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Abstract. Colorectal cancer (CRC) is the third most common
cancer worldwide. Chemotherapeutic compounds used for the
treatment of CRC include oxaliplatin (L-OHP). While L-OHP
improves CRC survival, certain patients are resistant. The
nitrogen permease regulator like-2 (NPRL2) gene is a candidate
tumor suppressor gene that resides in a 120-kb homozygous
deletion region on chromosome 3p21.3. In the present study,
it was demonstrated that NPRL2 overexpression increases the
sensitivity of HCT116 cells to L-OHP. The IC50 of L-OHP
was decreased in cells transduced with NPRL2 compared
with negative control (NC) cells and the effect of NPRL2 on
L-OHP sensitivity was time dependent. Following NPRL2
transduction in HCT116 cells, the cell cycle was arrested in
the GI1 phase and a partial decrease in the S phase popula-
tion was observed. Flow cytometric analysis revealed that
NPRL2 transduction and L-OHP treatment increased apop-
tosis compared with NC cells. The mechanism through which
NPRL2 overexpression enhances L-OHP sensitivity involves
downregulation of the functions of the phosphatidylinositol
3-kinase/Akt/mammalian target of rapamycin network.
Furthermore, L-OHP upregulated caspase-3 and caspase-9 to
promote apoptosis in NPRL2-overexpressing cells compared
with cells that were transduced with NPRL2 or treated with
L-OHP and NC cells (P<0.01). NPRL?2 overexpression led to
the downregulation of CD24, which could significantly reduce
tumor invasiveness and decrease the metastatic capacity of
HCT116 cells. These mechanisms are likely active in other
types of cancer and may be exploited for the development of
novel cancer therapies.
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Introduction

Colorectal cancer (CRC) ranks third in worldwide cancer inci-
dence and second in mortality, with ~1.2 million new patients
diagnosed per year (1). In China, CRC has become the third
leading cause of mortality due to tumor disease. Genetic and
environmental risk factors, including lifestyle and nutrition
modulate colon cancer development (2). Chemotherapeutic
compounds used for the treatment of CRC include oxali-
platin (L-OHP), 5-flurouracil and irinotecan (3). While
chemotherapy can improve the survival rate of CRC patients,
resistance emerges in certain patients, with a typical survival
of <6 months once resistance is identified. The detection of
genes associated with CRC may facilitate the development
of targeted therapies to improve CRC prognosis, reduce
resistance and adverse events and establish individualized
treatment programs for CRC.

The nitrogen permease regulator like-2 (NPRL2) gene is a
candidate tumor suppressor gene identified in the 3p21.3 region.
Genomic abnormalities have been identified in this region in
various types of human cancer (4,5). Certain studies suggest
that the NPRL2 gene may be a tumor suppressor and that its
inactivation may promote tumorigenesis (4-6). The NPRL2
gene is composed of 11 exons and encodes a 380 amino acid
protein. Multiple spliced isoforms of NPRL2 are expressed
in different tissue types. However, the mechanism by which
NPRL2 mediates tumor suppression remains to be elucidated.
Previous studies have suggested that NPRL2 is involved in
DNA mismatch repair, cell cycle checkpoint signaling and
the regulation of apoptosis (4,6). In certain tumor cell lines,
overexpression of NPRL2 induces apoptosis and inhibits
proliferation (7).

NPRL2 has been demonstrated to increase susceptibility
to anticancer drugs and apoptosis (7,8). Previous studies have
reported that NPRL?2 is a potential biomarker for predicting
response to cisplatin, the prognosis of patients with lung cancer
and other types of cancer and as a molecular therapeutic agent
for enhancing and resensitizing the response of nonresponders
to cisplatin treatment (7,8). However, how NPRL2 suppresses
tumor proliferation and whether NPRL?2 can affect the sensi-
tivity of cells to chemotherapy remains to be elucidated. In
the present study, the colon cancer cell line HCT116 was used
to observe the effects of the NPRL2 signaling pathway on
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apoptosis induced by the chemotherapeutic drug L-OHP to
further elucidate the role of the NPRL?2 signaling pathway in
increased L-OHP sensitivity in these cells as part of the search
for an effective treatment for CRC.

Materials and methods

Cell culture. The colon cancer cell line HCT116 was purchased
from the Chinese Academy of Sciences (Shanghai, China). The
cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (HyClone Laboratories, Inc., Logan,
UT, USA) and 1% penicillin/streptomycin (Beyotime Institute
of Biotechnology, Haimen, China) in a humidified atmosphere
of 5% CO, at 37°C. Cells were passaged every 2-3 days through
digestion with 0.25% trypsin. Logarithmically growing cells
were prepared.

Transductions and assay. The full length human NPRL2
gene (GenBank serial number: NM_006545) was purchased
from Shanghai Genechem Co., Ltd. (Shanghai, China) as
a fusion with enhanced green fluorescence protein (eGFP)
in the GV208 vector. The lentiviral vector system consisted
of GV208 and the pHelper 1.0 and pHelper 2.0 packaging
vectors. The three vectors were cotransfected into 293T cells
in serum-free medium using Lipofectamine 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA). The medium was
changed to complete medium after 8 h of incubation. High-titer
recombinant lentiviruses encoding NPRL2 were harvested
48 h after transfection. HCT116 cells in the log phase were
seeded at 5x10° cells/well in 96-well plates and transduced
with NPRL2-GFP or GFP lentiviruses in serum-free medium.
Polybrene was added to improve the transduction efficiency.
After 8 h, the medium was changed to complete medium. At
72 h after transduction, GFP expression was examined by
fluorescence microscopy (Nikon TE2000; Nikon Corporation,
Tokyo, Japan) and a luciferase assay was performed in HCT116
cells. The protein expression levels were analyzed 72 h after
transduction. All experiments were performed in triplicate and
representative results are reported.

Cellviability assay. Non-transduced and transduced cells were
dispersed and seeded at 5x10° cells/well in 96-well microplates.
After 24 h, freshly prepared L-OHP (Sanofi-Synthelabo, Paris,
France) was used to determine the optimal concentration and
time course of the HCT116 cell response to L-OHP. Cell
viability was assessed using a cell counting kit-8 assay (Dojindo
Laboratories, Kumamoto, Japan) following various concentra-
tions of drug treatment (2.5, 5, 10, 20 and 40 pg/ml L-OHP) or
duration in culture (24, 48 and 72 h). The absorbance value at
450 nm was read using a microplate reader (Multiskan MK3;
Thermo Fisher Scientific Inc., Rockford, IL, USA). At least
three independent experiments were performed in quadrupli-
cate.

Flow cytometric analysis of the cell cycle and apoptosis.
Cells transduced with NPRL2 were treated with 10 pg/ml
L-OHP for 48 h and harvested. Following trypsinization,
the cells were washed with phosphate-buffered saline (PBS;
Beyotime Institute of Biotechnology) and subsequently fixed
in 85% ethanol. Following fixation, the cells were washed with
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PBS/1% fetal calf serum (FCS; HyClone Laboratories, Inc.),
resuspended in PBS/1% FCS containing 10 pg/ml propidium
iodide (PI) and 250 pg/ml RNase A (Multisciences Biotech
Co., Ltd., Hangzhou, China) and incubated for 30 min at
37°C. Apoptosis was evaluated using flow cytometry with
Annexin V-fluorescein isothiocyanate and PI (KeyGEN
Biotech Co., Ltd., Nanjing, China) staining. Following gating
on the CD24* subpopulation, the cells were analyzed for
positive Annexin V staining. Positive rates of CD24* apop-
tosis were detected using a FACScan flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA) following the addition
of CD24 monoclonal antibodies (Ebioscience, San Diego, CA,
USA).

Western blot analysis. Cellular protein extracts were sepa-
rated by electrophoresis in a 12 or 8% SDS-polyacrylamide
gel (Beyotime Institute of Biotechnology) and electropho-
retically transferred onto a polyvinylidene fluoride membrane
(Millipore, Bedford, MA, USA). The membranes were
blocked overnight with 5% non-fat dried milk and incubated
overnight at 4°C with the following antibodies: Rabbit mono-
clonal anti-GAPDH (cat. no. 2118; 1:1,500), rabbit monoclonal
anti-pyruvate dehydrogenase kinase, isozyme 1 (PDKI)
(cat. no. 13037; 1:1,000), mouse monoclonal anti-p-Akt
(cat. no. 4051; 1:1,000), rabbit monoclonal anti-mammalian
target of rapamycin (mTOR)(p) (cat. no. 5536; 1:1,000), rabbit
polyclonal anti-p70S6K(P) (cat. no. 9209; 1:1,000) and rabbit
monoclonal anti-4E-binding protein 1 (4E-BP1) (cat. no. 9456;
1:1,000) purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA) or mouse monoclonal anti-NPRL2
(cat. no. sc-376986; 1:1,000), rabbit polyclonal anti-phospha-
tidylinositol 3-kinase (PI3K)(p) (cat. no. sc-134986; 1:1,000),
rabbit polyclonal anti-caspase-3 (cat. no. sc-7148; 1:1,000) and
mouse monoclonal anti-caspase-9 (cat. no. sc-56073; 1:2,000)
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Following washing with Tris-buffered saline and
Tween 20, the membranes were incubated with a horseradish
peroxidase-linked goat anti-rabbit (cat. no. A0208; 1:1,000) or
goat anti-mouse (cat. no. A0216; 1:1,000) immunoglobulin G
secondary antibodies (Beyotime Institute of Biotechnology).
The proteins were visualized by enhanced chemiluminescence
using an integrated automatic chemiluminescent imaging and
analysis system (Sage Creation Science Co., Ltd., Beijing,
China).

Statistical analysis. All experimental data are presented as the
mean =+ standard error of the mean. Differences between samples
were analyzed using the two-tailed Student's t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Lentiviral transduction of NPRL2. Transduction efficiency
was evaluated 72 h after NPRL2 transduction. eGFP was
expressed in cells following lentiviral transduction at different
multiplicities of infection (MOIs). The transduction efficiency
(average proportion of GFP-expressing cells compared with
the total cell count) was >70% at an MOI of 10 (P<0.05;
Fig. 1A-D). Protein expression levels were analyzed at 72 h
post-transduction. NPRL2 expression was higher in the
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Figure 1. Monitoring of the transduction efficiency of HCT116 cells by light and fluorescence microscopy. (A and B) Mock-transduced HCT116 cells and
(C and D) NPRL2-transduced HCT116 cells. (E and F) NPRL2 protein expression levels were also analyzed. “P<0.01, as compared with the mock-transduced

control cells. NPRL2, nitrogen permease regulator-like 2.
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Figure 2. NPRL?2 increases the sensitivity of HCT116 cells to L-OHP. (A) The IC50 of L-OHP was lower in cells transduced with NPRL2 than in NC cells.
“P<0.05, as compared with the NC cells. (B) Cell survival was assayed following NPRL2 transduction and treatment with 10 pg/ml L-OHP for an additional
24,48 and 72 h. "P<0.05, compared with NPRL2-transduced cells, cells treated with L-OHP for 24 h; #P<0.01, compared with NPRL2-transduced cells,
cells treated with L-OHP for 48 and 72 h; “"P<0.01, compared with NPRL2-transduced cells, cells treated with L-OHP, NPRL2-transduced cells treated with
L-OHP for 24, 48 and 72 h. NC, negative control; NPRL2, nitrogen permease regulator-like 2; L-OHP, oxaliplatin.

transduced cells than in the negative control (NC) and mock
cells (P<0.01; Fig. 1E and F).

NPRL?2 overexpression increases the L-OHP sensitivity
of HCTI116 cells. To investigate the role of NPRL2 in
L-OHP-induced cytotoxicity, NPRL2 was transduced
into HCT116 cells. The IC50 of L-OHP was lower in cells

transduced with NPRL2 than in NC cells (P<0.05), indicating
that overexpression of NPRL2 markedly increases the sensi-
tivity of HCT116 cells to L-OHP (Fig. 2A). Cell survival was
assayed following NPRL2 transduction and treatment with
10 pg/ml L-OHP for an additional 24, 48 and 72 h, which
confirmed that the effects of NPRL2 on L-OHP sensitivity
were time dependent (Fig. 2B).
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Figure 3. NPRL2 overexpression increases L-OHP sensitivity by inhibiting HCT116 cell growth. (A) NC cells; (B) NPRL2-transduced cells; (C) HCT116 cells
treated with 10 yg/ml L-OHP and grown for 48 h; (D) NPRL2-transduced HCT116 cells treated with 10 yg/ml L-OHP and grown for 48 h. NPRL2, nitrogen
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permease regulator-like 2; L-OHP, oxaliplatin; NC, negative control.
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Figure 4. NPRL?2 overexpression increases L-OHP sensitivity by promoting apoptosis in HCT116 cells. (A) NC cells; (B) NPRL2-transduced cells; (C) HCT116
cells treated with 10 gg/ml L-OHP and grown for 48 h; (D) NPRL2-transduced HCT116 cells treated with 10 yg/ml L-OHP and grown for 48 h. NPRL2,
nitrogen permease regulator-like 2; L-OHP, oxaliplatin; NC, negative control.
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Figure 5. Combined NPRL?2 overexpression and L-OHP treatment decreases the rate of CD24* apoptotic HCT116 cells. (A) NC cells; (B) NPRL2-transduced
cells; (C) HCT116 cells treated with 10 yg/ml L-OHP and grown for 48 h; (D) NPRL2-transduced HCT116 cells treated with 10 gzg/ml L-OHP and grown for
48 h. NPRL2, nitrogen permease regulator-like 2; L-OHP, oxaliplatin; NC, negative control.

NPRL?2 overexpression increases L-OHP sensitivity by
inhibiting cell growth. Cell survival assays revealed that the
cell cycle was arrested in the G1 phase and that there was a
partial decrease in the S phase population following NPRL2
transduction in HCT116 cells (P<0.05). In addition, L-OHP
significantly inhibited the growth of NPRL2-transduced cells
compared with NC cells (P<0.01; Fig. 3).

NPRL?2 overexpression increases L-OHP sensitivity by
promoting apoptosis. Flow cytometry was performed to
investigate the role of NPRL2 in L-OHP-induced apoptosis. The
number of apoptotic cells was greater in NPRL2-transduced
and L-OHP cells than in NC cells (P<0.05). In addition, the
combination of NPRL2 overexpression and L-OHP treatment
promoted apoptosis more significantly than either perturba-
tion alone (P<0.01; Fig. 4). NPRL2 and L-OHP also decreased
the rate of CD24-positive apoptotic HCT116 cells (P<0.05).
In addition, L-OHP significantly decreased the proportion of
CD24-positive apoptotic HCT116 cells among cells overex-
pressing NPRL2 compared with NC cells (P<0.01; Fig. 5).

NPRL?2 promotes HCTI16 cell sensitivity to L-OHP by
inhibiting the PI3K/Akt/mTOR signaling pathway. The
protein expression in the following four different groups of
cells was evaluated by western blot analysis: Negative control

cells, NPRL2-transduced cells, HCT116 cells treated with
10 ug/ml L-OHP and grown for 48 h and NPRL2-transduced
HCT116 cells treated with 10 gg/ml L-OHP and grown for
48 h. Overexpression of NPRL2 and L-OHP treatment down-
regulated PDK1, 4E-BP1, phosphorylated PI3K, Akt, mTOR
and p70S6K in HCT116 cells. In addition, the combination
of NPRL2 overexpression and L-OHP treatment resulted in
significantly greater downregulation of these genes compared
with either perturbation alone (P<0.01). Furthermore, L-OHP
upregulated caspase-3 and caspase-9 to promote apoptosis in
NPRL2-overexpressing cells compared with cells subjected to
either perturbation alone or NC cells (P<0.01; Fig. 6).

Discussion

CRC is the third leading cause of cancer-associated mortality
and the second overall cause in males and females combined
in the USA (9). A deep understanding of the dietary, life-
style and medical risk factors for this malignancy has been
achieved (10,11). In China, with the improvement of living
standards and alterations in diet, the incidence of CRC has
gradually increased. However, half of CRC treatment remains
unsuccessful.

For patients with advanced colonic cancer, surgery and
systemic chemotherapy are the most common treatment
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Figure 6. Western blot analysis of the protein levels of PI3K(p), PDK1, p-Akt, mTOR(p), p70S6K(p), 4E-BP1, caspase-3, caspase-9 and GAPDH. (A) Protein
expression levels in the four different groups of cells (NC cells; NPRL2-transduced cells; HCT116 cells treated with 10 yg/ml L-OHP and grown for 48 h;
NPRL2-transduced HCT116 cells treated with 10 pg/ml L-OHP and grown for 48 h). (B) Gray-scale ratio comparison between the four different groups of
cells (NC cells; NPRL2-transduced cells; HCT116 cells treated with 10 yg/ml L-OHP and grown for 48 h; NPRL2-transduced HCT116 cells treated with
10 pg/ml L-OHP and grown for 48 h). The downregulation of the expression of PDK1, 4E-BP1, phosphorylated PI3K, Akt, mMTOR and p70S6K was observed
in cells overexpressing NPRL?2 and treated with L-OHP compared with NC cells, NPRL2-transduced cells and cells treated with 10 yg/ml L-OHP. NPRL2
overexpression resulted in increased levels of caspase-3 and caspase-9 compared with NC cells. In addition, combined NPRL2 overexpression and L-OHP
treatment significantly upegulated apoptosis compared with either perturbation alone. Western blot analysis was performed using GAPDH as a loading control.
“P<0.01, compared with NC cells, NPRL2-transduced cells, HCT116 cells treated with 10 ug/ml L-OHP and grown for 48 h. NPRL2, nitrogen permease
regulator-like 2; L-OHP, oxaliplatin; NC, negative control; PI3K, phosphatidylinositol 3-kinase; PDK1, pyruvate dehydrogenase kinase, isozyme 1; mTOR,
mammalian target of rapamycin; 4E-BP1, 4E-binding protein 1.

methods. L-OHP is an alkylating agent that is cell cycle than in NC cells (P<0.05). The present study determined that
non-specific and most active during the resting phase of the  the effects of NPRL2 on L-OHP sensitivity were time depen-
cell cycle. This drug forms a coordination metal salt complex  dent and that the overexpression of NPRL2 promotes apoptosis
and inhibits DNA synthesis in cancer cells. Although L-OHP  in a time-dependent manner, thereby inhibiting cell prolifera-
is widely used for the treatment of advanced malignancies, tion. Following NPRL2 transduction in HCT116 cells, the cell
long-term treatment outcomes are unsatisfactory. Cancer cycle was arrested in the G1 phase and there was a partial
recurrence is frequently observed in patients who have under-  decrease in cells in the S phase (P<0.05). In addition, L-OHP
gone chemotherapy and recurrent cancers are frequently highly  significantly inhibited cell growth in NPRL2-transduced cells
malignant and drug resistant. Furthermore, tumor chemo-  compared with NC cells (P<0.01). These data further confirm
therapy is often associated with side effects, complicating the  that NPRL2 overexpression increases L-OHP sensitivity by
limitation of the long-term effects of chemotherapy (12-17).  inhibiting cell growth. Flow cytometric analysis revealed an
In addition, tumor chemoresistance can develop as a result  increase in apoptotic cells due to NPRL2 transduction and
of decreased drug uptake, increased drug efflux, activation =~ L-OHP treatment compared with NC cells (P<0.05). In addi-
of detoxifying systems or DNA repair mechanisms and/or  tion, combined NPRL2 overexpression and L-OHP treatment
evasion of drug-induced apoptosis. Improving the sensitivity ~ promoted apoptosis more significantly than either perturba-
of chemotherapy and overcoming L-OHP resistance are tion alone. These results indicate that an essential function of
critical requirements in cancer therapy. exogenous NPRL2 involves activation of the DNA damage
The NPRL2 gene has potent tumor suppressive activity  checkpoint pathway, which regulates not only cell-cycle check-
in vitro and in vivo and has been suggested to be involved in  points but also DNA repair, genome maintenance, senescence
DNA mismatch repair, cell cycle checkpoint signaling and  and apoptosis (20).
regulation of the apoptotic pathway (5,18). Overexpression NPRL2 may enhance L-OHP sensitivity via additional
of NPRL2 inhibits proliferation and induces apoptosis in a  mechanisms, which require examination in future studies.
variety of tumor cell lines (19). In the present study, it was  In the present study, it was demonstrated that NPRL2 is a
demonstrated that NPRL2 overexpression increases L-OHP  new potential therapeutic molecule. Compared with tradi-
sensitivity in HCT116 cells. Initially, it was observed that the  tional drugs, NPRL2 has a more modulatory role. Combined
IC50 of L-OHP was lower in cells transduced with NPRL2  NPRL2 overexpression and L-OHP treatment effectively
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downregulated the phosphorylation of PI3K, Akt and mTOR
and the mTOR downstream target proteins phospho-p70S6K
(Thr389) and 4E-BP1 (Thr37/46). The PI3K/Akt/mTOR
signaling axis is critical in proliferation, apoptotic resistance,
angiogenesis and metastasis and is central to the develop-
ment and maintenance of CRC (21). Previous studies have
reported the potential for the PI3K/Akt/mTOR network to be
therapeutically targeted at multiple molecular levels (22,23).
PI3K is activated upon the binding of growth factors to their
cognate receptors. Activated PI3K leads to Akt activation via
phosphorylation at Ser473 and Thr308 (24). Akt activates
several downstream targets, including mTOR. Deregulation
of mTOR signaling occurs in several types of human tumor,
including colon cancer (21). mTOR associates with Raptor
(mTORCI complex) to phosphorylate p70S6K, which in turn
phosphorylates 4E-BP1, leading to increased cell prolif-
eration (25). 4E-BP1 is considered to be a funneling factor
through which transforming signals converge, channeling
oncogenic proliferative signals regardless of the specific
upstream oncogenic alteration (26). Phospho-p70S6K is
cytoplasmic and its nuclear immunopositivity is a common
feature of various types of tumor. Phospho-p70S6K stimulates
ribosome rearrangement into active polysomes and increases
the capacity of the translational events essential for the
G1/S transition of the cell cycle (27). These findings suggest
that NPRL2 overexpression enhances L-OHP sensitivity
by downregulating the functions of the PI3K/Akt/mTOR
network, leading to inhibition of cell proliferation and G1 cell
cycle arrest. Furthermore, L-OHP upregulates caspase-3 and
caspase-9 to promote apoptosis in NPRL2-overexpressing
cells compared with either perturbation alone and NC cells
(P<0.01). Furthermore, the present study demonstrated that
the NPRL2-mediated increase in L-OHP sensitivity that
induces apoptosis in HCT116 cells is associated with signifi-
cant activation of caspase-3 and caspase-9.

Notably, a previous study also demonstrated that
combined NPRL2 transduction and L-OHP treatment led to
a significant decrease in the proportion of CD24* apoptotic
HCT116 cells, indicating that NPRL2 overexpression causes
downregulation of the proportion of CD24* cells. CD24 is
a sialoglycoprotein that is anchored to the cell surface by a
glycosyl phosphatidylinositol linkage (28). This protein is
a ligand for P-selectin, an adhesion receptor found on acti-
vated endothelial cells and platelets; thus, it may contribute
to the metastasizing capacity of CD24-expressing tumor
cells (29,30). In gastric cancer, an association between high
CD24 expression and lymph node metastasis, venous inva-
sion and lymphatic invasion has been observed (31). CD24
expression tended to be higher in cell lines derived from
differentiated gastric carcinomas, including those derived
from lymph node metastases (32). Downregulation of CD24
by NPRL2 overexpression may significantly reduce tumor
invasiveness and the metastatic capacity of HCT116 cells.

In conclusion, transfection of colon cancer cells with
NPRL2 resulted in a significant inhibition of tumor cell
growth. The present study also demonstrated that NPRL2
affects the PI3K/Akt/mTOR pathway. It was confirmed that
NPRL2 enhances L-OHP sensitivity by inhibiting prolifera-
tion and promoting apoptosis and may potentially serve as a
therapeutic target for overcoming L-OHP resistance in colon
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cancer. These mechanisms are likely active in other types of
cancer and may be exploited for the development of novel
cancer therapies.
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