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Eukaryotic initiation factor 5A2 mediates hypoxia-induced
autophagy and cisplatin resistance
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Hypoxia-induced cisplatin resistance is a major challenge during non-small cell lung cancer (NSCLC) treatment. Based on previous
studies, we further explored the effect of eukaryotic initiation factor 5A2 (elF5A2) in hypoxia-induced cisplatin resistance. In this
study, we found that autophagy and cisplatin resistance were increased under hypoxic conditions in three different NSCLC cell
lines. Compared with that under normoxic conditions, dramatic upregulation of elF5A2 and hypoxia inducible factor 1 subunit
alpha (HIF-1a) levels were detected under hypoxia exposure. Small interfering RNA silencing of HIF-1a resulted in decreased
expression of elF5A2, indicating that elF5A2 acts downstream of HIF-1a. In addition, the expression of elF5A2 was significantly
higher in NSCLC tumors compared with that in normal tissues. RNA silencing-mediated downregulation of elF5A2 decreased
hypoxia-induced autophagy, thereby reducing hypoxia-induced cisplatin resistance in NSCLC cells. The roles of elF5A2 in cisplatin
resistance were further validated in vivo. Combined treatment using elF5A2-targeted downregulation together with cisplatin
significantly inhibited tumor growth compared with cisplatin alone in the subcutaneous mouse model. In conclusions, elF5A2
overexpression is involved in hypoxia-induced autophagy during cisplatin resistance. We suggest that a combination of elF5A2
targeted therapy and cisplatin chemotherapy is probably an effective strategy to reverse hypoxia-induced cisplatin resistance and

inhibit NSCLC development.
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INTRODUCTION

Lung cancer is the second most common cancer and the leading
cause of death for both male and female cancer patients in the
USA and China [1, 2]. Approximately 85% of lung cancer is non-
small cell lung cancer (NSCLC), of which more than half are lung
adenocarcinoma (LUAD) [3]. The 5-year overall survival (OS) of
NSCLC with distant metastasis is only 7%, because it is always
diagnosed at an advanced stage and conventional therapy is
ineffective [4]. Cisplatin, a platinum-based chemotherapeutic drug
routinely used drug to treat advanced NSCLC, has limited efficacy
because of the development of cisplatin resistance [5]. Therefore,
understanding the molecular mechanisms underlying cisplatin
resistance and identifying novel and effective targets are
important for the clinical treatment of advanced NSCLC.

The microenvironment of solid tumors, such as NSCLC and
hepatocellular carcinoma, suffers from chronic hypoxia [6]. Local
tumor hypoxia is the leading cause of chemotherapy resistance,
and hypoxia inducible factor-1a (HIF-1a) is the main hypoxia-
induced transcription factor regulating the expression of
chemoresistance-related genes [7, 8]. HIF-1a-regulated genes
promote blood vessel formation, red blood cell production, sugar

metabolism, and regulate cell apoptosis to adapt to hypoxic
conditions [9, 10]. Hypoxia also induces elF5A2 (encoding
eukaryotic translation initiation factor 5A) expression, which is
an oncogene located at 326 associated with progression in
various cancers, including NSCLC, bladder cancer, and colorectal
cancer (CRC) [11-13]. EIF5A2 also induces autophagy, leading to
chemotherapy resistance in various cancers. For example, reduced
expression of elF5A2 inhibited autophagy and enhanced apopto-
sis, which significantly improved doxorubicin sensitivity [14]. A
recent report suggested that elF5A2 plays roles in chemotherapy
resistance in NSCLC [15]. Our previous research [16, 17] showed
that elF5A2 enhanced NSCLC cell cisplatin resistance by regulating
epithelial-mesenchymal transition (EMT) and modulating NSCLC
cell invasion and migration. In addition, silencing elF5A2 markedly
reduced cetuximab resistance in NSCLC [15]. Hypoxia-induced
autophagy has been suggested to mediate NSCLC chemoresis-
tance [18]; therefore, we hypothesized that elF5A2 might promote
NSCLC chemotherapy resistance by enhancing autophagy. In this
study, we found that elF5A2 expression was significantly
enhanced in NCLC tumors. In addition, downregulating elF5A2
expression using a small interfering RNA (siRNA) significantly
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Fig. 1

Enhanced autophagy and cisplatin resistance was observed in NSCLC cells under hypoxic conditions. A CCK-8 assays suggesting

that the viability of A549, HCC827, and NCI-H1299 cells treated with cisplatin increased after hypoxia exposure. B, C Western blotting
indicating that LC3II/LC3I and HIF-1a levels increased and p62 levels decreased in three NSCLC cell lines (A549, HCC827, and NCI-H1299) under
hypoxic conditions. D Staining for LC3 (green) and DAPI nuclear staining (blue) in A549 cells, showing that LC3II/LC3I expression increased in
A549 cells under hypoxic conditions, and LC3 was located in the cytoplasm. *P < 0.05, **P < 0.01.

increased the expression of autophagy-related genes (LC3
(encoding microtubule associated protein 1 light chain 3), P62
(also known as SQSTM1, encoding sequestosome 1), BECN1
(encoding beclin1, and ATG3 (encoding autophagy related 3)) and
reduced hypoxia-induced cisplatin resistance in A549 cells.
Furthermore, an in vivo subcutaneous model showed that a
combination of elF5A2 downregulation and cisplatin markedly
inhibited tumor growth compared with cisplatin treatment alone.
Taken together, our results suggested that elF5A2 is a promising
target to overcome hypoxia-induced chemoresistance in NSCLC,
and cisplatin chemotherapy combined with elF5A2 targeted
therapy could effectively hinder NSCLC development, which will
benefit patients with advanced or relapsed NSCLC who develop
chemotherapy resistance.

RESULTS

Hypoxia increases cisplatin resistance and autophagy of
NSCLC cells

Hypoxia-induced autophagy might contribute to NSCLC chemore-
sistance [19]; however, that study only used A549 and SPC-AT cells.
Here, we explored the role of hypoxia in cisplatin resistance in three
NSCLC cell lines: A549, HCC827, and NCI-H1299. To investigate
whether the cisplatin sensitivity is statistically significant under
hypoxia and normoxia conditions, we performed cell counting kit 8
(CCKB) assays, which indicated that the cisplatin sensitivity of all
three NSCLC cell lines decreased markedly after exposure to 1% O,
compared with exposure to 20% O,, suggesting significant hypoxia-
induced cisplatin resistance (Fig. 1A). Next, the investigation of the
relationship between the autophagy-related genes (e.g., LC3 and
p62) and hypoxia showed that hypoxia exposure increased LC3Il/
LC3l and HIF-1a levels, but decreased p62 levels in all three NSCLC
cell lines, suggesting that hypoxia could induce autophagy (Fig. 1B,
Q). The increased levels of LC3II/LC3I in A549 cells under hypoxic
conditions was confirmed using immunofluorescence microscopy
(Fig. 1D). Increased LC3 puncta were observed in the cytoplasm of
hypoxia-treated A549 cells (Fig. 1D). Our findings are consistent with
previous reports that hypoxia-induced autophagy is related to
NSCLC cisplatin resistance.

SPRINGER NATURE

HIF-1a mediates elF5A2 overexpression under hypoxia

Gene expression profiles change markedly under hypoxia and HIF-
1a is a major hypoxia-activated transcription factor. Here, we
found that the expression levels of HIF-1a were significantly
increased under hypoxic conditions in five NSCLC cell lines (A549,
HCC827, NCI-H1703, PC9, and NCI-H1299) (Fig. 2A-D). In addition,
we found that elF5A2 expression was increased by hypoxia in
these NSCLC cells (Fig. 2A-D). Interestingly, Spearman correlation
analysis based on The Cancer Genome Atlas (TCGA) data revealed
that elF5A2 expression correlated positively with HIF-1a expres-
sion (Fig. 2E, R=0.29, p < 0.001). To test whether HIF-1a regulates
elF5A2 expression, luciferase assays were carried out. We
constructed luciferase reporter plasmids for the elF5A2 promotor
containing predicted wild-type (WT) and mutant (MUT) HIF-1a
binding sites (Fig. 2F), which were co-transfected into
HEK293T cells with vector control or a HIF-1a expression vector
(pcDNA- HIF-1q). Co-transfection of the elF5A2-WT and pcDNA-
HIF-1a plasmids, but not a negative control, resulted in a
significant increase in relative luciferase activity (Fig. 2F). Next,
we investigated whether the overexpression of elF5A2 is mediated
through activation of HIF-1a by siRNA-mediated silencing of HIF-
1a in these NSCLC cell lines. We found that the expression of
elF5A2 in HIF-1a-silenced A549 and NCI-H1299 cells decreased,
indicating that elF5A2 expression is induced by HIF-1a activation
under hypoxic conditions (Fig. 2G). Interestingly, elF5A2 positively
regulates the expression of HIF-1a in esophageal squamous cell
carcinoma cell lines [13]. The evidence suggests that elF5A2 can
increase HIF-1a expression and vice versa.

elF5A2 is generally overexpressed in NSCLC

To further determine the roles of elF5A2 in NSCLC, were examined
elF5A2 expression levels in NSCLC and normal tissues. Bioinfor-
matic analysis of TCGA data demonstrated that elF5A2 is
overexpressed in LUAD compared with normal tissue (Fig. 3A).
We quantified the levels of elF5A2 in seven NSCLC cell lines and
normal lung cells (MRC-5 cells). Except for NCI-H358, elF5A2 was
overexpressed in most NSCLC cell lines (A549, HCC827, NCI-H1703,
NCI-H1650, NCI-H1299, and PC9), compared with that in MRC-5
cells (Fig. 3B, Q). In addition, elF5A2 levels were significantly higher
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Fig. 2 Expression of HIF-1a and elF5A2 were upregulated under hypoxic conditions. A-D Western blotting (A-C) and qRT-PCR (D) results
showing that the expression levels of HIF-1a and elF5A2 in five NSCLC cell lines (A549, HCC827, NCI-H1703, PC9, and NCI-H1299) increased
under hypoxic conditions. E A scatter plot suggesting that elF5A2 levels correlated significantly and positively with ATG3 levels (R = 0.36,
p <0.001). F Luciferase activity analyzed after HEK293T cells were co-transfected with the indicated luciferase reporter plasmids, vector, or
pcDNA elF5A2. G gRT-PCR results suggesting that elF5A2 expression in A549 and NCI-H1299 cells decreased after HIF-1a silencing. *P < 0.05,
**P <0.01.

in tissues of patients with NSCLC (Fig. 3D, E). Interestingly, survival elF5A2 monoclonal antibody. The results showed high levels of
analysis indicated that patients with NSCLC and low elF5A2 elF5A2 in NSCLC tissues and a cytoplasmic location, similar to that
expression tend to have better survival outcomes (Fig. 3F). predicted using the uniprot database [20] (Fig. 3G). Abnormally
Immunohistochemistry (IHC) was used to explore elF5A2 levels high elF5A2 expression in NSCLC suggests its potential as a
in tumor and normal tissues of two patients with NSCLC using an therapeutic target to treat NSCLC.
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Fig.3 EIF5A2 is highly expressed in NSCLC. A Expression analysis based on the TCGA-LUAD cohort showing that elF5A2 expression in NSCLC
tissues was significantly higher than that in adjacent normal tissues. B-E Western blotting results validating the overexpression of elF5A2 in
both NSCLC cell lines (B, €) and tissues (D, E). F Survival curve indicating that patients with NSCLC with low elF5A2 expression always had a
better survival outcomes. G IHC analysis suggesting that elF5A2 is highly expressed in NSCLC and is located in the cytoplasm. **P < 0.01.

EIF5A2 contributes to hypoxia-mediated cisplatin resistance
in NSCLC

The high expression of elF5A2 under hypoxia and in NSCLC
suggested that it might contribute to cisplatin resistance in
NSCLC. To test this, we reduced elF5A2 expression using siRNAs
targeting elF5A2. All three siRNAs significantly reduced the mRNA
and protein levels of elF5A2, with si-elF5A2 presenting the
greatest silencing effects (Fig. 4A-C). CCK8 assays showed that

SPRINGER NATURE

compared with the negative control, cisplatin-induced death of
A549 and NCI-H1299 cells decreased significantly after elF5A2
knockdown, and increased after elF5A2 overexpression (Fig. 4D),
indicating that elF5A2 is involved in cell processes related to
cisplatin resistance in NSCLC. Next, we examined the roles of
elF5A2 in hypoxia-induced cisplatin resistance. Compared with the
negative control, the viability of si-elF5A2 transfected A549 cells
treated with cisplatin under hypoxia decreased significantly,

Cell Death and Disease (2022)13:683



G. Xu et al.

>
w
(@}

NC
si-elF5A2-1

v oo m e
c % "
S M si-elF5A2-2 Ny g 5 M si-elF5A2-1
2 si-elF5A2-3 559 S5 5. W sielF5A2-2
o L LLJLE B 23 M si-elF5A2-3
3 RO RG] FR
% (S0 0 0 A © I o i Sa
9 Znn®n Zn 6w ﬁ§
é elF5A2 W=l Qe as e s 17KD op
T O
E B-actin [N SRR 15KD 2
S A549  NCI-H1299
= A549  NCI-H1299
A549 NCI-H1299 A549 = OE-elF5A2 NCI-H1299 E20E-elR5A2
- NC - NC - Vector - Vector
2 150 = si-elF5A2 £ 150 = si-elF5A2 2 150 £ 150
el ) ) )
> 2 100 > 2 100 > 2 100 > £ 100
83 83 83 88
£9 50 2° 50 29 50 2° 50
= 5 R = =S
T 5 . T TS
[0} [0} [0} [0}
['4 0+ ['4 0+ ['4 0+ 1 0+
0 2 4 6 0 3 6 9 12 0 2 4 6 0 3 6 9 12
Cisplatin (uM) Cisplatin (uM) Cisplatin (uM) Cisplatin (uM)
A549 A549 v{_\, ég‘)/ = .,
NE o e & S & M si-elF5A2 B OFeiFsA2
elF5A2 SIRNA . OE-elF5A2 o.? & o " OFe
£25 - - 207 = S ¥ ANEFO) o 10 o 5
*x c
820 e 215 1 - Beclin-1 | @ ass s @ 60KD % £ o8 r—| I—‘ 25
- @ 123
S 10 g2 o6 ta
5 P62 [m W Ss | 62KD BE o4 S
% g o S
205 = 2 25
s B-actin | SNED [ SNNS 45KD gs o2 £8
0.0 ©
A549  AB549 = <& [
& <
©®
DAPI LC3-GFP Merge
~ A549 - 1%-NC
- _ = 1%-si-elF5A2
) = 150
N o=~
o)
> £ 100
88
S 2o %0
° T <
= o
~ 4 o4 : . . . ,
i [} 0 5 10 15 20 25
o X Cisplatin (uM)
8 b3
¥ s
< 4
s

Fig. 4 Silencing elF5A2 effectively decreases the autophagy and cisplatin resistance in NSCLC cells. A-C gRT-PCR A and western blotting
B, C results confirming successful transfection. D The results of CCK8 assays suggesting that compared with the negative control, the cell
viability of A549 and NCI-H1299 treated with cisplatin decreased after knockdown of elF5A2, and increased after overexpression of elF5A2.
E, F qRT-PCR E and western blotting (F) results proving that compared with the negative control, Beclin-1 expression decreased and p62
expression increased after EIF5A2 silencing (E), which could be reversed by overexpressing elF5A2 (F). G, H Staining for p62 (green) and DAPI
nuclear staining (blue) in A549 cells, confirming the reduced expression of p62 and the enhanced expression of LC3 under hypoxic conditions,
and both p62 and LC3 were located in the cytoplasm. However, after silencing elF5A2, the expression levels of p62 (G) and LC3 (H) did not
decrease, even under hypoxic conditions. | The results of a CCK8 assay suggesting that compared with NC-transfected A549 cells, the cell
viability of si-elF5A2-transfected A549 cells treated with cisplatin under hypoxia decreased significantly. *P < 0.05, **P < 0.01.

suggesting that silencing elF5A2 effectively alleviated hypoxia-
induced cisplatin resistance (Fig. 4l).

EIF5A2 is involved in autophagy in NSCLC cells

Hypoxia-mediated autophagy has been suggested to protect
cancer cells from chemotherapy. Therefore, we investigated the
roles of elF5A2 in NSCLC cell autophagy. We found that Beclin-1
expression decreased and p62 expression increased in elF5A2-
silenced A549 cells (Fig. 4E, F). Compared with vector-transfected
cells, elF5A2 overexpressing cells showed higher Beclin-1

Cell Death and Disease (2022)13:683

expression and lower p62 expression, indicating that elF5A2 was
crucial for enhanced autophagy (Fig. 4E, F). Moreover, rescue
experiments showed that P62 siRNA reversed the effect of
elF5A2 siRNA on cisplatin sensitivity (Fig. ST). Immunofluorescence
showed that p62 expression levels were reduced (Fig. 4G) and LC3
levels were increased (Fig. 4H) under hypoxic conditions, and both
proteins were located in the cytoplasm. Most importantly, after
elF5A2 silencing, p62 (Fig. 4G) and LC3 (Fig. 4H) expression was
recovered under hypoxic conditions, indicating that elF5A2 is
essential to trigger autophagy during hypoxia.

SPRINGER NATURE
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Fig. 5 ATG3 could be induced by elF5A2 and HIF-1a. A A scatter plot suggesting that elF5A2 expression correlated significantly and
positively with ATG3 expression (R=0.36, p<0.001). B, C Western blotting results demonstrating that ATG3 levels decreased with the
knockout of elF5A2. D qRT-PCR results exhibiting successful transfection. E A scatter plot revealing the significant and positive correlation
between HIF-1a and ATG3 expression (R =0.29, p < 0.001). F-H gRT-PCR (F) and western blotting (G, H) indicating that ATG3 levels decreased

after silencing HIF-1a. *P < 0.05, **P < 0.01, ***P < 0.001.

We next studied another autophagy related gene, ATG3, which
is important for autophagosome formation [21]. We calculated
the correlation coefficient between HIF-1a and ATG3 expression
using Pearson correlation analysis based on TCGA data, which
indicated that HIF-1a expression correlated significantly and
positively with ATG3 expression (Fig. 5E, R=0.29, p <0.001).
Subsequently, western blotting and quantitative real-time reverse
transcription polymerase chain reaction (qRT-PCR) demonstrated
the decreased ATG expression when HIF-1a expression levels
were reduced (Fig. 5F-H). Next, we analyzed how elF5A2 affects
ATG3 expression. Pearson correlation analysis based on TCGA
data indicated that elF5A2 expression correlates significantly and
positively with ATG3 expression (Fig. 5A, R=0.36, p <0.001).
Western blotting showed that ATG3 levels in these si-elF5A2-
transfected NSCLC cells (A549, HCC827, NCI-H1703, PC9, and NCI-
H1299) were significantly lower than those in the NC-transfected
NSCLC cell lines (Fig. 5B, C). gRT-PCR indicated that the ATG3
expression in si-elF5A2-transfected NSCLC cell lines was markedly
inhibited (Fig. 5D). Thus, autophagy in NSCLC is suppressed when
elF5A2 expression is reduced, revealing the crucial role of elF5A2
in modulating autophagy.

SPRINGER NATURE

EIF5A2 downregulation enhances cisplatin’s efficacy against
NSCLC tumor growth

The role of elF5A2 in cisplatin resistance of NSCLC was further
investigated through an in vivo subcutaneous model. The stripped
NSCLC tissues are shown in Fig. 6A. We subcutaneously injected
A549 cells into nude mice for NSCLC formation, and then injected
them with reagents according to their group. Among the four
treatment groups (saline, cisplatin only, elF5A2 silencing only, and
cisplatin plus elF5A2 silencing), the tumors in the nude mice
injected with NSCLC tissues with reduced elF5A2 expression were
non-significantly smaller than those in the mice injected with
saline. However, cisplatin plus elF5A2 silencing treatment
significantly reduced tumor volume after 15 days compared to
the cisplatin alone treated mice, suggesting that elF5A2 down-
regulation reinforced the anti-tumor effects of cisplatin. The body
weights of the different groups of mice were similar, indicating
that the combined treatment had the strongest anti-tumor effects
without increasing cisplatin’s toxic side effects (Fig. 6B, C). IHC
showed that the mice treated with cisplatin plus elF5A2 silencing
had the lowest Ki67 levels (Fig. 6E) and the highest terminal
deoxynulceotidyl transferase nick-end-labeling (TUNEL) staining

Cell Death and Disease (2022)13:683
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(Fig. 6F), indicating that the combined treatment effectively
reversed hypoxia-induced autophagy and inhibited NSCLC devel-
opment (Fig. 6D, F and Fig. S2).

DISCUSSION

Despite its strong nephrotoxicity, cisplatin has remained the
cornerstone of NSCLC treatment because of its affordability and
effectiveness [22]. However, the emergence of cisplatin resistance
has led to therapeutic failure and subsequent poor survival
outcomes in patients with NSCLC [23]. The unclear molecular
mechanism of chemoresistance is the main obstacle to effective
treatment strategies for NSCLC [24]. Therefore, exploring the
molecular mechanism of hypoxia-induced cisplatin resistance is
important to overcome cisplatin resistance and increase ther-
apeutic efficiency.

In various solid tumors, hypoxia promotes invasiveness,
proliferation, and metastasis during tumorigenesis and develop-
ment, resulting in poor survival outcomes [25]. Crucially, HIF-1a
protects cell survival under hypoxic conditions, and is closely
related to progression and metastasis of various tumors [25]. IHC
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analysis of HIF-1a expression in 179 samples of 19 tumor types
detected HIF-1a overexpression in 13 tumors, including LUAD [26].
The hypoxic microenvironment caused by high tumor metabolism
in various solid tumors leads to increased HIF-1a expression [27].
Herein, we found significantly higher HIF-1a expression under
hypoxic conditions than under normoxia condition in NSCLC cells,
confirming that HIF-1a overexpression is induced by hypoxia
during NSCLC (Fig. 1B, C).

Recently, elF5A2 overexpression has been reported in a variety
of solid tumors, including NSCLC [11], ovarian cancer [28],
pancreatic cancer [29], CRC [30], BCA [31], hepatocellular
carcinoma [32], and esophageal squamous cell carcinoma (ESCC)
[13]. We confirmed high elF5A2 expression in NSCLC tissues and
cell lines. In-depth exploration of the hypoxia mechanism has
suggested a correlation between elF5A2 and HIF-1a. For example,
N1-guanyl-1,7-diaminoheptane (GC7), an inhibitor of elF5A2,
reduced doxorubicin resistance in hepatocellular carcinoma cells
by reversing hypoxia-induced EMT through the HIF-1a signaling
pathway [33]. Herein, we revealed that elF5A2 expression is
induced after hypoxia exposure and is positively regulated by HIF-
1a in NSCLC (Fig. 3B-F).
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Autophagy is a lysosomal degradation process that digests
damaged cell structures, aging organelles, and surplus biological
macromolecules, thereby maintaining the homeostasis of micro-
environments under harmful conditions, including hypoxia [34].
Recently, the role of hypoxia-induced HIF-1a in modulating
autophagy and inducing chemotherapy resistance has been
explored. For instance, overexpression of HIF-1a induced by
hypoxia increased autophagy in ovarian cancer cells, contributing
to cisplatin resistance [35]. Moreover, cisplatin resistance in
bladder cancer was induced by activating autophagy under
hypoxic conditions, which could be reversed by autophagy or HIF-
1a inhibitors [36]. However, whether and how HIF-1a is involved in
hypoxia-induced autophagy and chemoresistance in NSCLC cells
remains unknown. Our results suggested that HIF-1a plays a
crucial part in modulating autophagy by upregulating elF5A2 in
NSCLC cells, leading to cisplatin resistance (Fig. 4D, E).

LC3, p62, Beclin-1, and ATG3 were identified as classical
autophagy biomarkers, and their expression represents the level
of autophagy indirectly [37]. Various autophagy-related genes
(including LC3, p62, Beclin-1, and ATG3) play an essential role in
mediating resistance to conventional treatments in NSCLC. For
example, a lysosomal inhibitor silencing LC3 decreased the LC3
levels in NSCLC cells, reversing autophagy-modulated icotinib
resistance [38]. In addition, p62 induces radiation-resistant cells,
suggesting that targeting p62 in patients with NSCLC with a poor
radiotherapy response would be an effective treatment strategy
[39]. ATG3 is highly expressed in cisplatin resistant NSCLC cells,
and downregulation of ATG3 significantly ameliorated cisplatin
resistance [40]. Moreover, Beclin-1 has an important role in
enhancing chemoresistance in CRC [41]. In this study, we
confirmed the involvement of autophagy-related proteins, includ-
ing LC3, p62, Beclin-1, and ATG3, in the induction of cisplatin
resistance in NSCLC cells. Furthermore, reduced elF5A2 expression
downregulated autophagy-related gene expression. In addition,
elF5A2-silenced cells showed inhibited hypoxia-induced autop-
hagy, suggesting that elF5A2 lies upstream of autophagy. These
results led us to propose a model for the signaling cascade from
hypoxia to cisplatin resistance. In NSCLC, the hypoxic microenvir-
onment activates HIF-1a, which increases elF5A2 expression.
Upregulated elF5A2 triggers autophagy via an as-yet-unknown
mechanism, thereby protecting tumor cells from cisplatin toxicity
(Fig. 5F-H).

A major finding of this study is that elF5A2 silencing drastically
reduced cisplatin resistance in NSCLC cells and in vivo models.
Hypoxia-induced cisplatin resistance was significantly reduced in
elF5A2-silenced cells under hypoxic conditions (Fig. 4l). In
addition, combination therapy comprising elF5A2 silencing and
cisplatin was more effective than cisplatin alone in preventing
tumor growth, without increasing cisplatin’s side effects
(Fig. 6A-C). The nude mice treated with elF5A2 silencing and
cisplatin had the lowest Ki67 expression and the highest level of
TUNEL staining, suggesting that the combined treatment effec-
tively reduced hypoxia-induced autophagy hypoxia and hindered
the development of NSCLC (Fig. 6D-F). EIF5A2-targeted inhibition
and cisplatin has been found to be effective in other tumors. In a
mouse mesenchymal phenotypic oral cancer cell model, silencing
elF5A2 significantly increased the toxicity of cisplatin toward
mesenchymal phenotypic oral cancer cells, without an obvious
increase in side effects [42].

In order to further explore the detailed mechanism of elF5A2
regulating autophagy signaling pathway, several experiments
were taken. Firstly, we found that elF5A2 siRNA induced changes
in autophagy related indicators, decreased LC3 and Beclin-1
protein and mRNA levels, and increased P62 levels (Fig. 4 and Fig.
S2), which was consistent with our previous published study [14].
And further analysis using TCGA database showed that elF5A2 was
positively correlated with ATG3 expression, elF5A2 siRNA inhibited
ATG3 protein levels (Fig. 5). ATG3 is an E2-like enzyme essential for
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autophagy. Previous studies have shown that ATG3 deletion
prevents cells from forming lipidated LC3B, inhibiting membrane
elongation and autophagy formation [43, 44]. Lubas et al found
that the translation of ATG3 was highly dependent on elF5A, and
the reduced expression of ATG3 caused by elF5A deletion could
not only inhibit the lipatization of LC3B and its adjacent
homologues, but also reduce the number of autophagosomes
[45]. They also proposed that elF5A, through its hypine residues,
helps ribosomes translate ATG3 protein at its DDG moiety, thus
enhancing ATG3 expression and promoting LC3B lipidation and
autophagosome formation [45]. EIF5A includes two subtypes,
elF5A1 and elF5A2. They are the only two proteins that contain
the amino acid hypusine [46, 47]. Hypusine modification is critical
requirement for elF5A activity [47]. Therefore, we speculated that
elF5A2 might increase the expression of ATG3 through hypusine
modification to promote autophagy, but this needs to be further
studied.

CONCLUSION

We clarified the signaling cascade involved in hypoxia-mediated
cisplatin resistance in NSCLC and identified elF5A2 as a new
therapeutic target to support cisplatin efficacy. Our findings
indicated that hypoxia increases elF5A2 expression via HIF-1q, and
overexpression of elF5A2 could induce cisplatin resistance by
enhancing autophagy. Furthermore, the combination therapy
comprising elF5A2 silencing and cisplatin effectively reduced
cisplatin resistance and hindered NSCLC development. This study
identified new proteins involved in NSCLC cisplatin resistance and
provided new insights into effective chemotherapy to inhibit
NSCLC development and improve cisplatin’s toxicity toward
NSCLC. In future studies, we will further explore the effects of
combinations of HIF-1a inhibitors, elF5A2 inhibitors, and autop-
hagy inhibitors together with cisplatin in patients with NSCLC.

METHODS

Cell culture and transfection

Human NSCLC cell lines (A549, NCI-H358, HCC827, NCI-H1299, NCI-H1650,
and NCI-H1703), human embryonic lung cells (MRC-5), and PC9 cells were
obtained from the Shanghai Cell Bank (https://www.cellbank.org.cn/). MRC-
5 cells were incubated in Dulbecco’s modified Eagle’s Medium (DMEM,
Gibco, Carlsbad, CA, USA), and A549, NCI-H358, HCC827, NCI-H1299, NCI-
H1650, NCI-H1703, and PC9 cells were cultured in Roswell Park Memorial
Institute (RPMI)—1640 medium (Gibco). Both DMEM and RPMI-1640
medium were supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin/streptomycin (Sigma, St. Louis, MO, USA). All cells were
cultured in 5% CO, at 37 °C. For transfection, cells were seeded in 6-well
plates (2.5 x 10° cells/well) and transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). The reagents, including elF5A2 siRNAs, the
elF5A2 overexpression vector, and their negative control (si-NC, Vector),
HIF-1a siRNA and its negative control, were all bought from GenePharma
Corporation (Shanghai, China). Primers and other sequences are shown in
Table 1.

Patients and tissue specimens

Tissue samples, including seven paired NSCLC tissues and adjacent normal
tissues, were obtained after thoracic surgery in the First Affiliated Hospital
of Zhejiang University School of Medicine. The patients provided informed
consent for the research use of their tissues. All human-related procedures
we conducted according to the 1964 Helsinki Declaration. All samples were
quickly frozen and stored in a —80 °C freezer.

Cell counting Kit-8 (CCK8)

Cell viability was analyzed using CCK8 assays (Dojindo, Kumamoto, Japan)
following the manufacturer’s protocol. A549, NCI-H1299 (both 3 x 10° cells/
well) and HCC827 (7 x 10% cells/well) cells were seeded in two 96-well
plates with corresponding medium. The next day, A549 and NCI-H1299
cells were cultivated inRPMI-1640 medium containing 10% FBS and treated
with 0, 0.625, 1.25, 2.5, 5, 10, or 20 ug/mL cisplatin. HCC827 cells were
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Table 1.  Primers utilized for transfection in this study.

Gene Primer sequence

si-HIF-10-1217 forward: 5'-GCCGCUCAAUUUAUGAAUATT-3'
reverse: 5-UAUUCAUAAAUUGAGCGGCTT-3'

si-HIF-10-2258 forward: 5-CCACCACUGAUGAAUUAAATT-3'
reverse: 5-UUUAAUUCAUCAGUGGUGGTT-3'

si-HIF-10-1612 forward: 5'-GCUGGAGACACAAUCAUAUTT-3’
reverse: 5-~AUAUGAUUGUGUCUCCAGCTT-3’

si-elF5A2-132 forward: 5'-GCAGACGAAAUUGAUUUCATT-3'
reverse: 5-UGAAAUCAAUUUCGUCUGCTT-3'

si-elF5A2-251 forward: 5'-GGAGAUGUCAACUUCCAAATT-3’
reverse: 5-UUUGGAAGUUGACAUCUCCTT-3'

si-elF5A2-431 forward: 5-GCUGACAGAAACUGGUGAATT-3'

reverse: 5-UUCACCAGUUUCUGUCAGCTT-3’

incubated in DMEM with 10% FBS and 0, 0.156, 0.313, 0.625, 1.25, 2.5, or
5pg/mL cisplatin. Subsequently, the three types of NSCLC cells were
incubated in normoxic incubator (37 °C, 20% O,, Thermo, Shanghai, China)
and a hypoxic incubator (37°C, 1% O, Thermo), respectively. After
incubation for 48 h, we mixed the CCK8 reagent with cell culture medium
at 1:10, and added 100 pL/well of the mixed solution to the 96-well plate
containing the treated cells. The absorbance of each well was measured at
450 nm after incubation for different periods (1, 2, or 3 h).

Western blotting

NSCLC cells (2x10° cells/well) were seeded in two 6-well plates with
corresponding medium, and incubated in normoxic and hypoxic
incubators for 48 hours, respectively. Then, the medium was discarded,
and the cells were lysed to extract proteins. A bicinchoninic acid (BCA)
protein assay kit (Applygen, Beijing, China) was used to quantify the
proteins from the NSCLC cells. Subsequently, protein (20 ug/sample) was
separated using sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis, transferred to polyvinylidene difluoride membranes, and incubated in
5% skim milk for 2 h. Then, the membrane was incubated with primary
antibodies at 4 °C overnight: anti-eFI5A2 (1:1000, Abcam, Cambridge, UK,
ab126733), anti-HIF-1a (1:1000, CST, Danvers, MA, USA), anti-p62 (1:1000,
CSTA), anti-light chain 3 (LC3, 1:1000, CST), anti-Beclin-1 (1:1000, CST), anti-
autophagy related 3 (ATG3, 1:1000, CST), anti-Tubulin (1:1000, CST), anti-
B-actin (1:1000, CST), and anti-glyceraldehyde-3-phosphate-dehydrogen-
ase (GAPDH, 1:1000, ProteinTech, Chicago, IL, USA). After washing three
times, the membrane was incubated with the corresponding secondary
antibodies (1:2000, CST) at room temperature for 2 h. GADPH, Tubulin, and
(3-actin was considered normalization controls. Finally, the immunoreactive
bands were detected using electro-chemiluminescence.

Luciferase assay

HEK-293T cells were inoculated into 24-well plates, and then transfected
into pGL3- elF5A2 wild-type promoter region, pGL3-elF5A2 mutant
promoter region firefly lucifase reporter vector (Promega), and co-
transfected into pcDNA-HIF-1a overexpression vector or vector control.
X-tremegene ™ HP DNA Transfection Reagent (Roche) was used. After
transfection, the cells were incubated for 48 h and the luciferase activity
was detected using the dual luciferase reporter gene assay system
(Promega) according to the manufacturer’s instructions. The results were
normalized with renilla luciferase activity.

Immunofluorescence (IF)

NSCLC cells (4 x 10* cells/well) were seeded in 6-well plates and incubated
in normoxic and hypoxic incubators, respectively for 48 h. After washing
three times, the cells were fixed using paraformaldehyde for 1 h, and then
blocked using 5% FBS for 1 h. Subsequently, anti-LC3 (1:200, CST) and anti-
p62 (1:200, CST primary antibodies were added and incubated overnight at
4°C. The next day, after incubation with the Alexa-conjugated anti-mouse
secondary antibodies (Alexa488, Invitrogen) and Alexa-conjugated anti-rat
secondary antibody (Alexa555, Invitrogen) at room temperature for 1 h, the
cells were stained using diamidino-2-phenylindole (DAPI, Solarbio, Beijing,
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Table 2. Primers utilized for qRT-PCR in this study.

Gene Primer sequence

HIF-Ta forward 5-ATCCATGTGACCATGAGGAAATG-3’
reverse 5-TCGGCTAGTTAGGGTACACTTC-3’

elF5A2 forward 5-TGTCCTTCTACTCACAACATGGA-3'

reverse 5-CTCACGAACTTCACCAGTTTCT-3’
ATG3 forward 5-AACATGGCAATGGGCTAC-3'
reverse 5'-ATCTGTTTGCACCGCTTATAG-3’
forward 5'-CTCCCGAGGTGAAGAGCATC-3’
reverse 5-AATGGAGCTGTGAGTTCCTGG-3’
p62 forward 5-GAAGCTGCCTTGTACCCACATC-3'
reverse 5-TGTCATAGTTCTTGGTCTGCAGGAG-3’

Beclin-1

ACTB forward 5-TGGCACCCAGCACAATGAA-3'
reverse 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3’
GADPH forward 5-ATCATCAGCAATGCCTCC-3'

reverse 5-TCCTTCCACGATACCAAAG-3’

China) for 5 min. Subsequently, a confocal microscope was used to observe
the cells and obtain data.

Bioinformatic analysis

The transcriptome profiles of LUAD and adjacent normal tissue and the
patients’ corresponding clinical information were obtained from the TCGA
(https://portal.gdc.cancer.gov/) database [48]. Wilcoxon signed-rank tests
were performed using R-x64-4.0.3, ggpubr and limma packages to explore
whether there was statistically significant difference in elF5A2 expression
between LUAD tissues and normal tissues, and a column diagram were
generated for visualization. Kaplan-Meier survival analysis was performed
to determine the statistical differences in OS between high and low elF5A2
expression groups, and the median elF5A2 expression value was used as
the cut-off to divide LUAD patients into different groups. Spearman
correlation analyse was conducted using the R-x64-4.0.3 ggplot2 package
to calculate the correlation coefficients among elF5A2, HIF-1q, and ATG3.

Immunohistochemistry

The tissue samples from NSCLC patients were embedded in liquid paraffin
and cut into 4 um sections. The primary antibodies were added at 4 °C
overnight: anti-elF5A2 (1:1000, ab227537, Abcam), anti-Ki67 (1:1000,
ab15580, Abcam), anti-TUNEL (1:1000, Roche, Basel, Switzerland), anti-
ATG3 (1:1000, ProteinTech). Next, after incubation with the corresponding
secondary antibodies (1:2000, CST) at 37 °C for 30 min, the sections were
stained with a 3, 3’-diaminobenzidine (DAB) plus kit based on the
manufacturer’s protocol.

Quantitative real-time reverse transcription polymerase chain
reaction (qRT-PCR)

Total RNA was isolated from NSCLC cells using Trizon (Invitrogen)
according to the manufacturer's protocol, which was subsequently
reverse-transcribed into cDNA using a Prime Script RT kit (Takara, Dalian,
China). After staining by SYBR Green (Takara), the cDNA was subjected to
gPCR in an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The 2-AAC ethod was performed to calculate relative
expression values [49], with ACTB and GADPH as normalization controls. All
primers used in the present study were purchased from GeneScript
(Nanjing, China) (Table 2).

In vivo subcutaneous model

Animal research was carried out in compliance with the Guide for the Care
and Use of the Animal Ethics Committee of Ningbo University. Fifty nude
mice were purchased from Hangzhou Ziyuan Laboratory Animal Technol-
ogy Co., Ltd. (Hangzhou, China), and then subcutaneously injected with
A549 cells for NSCLC formation. After one and a half months, we
eliminated nude mice with poor tumor formation and fed the remaining
nude mice for another 3 weeks. Saline and cisplatin were injected
intraperitoneally, and siRNAs were injected intratumorally. The nude mice
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were injected with saline, elF5A2 siRNA, cisplatin combined with
elF5A2 siRNA, and cisplatin only, according to their groups. Tumor volume
(0.5 x length x width?) and the body weight of each nude mouse were
measured every 5 days. The nude mice were sacrificed after 15 days, and
NSCLC tissues were stripped for subsequent IHC assays. To evaluate
apoptosis and proliferation, we utilized IHC to measure Ki67 [50] levels and
terminal deoxynulceotidyl transferase nick-end-labeling (TUNEL) staining
[51]. In addition, elF5A2, and ATG3 levels were evaluated by IHC.

Statistical analysis

Data were expressed as means + the standard deviation, and were analyzed
using GraphPad Prism 6.0 (GraphPad Inc., La Jolla, CA, USA). Student’s t-test
or one-way analysis of variance was performed to determine whether there
was statistical significance between different groups. All figures were labeled
as follows: ***p < 0.001, **p < 0.01, and *p < 0.05.

DATA AVAILABILITY

All data generated or analyzed during this study are included in the published article.
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