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Background: Colorectal cancer (CRC) is one of the most common malignant tumors in the
world. Our previous study revealed that nitrogen permease regulator-like-2 (NPRL2), a
promising anti-tumor gene, was downregulated at both the blood and tissue levels in CRC
patients compared with that in healthy individuals.

Purpose: This study aims to explore the role of NPRL2 in CRC.

Methods: Herein, we constructed NPRL2 overexpression lentivirus vectors and transfected
them into HT29 cells. The transfected cells were inoculated subcutaneously into nude mice.
Tumor growth, pathology, apoptosis, and the protein expression of caspase-3, caspase-7,
Bax, Bcl-2, and phosphorylated protein kinase B (p-Akt) were evaluated. To further explore
whether NPRL2 could reduce drug resistance of CRC cells against oxaliplatin (L-OHP) and
S-fluorouracil (5-FU), we constructed a tumor model using HT29 cells. The tumor model
was treated with lentiviral particles assembled with vectors encoding NPRL2 and exposed to
L-OHP and 5-FU. Tumor growth, pathology, apoptosis, and the protein expression of
caspase-3, caspase-7, Bax, Bcl-2, p-Akt, P-glycoprotein (P-gp), and multidrug resistance
protein 1 (MRP1) were evaluated.

Results: The results indicated that in the in vivo CRC xenograft model, NPRL2 reduced the
tumor volume and weight and enhanced apoptosis. Our results also confirmed that NPRL2
enhanced the sensitivity of CRC cells to L-OHP and 5-FU. Our studies further demonstrated
that NPRL2 exerted anti-tumor and anti-drug resistance effects through the caspase-3,
caspase-7, Bax, Bcl-2, Akt, P-gp, and MRP1 pathways.

Conclusion: Our present work demonstrated that NPRL2 exhibited anti-tumor effects and
enhanced the sensitivities of CRC cells to L-OHP and 5-FU through the P-gp and MRP1 pathways.
Keywords: NPRL2, colorectal cancer, drug resistance, apoptosis, P-gp, MRP1

Introduction

Colorectal cancer (CRC) is one of the most common digestive cancers worldwide
and is a severe threat to patient health.' In 2010, approximately 275,000 new cases
of CRC were diagnosed in China with an incidence rate of around 2/10,000.> From
1991 to 2011, the mortality rate of CRC in China increased continuously and was
relatively high in the elderly compared to that in individuals less than 60 years of
age.” The resulting public health burden has prompted an urgent need for medical

and scientific researchers to develop effective treatments for CRC.
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identified
involved in the occurrence and development of CRC,

Previous studies have several factors
including changes in oncogenes and tumor suppressor

genes, chromosome instability, and microsatellite
instability.* The nitrogen permease regulator like-2 gene
(NPRL2) is located on human chromosome 3p21.3, a
region that contains many genomic abnormalities.’
NPRL2 generally functions as an anti-tumor gene in
many cancers, including renal cancer,’ glioma,” and hepa-
tocellular carcinoma.® However, NPRL2 reportedly played
pro-tumor roles in prostate cancer.” Our previous studies
have revealed that NPRL2 acted as a functional tumor
suppressor in the CRC cell lines HCT116 and HT29,'"
enhanced the sensitivity of HCT116 cells to oxaliplatin''
and 5-fluorouracil,'> and was downregulated at both the
blood and tissue levels in CRC patients compared with
that in healthy individuals."?

Resistance to chemotherapeutic drugs, such as 5-fluor-
ouracil (5-FU) and oxaliplatin (L-OHP), significantly lim-
its the successful treatment of patients with CRC."* Since
in vitro experiments have not fully evaluated the feasibility
and effectiveness of CRC treatment, it is necessary and
important to establish a suitable CRC xenograft model to
investigate the pathological state of CRC and evaluate
treatment effects. Our study aims to confirm whether
NPRL2 plays anti-tumor roles in CRC using a nude
mouse xenograft model and explore the effects of

NPRL2 on drug sensitivity toward 5-FU and L-OHP.

Materials And Methods

Ethical Statement

Our study was approved by the ethics committee of the
Second Affiliated Hospital of Harbin Medical University
All nude mouse experiments were approved by the Animal
Care and Use Committee and conducted in accordance
with the official recommendations of the Care and Use
Laboratory Animals of the Second Affiliated Hospital of
Harbin Medical University.

Cell Lines, Construction Of Recombinant

NPRL2 Lentiviral Vectors, And Transfection
HT29 cells (Shanghai Institute of Cell Biology, Chinese
Academy of Sciences, Shanghai, China) were cultured in
RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA,
USA) with 10% fetal bovine serum at 5% CO, at 37°C in
95% humidity. Recombinant NPRL2 lentiviral vectors
were constructed and transfected into HT29 cells as

previously described.'® The protein expression of NPRL2
was measured using Western blot 72 h after vector
transfection.

Animal

BALB/c nude mice (nu/nu, male, 5—6 weeks of age, 17-20 g)
were used to establish the CRC subcutaneous xenograft
model. Mice were maintained in a specific pathogen-free
environment in a 12 hr light/dark cycle at 40-60% humidity
and 22-24°C with sterilized food and tap water ad libitum.

Tumor Xenograft Model With Transfected

HT29 Cells

A total volume of 150 ul of HT29 cells (2 x 10° cells), non-
transfected (denoted as Control) or transfected with
enhanced green fluorescent protein (eGFP)-tagged mock
vector (denoted as Mock vector) or NPRL2-eGFP (denoted
as NPRL2), were inoculated subcutaneously into nude
mice. The mice were monitored daily and tumor nodules
were measured with a caliper. Tumor volume was evaluated
with the following formula: volume = width? x length/2.
The mice were sacrificed after two weeks and all tumor
tissues were weighed, harvested for hematoxylin/eosin
(HE) staining, terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL), immunohistochemistry,
and Western blot.

In Vivo Tail Vein Metastatic Assay

The experimental mice were first inoculated subcutaneously
with normal HT29 cells (2 x 10° cells) to form the xenograft
model. When the tumors reached a volume of approxi-
mately 150 mm® at around two weeks post-cell injection,
the mice received tail vein injection of 4 x 10® lentiviral
particles assembled with (termed NPRL2) or without
(termed Control) vector encoding NPRL2 in 0.2 mL of
phosphate-buffered saline (PBS). Other mice received tail
vein injection of either 10 mg/kg 5-FU or 10 mg/kg L-OHP
with (termed NPRL2 + 5-FU or NPRL2 + L-OHP) or
without (termed 5-FU or L-OHP) 4 x 10® lentiviral particles
assembled with vectors encoding NPRL2. After seven days,
tumor tissues were collected for HE staining, TUNEL assay,
immunohistochemistry, and Western blot.

Western Blot

Tissues (20 mg) were crushed and lysed in 200 pl of radio-
immunoprecipitation assay buffer (Beyotime Biotechnology,
Shanghai, China) containing 1 mM phenylmethylsulfonyl
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fluoride for 30 min and protein concentration was quantified
by a bicinchoninic acid protein assay kit (Beyotime
Biotechnology). Proteins (20 pg) were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene fluoride membranes.
The membranes were blocked with 5% non-fat milk in
Tris-buffered saline/Tween 20 (TBST) and then incubated
at 4°C overnight with primary antibodies against p-protein
kinase B (p-Akt, rabbit mAb; 1:500; cat no. ab8933), cas-
pase-3 (rabbit mAb; 1:500; cat no. ab4051), Bax (rabbit
mADb; 1:1,000; cat no. ab53154), Bcl-2 (rabbit mAb;
1:2,000; cat no. abl196495), caspase-7 (rabbit mAb;
1:2,000; cat no. ab181579), multidrug resistance protein 1
(MRP1, mouse mAb; 1:500; ab32574), and NPRL2 (rabbit
mAb; 1:1,000; cat no. ab192331) and P-glycoprotein (P-gp,
rabbit mAb; 1:500; cat no. abl03477) from abcam
(Cambridge, MA, USA), GAPDH (rabbit mAb; 1:1,000;
cat no. 2118) from Cell Signaling technology (Danvers,
MA, USA). The membranes were then washed with TBST
three times for 10 min each and incubated with goat anti-
rabbit IgG (1:10,000; cat no. PAB160011) or goat anti-mouse
IgG (1:10,000; cat no. PAB160009) secondary antibodies
(Bioswamp, Myhalic Biotechnology Co.,Ltd., Wuhan,
China). Signals were detected by an enhanced chemilumi-
nescence system (GE Health, USA) according to the manu-
facturer’s protocol.

HE Staining

Harvested tumor tissues were fixed in 10% buffered for-
malin for 24 h, paraffin-embedded, sectioned, and sub-
jected to HE staining. Results were observed under a
light microscope (Nikon, Japan).

TUNEL

TUNEL assay was performed to detect apoptotic cells
using the in situ Cell Death Detection Kit, POD (Roche
Applied Science, Mannheim, Germany) according to the
manufacturer’s protocol. Briefly, 4-pum tissue sections were
deparaffinized, rehydrated, and treated with 20 pg/mL
proteinase K for 15 min at room temperature. The
TUNEL reaction mixture was added, and the sections
and

were washed, counterstained with hematoxylin,

observed under a light microscope (Nikon, Japan).

Immunohistochemistry

Immunohistochemistry was performed to detect the
expression of NPRL2 in tumor tissues. Briefly, 4-um
paraffin-embedded sections were heated for 1 h at 68°C.

After deparaffinization and rehydration, antigen retrieval
was performed by microwave in 10 mmol/l citrate buffer
(pH 6.0) twice for 10 min each. Endogenous peroxidase
was inhibited with 3% H,O, for 10 min. Sections were
blocked with 2% bovine serum albumin in PBS for
30 min. Sections were incubated with mouse NPRL2
antibody (1:200 dilution; cat no. sc-376986, Santa Cruz)
and subsequently with horseradish peroxidase-linked
goat anti-mouse secondary antibodies (1:1000; cat no.
A0216, Beyotime). The nuclei were counterstained with
hematoxylin and the samples were observed using a
Nikon microscope (Nikon, Japan).

Statistical Analysis

All data are presented as the mean + standard error of the
mean. Differences between three or more groups were
analyzed using one-way analysis of variance. All statistical
analyses were performed using the SPSS 16.0 software. All
figures were prepared using GraphPad Prism 5 and Adobe
Photoshop CS6 software. A two-tailed value of P <0.05
was considered to be statistically significant.

Results

Lentivirus Transfection

Transfection was evaluated with eGFP expression. Cells
transfected with NPRL2 lentiviral vectors showed higher
protein level of NPRL2 than that in control and in cells
transfected with mock vectors (Figure 1).

Overexpression Of NPRL2 Suppressed

Tumor Growth

The anti-tumor function of NPRL2 in vivo was analyzed by
examining the tumor weight and volume, which were indi-
cative of tumor inhibition, in the CRC-xenografted mice.
From Figure 2, we observed that NPRL2 significantly
reduced final tumor volume and weight, thus promoting
tumor inhibition compared to the control group (P < 0.05).

NPRL2 Promoted Tumor Apoptosis And

Inhibited Akt Activation

We observed the histological changes in the CRC-xeno-
grafted tumors with HE staining. In the control group, the
tissues were densely packed with tumor cells, but NPRL2
transfection resulted in sparse tumor tissues containing
some necrotic and inflammatory cells (Figure 3). TUNEL
assay showed that NPRL2 transfection induced tumor apop-
tosis (the brown) to a higher degree than that in the control
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Figure | Lentivirus transfection. eGFP expression (200x) was observed and the protein levels of NPRL2 were determined by Western blot. NPRL2, nitrogen permease
regulator-like-2; Control, non-transfected cells without; Mock vector, cells transfected with mock vectors; NPRL2, cells transfected with NPRL2-overexpression vectors.

Control ° 3 (- :
¢«eee

Mock vector

Tumor Volume (mm

250+

200+

150+

1004

Tumor Weight (g)

Figure 2 NPRL2 inhibited tumor growth. Tumor volume, weight, and tumor inhibition were measured at the end of the experiment. *P < 0.05 vs control, n = 3.

group. Immunohistochemistry was performed to assess the
expression of NPRL2, which was the highest
NPRL2-transfected tumor tissues. To further understand
the mechanism underlying the effect of NPRL2 on CRC,
we measured the protein expression of caspase-3, caspase-7,
Bax, Bcl-2, and p-Akt by Western blot. We showed that
caspase-3 and caspase-7 were activated, Bax was upregu-
lated, and Bcl-2 and p-Akt were downregulated by NPRL2.

in

NPRL2 Enhanced Therapeutic Response
Of Tumors To L-OHP And 5-FU

To explore the effect of NPRL2 in combination with
L-OHP or 5-FU, NPRL2-transfected CRC-xenografted
mice were treated with L-OHP or 5-FU (Figure 4). The
combination of NPRL2 with L-OHP or 5-FU significantly
reduced the final tumor volume and weight, resulting in
higher tumor inhibition compared to that induced by
NPRL2 transfection alone (P < 0.05). These observations
suggested that NPRL2 effectively enhanced the inhibitory
effects of L-OHP and 5-FU on in vivo CRC cell growth.

NPRL2 Enhanced Tumor Apoptosis
Induced By L-OHP And 5-FU

HE staining and TUNEL assay revealed changes in tumor
histology, showing that the combination of NPRL2 trans-
fection and the two anti-tumor drugs increased tumor cell
apoptosis (Figure 5). To evaluate the expression of NPRL2
in tumors treated with L-OHP or 5-FU, immunohisto-
chemistry was performed (Figure 5). The combination of
NPRL2 transfection with L-OHP or 5-FU treatment
resulted in higher NPRL2 expression than that induced
by single L-OHP or 5-FU treatment.

NPRL?2 Sensitized Tumors To L-OHP And
5-FU Through P-gp And MRPI

To further explore the mechanism underlying the anti-
tumor activity of NPRL2 in combination with L-OHP or
5-FU, we performed Western blot to examine the protein
levels of Bcl-2, Bax, caspase-3, caspase-7, p-Akt, P-gp,
and MRP! in CRC-xenografted tumors (Figure 6). The
combination of NPRL2 transfection with either L-OHP
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Figure 3 NPRL2 promoted tumor apoptosis. Tumor sections were subjected to HE staining, TUNEL assay, and immunohistochemistry for NPRL2. Histopathological
changes were observed under a light microscope (200%). The protein expression of caspase-3, caspase-7, Bax, Bcl-2, and p-Akt was determined by Western blot.
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Figure 4 NPRL2 enhanced inhibitory effects of L-OHP and 5-FU on tumor growth. Final tumor volume, weight, and tumor inhibition were measured after NPRL2
transfection, L-OHP or 5-FU treatment, or combination of NPRL2 transfection with L-OHP or 5-FU. *P < 0.05 vs control, n = 3.
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Figure 5 NPRL2 enhanced tumor apoptosis induced by L-OHP and 5-FU. Tumor sections were subjected to HE staining, TUNEL assay, and NPRL2 immunohistochemistry.

Histopathological changes were observed under a light microscope (200x).

or 5-FU significantly reduced the protein expression of the
anti-apoptosis protein Bcl-2, the drug resistance-related
proteins P-gp and MRPI1, and the PI3K-related factor
p-Akt, whereas that of the pro-apoptosis proteins cas-
pase-3, caspase-7, and Bax was significantly increased.

Discussion

CRC is the fourth most deadly cancer in the world and its
incidence is increasing,'” thus it is urgent for medical and
scientific researchers to develop effective treatments for
CRC. NPRL2, a tumor suppressor candidate, is expressed

in many normal tissues.'® Previous research has demon-
strated that the reduction of NPRL2 led to a lack of anti-
tumor activity in several cancers, such as hepatocellular
carcinoma,® lung cancer,'” and renal cancer,® and glioma.7
Yogurtcu et al have found that decreased expression of
NPRL2 mRNA might lead to the progression of CRC. Our
previous clinical study has shown that NPRL2 mRNA was
decreased in both the blood and colorectal carcinomas of
CRC patients.'> However, the specific mechanisms of
NPRL2 in CRC is not clear. An abundance of evidence
has confirmed that the restoration of NPRL2 expression
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Figure 6 NPRL2 sensitized tumors to L-OHP and 5-FU through P-gp and MRPI.
The protein expression of NPRL2, caspase-3, caspase-7, Bax, Bcl-2, p-Akt, P-gp, and
MRPI| was measured by Western blot.

was mainly beneficial in inhibiting tumorigenicity and
enhancing autophagy in several malignant tumor cells.'®"?
Our previous studies demonstrated the anti-tumor func-
tions of NPRL2 in HT29 and HCT116 cells, as NPRL2
promoted cell apoptosis, inhibited cell proliferation and
migration, and induced cell cycle arrest.'® In this study,
we further explored the influence of NPRL2 on CRC in
vivo. The protein expression of p-Akt decreased signifi-
cantly in NPRL2-transfected tumors. Constitutively active
Akt has been found in a variety of cancers in humans.?® In
addition, the anti-apoptosis factor Bcl-2 was reduced while
the pro-apoptosis factors Bax, caspase-3, and caspase-7
NPRL2-transfected tumors. These

results are in accordance with our previous work'® and

were increased in
indicate that NPRL2 acts as a functional tumor suppressor
in CRC.

In 1957, 5-FU was reported to be anti-tumorous for the
first time?' and in 1958, it was synthesized and demon-
strated to be incorporated into RNA.*? Nowadays, 5-FU is
a first-choice and standard chemotherapeutic drug used in
monotherapy or part of combination therapy against CRC
because of improved outcomes in CRC patients.”* L-OHP,
a platinum-based compound, is soluble in aqueous solution
and is widely used in CRC treatment because of its anti-
tumor activity.”> L-HOP mainly binds to DNA but can
also bind to RNA and proteins. When bound DNA, it
forms a complex that disrupts DNA replication and
transcription.”* L-OHP resistance is one of the main pro-
blems limiting its clinical use, and this resistance occurs

through many molecular mechanisms including transport,
detoxification, DNA damage and repair, cell death, and
epigenetic mechanisms.>> Because of these issues, it is
important to find ways of overcoming drug resistance
against 5-FU and L-OHP. As Ueda et al have reported
the important role of NPRL2 in cisplatin-induced resis-
tance in human non-small-cell lung cancer cells,?® in this
work, we further investigated the effects of NPRL2 on
sensitivity of colorectal cancer cells to 5-FU and L-OHP.

We have explored the role of NPRL2 in drug resistance
against L-OHP'' and 5-FU'? on HCT116 cells, showing
that NPRL2 enhanced the sensitivity of CRC cells to
L-OHP and 5-FU. In the present study, we examined the
effects of NPRL2 in combination with L-OHP or 5-FU on
CRC in vivo. The anti-apoptosis factor Bcl-2 was reduced
while the pro-apoptosis factors Bax, caspase-3, and cas-
pase-7 were increased in tumors transfected with NPRL2
and treated with L-OHP or 5-FU. In addition, the expres-
sion of p-Akt protein was decreased in these tumors.
Uncontrolled activation of Akt results in cancer develop-
ment and thus, inhibition of Akt activation is a dramatic
strategy for cancer treatment.”’ Multidrug resistance
(MDR) is a major cause of failure in cancer chemotherapy.
P-gp is the most characterized MDR transporter and has
been recognized as a target to overcome MDR in cancer
therapy.”®?° The MRPs, especially MRP1, promote resis-
tance against chemotherapeutics.® Our in vivo study
showed that NPRL2 decreased the expression of P-gp
and MRP1.

In conclusion, the present work indicated that NPRL2
exerts anti-tumor effects through regulating apoptotic fac-
tors and Akt activation. Moreover, NPRL2 enhanced the
sensitivities of CRC cells toward L-OHP and 5-FU
through inhibiting P-gp and MRP1 activation. These
mechanisms are likely active in other cancers and might
provide a promising strategy for cancer therapies.
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