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Abstract: The stress response molecule nuclear protein-1
(NUPR1) is essential for the growth of multiple types of
human malignant tumor cells. However, the significance
of NUPR1 in lung cancer is still not entirely elucidated.
Therefore, this study is aimed to explore the function
and underlying mechanisms of NUPR1 in lung cancer.
NUPR1 mRNA and protein levels in lung cancer cell lines
(A549 or H1299 cells) were silenced through siRNA transfection
and western blot observed its successful infection efficiency.
Then, using tube formation and wound healing experiments,
the effects of si-NUPR1 on angiogenesis and migration of
human umbilical vein endothelial cells (HUVEC) were exam-
ined, respectively, which indicated inhibitory effects on the
angiogenesis and migration of HUVEC. Vascular endothelial
growth factor A (VEGFA), a vital molecule in angiogenesis,
was detected by PCR and western blot assays, manifesting
NUPR1 knockdown represses VEGFA expression. Furthermore,
the knockdown of NUPR1 may reduce angiogenesis by lowering
VEGFA expression through inositol-requiring enzyme 1 (IRE1)/X
box binding protein 1 (XBP1) and protein kinase RNA-like
endoplasmic reticulum kinase (PERK)/eukaryotic translation
initiation factor 2 A (elF2a)/recombinant activating tran-
scription factor 4 (ATF4) signaling pathways in A549 or
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H1299 cells. In conclusion, these findings demonstrated
that NUPR1 knockdown inhibits angiogenesis in A549 and
H1299 cells through IRE1/XBP1 and PERK/eIF20/ATF4 sig-
naling pathways, indicating that NUPR1 could represent a
novel lung cancer therapeutic target.
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1 Introduction

Lung cancer is among the most prevalent and lethal forms
of cancer, having a high mortality rate [1]. Lung cancer is
usually characterized by early migration and invasion,
with richly vascularized tumor tissues [1]. Non-small cell
lung cancer (NSCLC), which comprises adenocarcinoma,
large cell carcinoma, and squamous carcinoma, is the pre-
dominant subtype of lung cancer, comprising approxi-
mately 80% of lung malignancies [1,2]. Despite significant
breakthroughs in lung cancer treatment, such as the devel-
opment of new medications and treatment alternatives,
patients with NSCLC continue to have a dismal 5-year sur-
vival rate [3]. Consequently, it is essential to investigate the
molecular processes underlying the advancement of NSCLC.

Endoplasmic reticulum (ER) buildup of misfolded or
unfolded proteins is a characteristic of all malignancies
[4], including NSCLC [5]. Around 55.9-87.5% of NSCLC tis-
sues are under ER stress [5]. Efficient reduction of such
protein folding load is required to maintain ER homeostasis,
and the reduction impact is predominantly through the
unfolded protein response (UPR), an evolutionarily con-
served signaling pathway in eukaryotic cells [5,6]. Interest-
ingly, UPR activation is required for high proliferation and
chemoresistance in NSCLC cells [5].

Angiogenesis, characterized by the germination, migra-
tion, and remodeling of existing blood vessels, is crucial to
the development of NSCLC, and vascular endothelial growth
factor A (VEGFA) involves in the progress of angiogenesis
[7]. Furthermore, activated UPR has been found to result in
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the upregulation of many pro-angiogenic factors (such as
VEGFA) through inducing transcription factors inositol-
requiring enzyme 1 (XBP-1) and activating transcription
factor 4 (ATF4) to contribute to stabilizing VEGFA mRNA
and stimulating VEGFA transcription [8].

Nuclear protein 1 (NUPR1), a stress-induced protein,
has been found to represent an intriguing link between
cellular and ER stress, which plays an essential part in
the development of a number of malignancies, including
pancreatic, breast, and prostate cancers [9]. In addition,
NUPR1 has been reported to contribute to the progression
of lung cancer [10]. Our previous study also confirmed that
the knockdown of NUPR1 inhibited UPR-related factors
(including UPR, XBP1, and ATF4) [11]. It has been shown
that NUPR1 enhances VEGFA-mediated angiogenesis in
hepatocellular carcinoma [12]. Unfortunately, the involve-
ment of NUPR1 in lung cancer angiogenesis and related
mechanisms are unclear.

In this study, the effect of NUPR1 in lung cancer cell
lines was estimated. It was found that NUPR1 silencing could
inhibit angiogenesis in human umbilical vein endothelial
cells (HUVEC) cells, and these inhibitory effects may exert
through reducing VEGFA expression and modulating UPR-
induced transcription factors (inositol-requiring enzyme 1
[IRE1]/XBP1 and protein kinase RNA-like endoplasmic reti-
culum kinase [PERK]/eukaryotic translation initiation factor
2 A [elF2a]/ATF4).

2 Methods

2.1 Cell culture in hypoxic

American Type Culture Collection was the source for the
A549 (CRM-CCL-185) and H1299 (CRL-5809) human lung
cancer cell lines. They were cultivated in RPMI-1640 media
(Sigma Aldrich, MFCD00217820) with 10% fetal bovine serum
(FBS) (Gibco, 10099-141) under a hypoxic environment (5%
CO,, 1% 0,, and 94% N,).

2.2 Downregulation of NUPR1 gene by siRNA

The NUPR1 gene was knockdown using the siRNA transfec-
tion kit (Shanghai GeneChem Co., Ltd, China): NUPR1 siRNA
#1 5-GGAUGAAUCUGACCUCUAUTT-3' and NUPR1 siRNA #2
5-GGCAGCAACAAUAAAUAGATT-3. By adding Lipofectamine
RNAIMAX complex (Invitrogen, Carlsbad, CA, USA) containing
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SiRNA to the culture media, SiRNA transfection of A549 and
H1299 cells was initiated. A well contained Lipofectamine
RNAIMAX and siRNA and the ratio was 1.5 uL:5 pmol per
well. Silencer Select Negative Control #1 siRNA (Ambion) was
employed as a negative control (NC) for the siRNA therapy.

2.3 Tube formation assay

Growth factor-reduced Matrigel Basement Membrane Matrix
(BD Biosciences, USA) was thawed gently on ice. A 96-well
plate was then added with 50 pL of polymerization solution.
Lung cancer cells were cultivated under hypoxic environ-
ment (5% CO,, 1% O,, and 94% N,) and incubated for 24 h
on a total of 1 x 10* HUVECs plated on the top of the Matrigel
matrix. Finally, the capillary network was examined by
counting all the tubes in ten different microscopic regions
at random.

2.4 Wound healing

In six-well plates, the A549 and H1299 cells were cultivated
till confluence. After treatments, confluent monolayers
were scraped to form a linear wound by starving the cells
for an overnight period in a medium containing 1% FBS
(Gibco). The cells were washed and then cultivated for 24 h
in complete media. The wounds were captured on camera
using a phase contrast microscope.

2.5 Reverse transcription quantitative PCR
Using the 27**“T method, the mRNA relative expression
level was quantified. Total RNA was extracted and then
its concentration and purity were determined through a
spectrophotometer (Thermo Fisher Scientific, Inc., MA,
USA). Subsequently, using the StepOne™ PCR amplifier
(Applied Biosystems, USA) and SYBR Premix Ex Taq™ II
PCR kit (Takara Biotechnology Co., Ltd) following the man-
ufacturer’s instructions, appropriate primer-coated RNA
was reverse transcribed into cDNA. The primer sequences
of NUPR1 were 5-GGAAAGGTCGCACCAAGAGAG-3 (forward)
and 5-ACCAGTTTCCTCTCGTGCCC-3' (reverse). The primer
sequences of B-actin, as a control group, were 5-CATGTACG
TTGCTATCCAGGC-3' (forward) and 5-CTCCTTAATGTCACGCA
CGAT-3' (reverse).
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2.6 Western blot

By using western blot, NUPR1, VEGFA, PERK, p-eIF2a, elF2a,
ATF4, IRE1, XBP1, and B-actin expression in A549 and H1299
cells were assessed. The protein debris was removed by
centrifuging (Thermo Fisher, 75004061) at 12,000 rpm for
10 min at 4°C, after extraction with RIPA buffer (Beyotime,
Shanghai, China). Protein concentration was then quanti-
fied using a bicinchoninic acid kit (Beyotime, Shanghai, China).
Equivalent quantities (10 ug) of denaturized proteins were elec-
trophoretically separated based on the molecular weight before
being transferred to polyvinylidene difluoride membranes
(LMAI Bio, LM1136). The membranes were blocked with 5%
nonfat dry milk at room temperature for 1h. The membrane
was then treated with primary antibodies at 4°C overnight,
rinsed with tris-buffered saline with 0.1% Tween® 20 detergent,
and incubated with corresponding secondary antibodies at
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37°C for 1 h. The emitter coupled logic detection technique
was then used to identify particular protein bands in mem-
branes (GE Healthcare, Piscataway, NJ, USA).

Antibodies against NUPR1 (#ab234696, 1:1,000), VEGFA
(#ab52917, 1:1,000), PERK (#ab229912, 1:1,000), elF2a (#abh169528,
1:1,000), ATF4 (#ab270980, 1:1,000), IRE1 (#ab124945, 1:1,000),
XBP1 (#ab220783, 1:1,000), and B-actin (#ab8226, 1:1,000) were
purchased from Abcam. Anti-mouse (#4410, 1:10,000) and anti-
rabbit (#4414, 1:10,000) peroxidase-conjugated secondary anti-
bodies were acquired from Cell Signaling Technologies.

2.7 Statistical analysis
Using SPSS 22.0 (IBM, Armonk, NY, USA), all data were

statistically evaluated. Student’s t-test was utilized to iden-
tify significant differences. The findings of three separate
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Figure 1: NUPR1 knockdown inhibits angiogenesis in lung cancer cells: (a) expression of NUPR1 was detected by western blot and normalized with B-
actin and (b) tube formation assays were performed to measure angiogenesis in HUVEC cells, which were cultured in si-NUPR1-transfected lung
cancer cells medium. Data represent the mean + SD. **p < 0.01, ***p < 0.001 vs the NC group.
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trials are shown as the mean + standard deviation (SD).
p < 0.05 was considered to be statistically significant.

3 Results

3.1 NUPR1 knockdown inhibits angiogenesis
in lung cancer cells

To better understand the significance of NUPR1 in the lung
cancer cell lines, the siRNA against NUPR1 was used for
gene silencing in the A549 and H1299 cells. The expression
protein levels of NUPR1 were detected using western blot,
the results of which revealed that NUPR1 protein expression
has a significant reduction in the si-NUPR1#1 and i-NUPR1#2
groups compared to that in the NC group (Figure 1a).
Angiogenesis is critical for tumorigenesis, migration,
and invasion and the hypoxic microenvironment of tumors
may further induce angiogenesis [3]. Moreover, NUPR1 has
been reported to have an angiogenic effect [12]. Then, in
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this study, the supernatants of si-NUPR1-transfected cells
were obtained to analyze HUVEC cell tube development.
The accumulated number of tubes in the si-NUPR1#1 and si-
NUPRI1#2 supernatant groups was much lower than in the
sh-NC group (Figure 1b). Together, our findings suggested
that inhibiting NUPR1 expression might reduce angiogen-
esis in lung cancer.

3.2 NUPR1 knockdown decreases cell
migration of HUVEC cells

Some studies showed that HUVEC cell migration is essential
for tumor angiogenesis, accelerating tumor progression
[3]. Hence, a wound-healing experiment was conducted to
determine the effect of NUPR1 on HUVEC cells. HUVEC cells
were incubated with medium from A549 and H1299 cells,
which were cultivated under hypoxic environments. The
analysis confirmed that a medium with NUPR1 deletion
could markedly reduce the number of migrative HUVEC
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Figure 2: NUPR1 knockdown decreases cell migration of HUVEC cells. Wound healing analysis was performed to measure cell migration. Scale bar,
100 pm. Data represent the mean + SD. *p < 0.05, ***p < 0.001 vs the NC group.
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Figure 3: NUPR1 knockdown suppresses VEGFA expression: (a) RT-qPCR analysis of VEGFA mRNA levels and (b) western blot analysis of VEGFA protein
expression levels. Data represent the mean + SD. **p < 0.01, ***p < 0.001 vs the NC group.

cells (Figure 2). Collectively, the result suggested that NUPR1
knockdown could repress HUEVC cell migration.

3.3 NUPR1 knockdown suppresses VEGFA
expression

VEGFA is pivotal in controlling angiogenesis, and the hypoxic
status in tumor tissues could upregulate the secretion of the
pro-angiogenic factor VEGFA [13]. Thus, the mRNA and pro-
tein expression levels of VEGFA were assessed by PCR and
western blot, respectively. These findings showed the knock-
down of NUPR1 in A549 and H1299 cells markedly decreased
the expression levels of VEGFA (Figure 3a and b).

3.4 NUPR1 knockdown represses VEGFA
expression through XBP1 and ATF4

Chipurupalli et al. found that PERK—eIF20—-ATF4 signaling
pathway confers a survival advantage to tumor cells under
hypoxic environment [14]. Additionally, hypoxic activates
the expression levels of XBP1 mRNA and protein, and the

deficiency of XBP1 inhibits tumor growth [14]. Then, to
clarify whether the mechanism of NUPR1 affected the
reduction of VEGFA, and whether the effects may exert
through acting on XBP1 and ATF4, the expression of PERK,
p-elF2a, elF2a, ATF4, IRE1, and XBP1 in A549 and H1299 cells
were detected by western blot. Data suggest that these XBP1
and ATF4 pathway-related molecules (Figure 4a and b) and
VEGFA (Figure 4c) were dramatically decreased in NUPR1
knockdown group than in the control group. Furthermore,
to determine the relationship between NUPR1 and XBP1 and
ATF4 transcription factors, si-NUPR1 transfected cells sup-
plied with XBP1 or ATF4 have upregulated the expression of
VEGFA compared to si-NUPR1 with vector group (Figure 4c),
which demonstrated that si-NUPR1 may repress the secre-
tion of VEGFA by deregulating XBP1 and ATF4.

3.5 NUPR1 knockdown decreases
angiogenesis by reducing VEGFA
expression

VEGFA, a key angiogenic regulator, involves in the forma-
tion of the vascular network [13]. Here, HUVEC cells were
seeded in the plate and cultured in A549 or H1299 cell
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Figure 4: NUPR1 knockdown represses VEGFA expression through XBP1 and ATF4: (a) western blot analysis of PERK, p-elF2q, elF2a, and ATF4, and
normalized with B-actin, (b) western blot analysis of IRE1 and XBP1 and normalized with B-actin, and (c) RT-qPCR analysis of VEGFA mRNA levels in
A549 and H1299 cells. **p < 0.01, ***p < 0.001 vs the NC group. Ap < 0.001 vs the vector with si-NUPR1 group.

medium, and measured angiogenesis through tube forma-
tion assay. We then found that NUPR1 knockdown signifi-
cantly decreased the tube number in HUVEC cells, while
cells in si-NUPR1 medium added with VEGFA stimulated
the activities of angiogenesis than cells in si-NUPR1 (Figure 5),
which suggests that the deletion of NUPR1 may decrease angio-
genesis by reducing VEGFA expression.

4 Discussion

In this study, the knockdown of NUPR1 could inhibit angio-
genesis in A549 and H1299 cells through IRE1/XBP1 and
PERK/elF2a/ATF4 signaling pathways. These findings first
provide novel evidence for NUPR1 as a therapeutic target
and its specific mechanism on lung cancer.

NUPR1, as a stress-induced protein, appears to be
involved in a variety of stress-related functions [11] and
can promote tumor growth and aggressiveness [9]. Pre-
vious studies have shown that NUPR1 affects the biological
functions of tumor cells by regulating cell apoptosis and pro-
liferation, and angiogenesis [12]. For example, NUPR1 alleviates
apoptosis by promoting UPR in NSCLC [11]. NUPR1 controls the
expression of genes critical to angiogenesis and tumor cell
migration and invasion, facilitating the development and
metastasis of metastatic breast cancer [15].

It is well established that angiogenesis and angiogenic
factors contribute to several processes, which are important
to cancer development and progression [3,16]. For instance,
VEGF/VEGER acts as a therapeutic target to inhibit metas-
tasis and angiogenesis of NSCLC [3]. VEGFA, as the major
pro-angiogenetic molecule, is induced by thyroid hormone,
thereby accelerating angiogenesis and metastasis of liver
cancer [12]. Vitexin, a bioactive flavonoid compound,
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inhibits the angiogenesis of cervical cancer through the
VEGFA/VEGFR2 pathway, contributing to inhibition of tumor
progression [16]. Similarly, our previous study also con-
firmed that NUPR1 knockdown inhibited the angiogenic activity
of NSCLC by suppressing UPR-related factors (including XBP1
and others) and VEGFA activity [11]. In this study, NUPR1 was
successfully silenced in lung cancer cell lines (A549 and H1299
cells) using si-RNA technology to investigate the effect of NUPR1
silencing on cell biological functions such as angiogenesis and
migration in lung cancer. It was found that HUVEC cells cul-
tured with cultures of si-NUPRI-transfected cancer cells showed
a significant reduction in tube formation activity and inhibition
of VEGFA expression. Further studies revealed that HUVEC tube
formation activity was significantly improved by exogenous
supplementation of VEGFA. These results suggest that si-NUPR1
may affect tumor progression by inhibiting the secretion of
VEGFA to reduce angiogenesis.

In addition, it was shown that NUPR1 actively partici-
pates in the activation of the UPR, which may be respon-
sible for the secretion of many pro-angiogenic factors,
including VEGFA, XBP1, and ATF4 [17]. In this study, si-
NUPR1 transfected cells were exogenously supplied with
XBP1 or ATF4, which are downstream of NUPR1. These find-
ings demonstrated that si-NUPR1 can inhibit VEGFA secre-
tion by downregulating the activity of IRE1/XBP1 and PERK/
elF2a/ATF4 signaling pathways to reduce angiogenesis.

In conclusion, this study shows that si-RNA-mediated
knockdown of NUPR1 significantly inhibited tubule forma-
tion activity in lung cancer and suppressed the cell migra-
tion activity, thereby suppressing tumor progression. The
effect may be through the inhibition of the secretion of
VEGFA, a pro-angiogenic factor, by downregulating the
activity of IRE1/XBP1 and PERK/elF2a/ATF4 signaling path-
ways. Further studies on the functional role of NUPR1 may
lead to an improved understanding of the molecular mechan-
isms of lung cancer drugs, and inhibition of NUPRI1 action
contributing to the reduction of angiogenesis may be an effec-
tive strategy for the treatment of lung cancer.
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