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Abstract: Ribose-5-phosphate isomerase A (RPIA) regulates tumorigenesis in liver and colorectal
cancer. However, the role of RPIA in lung cancer remains obscure. Here we report that the suppression
of RPIA diminishes cellular proliferation and activates autophagy, apoptosis, and cellular senescence
in lung cancer cells. First, we detected that RPIA protein was increased in the human lung cancer
versus adjust normal tissue via tissue array. Next, the knockdown of RPIA in lung cancer cells
displayed autophagic vacuoles, enhanced acridine orange staining, GFP-LC3 punctae, accumulated
autophagosomes, and showed elevated levels of LC3-II and reduced levels of p62, together suggesting
that the suppression of RPIA stimulates autophagy in lung cancer cells. In addition, decreased RPIA
expression induced apoptosis by increasing levels of Bax, cleaved PARP and caspase-3 and apoptotic
cells. Moreover, RPIA knockdown triggered cellular senescence and increased p53 and p21 levels
in lung cancer cells. Importantly, RPIA knockdown elevated reactive oxygen species (ROS) levels.
Treatment of ROS scavenger N-acetyl-L-cysteine (NAC) reverts the activation of autophagy, apoptosis
and cellular senescence by RPIA knockdown in lung cancer cells. In conclusion, RPIA knockdown
induces ROS levels to activate autophagy, apoptosis, and cellular senescence in lung cancer cells. Our
study sheds new light on RPIA suppression in lung cancer therapy.

Keywords: ribose-5-phosphate isomerase A; autophagy; apoptosis; cellular senescence; lung cancer

1. Introduction

Lung cancer is one of the leading causes of cancer death worldwide [1]. Non-small
cell lung cancer (NSCLC) is the most common type of lung cancer, which can be further
divided into three major types: squamous cell carcinoma (SCC), adenocarcinoma, and
large cell carcinomas. The risk factors of lung cancer include smoking, environmental,
hormonal, and genetic factors [2]. Approximately 10~40% lung cancer patients do not
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have any history of tobacco smoking [3]; the population of lifelong non-smokers of lung
cancer patients is much larger in Asia than in Western countries [4]. Furthermore, women
are more susceptible to developing lung cancer than men. Therefore, understanding the
pathophysiology of lung cancer and developing the therapeutic means are urgent.

Aging is an irreversible physiological process. During the progression, aging also
promotes hyperplastic pathologies, leading to cancer [5]. Genomic instability is associated
with cancer and aging [6]. Several aging-related genes, such as mTOR signaling [7] and
p53 [8], also play critical roles in cancer. In addition, aging causes unstable genomes and
DNA damage, and abnormal proliferation promotes tumor formation [9]. Aging and cancer
are also connected to metabolic dysregulation. The pentose phosphate pathway (PPP) is a
major glucose metabolic pathway which meets the cellular demands of biosynthesis and
antioxidant defense. It has been suggested that the activation of PPP enhances cancer cell
growth [10]. PPP is composed of oxidative and non-oxidative phases for the production of
NADPH and ribose-5-phosphate. PPP has several functions in protecting against oxidative
stress and in hypoxia [11].

Ribose-5-phoshate isomerase A (RPIA), the key regulator of the non-oxidative branch
of PPP, involves nucleotide metabolism and RNA, DNA synthesis. RPIA can convert
ribulose-5-phosphate (Ru5P) to ribose-5-phosphate (R5P) [12]. Decreased nucleotide
metabolism leads to cell senescence in the early stage of tumor formation [13]. Kras pro-
motes glycolysis intermediates and non-oxidative PPP in pancreatic tumors, and blocking
the non-oxidative PPP by the knockdown of RPIA or RPE in the tumor cells inhibits tumor
growth [14]. In addition, RPIA is involved in liver cancer [15,16], colorectal cancer [17,18]
and endometrial cancer [19]. However, the role of RPIA in lung cancer remains unclear.

Autophagy is a catabolic process that can mediate the lysosomal degradation of de-
fective organelles, long-lived proteins, and a variety of protein aggregates. Autophagy
begins with the formation of the phagophore, in which proteins of the cytosol and complete
organelles are engulfed by double-membrane structures known as autophagosomes or
early autophagic vacuoles. Upon fusion with the lysosome, autophagosomes form single-
membrane structures called autolysosomes or late autophagic vacuoles, and the resultant
elements are returned into cytosol for metabolic reactions [20]. Increased LC3-II and de-
creased p62/SQSTM1(p62) are two markers of autophagy. The autophagosome membrane
is built by a kind of LC3-phosphatidylethanolamine, LC3-II. Hence, LC3-II accumulation is
used as an autophagy marker. On the other hand, p62 is degraded by autophagy and may
serve to link ubiquitinated proteins to the autophagic machinery [21–23].

Autophagy maintains cell survival under different stress conditions. Additionally,
autophagy is a form of non-apoptotic (type II) programmed cell death. In the animal
model, the knockout of p62 results in decreased tumorigenesis [24]. The overexpression of
autophagy-related genes, atg5, inhibits tumor growth and extends the lifespan in mice [25],
suggesting a possible role of autophagy in tumorigenesis. RPIA regulates autophagy by
inhibiting LC3 processing [26]; however, whether lung cancer is associated with RPIA
mediated autophagy remains vague.

Cellular senescence is an irreversible cell arrest and is characterized by a flattened and
enlarged cellular morphology. Many stimuli conduct cellular senescence including telomere
shortening, DNA damage and oxidative stress [27]. There are two major effector pathways
leading to cellular senescence: the p53 pathway and pRB pathway. Upon mitogenic stress
or DNA damage, the tumor suppressor protein p53 is activated to induce the expression of
p21, the cyclin-dependent kinase inhibitor, and consequently trigger cell cycle arrest [28].
In the second pathway, the retinoblastoma protein (pRB) is activated by p16 upon DNA
damage or cellular stress, which inhibits cell cycle progression, leading to senescence [29].
Besides cellular morphology, there are several methods for the detection of senescence,
such as increased senescence-associated β-galactosidase (SA-β-gal) activity and elevated
p53 and p21 expression. Senescence limits the cell ability to proliferate and reduces lifespan.
The tumor-suppressive function of cellular senescence was reported previously; TP53
mutation switching oncogene-induced senescence from suppressor to driver in primary
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tumorigenesis was revealed in a zebrafish mosaic analysis [30]. Nonetheless, cellular
senescence is considered an important target for cancer treatment [31].

Over the past decades, the activation of apoptosis has evolved into an efficient ap-
proach for inhibiting cancer and has become a major target of cancer therapy. Apoptosis
or programmed cell death (PCD) is a fundamental cell death which occurs when DNA
damage is beyond repair. Apoptosis can happen by extrinsic and intrinsic pathways: the
extrinsic pathway is initiated by death-receptor stimulation, and the intrinsic pathway
is characterized by mitochondrial outer membrane permeabilization (MMP) and the re-
lease of mitochondrial cytochrome c [32]. The abnormal expression of some apoptosis key
regulatory factors may lead to cancer, indicating the complicated relationships between
apoptosis and cancer [33]. Those intracellular apoptosis signals produced in response to
cellular stresses, such as DNA damage and oxidative damage caused by reactive oxygen
species (ROS), and extrinsic inducers of apoptosis include growth factor hormones and
toxins. The activation of caspases 3 plays an important role in both pathways and is used
as an apoptosis indicator.

ROS are chemically reactive oxygen-containing molecules, include oxygen anions,
free radicals, such as superoxide (O2

−), hydroxyl radical (OH−), and H2O2 [34]. ROS is
involved in many forms of cell deaths [35]. For instance, autophagy activation resulted in an
increase in ROS [36]. On the other hand, excessive ROS induced apoptosis through both the
extrinsic and intrinsic pathways. In intrinsic pathways, ROS promotes cytochrome c release
by activating pore-stabilizing proteins (Bcl-2 and Bcl-xL). ROS activates JNK by increasing
the p-JNK levels and in turn, induces extrinsic and intrinsic apoptotic signaling [37–39].
Thus, ROS plays an important role to activate programmed cell death pathways, including
apoptosis, autophagy and cellular senescence.

Our laboratory previously identified a longevity mutant fly line with reduced expres-
sion of ribose-5-phosphate isomerase (rpi). The knockdown of rpi in neurons extends the lifes-
pan and attenuates polyglutamine toxicity-induced neurodegeneration in Drosophila [40].
During the anti-aging effect to anti-cancer, we found that human ribose-5-phosphate isomerase
A (RPIA) was up-regulated in the tumors of hepatocellular carcinoma (HCC) patients. RPIA
overexpression regulates cell proliferation and colony formation ability, and modulates
tumor growth in nude mice [15] and the overexpression of RPIA in hepatocyte-induced
liver cancer formation in zebrafish [16]. We also identified that the non-canonical func-
tion of RPIA activates β-catenin in colorectal cancer [18] and activates ERK and β-catenin
pathways in hepatocarcinogenesis [16]. However, the role of RPIA in lung cancer remains
concealed. In this study, we demonstrated that the knockdown of RPIA increases ROS
levels to activate autophagy, apoptosis, and cellular senescence in lung cancer cells. Our
study sheds new light on RPIA suppression in lung cancer therapy.

2. Results
2.1. Increased RPIA Expression Is Detected in the Tumor Biopsies of Lung
Adenocarcinoma Patients

Our previous studies showed that RPIA levels were up-regulated in the tumor biopsies
and the tumor tissue arrays of HCC patients and colorectal cancer patients. To explore
whether RPIA also participates in the lung cancer, we used immunohistochemistry staining
analysis to examine the RPIA expression levels using the lung adenocarcinoma tumor
paired tissue array (Figure 1). Elevated RPIA expression levels were detected in the tumor
tissues (Figure 1a–c) compared to the adjacent normal tissues (Figure 1d–f) in the lung
adenocarcinoma paired tissues. The detailed complete data also supported the phenomena
as shown in Figure S1 and the detail in Table S1. The results indicate that RPIA expression
is significantly increased in the lung adenocarcinoma biopsies, suggesting that RPIA also
plays a role in lung tumorigenesis.
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Figure 1. Increased RPIA expression was detected in the tumor biopsies of lung adenocarcinoma 
patients. Immunohistochemical staining was performed with anti-RPIA antibody on the lung ade-
nocarcinoma tumor tissue arrays. (a–c) The adenocarcinoma grade 2 tumor tissues from 3 different 
lung adenocarcinoma patients, (d–f) the adjacent normal lung tissues from the same 3 patients in 
(a–c), respectively. Scale bar represents 50 μm. 

2.2. Knockdown of RPIA Decreases Colony Formation Ability and Cell Proliferation in Lung 
Cancer Cells 

Given that RPIA was up-regulated in the tumor biopsy of lung adenocarcinoma, sub-
sequently, we investigated whether the knockdown of RPIA reduces tumor cell prolifer-
ation and inhibits colony formation by using the A549 cell line, which is lung carcinoma 
epithelial cells. We used the lentivirus infection system to establish two independent 
RPIA-shRNA knockdown cell lines (named shRPIA#1 and shRPIA#2) in A549 cells. The 
mRNA levels of RPIA in shRPIA#1 and shRPIA#2 A549 cells were decreased about 80% 
compared to that in the scrambled (Sc) control A549 cells by quantitative real-time PCR 
(Figure 2a). The RPIA protein levels were significantly decreased about 65% to 78% in 
both shRPIA knockdown cells lines compared to the control (Figure 2b). The results 
demonstrated that the two established lentiviral RPIA knockdown A549 cell lines display 
a significant reduction in RPIA expression. 

 
Figure 2. The mRNA and protein expression levels of RPIA were reduced in the two RPIA shRNA 
knockdown A549 lung cancer cells. (a) The RPIA mRNA levels were measured by Q-PCR in A549 
lung cancer cells infected with either Scramble (Sc) control or shRNA (shRPIA#1 and shRPIA#2). 
Statistical analyses were done by Student T-test, *** p < 0.001. (b) The RPIA protein levels were ex-
amined by Western blot in A549 lung cancer cells infected with either Scramble (Sc) as control or 
shRNA (shRPIA#1 and shRPIA#2). GAPDH was used as an internal control. 

Figure 1. Increased RPIA expression was detected in the tumor biopsies of lung adenocarcinoma
patients. Immunohistochemical staining was performed with anti-RPIA antibody on the lung adeno-
carcinoma tumor tissue arrays. (a–c) The adenocarcinoma grade 2 tumor tissues from 3 different lung
adenocarcinoma patients, (d–f) the adjacent normal lung tissues from the same 3 patients in (a–c),
respectively. Scale bar represents 50 µm.

2.2. Knockdown of RPIA Decreases Colony Formation Ability and Cell Proliferation in Lung
Cancer Cells

Given that RPIA was up-regulated in the tumor biopsy of lung adenocarcinoma, subse-
quently, we investigated whether the knockdown of RPIA reduces tumor cell proliferation
and inhibits colony formation by using the A549 cell line, which is lung carcinoma epithelial
cells. We used the lentivirus infection system to establish two independent RPIA-shRNA
knockdown cell lines (named shRPIA#1 and shRPIA#2) in A549 cells. The mRNA levels of
RPIA in shRPIA#1 and shRPIA#2 A549 cells were decreased about 80% compared to that in
the scrambled (Sc) control A549 cells by quantitative real-time PCR (Figure 2a). The RPIA
protein levels were significantly decreased about 65% to 78% in both shRPIA knockdown
cells lines compared to the control (Figure 2b). The results demonstrated that the two
established lentiviral RPIA knockdown A549 cell lines display a significant reduction in
RPIA expression.
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Figure 2. The mRNA and protein expression levels of RPIA were reduced in the two RPIA shRNA
knockdown A549 lung cancer cells. (a) The RPIA mRNA levels were measured by Q-PCR in A549
lung cancer cells infected with either Scramble (Sc) control or shRNA (shRPIA#1 and shRPIA#2).
Statistical analyses were done by Student t-test, *** p < 0.001. (b) The RPIA protein levels were
examined by Western blot in A549 lung cancer cells infected with either Scramble (Sc) as control or
shRNA (shRPIA#1 and shRPIA#2). GAPDH was used as an internal control.
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Successively, we analyzed whether the suppression of RPIA can reduce colony forma-
tion ability and cell proliferation in lung cancer cells. The knockdown of RPIA significantly
reduced about 50% of the colony number in both shRPIA#1 and shRPIA#2 cells compared
to that in the Sc control cells (Figure 3a,b). Furthermore, we inspected the effect of RPIA
knockdown on cell proliferation in shRPIA#1 and shRPIA#2 A549 cells on days 1, 2, 4,
and 6 by WST-1 assay. Our results showed that the knockdown of RPIA in shRPIA#1 and
shRPIA#2 A549 cells significantly diminished the cell proliferation ability, compared to the
control cells (Figure 3c).
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Figure 3. Knockdown of RPIA decreased the oncogenicity of A549 cells. (a) For colony formation
assay, shRPIA-A549 cells were seeded at a density of 500 cells per well. After 10-day incubation, the
cells were stained with crystal violet and the images were photographed for quantitation. (b) The
colony numbers were further quantified and presented as the relative percentage compared to
Scramble (Sc). Statistical analyses were conducted by Student t-test, *** p < 0.001. (c) Knockdown of
RPIA decreased cell proliferation by WST-1 assay. Statistical analyses were done by Student t-test,
** p < 0.01. (d) Knockdown of RPIA decreased the levels of phosphorylated ERK1/2 (p-ERK1/2) in
A549 lung cancer cell lines by Western blot. (e) The elevated p-ERK1/2 levels by overexpression of
RPIA in A549 can be reduced by the treatment of PD98059 (10 µM), an MEK inhibitor.

Activated MAPK/ERK (mitogen-activated protein kinase/extracellular signal-regulated
kinase) signaling promotes cell proliferation, cell survival and metastasis in tumors [41–43].
Our previous studies indicated that the knockdown of RPIA can reduce cell prolifera-
tion and colony formation ability in liver cancer cells by modulating ERK signaling [15].
Therefore, we examined whether the knockdown of RPIA can also reduce the levels of
phosphorylated ERK1/2 (p-ERK1/2) in shRPIA#1 and shRPIA#2 A549 lung cancer cells.
The results demonstrated that the knockdown of RPIA decreased p-ERK1/2 protein levels
in both shRPIA knockdown cells (Figure 3d). We also investigated whether the overexpres-
sion of RPIA increases the levels of p-ERK1/2 in A549 lung cancer cells. Overexpression
of RPIA indeed increased p-ERK1/2 protein levels, and the treatment of MEK inhibitor
PD98059 abolished the increased levels of p-ERK 1/2 by RPIA overexpression (Figure 3e).
These data imply that RPIA can increase the levels of p-ERK1/2, and enhance the colony
formation ability and cell proliferation in A549 lung cancer cells. We also observed that
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the levels of p-ERK1/2 were reduced by the knockdown of RPIA in two other lung cancer
cell lines: H23 lung cancer cells (p53M246I and KRASG12C) and H358 lung cancer cells
(p53-null and KRASG12C) (Figure S2). Since A549 harbors wild-type p53 and KRASG12S,
RPIA regulates p-ERK1/2 levels regardless of the genetic background.

2.3. Knockdown of RPIA Induces Apoptosis in Lung Cancer Cells

Our previous studies showed that the reduced liver cancer cell proliferation by RPIA
knockdown is associated with enhanced apoptosis [15]. Hence, we questioned whether
the knockdown of RPIA also induces apoptosis in A549 cells. We measured apoptosis
cells using flow cytometry by Annexin V/PI double staining. The results showed that
the knockdown of RPIA increased the percentages of apoptotic cells detected by Annexin
V/PI double staining (Figure 4a). The quantification of Annexin V-positive and PI-positive
apoptotic cells displayed 2–3 fold increments by RPIA knockdown compared to the Sc
control cells (Figure 4b). Western blot analysis also indicated that the levels of pro-apoptotic
markers, such as phosphorylated JNK (p-JNK), Bax, PUMA, c-PARP (cleaved form) and
caspase 3 (active form), were elevated by RPIA knockdown; in contrast, the levels of Bcl-2,
anti-apoptotic protein, were compromised (Figure 4c). Together, these data demonstrate that
the suppression of RPIA facilitates mitochondria-mediated apoptosis in lung cancer cells.
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Figure 4. Knockdown of RPIA induced mitochondria mediated apoptosis in lung cancer cells.
(a) Detection of apoptosis with the Annexin V-FITC/PI assay by flow cytometry. (b) Quantification of
the ratio of the dead cells (PI positive, AnnexinV-FITC positive, Q2) versus the early apoptotic cells
with intact membranes (PI negative, Annexin V-FITC positive, Q4), *** p < 0.001. (c) Knockdown of
RPIA induced the expression of mitochondria mediated apoptosis related proteins (p-JNK, PUMA,
Bcl-2, Bax, Caspase-3, cleaved-PARP) in the A549 cells by Western blot. GAPDH was used as an
internal control.
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2.4. Suppression of RPIA Promotes Autophagy in Lung Cancer Cells

Upon RPIA knockdown in A549 cells, we observed some vacuole morphology similar
to autophagic phenotype. Thus, we investigated whether the knockdown of RPIA triggers
autophagy in lung cancer cells. We found that the knockdown of RPIA formed more
vacuoles than the control (Figure 5a). By using acridine orange staining, we revealed that the
knockdown of RPIA induced more acidic vacuole formation in lung cancer cells (Figure 5b).
Furthermore, enhanced GFP-LC3 punctae were observed in the stable expression of GFP-
LC3 in shRPIA#1 and shRPIA#2 (Figure 5c), indicating that RPIA knockdown activates
autophagy. The statistical analysis indicated that the percentages of LC3-GFP punctae
positive cells detected in shRPIA#1 and shRPIA#2 cells were 36% and 84%, respectively,
which are much higher compared to the Sc control with 26% (Figure 5d). Furthermore, the
suppression of RPIA increased the levels of LC3-II and reduced the expression of p62 in
both shRPIA#1 and shRPIA#2 cells by Western blot (Figure 5e), further supporting that the
knockdown of RPIA induces autophagy in A549 lung cancer cells. We also observed p62
levels decreased upon RPIA knockdown in H23 and H358 lung cancer cell lines (Figure S2).
Hence, RPIA activates autophagy in lung cancer cells in different genetic backgrounds.
To determine the role of RPIA knockdown-induced autophagy, we applied autophagy
inhibitors (3-MA and CQ) in the RPIA knockdown cells; both treatments resulted in more
cells to apoptotic cell death in lung cancer (Figure S3). Thus, we deduced that the activated
autophagy by RPIA knockdown may serve as cytoprotection from cell death.
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Figure 5. Knockdown of RPIA induced autophagosome formation, reduced p62 and increased
LC3-II protein levels in lung cancer cells. (a) Knockdown of RPIA triggered autophagic vacuoles
morphology observed by microscopy. Magnification: ×200. (b) Suppression of RPIA in A549 cells
increased acridine orange staining detected by fluorescence microscopy. Magnification ×200, Scale
bar represents 200 µm. (c) RPIA knockdown lung cancer cell displayed more LC3-GFP punctae by
fluorescence microscopy. Magnification ×200. Scale bar represents 200 µm. (d) The percentage of the
LC3-GFP puncta-positive cells was quantified and the statistical analyses were performed by Student
t-test, * p < 0.05, *** p < 0.001. (e) Knockdown of RPIA increased LC3-II and reduced p62 expression
in lung cancer cells.
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To confirm that RPIA knockdown induces autophagy in A549 lung cancer cells, we
utilized transmission electron microscopy (TEM) to examine the cellular ultrastructure of
the A549 lung cancer cells with and without RPIA knockdown. The results revealed that
autophagic isolation membrane, autophagosome (Ap), and lysosome (Ly) were presented
in RPIA-silenced A549 but not in the control (Sc) cells (Figure 6). Together, these data
further support that the knockdown of RPIA induces autophagy in A549 lung cancer cells.
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Figure 6. The appearance of autophagosome formation in shRPIA knockdown lung cancer cells
by transmission electron microscopy. (a–d) Scramble control (sc), (e,f) A549 shRPIA#1, (g,h) A549
shRPIA#2. Nuclear (Nu), cytoskeleton (Cyto), mitochondria (M), Endoplasmic reticulum (ER), Golgi,
autophagosome (Ap), lysosome (L). Magnification ×50,000.

2.5. Knockdown of RPIA Triggers Cellular Senescence and Elevates p53 and p21 Expression Levels
in A549 Lung Cancer Cells

In addition to apoptosis and autophagy induced by RPIA knockdown, we also ob-
served that the knockdown of RPIA in A549 lung cancer cells resulted in a broad and
flattened cellular phenotype similar to senescence (Figure 7a), and exhibited increased
senescent cells with enhanced senescence-associated β-galactosidase (SA β-gal) activity
(Figure 7b). It has been shown that p21 promotes cell cycle arrest in response to many
stimuli, and regulates both pRB and p53 senescence pathways [44]. Thus, we examined
whether the knockdown of RPIA induces p21 expression, and found that RPIA silencing up-
regulates p21 mRNA and protein expression levels in A549 lung cancer cells (Figure 7c,d),
also in H23 and H358 lung cancer cells (Figure S2). These data support that the knock-
down of RPIA induces cellular senescence in lung cancer cells, regardless of their genetic
background. Moreover, we found that the knockdown of RPIA significantly enhances p53
protein expression in A549 cells (Figure 7e,f), supporting the notion of the activation of
p53/p21 axis in controlling cellular senescence by RPIA knockdown.

2.6. Reactive Oxygen Species Induced by RPIA Knockdown Result in Autophagy, Apoptosis and
Cellular Senescence in A549 Cells

Previous studies indicated that excessive reactive oxygen species (ROS) induce au-
tophagy and mitochondria apoptosis formation [45,46]. Accordingly, we inspected whether
knockdown of RPIA induces apoptosis and autophagy by increasing ROS levels. Using
flow cytometry with dichlorofluorescein diacetate (DCFH-DA) staining to measure ROS
levels in the Sc control, shRPIA#1, and shRPIA#2 cells, we discovered higher ROS levels
in the RPIA knockdown A549 cells than those in the control cells (Figure 8a). In addition,
the treatment of N-acetyl-cysteine (NAC), a ROS scavenger, decreased the elevated ROS
levels in the shRPIA knockdown A549 cells (Figure 8a). Next, we interrogated whether
NAC treatment can revert the levels of the apoptosis and autophagy molecular markers
mediated by the knockdown of RPIA in the A549 cells. The treatment of NAC seized the
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increased p21 levels for cellular senescence, the upraised levels of cleaved PARP (c-PARP)
for apoptosis, the up-regulated LC3-II and down-regulated p62 levels for autophagy by the
suppression of RPIA in A549 cells (Figure 8b). These data indicate that the knockdown of
RPIA induces autophagy, apoptosis and cellular senescence mediated by rising ROS levels
in lung cancer cells.
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Figure 7. Knockdown of RPIA triggered cell senescence and increased the p53 and p21 protein levels
in A549 cells. (a) Suppression of RPIA triggered cell senescence morphology detected by microscopy.
The senescent cell was pointed out by the green arrow. Magnification: ×200. (b) Senescence-
associated β-galactosidase activity (SA-β-gal) was enhanced in the RPIA knockdown A549 cells.
Magnification: ×200, Scale bar represents 200µm. (c) The increased mRNA levels of p21 were detected
by Q-PCR in the RPIA knockdown A549 cells. Statistical analyses were performed by Student t-test,
*** p < 0.001. (d) The elevated protein levels of p21 were measured by Western blot in the RPIA
knockdown A549 cells. GAPDH was used as an internal control. (e) The increased protein levels
of p53 were detected in the RPIA knockdown A549 cells. β-actin was used as an internal control.
(f) The folds of increase in p53 protein in the RPIA knockdown A549 cells. Statistical analyses were
performed by Student t-test, *** p < 0.001, * p < 0.05.
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Figure 8. Reactive oxygen species (ROS) induced by RPIA knockdown lead to autophagy and
apoptosis in lung cancer cells. (a) Treatment of ROS scavenger N-acetyl-L-cysteine (NAC) 10 mM in
shRPIA-A549 cells were performed for one hour and the cells were stained with oxidized DCFDA, and
then analyzed by flow cytometry. Knockdown of RPIA increased ROS generation. After treatment of
NAC, shRPIA-A549 cells decreased ROS generation. FL% (DCF fluorescence). Statistical analyses
were performed by Student t-test, ** p < 0.01, *** p < 0.001. (b) Knockdown of RPIA induced apoptosis,
enhanced cleaved PARP (c-PARP), activated autophagy (up-regulated LC3-II, down-regulated p62)
and cellular senescence (increased of p21) measured by using Western blot. After treating cells with
ROS scavenger N-acetyl-L-cysteine (NAC) for 1 h, the knockdown of RPIA decreased autophagy and
apoptosis protein marker expression in A549 cells.

3. Discussion

Previously, our lab proclaimed that RPIA is up-regulated in liver cancer and colorectal
cancer biopsies and regulates tumorigenesis [15,18], and activates β-catenin in colorectal
cancer and enhances ERK and β-catenin in hepatocarcinogenesis [16,18]. However, the
effect of RPIA in lung cancer is undisclosed. This study provided evidence that RPIA
expression is also up-regulated and associated with tumor progression in lung adenocarci-
noma cancer biopsies. In addition, we uncovered the molecular mechanisms by which the
suppression of RPIA can increase ROS levels to induce apoptosis, autophagy, and cellular
senescence for decreased cell proliferation and lowered colony formation ability in lung
cancer cells (Figure 9).
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Figure 9. The working model for the molecular mechanisms of RPIA suppression activates apoptosis,
autophagy and cellular senescence. The RPIA knockdown-induced autophagy is cytoprotective and
a resistant mechanism against apoptosis.

Altered metabolism is a hallmark of cancer, and recently it has been vigorously inves-
tigated in cancers. Glucose metabolism and PPP pathway promote cancer formation by
providing the energy and bio-materials required for tumor rapid growth [47]. In addition to
glycolysis, alternative glucose metabolic pathways may induce a malignant phenotype [48].
For example, the activation of PI3K/AKT leads to glucose uptake, glycolysis and tumori-
genesis in cancer cells [49]. Increasing studies portrayed the close relationship between
altered metabolism and tumorigenesis. RPIA is a key regulator in the non-oxidative branch
of the pentose phosphate pathway, and is involved in nucleotide biosynthesis, making
RNA and DNA required for uncontrolled tumor growth. Previous studies also discovered
that the altered PPP pathway activities by the dysregulated expression of transketolase
like 1 (TKTL-1) or transaldolase (TALDO) is involved in tumor growth [50,51]. TKTL-1
was found to be up-regulated and correlated with cell progression and metastasis forma-
tion in colon cancer [52]. Higher TALDO expression was detected in the squamous cell
carcinoma tumors of the head and neck cancer and in the lung epithelial carcinoma of
smokers than non-smokers [53]. Therefore, we focused on the studies between the RPIA
metabolism pathway and lung cancer. Consistent with the notion, our results showed that
RPIA was up-regulated in the tumor biopsy of lung cancer patients, providing another line
of important evidence that PPP plays an important role in the regulation of tumor growth
upon dysregulation.
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Accordingly, our results demonstrate that the knockdown of RPIA could inhibit cell
growth by mediating mitochondria apoptosis. Recently, some chemotherapeutic drugs
induced DNA damage, such as cisplatin, by causing the cross-linking of DNA, which
ultimately triggers apoptosis [54]. We hypothesized that the knockdown of RPIA may lead
to some kind of DNA damage to enhance ROS levels to induce apoptosis, autophagy, and
cellular senescence to interfere cell proliferation and colony formation in lung cancer cells.

Autophagy can maintain macromolecular synthesis and ATP production. It is acti-
vated in response to physiological and pathological stimuli, including hypoxia, nutrient
deprivation, growth factor depletion, oxidative damage, and metabolic stress [55]. Au-
tophagy can be regarded as an important survival mechanism in normal and cancer cells.
It has been shown that autophagy-deficient mice are more likely to develop tumors. Previ-
ous studies showed that the overexpression of Atg5 activates autophagy and extends the
lifespan in mice [25]. In addition, beclin 1 is a tumor-suppressor gene that can cause the
induction of autophagy and inhibition of tumorigenesis [56,57]. Interestingly, we found the
knockdown of RPIA triggered autophagic vacuoles similar to autophagy cell morphology
and decreased the clonogenic formation and cell proliferation rate in A549 lung cancer,
suggesting that RPIA could participate in autophagy process and promote tumorigenesis.
The study in HeLa cells by Heintze et al. also supports our findings [26].

Autophagy plays a role of self-eating or self-killing in cancer is unknown. Under
certain condition, autophagy constitutes a stress adaptation that avoids cell death; whereas
in other cellular situation, it constitutes an alternative cell-death pathway [58]. In this
study, we found that knockdown of RPIA induces autophagy and apoptosis in A549 lung
cancer. When we inhibit autophagy by autophagy inhibitors (3-MA and CQ) in the RPIA
knockdown cells, it leads more cells to apoptotic cell death in lung cancer (Figure S3).
Therefore, the RPIA knockdown-activated autophagy may serve as protection from cell
death. Some studies revealed that inhibitors of autophagy could increase the anti-tumor
effects of PFKFB3 inhibitors [59]. Other studies indicated that the inhibition of autophagy
enhanced the efficiency of chemotherapeutic drugs [20].

A recent paper also mentioned the relationship between autophagy and anti-cancer
therapy. Some autophagy inhibitors, such as the antimalarial drug chloroquine (CQ), was
investigated in clinical trials and enhanced the efficiency of chemotherapeutic [60]. An-
other study reveled that chloroquine (CQ) can induce apoptosis in glioma in a xenograft
model [61]. VP-BEZ235, another autophagy inhibitor, is a novel and potent dual PI3K/mTOR
inhibitor which results in anti-proliferative and anti-tumor activity in cancer cells [62]; it
is currently in clinical trials for advanced solid tumors [63]. There are many studies to
clarify that the autophagy inhibitor plays an important role in cancers. Therefore, we may
develop a RPIA inhibitor as anti-cancer therapeutics, combined with autophagy inhibitor
or chemotherapy. Perhaps it can be used as an effective anti-cancer strategy.

In summary, we demonstrated that the knockdown of RPIA decreased the cell pro-
liferation rate and colony formation ability via the p-ERK pathway and induced ROS to
activate apoptosis and autophagy and promote cellular senescence in A549 lung cancer
cells. Our results may shed light on alternative cancer therapy, according to the impaired
cell metabolism.

4. Materials and Methods
4.1. DNA Plasmid Generation

For lentivirus-mediated knockdown of RPIA, the two short hairpin RNA (shRNA)
expression constructs were purchased from the National RNAi Core Facility at Academia
Sinica. The target sequence in p-LKO.1-shRPIA#1 (No. TRCN0000049410) is 5′-GAATTGGA
AGTGGTTCTACAA-3′, and in p-LKO.1-shRPIA#2 (No. TRCN0000049409) is 5′-GCTGATG
AAGTAGATGCTGAT-3′. For lentivirus-mediated overexpression of RPIA, the full-length
RPIA cDNA was subcloned into SalI and EcoRI sites of HR-puro vector as described
previously [64,65], and the resultant construct was named HR-puro-RPIA.
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4.2. Cell Culture

Human lung cancer cell lines A549 and H23 and H358 were maintained in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), 100 units/mL of penicillin, 100 µg/mL
of streptomycin, and 2 mM of L-glutamine solution, in a 37 ◦C, 5% CO2 incubator.

4.3. Immunohistochemistry

The lung adenocarcinoma tissue array (Biomax, LC1504) was used for immunohisto-
chemistry. The slides were deparaffinized in xylene for 10 min, rehydrated in an ethanol
gradient (100%, 90%, 80%), and heated at 95 ◦C for 10 min in 10 mM sodium citrate buffer
(pH 6.0) in an autoclave for antigen retrieval. The slides were washed with PBS and in-
cubated in 3% H2O2 for 20 min at room temperature. The sections were blocked in 1.5%
normal horse serum and incubated at 4 ◦C overnight with an anti-RPIA antibody (1:100
dilution, Abnova, cat# H00022934-B01P). Finally, the slides were stained with a biotin-
conjugated horse anti-mouse secondary antibody. Antigens were visualized using the ABC
reagent kit (by VECTASTAIN Elite ABC kit) and DAB detection (by Invitrogen liquid DAB
substrate kit). Then the slides were stained with H&E for histological characterization
of lesion. The slides were counterstained with hematoxylin, dehydrated, mounted, and
scanned with multiple focus layers in the Taiwan Mouse Clinic and analyzed by Panoramic
Viewer software.

4.4. Lentiviral Infection

Lentiviral particles were produced by the co-transfection of pLKO.1-shRPIA#1 or
pLKO.1-shRPIA#2 (for RPIA knockdown) or pLKO.1 (as shScramble control) separately
with pCMV-delta 8.9 and pVSVG plasmids into HEK293T cells (2 × 106 cells in a 10 cm
dish). Transfection reagents that include 2.5 M calcium chloride (CaCl2) and HEBS (HEPES,
NaCl, Dextrose, KCl, and Na2HPO4) were pre-mixed and vortexed for 15 s before adding
into the cells. The virus-containing supernatant was collected after 48 h of transfection.
Lentiviral infection for A549 cells was performed by adding virus solution and 8 µg/mL
polyprene for 12 h. After infection, the virus-containing medium was removed, and the
RPMI containing 2 µg/mL puromycin was added for at least 48 h. The puromycin-selected
A549 cells had shRPIA knockdown or the scramble-shRNA control. For the preparation
of the lentivirus-infected A549 stable cells with RPIA overexpression and the control
cells, the similar methods as described above were used with HR-puro-RPIA (for RPIA
overexpression) and HR-puro (as control).

4.5. RNA Extraction and Quantitative Real-Time PCR

RNA was extracted from cultured cells using TRIzol (Invitrogen) according to the
manufacturer’s protocol. In order to isolate RNA from the whole cell lysate, BCP (Sigma
Aldrich) was used as the delaminated solvent. In order to completely lysate the cells, the
cells were incubated at room temperature for 5 min after adding 1 mL TRIzol. Cell lysates
were transferred into eppendorfs. The 1 ml lysate was mixed with 100 µL BCP and agitated
by vortex. After the above steps, the lysate was placed at room temperature for 5 min. Then,
each eppendorf was centrifuged at 14,000 rpm at 4 ◦C for 15 min. After centrifugation, the
aqueous of each eppendorf was transferred into a new eppendorf. In order to precipitate
the total RNA, the same volume of isopropanol (Sigma Aldrich) was added into each tube
and incubated at room temperature for 30 min. After 30 min incubation, each RNA sample
was centrifuged at 14,000 rpm at 4 ◦C for 15 min. The supernatants were drained from
each tube. Each sample was washed by 1 mL 75% alcohol/DEPC solution and centrifuged
at 12,000 rpm at 4 ◦C for 10 min. The RNA pellets were occurred after above steps. To
dissolve the total RNA, the proper volume of DEPC water was added. RNA quantification
was performed by UV Spectrometer (Nano-drop 100). An equal amount of the extracted
total RNA was then reverse transcribed into cDNA using the oligo-(dT)12–18 primer with
SuperscriptIII reverse transcriptase (Invetrogen).
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Ten-fold dilutions of each cDNA were prepared for subsequent PCR amplification
with the Universal Probe Library system using Lightcycler480 instrument (Roche Applied
Science, Mannheim, Germany). Primer sequences were designed to detect specific genes as
listed in Table 1.

Table 1. Q-PCR primer.

18 s
Forward 5′-GGA GAG GGA GCC TGA GAA AC -3′

Reverse 5′-TCG GGA GTG GGT AAT TTG C -3′

RPIA
Forward 5′-GAT GCT GAT CTC AAT CTC ATC AA -3′

Reverse 5′-GCA TAG CCA GCC ACA ATC TT-3′

p21
Forward 5′-TCACTGTCTTGTACCCTTGTGC-3′

Reveres 5′-GGCGTTTGGAGTGGTAGAAA-3′

4.6. Protein Extraction and Western Blot

To extract total protein, all cells were seeded onto 60 mm culture dishes after 24 h
culture. All cells were washed twice with PBS. Cells were lysed in whole cell extract (WCE)
lysis buffer containing 20 mM HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(pH 7.5), 75 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 0.5% Triton X-100, 0.1 mM Na3VO4,
50 mM NaF and protease inhibitor. Cell lysates were vibrated for 30 min and centrifuged
at 13,200 rpm for 20 min at 4 ◦C. The supernatant was transferred to a new tube, and
then analyzed for the concentration of each sample; the 5X protein dye was diluted into
1X as the final concentration and mixed with each sample, and the protein concentration
was measured.

For Western blotting, all samples were diluted into equal protein concentration through
adding the appropriate volume of RIPA buffer. Mixtures were heated at 95 ◦C for 5 min
and loaded at 40 µg per lane. The protein was separated in a 12.5% SDS-PAGE gel and
transferred to a nitrocellulose membrane. After blocking with 5% skim milk in TBST (tris-
buffered saline containing 0.1% Tween 20), the membrane was incubated with a specific
primary antibody (as listed in Table 2) overnight at 4 ◦C. After washing three times for
10 min, the membrane was incubated with HRP-conjugated secondary antibody for 1 h
at room temperature (goat anti-mouse IgG 1:5000 and goat anti-rabbit IgG 1:5000) and
washed three times for 10 min. To visualize the results, enhanced chemical luminescence
(ECL) (Millipore, cat #WBKLS0500) was prepared by mixing, incubated with the membrane
for 1 min, and the membrane was exposed to an X-ray film. Antibodies used in Western
blot were listed in Table 2.

Table 2. Antibody list.

Antibody Company Cat-Number

RPIA Abcam ab67080
GAPDH GeneTex GTX100118
ERK1/2 MAPK GeneTex GTX59618
α-tubulin GeneTex GTX11312
Erk1(pT202/pY204)+
ERK2(pT185/pY187) abcam ab32538

LC3A/B Cell Signaling 4108
SQSTM1 GeneTex GTX100685
cleaved-PARP(c-PARP) Cell Signaling 5625
Caspase-3 Epitomics 1476-S
Bax Epitomics 1063-S
Bcl-2 Epitomics 1017-1
PUMA GeneTex GTX109675
p21 Santa Cruz sc-397
phospho-JNK Millipore 07-175
SAPK/JNK Cell Signaling 9258
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4.7. Colony Formation Assay

For colony formation with A549 lung cancer cells, 5 × 102 cells/well were seeded
in a 6-well cell culture dish. After 10 day of incubation (37 ◦C and 5% CO2), each well
was washed by PBS gently. And each well was stained with 0.25% crystal violet diluted
by methanol at room temperature for 30 min. After staining, each well was washed
several times extensively until the background became limpid, and the total colony number
was counted.

4.8. Water-Soluble Tetrazolium Salt-1 (WST-1)

A total of 1 × 103 cells per well were seeded in 96-well plates. At the indicated time
point, the culture medium was replaced with a WST-1 containing medium and incubated
for 1 h. The absorbance at 490 nm was measured using a microplate reader (BIO-RAD
model 680).

4.9. Transmission Electron Microscopy (TEM)

The cells were cultured at a 10 cm dish at 37 ◦C and the cells blocks were immersed
in 2.5% glutaraldehyde/PBS for 1 h in the dark. The cells were washed three times for
10 min with PBS. The samples were incubated in 1% osmium tetroxide in PBS for 2 h to
post-fixation in the dark. Then the samples were washed six times for 20 min in H2O
and overnight. The samples were block stained in 0.1% uranyl acetate/H2O for 1 h in the
dark. The cells were washed three times for 10 min in H2O. Next, the samples underwent
block staining, dehydration, and resin infiltration. All samples were examined with JEOL
JEM 1200EX.

4.10. Acridine Orange Staining

RPIA knockdown as well as the control knockdown A549 cells were stained with
acridine orange at ten-thousand dilution. The cells were incubated at 37 ◦C for 15 min.
After staining, the cells were visualized and photographed under an inverted microscope
LX71 OLYMPUS.

4.11. Apoptosis Cells Detection

The analysis of apoptosis cells was performed by FACS (BD) in IBMS at Academia
Sinica. The detection reagent was performed by the FITC Annexin V Apoptosis Detection
kit II (BD PharmingenTM). For the cells prepared for analysis, the cells were first washed
twice with cold PBS and then resuspended in 1X Binding Buffer at a concentration of
1 × 106 cells/mL, then 100 µL of the resuspended cell solution was transferred to an
eppendorf, and 5 µL of FITC Annexin V and 5 µL PI were added to each tube and the cells
were gently vortexed and incubated for 30 min at room temperature in the dark. Afterward,
400 µL of 1× Binding Buffer was added to each tube. The cells were further analyzed by
flow cytometry within 1 h.

4.12. Senescence Assay

To measure senescence-associated-β-galactosidase activity, cells were incubated in a
staining solution (5 mM citric acid, 10 mM sodium-phosphate, 150 mM sodium chloride,
2 mM magnesium chloride, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
1 mg/mL X-Gal, pH6.0) for 24 h at 37 ◦C. The cells were washed and embedded in PBS,
viewed in an inverted transmission microscope (Leitz, Labovert FS) and documented by a
digital imaging system (Nikon-Coolpix 990).

4.13. Reactive Oxygen Species (ROS) Cells Detection

The analysis of ROS cells was performed by FACS (BD). The detection reagent was
performed by ENZO (Catalog No: ENZ-51011). For the cells prepared for analysis, the
cells were first washed twice with 1X ROS buffer, then resuspended in 1X ROS buffer at a
concentration of 2.5 × 105 cells/mL, and transferred to an eppendorf and centrifuged at
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4000 rpm for 5 min. Then the supernatant was discarded and DCFH-DA (1:5000 dilution)
was added; then, it was incubated in the dark for 30 min at room temperature. The cells
were further analyzed by flow cytometry within 1 h.

4.14. Statistical Analysis

The two-tailed Student t test was used for statistical analysis. All data were presented
as the mean ± standard error of the mean (s.e.m.). A p-value less than 0.05 was considered
to be significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23147883/s1.

Author Contributions: Conceptualization, supervision, wrote the manuscript: H.-D.W.; methodol-
ogy, Y.-C.N. and Y.-T.C. (Yu-Ting Chou, yu-ting.chou@ucsf.edu); resources, C.-Y.W.; technical support,
S.-X.L. and S.-C.C.; intellectual contribution and experimental supervision, Y.-T.C. (Yu-Ting Chou,
ytchou@life.nthu.edu.tw); intellectual contribution and writing—review and editing, C.-H.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the collaboration projects between National Tsing Hua Uni-
versity and Chang Gung University, grant number 107Q2514E1, 109Q2506E1, 111F7MDSE1, and
supported by Taiwan Ministry of Science and Technology, grant number MOST 106-2311-B007-
006-MY2, 108-2320-B-400-005-MY3, 109-2311-B-007-002, 110-2320-B-007-003, and National Health
Research Institutes, grant number MG-109-PP-06.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the Academia Sinica for providing the EM assistance,
and the shRNAs from the National RNAi Core Facility, and the scanning with Multiple Focus Layers
from the Taiwan Mouse Clinic.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Bunn, P.A., Jr. Worldwide overview of the current status of lung cancer diagnosis and treatment. Arch. Pathol. Lab. Med. 2012, 136,

1478–1481. [CrossRef] [PubMed]
2. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA A Cancer J. Clin. 2011, 61, 69–90.

[CrossRef] [PubMed]
3. Sritharan, N. Genomic landscape of non-small-cell lung cancer in smokers and never-smokers. Thorax 2014, 69, 54. [CrossRef]
4. Couraud, S.; Zalcman, G.; Milleron, B.; Morin, F.; Souquet, P.J. Lung cancer in never smokers—A review. Eur. J. Cancer 2012, 48,

1299–1311. [CrossRef]
5. Campisi, J. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 2013, 75, 685–705. [CrossRef] [PubMed]
6. Finkel, T.; Serrano, M.; Blasco, M.A. The common biology of cancer and ageing. Nature 2007, 448, 767–774. [CrossRef] [PubMed]
7. Zoncu, R.; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell

Biol. 2011, 12, 21–35. [CrossRef] [PubMed]
8. Bensaad, K.; Vousden, K.H. p53: New roles in metabolism. Trends Cell Biol. 2007, 17, 286–291. [CrossRef]
9. Hoeijmakers, J.H. DNA damage, aging, and cancer. N. Engl. J. Med. 2009, 361, 1475–1485. [CrossRef] [PubMed]
10. Du, W.; Jiang, P.; Mancuso, A.; Stonestrom, A.; Brewer, M.D.; Minn, A.J.; Mak, T.W.; Wu, M.; Yang, X. TAp73 enhances the pentose

phosphate pathway and supports cell proliferation. Nat. Cell Biol. 2013, 15, 991–1000. [CrossRef] [PubMed]
11. Wamelink, M.M.; Struys, E.A.; Jakobs, C. The biochemistry, metabolism and inherited defects of the pentose phosphate pathway:

A review. J. Inherit. Metab. Dis. 2008, 31, 703–717. [CrossRef] [PubMed]
12. Spencer, N.; Hopkinson, D.A. Biochemical genetics of the pentose phosphate cycle: Human ribose 5-phosphate isomerase (RPI)

and ribulose 5-phosphate 3-epimerase (RPE). Ann. Hum. Genet. 1980, 43, 335–342. [CrossRef] [PubMed]
13. Aird, K.M.; Zhang, R. Nucleotide metabolism, oncogene-induced senescence and cancer. Cancer Lett. 2015, 356, 204–210.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23147883/s1
https://www.mdpi.com/article/10.3390/ijms23147883/s1
http://doi.org/10.5858/arpa.2012-0295-SA
http://www.ncbi.nlm.nih.gov/pubmed/23194039
http://doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://doi.org/10.1136/thoraxjnl-2013-203400
http://doi.org/10.1016/j.ejca.2012.03.007
http://doi.org/10.1146/annurev-physiol-030212-183653
http://www.ncbi.nlm.nih.gov/pubmed/23140366
http://doi.org/10.1038/nature05985
http://www.ncbi.nlm.nih.gov/pubmed/17700693
http://doi.org/10.1038/nrm3025
http://www.ncbi.nlm.nih.gov/pubmed/21157483
http://doi.org/10.1016/j.tcb.2007.04.004
http://doi.org/10.1056/NEJMra0804615
http://www.ncbi.nlm.nih.gov/pubmed/19812404
http://doi.org/10.1038/ncb2789
http://www.ncbi.nlm.nih.gov/pubmed/23811687
http://doi.org/10.1007/s10545-008-1015-6
http://www.ncbi.nlm.nih.gov/pubmed/18987987
http://doi.org/10.1111/j.1469-1809.1980.tb01567.x
http://www.ncbi.nlm.nih.gov/pubmed/7396409
http://doi.org/10.1016/j.canlet.2014.01.017
http://www.ncbi.nlm.nih.gov/pubmed/24486217


Int. J. Mol. Sci. 2022, 23, 7883 17 of 18

14. Ying, H.; Kimmelman, A.C.; Lyssiotis, C.A.; Hua, S.; Chu, G.C.; Fletcher-Sananikone, E.; Locasale, J.W.; Son, J.; Zhang, H.;
Coloff, J.L.; et al. Oncogenic Kras maintains pancreatic tumors through regulation of anabolic glucose metabolism. Cell 2012, 149,
656–670. [CrossRef]

15. Ciou, S.C.; Chou, Y.T.; Liu, Y.L.; Nieh, Y.C.; Lu, J.W.; Huang, S.F.; Chou, Y.T.; Cheng, L.H.; Lo, J.F.; Chen, M.J.; et al. Ribose-5-
phosphate isomerase A regulates hepatocarcinogenesis via PP2A and ERK signaling. Int. J. Cancer 2015, 137, 104–115. [CrossRef]

16. Chou, Y.T.; Chen, L.Y.; Tsai, S.L.; Tu, H.C.; Lu, J.W.; Ciou, S.C.; Wang, H.D.; Yuh, C.H. Ribose-5-phosphate isomerase A
overexpression promotes liver cancer development in transgenic zebrafish via activation of ERK and beta-catenin pathways.
Carcinogenesis 2019, 40, 461–473. [CrossRef]

17. Qiu, Z.; Guo, W.; Wang, Q.; Chen, Z.; Huang, S.; Zhao, F.; Yao, M.; Zhao, Y.; He, X. MicroRNA-124 reduces the pentose phosphate
pathway and proliferation by targeting PRPS1 and RPIA mRNAs in human colorectal cancer cells. Gastroenterology 2015, 149,
1587–1598 e1511. [CrossRef]

18. Chou, Y.T.; Jiang, J.K.; Yang, M.H.; Lu, J.W.; Lin, H.K.; Wang, H.D.; Yuh, C.H. Identification of a noncanonical function for
ribose-5-phosphate isomerase A promotes colorectal cancer formation by stabilizing and activating beta-catenin via a novel
C-terminal domain. PLoS Biol. 2018, 16, e2003714. [CrossRef]

19. Szwarc, M.M.; Kommagani, R.; Putluri, V.; Dubrulle, J.; Stossi, F.; Mancini, M.A.; Coarfa, C.; Lanz, R.B.; Putluri, N.;
DeMayo, F.J.; et al. Steroid Receptor Coactivator-2 Controls the Pentose Phosphate Pathway through RPIA in Human
Endometrial Cancer Cells. Sci. Rep. 2018, 8, 13134. [CrossRef]

20. Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The role of autophagy in cancer: Therapeutic implications. Mol. Cancer Ther.
2011, 10, 1533–1541. [CrossRef]

21. Puissant, A.; Fenouille, N.; Auberger, P. When autophagy meets cancer through p62/SQSTM1. Am. J. Cancer Res. 2012, 2, 397–413.
[PubMed]

22. Tanida, I.; Waguri, S. Measurement of autophagy in cells and tissues. Methods Mol. Biol. 2010, 648, 193–214. [CrossRef] [PubMed]
23. Bjorkoy, G.; Lamark, T.; Pankiv, S.; Overvatn, A.; Brech, A.; Johansen, T. Monitoring autophagic degradation of p62/SQSTM1.

Methods Enzymol. 2009, 452, 181–197. [CrossRef]
24. Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.Y.; Bray, K.; Reddy, A.; Bhanot, G.; Gelinas, C.; et al.

Autophagy suppresses tumorigenesis through elimination of p62. Cell 2009, 137, 1062–1075. [CrossRef] [PubMed]
25. Pyo, J.O.; Yoo, S.M.; Ahn, H.H.; Nah, J.; Hong, S.H.; Kam, T.I.; Jung, S.; Jung, Y.K. Overexpression of Atg5 in mice activates

autophagy and extends lifespan. Nat. Commun. 2013, 4, 2300. [CrossRef]
26. Heintze, J.; Costa, J.R.; Weber, M.; Ketteler, R. Ribose 5-phosphate isomerase inhibits LC3 processing and basal autophagy. Cell

Signal 2016, 28, 1380–1388. [CrossRef]
27. Rodier, F.; Campisi, J. Four faces of cellular senescence. J. Cell Biol. 2011, 192, 547–556. [CrossRef] [PubMed]
28. Vaziri, H.; Benchimol, S. Alternative pathways for the extension of cellular life span: Inactivation of p53/pRb and expression of

telomerase. Oncogene 1999, 18, 7676–7680. [CrossRef]
29. Helmbold, H.; Deppert, W.; Bohn, W. Regulation of cellular senescence by Rb2/p130. Oncogene 2006, 25, 5257–5262. [CrossRef]
30. Haraoka, Y.; Akieda, Y.; Nagai, Y.; Mogi, C.; Ishitani, T. Zebrafish imaging reveals TP53 mutation switching oncogene-induced

senescence from suppressor to driver in primary tumorigenesis. Nat. Commun. 2022, 13, 1417. [CrossRef]
31. Bennecke, M.; Kriegl, L.; Bajbouj, M.; Retzlaff, K.; Robine, S.; Jung, A.; Arkan, M.C.; Kirchner, T.; Greten, F.R. Ink4a/Arf and

oncogene-induced senescence prevent tumor progression during alternative colorectal tumorigenesis. Cancer Cell 2010, 18,
135–146. [CrossRef] [PubMed]

32. Eum, K.H.; Lee, M. Crosstalk between autophagy and apoptosis in the regulation of paclitaxel-induced cell death in v-Ha-ras-
transformed fibroblasts. Mol. Cell. Biochem. 2011, 348, 61–68. [CrossRef] [PubMed]

33. Ouyang, L.; Shi, Z.; Zhao, S.; Wang, F.T.; Zhou, T.T.; Liu, B.; Bao, J.K. Programmed cell death pathways in cancer: A review of
apoptosis, autophagy and programmed necrosis. Cell Prolif. 2012, 45, 487–498. [CrossRef]

34. Finkel, T. Signal transduction by reactive oxygen species. J. Cell Biol. 2011, 194, 7–15. [CrossRef] [PubMed]
35. Gechev, T.S.; Van Breusegem, F.; Stone, J.M.; Denev, I.; Laloi, C. Reactive oxygen species as signals that modulate plant stress

responses and programmed cell death. BioEssays News Rev. Mol. Cell. Dev. Biol. 2006, 28, 1091–1101. [CrossRef] [PubMed]
36. Yu, L.; Wan, F.; Dutta, S.; Welsh, S.; Liu, Z.; Freundt, E.; Baehrecke, E.H.; Lenardo, M. Autophagic programmed cell death by

selective catalase degradation. Proc. Natl. Acad. Sci. USA 2006, 103, 4952–4957. [CrossRef] [PubMed]
37. Dhanasekaran, D.N.; Reddy, E.P. JNK signaling in apoptosis. Oncogene 2008, 27, 6245–6251. [CrossRef] [PubMed]
38. Maruyama, J.; Naguro, I.; Takeda, K.; Ichijo, H. Stress-activated MAP kinase cascades in cellular senescence. Curr. Med. Chem.

2009, 16, 1229–1235. [CrossRef]
39. Zhou, Y.Y.; Li, Y.; Jiang, W.Q.; Zhou, L.F. MAPK/JNK signalling: A potential autophagy regulation pathway. Biosci. Rep. 2015,

35, e00199. [CrossRef]
40. Wang, C.T.; Chen, Y.C.; Wang, Y.Y.; Huang, M.H.; Yen, T.L.; Li, H.; Liang, C.J.; Sang, T.K.; Ciou, S.C.; Yuh, C.H.; et al. Reduced

neuronal expression of ribose-5-phosphate isomerase enhances tolerance to oxidative stress, extends lifespan, and attenuates
polyglutamine toxicity in Drosophila. Aging Cell 2012, 11, 93–103. [CrossRef]

41. Roberts, P.J.; Der, C.J. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment of cancer. Oncogene
2007, 26, 3291–3310. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2012.01.058
http://doi.org/10.1002/ijc.29361
http://doi.org/10.1093/carcin/bgy155
http://doi.org/10.1053/j.gastro.2015.07.050
http://doi.org/10.1371/journal.pbio.2003714
http://doi.org/10.1038/s41598-018-31372-y
http://doi.org/10.1158/1535-7163.MCT-11-0047
http://www.ncbi.nlm.nih.gov/pubmed/22860231
http://doi.org/10.1007/978-1-60761-756-3_13
http://www.ncbi.nlm.nih.gov/pubmed/20700714
http://doi.org/10.1016/S0076-6879(08)03612-4
http://doi.org/10.1016/j.cell.2009.03.048
http://www.ncbi.nlm.nih.gov/pubmed/19524509
http://doi.org/10.1038/ncomms3300
http://doi.org/10.1016/j.cellsig.2016.06.015
http://doi.org/10.1083/jcb.201009094
http://www.ncbi.nlm.nih.gov/pubmed/21321098
http://doi.org/10.1038/sj.onc.1203016
http://doi.org/10.1038/sj.onc.1209613
http://doi.org/10.1038/s41467-022-29061-6
http://doi.org/10.1016/j.ccr.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20708155
http://doi.org/10.1007/s11010-010-0638-8
http://www.ncbi.nlm.nih.gov/pubmed/21069434
http://doi.org/10.1111/j.1365-2184.2012.00845.x
http://doi.org/10.1083/jcb.201102095
http://www.ncbi.nlm.nih.gov/pubmed/21746850
http://doi.org/10.1002/bies.20493
http://www.ncbi.nlm.nih.gov/pubmed/17041898
http://doi.org/10.1073/pnas.0511288103
http://www.ncbi.nlm.nih.gov/pubmed/16547133
http://doi.org/10.1038/onc.2008.301
http://www.ncbi.nlm.nih.gov/pubmed/18931691
http://doi.org/10.2174/092986709787846613
http://doi.org/10.1042/BSR20140141
http://doi.org/10.1111/j.1474-9726.2011.00762.x
http://doi.org/10.1038/sj.onc.1210422
http://www.ncbi.nlm.nih.gov/pubmed/17496923


Int. J. Mol. Sci. 2022, 23, 7883 18 of 18

42. Lee, J.J.; Jain, V.; Amaravadi, R.K. Clinical Translation of Combined MAPK and Autophagy Inhibition in RAS Mutant Cancer. Int.
J. Mol. Sci. 2021, 22, 2402. [CrossRef] [PubMed]

43. Sooro, M.A.; Zhang, N.; Zhang, P. Targeting EGFR-mediated autophagy as a potential strategy for cancer therapy. Int. J. Cancer
2018, 143, 2116–2125. [CrossRef] [PubMed]

44. Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9, 400–414. [CrossRef]
[PubMed]

45. Ghafourifar, P.; Mousavizadeh, K.; Parihar, M.S.; Nazarewicz, R.R.; Parihar, A.; Zenebe, W.J. Mitochondria in multiple sclerosis.
Front. Biosci. A J. Virtual Libr. 2008, 13, 3116–3126. [CrossRef] [PubMed]

46. Wang, S.; Wang, Q.; Wang, Y.; Liu, L.; Weng, X.; Li, G.; Zhang, X.; Zhou, X. Novel anthraquinone derivatives: Synthesis via click
chemistry approach and their induction of apoptosis in BGC gastric cancer cells via reactive oxygen species (ROS)-dependent
mitochondrial pathway. Bioorg. Med. Chem. Lett. 2008, 18, 6505–6508. [CrossRef]

47. Wittig, R.; Coy, J.F. The role of glucose metabolism and glucose-associated signalling in cancer. Perspect. Med. Chem. 2008, 1, 64–82.
[CrossRef]

48. Ward, P.S.; Thompson, C.B. Metabolic reprogramming: A cancer hallmark even warburg did not anticipate. Cancer Cell 2012, 21,
297–308. [CrossRef]

49. Buzzai, M.; Bauer, D.E.; Jones, R.G.; Deberardinis, R.J.; Hatzivassiliou, G.; Elstrom, R.L.; Thompson, C.B. The glucose dependence
of Akt-transformed cells can be reversed by pharmacologic activation of fatty acid beta-oxidation. Oncogene 2005, 24, 4165–4173.
[CrossRef]

50. Xu, X.; Zur Hausen, A.; Coy, J.F.; Lochelt, M. Transketolase-like protein 1 (TKTL1) is required for rapid cell growth and full
viability of human tumor cells. Int. J. Cancer 2009, 124, 1330–1337. [CrossRef]

51. Perl, A.; Hanczko, R.; Telarico, T.; Oaks, Z.; Landas, S. Oxidative stress, inflammation and carcinogenesis are controlled through
the pentose phosphate pathway by transaldolase. Trends Mol. Med. 2011, 17, 395–403. [CrossRef] [PubMed]

52. Diaz-Moralli, S.; Tarrado-Castellarnau, M.; Alenda, C.; Castells, A.; Cascante, M. Transketolase-like 1 expression is modulated
during colorectal cancer progression and metastasis formation. PLoS ONE 2011, 6, e25323. [CrossRef] [PubMed]

53. Samland, A.K.; Sprenger, G.A. Transaldolase: From biochemistry to human disease. Int. J. Biochem. Cell Biol. 2009, 41, 1482–1494.
[CrossRef] [PubMed]

54. Roos, W.P.; Kaina, B. DNA damage-induced cell death by apoptosis. Trends Mol. Med. 2006, 12, 440–450. [CrossRef] [PubMed]
55. Lu, S.Z.; Harrison-Findik, D.D. Autophagy and cancer. World J. Biol. Chem. 2013, 4, 64–70. [CrossRef] [PubMed]
56. Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of autophagy and inhibition of

tumorigenesis by beclin 1. Nature 1999, 402, 672–676. [CrossRef] [PubMed]
57. Qu, X.; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.L.; Mizushima, N.; Ohsumi, Y.; et al.

Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J. Clin. Investig. 2003, 112, 1809–1820.
[CrossRef] [PubMed]

58. Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy and apoptosis. Nat.
Rev. Mol. Cell Biol. 2007, 8, 741–752. [CrossRef] [PubMed]

59. Klarer, A.C.; O’Neal, J.; Imbert-Fernandez, Y.; Clem, A.; Ellis, S.R.; Clark, J.; Clem, B.; Chesney, J.; Telang, S. Inhibition of
6-phosphofructo-2-kinase (PFKFB3) induces autophagy as a survival mechanism. Cancer Metab. 2014, 2, 2. [CrossRef]

60. Sui, X.; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F.; Yang, J.; Zhang, Q.; et al. Autophagy and
chemotherapy resistance: A promising therapeutic target for cancer treatment. Cell Death Dis. 2013, 4, e838. [CrossRef] [PubMed]

61. Fan, Q.W.; Cheng, C.; Hackett, C.; Feldman, M.; Houseman, B.T.; Nicolaides, T.; Haas-Kogan, D.; James, C.D.; Oakes, S.A.;
Debnath, J.; et al. Akt and autophagy cooperate to promote survival of drug-resistant glioma. Sci. Signal. 2010, 3, ra81. [CrossRef]

62. Serra, V.; Markman, B.; Scaltriti, M.; Eichhorn, P.J.; Valero, V.; Guzman, M.; Botero, M.L.; Llonch, E.; Atzori, F.; Di Cosimo, S.; et al.
NVP-BEZ235, a dual PI3K/mTOR inhibitor, prevents PI3K signaling and inhibits the growth of cancer cells with activating PI3K
mutations. Cancer Res. 2008, 68, 8022–8030. [CrossRef]

63. Seitz, C.; Hugle, M.; Cristofanon, S.; Tchoghandjian, A.; Fulda, S. The dual PI3K/mTOR inhibitor NVP-BEZ235 and chloroquine
synergize to trigger apoptosis via mitochondrial-lysosomal cross-talk. Int. J. Cancer 2013, 132, 2682–2693. [CrossRef] [PubMed]

64. Lin, L.; Shen, J.; Ainsley, C.G.; Solberg, T.D.; McDonough, J.E. Implementation of an improved dose-per-MU model for double-
scattered proton beams to address interbeamline modulation width variability. J. Appl. Clin. Med. Phys. Am. Coll. Med. Phys. 2014,
15, 4748. [CrossRef] [PubMed]

65. Chou, Y.T.; Hsieh, C.H.; Chiou, S.H.; Hsu, C.F.; Kao, Y.R.; Lee, C.C.; Chung, C.H.; Wang, Y.H.; Hsu, H.S.; Pang, S.T.; et al. CITED2
functions as a molecular switch of cytokine-induced proliferation and quiescence. Cell Death Differ. 2012, 19, 2015–2028. [CrossRef]

http://doi.org/10.3390/ijms222212402
http://www.ncbi.nlm.nih.gov/pubmed/34830283
http://doi.org/10.1002/ijc.31398
http://www.ncbi.nlm.nih.gov/pubmed/29574749
http://doi.org/10.1038/nrc2657
http://www.ncbi.nlm.nih.gov/pubmed/19440234
http://doi.org/10.2741/2913
http://www.ncbi.nlm.nih.gov/pubmed/17981781
http://doi.org/10.1016/j.bmcl.2008.10.047
http://doi.org/10.1177/1177391X0700100006
http://doi.org/10.1016/j.ccr.2012.02.014
http://doi.org/10.1038/sj.onc.1208622
http://doi.org/10.1002/ijc.24078
http://doi.org/10.1016/j.molmed.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21376665
http://doi.org/10.1371/journal.pone.0025323
http://www.ncbi.nlm.nih.gov/pubmed/21980427
http://doi.org/10.1016/j.biocel.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19401148
http://doi.org/10.1016/j.molmed.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16899408
http://doi.org/10.4331/wjbc.v4.i3.64
http://www.ncbi.nlm.nih.gov/pubmed/23977422
http://doi.org/10.1038/45257
http://www.ncbi.nlm.nih.gov/pubmed/10604474
http://doi.org/10.1172/JCI20039
http://www.ncbi.nlm.nih.gov/pubmed/14638851
http://doi.org/10.1038/nrm2239
http://www.ncbi.nlm.nih.gov/pubmed/17717517
http://doi.org/10.1186/2049-3002-2-2
http://doi.org/10.1038/cddis.2013.350
http://www.ncbi.nlm.nih.gov/pubmed/24113172
http://doi.org/10.1126/scisignal.2001017
http://doi.org/10.1158/0008-5472.CAN-08-1385
http://doi.org/10.1002/ijc.27935
http://www.ncbi.nlm.nih.gov/pubmed/23151917
http://doi.org/10.1120/jacmp.v15i3.4748
http://www.ncbi.nlm.nih.gov/pubmed/24892352
http://doi.org/10.1038/cdd.2012.91

	Introduction 
	Results 
	Increased RPIA Expression Is Detected in the Tumor Biopsies of Lung Adenocarcinoma Patients 
	Knockdown of RPIA Decreases Colony Formation Ability and Cell Proliferation in Lung Cancer Cells 
	Knockdown of RPIA Induces Apoptosis in Lung Cancer Cells 
	Suppression of RPIA Promotes Autophagy in Lung Cancer Cells 
	Knockdown of RPIA Triggers Cellular Senescence and Elevates p53 and p21 Expression Levels in A549 Lung Cancer Cells 
	Reactive Oxygen Species Induced by RPIA Knockdown Result in Autophagy, Apoptosis and Cellular Senescence in A549 Cells 

	Discussion 
	Materials and Methods 
	DNA Plasmid Generation 
	Cell Culture 
	Immunohistochemistry 
	Lentiviral Infection 
	RNA Extraction and Quantitative Real-Time PCR 
	Protein Extraction and Western Blot 
	Colony Formation Assay 
	Water-Soluble Tetrazolium Salt-1 (WST-1) 
	Transmission Electron Microscopy (TEM) 
	Acridine Orange Staining 
	Apoptosis Cells Detection 
	Senescence Assay 
	Reactive Oxygen Species (ROS) Cells Detection 
	Statistical Analysis 

	References

