inducing
autophagy, promoting metastasis and inhibiting the apoptosis
of NSCLC cells by regulating the miR-514a-3p/ULK1 axis in
human NSCLC (84).

Several studies have reported that autophagy induction
promotes metastasis of NSCLC cells. miR-21 has been
shown to be highly expressed in NSCLC tissues, and to
be positively associated with lymphatic metastasis and
clinical staging. This miRNA can promote the migration
and invasion of A549 cells by regulating autophagy activity
via the AMPK/ULKI signaling pathway (85). In addition,
UBE2C has been demonstrated to selectively inhibit cell
autophagy in NSCLC, which is essentially associated with
clonogenicity and invasion of NSCLC, thus suggesting that
UBE2C-mediated autophagy may contribute to NSCLC
progression (86). Interference with PINK1 expression has
been shown to inhibit cell autophagy, whereas PINK1 overex-
pression can promote cell migration by promoting autophagy

and is associated with poor prognosis in patients with lung
cancer (87). Hsa_circ_0010235 can sponge miR-433-3p to
upregulate TOR signaling pathway regulator-like expression,
thus promoting proliferation and autophagy but inhibiting
apoptosis in NSCLC cells. Knockdown of hsa_circ_0010235
or gain of miR-433-3p can block tumor growth in vivo (88).
Damage-regulated autophagy modulator 2 (DRAM?2)
expression may contribute to autophagy inhibition and has
been shown to be highly expressed in NSCLC tissues. Higher
expression levels of DRAM2 in NSCLC are associated with
TNM stage and lymph node metastasis. As an oncogene,
interference with DRAM?2 can induce upregulation of p53 and
p21 expression in NSCLC cells (89). Quercetin, a chemical
extracted from a traditional Chinese drug, has been shown
to promote HDGF secretion and to induce autophagy. High
serum levels of HDGF may contribute to bone metastasis and
poor prognosis in patients with NSCLC (90) (Fig. 5).

Ferroptosis and the regulators of NSCLC metastasis.
Ferroptosis is a newly reported iron-dependent PCD process
that is characterized by the accumulation of an iron-dependent
lethal lipid reactive oxygen species (ROS) response. To date,
the induction of cell ferroptosis has provided a new insight into
the design of anti-tumor drugs and is considered a promising
strategy to inhibit tumor metastasis or overcome chemo-
therapeutic drug resistance (60,91). Diphenyldifluoroketone
(EF24) has been shown to exhibit cytotoxicity against NSCLC
via facilitating ROS accumulation (91). In patients with
osteosarcoma, it has been determined that EF24 can induce
ferroptosis by suppressing GPX4 via the upregulation of
HMOX]I, thus leading to increased MDA, ROS and intracel-
lular ferric ion levels. EF24 could therefore be considered a
potential anti-cancer agent for the clinical therapy of patients
with NSCLC and osteosarcoma (60). The light chain of the
cystine/glutamic acid reverse transporter System Xc (-) (xCT)
has been shown to be overexpressed in human cancer and to
be associated with tumor metastasis. Erastin/sorafenib can
induce ferroptosis in DPP-resistant NSCLC cells by inhib-
iting the Nrf2/xCT pathway (92); thus, ferroptosis inducers,
such as erastin and sorafenib, may be used as novel therapies
for patients with NSCLC, particularly those with advanced
NSCLC and DDP failure. Metal-organic networks (MONs)
encapsulated with a p53 plasmid (MON-p53) can evoke ferrop-
tosis to prolong the survival time of tumor-bearing mice (93).
In a study examining lung carcinoma, dihydroisotanshinone I,
extracted from Danshen (Salvia miltiorrhiza Bunge), inhibited
metastasis of lung carcinoma in vivo by triggering apoptosis
and ferroptosis (94). The iron-sulfur cluster biosynthetic
enzyme NFSI1 has been reported to be highly expressed in
lung adenocarcinoma. Inhibition of NFSI and of cysteine
transport can induce ferroptosis in vitro to suppress tumor
growth in lung adenocarcinomas (95). GPX4 is a negative
regulator of ferroptosis and metastatic cells are resistant to
ferroptosis. Notably, high exposure to 27-hydroxycholesterol,
an abundant circulating cholesterol metabolite, can increase
tumorigenic and metastatic capacity that requires sustained
expression of GPX4 (96). Fibroblast activation protein a (FAP)
has been reported to be overexpressed in >90% of types of
human cancer (97). A newly discovered FAP gene-engineered
tumor cell-derived exosome-like nanovesicle (eNVs-FAP)
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Table I. Regulators of ferroptosis in NSCLC metastasis.

Protein or
non-coding RNA Target gene Function in human cancer metastasis
Proteins
EF24 HMOX1 EF24 exerted cytotoxicity against NSCLC via ROS accumulation (91).
EF24 induced ferroptosis by upregulating HMOX1 to inhibit the GPX4
expression in patients with osteosarcoma (60).
xCT / xCT was highly expressed in a variety of tumors and associated with tumor
metastasis. Erastin/sorafenib induced cisplatin-resistant NSCLC cell
ferroptosis through inhibition of the Nrf2/xCT pathway (92).
NFS1 / NFS1 was highly expressed in lung adenocarcinoma. Inhibition of NFS1
induced ferroptosis in vitro to suppress progression of lung adenocarcinomas
adenocarcinoma (95).
GPX4 / Metastatic cells exhibited resistance to ferroptosis. High exposure to
27-hydroxycholesterol inhibited ferroptosis to increase metastatic capacity
of tumor cells by inducing sustained expression of GPX4 (96)
IncRNAs

IncOIP5-AS1

MIRS503HG

MTI1DP

HI19

PVTI1

ZFAS1

LINCO00618

LINCO00336

circRNAs

circ_008035

circRNA ¢ IARS

circ_0067934

circ_0007142

miR-128/SLC1A11
miR-1273¢/SOX4,

SLC7A11

miR-365a-3p/Nrf2
miR-106b-5p/ACSL4

miR-214/p53; GPX4

miR-150-5p/SLC38A1

SLC7A11

miR-6852/CBS

miR-599/EIF4A1 axis

ALKBHS5

miR-545-3p/SLC7A11

miR-874-3p/GDPD5

OIP5-AS1 was reported to induce metastatic phenotypes of NSCLC via
miR-140-5p (118). It also promoted prostate cancer progression and
inhibited ferroptosis via regulating miR-128-3p/SLC7AT11.

Interference with the expression of MIR503HG inhibited NSCLC
tumorigenesis and promoted cell apoptosis by regulating miR-489-3p

and miR-625-5p (119). XAV939 induced downregulation of IncRNA
MIRS503HG, inhibited NSCLC progression via sponging miR-1273c and
regulating SOX4 expression, and decreased expression of SLC7A11 via
the ferroptosis pathway in NSCLC cells (99).

MTI1DP sensitized erastin-induced ferroptosis via regulating
miR-365a-3p/Nrf2 axis in NSCLC cells (100).

Knockdown of H19 promoted tumor growth and suppressed ferroptosis by
regulating the miR-106b-5p/ACSL4 pathway (102).

PVT]1 regulated ferroptosis through miR-214-mediated TFR1 and TP53
expression (103). Ketamine inhibited the viability of liver cancer cells and
induced ferroptosis via IncPVT1/miR-214-3p/GPX4 pathway (104).
Silencing of IncRNA ZFAS1 attenuated ferroptosis and pulmonary fibrosis
progression by IncRNA ZFAS1 acting as a competing endogenous RNA and
sponging miR-150-5p to downregulate SLC38A1 expression (105).
LINCO00618 induced ferroptosis by decreasing the expression of LSH and
increasing the level of SLC7A11 (106).

miR-6852 inhibited lung cancer cell growth by promoting ferroptosis and
LINCO00336 promoted tumorigenesis through LINC00336/miR-6852/CBS
pathway (101).

Circ_0008035 promoted gastric cancer progression and suppressed
ferroptosis by upregulating EIF4A1 through sponging miR-599 (107).
cIARS may be an important circRNA, positively regulating sorafenib-induced
ferroptosis through suppressing the ALKBHS5-mediated autophagy

inhibition (108).

Circ_0067934 knockdown enhanced the levels of ferroptosis and induced
thyroid cancer cell apoptosis by sponging and inhibiting miR-545-3p in
thyroid cancer cells. Thus, circ_0067934 attenuated ferroptosis of thyroid
cancer cells via the miR-545-3p/SLC7A11 pathway (109).

Circ_0007142 was overexpressed in CRC. Inhibiting circ_0007142
promoted apoptosis and ferroptosis in CRC cells via the miR-874-3p/GDPDS5
axis (110).
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Protein or
non-coding RNA

Target gene

Function in human cancer metastasis

circIL4R miR-541-3p/GPX4
circTTBK2 miR-761/ITGB8
circKIF4A miR-1231/GPX4
circDTL miR-1287-5p/GPX4
circEPSTI1 miR-375/409-3P/

515-5p-SLC7A11

miRNAs
miR-375 SLC7A11
miR-4443 FSP1/METLL3
miR-324-3p GPX

CircIL4R was abnormally overexpressed in HCC tissues and cells.
CircIL4R functioned as an oncogene and inhibited ferroptosis in HCC via
miR-541-3p/GPX4 pathway (111).

circTTBK?2 knockdown, or overexpression of miR-761, suppressed
invasion and promoted ferroptosis via targeting ITGB8 by sponging
miR-761 in glioma (112).

circKIF4A facilitated the malignant progress of papillary thyroid tumor

by sponging miR-1231 and upregulating GPX4 expression (113).
CircDTL functioned as an oncogene and promoted NSCLC progression via
the miR-1287-5p/GPX4 pathway (120).

CircEPSTII regulated ferroptosis in cervical cancer by sponging miR-375,
miR-409-3p and miR-515-5p to upregulate SLC7A11 expression (121).

miR-375 triggered ferroptosis via targeting SLC7A11 and attenuated the
stemness of gastric cancer cells (122).

miR-4443 promoted cisplatin resistance in NSCLC cells by regulating FSP1
in an m6A manner via METLL3, a direct target gene of miR-4443 (123).
miR-324-3p enhanced ferroptosis in cisplatin-resistant A549 cells via
miR-324-3p/GPX4 in NSCLC cells (124).

NSCLC, non-small cell lung cancer; ROS, reactive oxygen species; IncRNA, long non-coding RNA; miRNA/miR, microRNA; circRNA,
circular RNAs; CRC, colorectal cancer; HCC, hepatocellular carcinoma.

vaccine can induce tumor cell ferroptosis to overcome
immunosuppression of the tumor microenvironment (97).
Thus, ferroptosis exhibits promising potential to trigger an
anti-cancer immune response (98).

Recently, studies examining the regulation of ferroptosis
during cancer progression and metastasis have focused
primarily on ncRNAs. Regulatory ncRNAs that regulate
NSCLC progression and metastasis, including IncRNAs and
circRNAs, have been gradually and widely reported (99-106).
IncRNA MIRS503HG serves as a sponge of miR-1273c and
has been reported to significantly increase NSCLC progres-
sion by regulating SRY-box 4 expression and inhibiting
ferroptosis (99). Furthermore, overexpression of metallothio-
nein 1D pseudogene can sensitize A549 and H1299 cells to
erastin-induced ferroptosis by downregulating Nrf2 in NSCLC
cells (100). LINCO00336 can inhibit ferroptosis by binding to
ELAV-like RNA-binding protein 1 in human lung cancer (101).
Additionally,H19 may promote cancer progression and suppress
ferroptosis by regulating the miR-106b-5p/ACSL4 axis (102).
PVTI can also regulate ferroptosis via miR-214-mediated
TFR1 and TP53 expression (104); notably, GPX4 has also
been demonstrated to be a target of miR-214-3p. Notably,
ketamine has been reported to inhibit the proliferation of liver
cancer cells in vitro and in vivo by inducing ferroptosis via
the IncRNA PVT1/miR-214-3p/GPX4 pathway (104). IncRNA
ZFASI can also induce ferroptosis by functioning as a ceRNA
through the miR-150-5p/SLC38A1 axis (105). Additionally,
LINCO00618 (106), IncRNA GABPB1-AS1, IncRNA ZFASI,
IncRNA P53RRA and IncRNA MEGS8 may all be involved

EF24

l KDM4A
mc HMOXI @9 / - zEaSL

st | /
v X SLCTALL miR-150-5p
N~ XCT\ \/;/ 4
— & SLC38A1
miR-214-3p ~, TFRL _+ __( miR-106-5p
P 9 X
(TPS3. | ACSL4 -
.\" ELAVLI —, < SO 1273

Ferroptosis

Figure 6. Ferroptosis in tumorigenesis and metastasis of NSCLC. The
key target genes and its corresponding miRNAs and IncRNAs are shown.
NSCLC, non-small cell lung cancer; miRNA, microRNA; IncRNAs,
long non-coding RNAs; EF24, diphenyldifluoroketone; SOX4, regulating
SRY-box 4; ELAVLI, ELAV-like RNA-binding protein 1; xCT, System
Xc (-); 27HC, 27-hydroxycholesterol.

in regulating ferroptosis during cancer progression (105).
These RNAs function in addition to the reported circRNAs,
which include circ_008035 (107), circRNA cIARS (108),
circ_0067934 (109), circ_0007142 (110), circIL4R (111),
circTTBK?2 (112) and circKIF4A (113), and the IncRNAs
such as IncRNA OIP5-AS1 (114). However, the relationship
between these newly identified ncRNAs and ferroptosis in
NSCLC metastasis has not been clearly clarified and requires
further investigation (Fig. 6; Table I).

Crosstalk among apoptosis, autophagy and ferroptosis.
Different types of PCD, such as apoptosis and autophagy,
apoptosis and necroptosis, and necroptosis and ferroptosis,
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exist in close crosstalk (115). ROS-induced lipid peroxi-
dation has been shown to serve an important role in
the crosstalk among apoptosis, autophagy and ferrop-
tosis (115). Lipid peroxidation products are harmful as
they destroy DNA, proteins and enzymes in various cell
types to inactivate PCD. For example, the products of lipid
peroxidation can induce cell apoptosis through the NF-«B,
MAPK and protein kinase C-related signaling pathways.
Lipid peroxidation can also interact with upstream regu-
lators of autophagy-related signaling pathways, such as
AMP-activated protein kinase and Akt-mTOR signaling to
interfere with autophagy (115). In addition, GPX4 activity
can significantly affect lipid peroxidation and regulate
ferroptosis induction.

The association between IncRNA, circRNA and miRNAs
via miRNA recognition elements and negatively regulated the
expression of miRNAs. The ceRNA regulatory network can
be mRNA-miRNA-IncRNA, mRNA-miRNA-circRNA or
mMRNA-miRNA-IncRNA-circRNA. Each miRNA can have
multiple target genes and multiple miRNAs can co-regulate
the same gene. During the regulation of NSCLC metastasis,
IncRNAs, circRNAs and miRNAs may interact with each
other as ceRNAs, and can be involved in the progression and
metastasis of NSCLC (105,15).

3. Conclusion

The rapid progress in RNA sequencing and analysis has
revealed that a number of ncRNAs regulate tumor prolif-
eration, invasion and migration of NSCLC cells. The present
study summarized the regulatory role of PCD, including
apoptosis, autophagy-related cell death and ferroptosis, in
NSCLC metastasis. It also discussed the regulatory ncRNAs
that promote PCD or inhibit the induction of PCD by acting as
oncogenes Or tumor suppressor genes.

In addition, necroptosis and pyroptosis have been newly
identified as PCD mechanisms associated with various inflam-
matory or autoimmune diseases. The functions of necroptosis
or pyroptosis in the context of cancer metastasis are complex;
they possess both pro- and anti-tumor effects according to
different pathological tissues, cell types or cancer stages
during metastasis (116). Additionally, receptor-interacting
kinase 3, the key regulator of necroptosis, is normally silenced
in types of cancer that are unable to induce necroptosis.
There are relatively few studies examining necroptosis and
pyroptosis in NSCLC metastasis and the present study did
not discuss the recent achievements in pyroptosis and necrop-
tosis in the context of NSCLC metastasis (117). Furthermore,
several aspects remain that must be addressed further: i) Novel
and effective biomarkers for identifying the progression and
prognosis of patients with NSCLC must be screened; ii) drug
resistance remains a major obstacle in the treatment of patients
with NSCLC; therefore, the effective induction of PCD,
including apoptosis, ferroptosis and autophagy, to overcome
drug resistance in NSCLC cells must be investigated in
the future.
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