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TUMORIGENESIS AND NEOPLASTIC PROGRESSION
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Neovascularization drives tumor development, and angiogenic factors are important neovascularization
initiators. We recently identified the secreted angiogenic factor CNPY2, but its involvement in cancer has
not been explored. Herein, we investigate CNPY2’s role in human colorectal cancer (CRC) development.
Tumor samples were obtained from CRC patients undergoing surgery. Canopy 2 (CNPY2) expression was
analyzed in tumor and adjacent normal tissue. Stable lines of human HCT116 cells expressing CNPY2
shRNA or control shRNA were established. To determine CNPY2’s effects on tumor xenografts in vivo,
human CNPY2 shRNA HCT116 cells and controls were injected into nude mice, separately. Cellular
apoptosis, growth, and angiogenesis in the xenografts were evaluated. CNPY2 expression was signifi-
cantly higher in CRC tissues. CNPY2 knockdown in HCT116 cells inhibited growth and migration and
promoted apoptosis. In xenografts, CNPY2 knockdown prevented tumor growth and angiogenesis and
promoted apoptosis. Knockdown of CNPY2 in the HCT116 CRC cell line reversibly increased p53 activity.
The p53 activation increased cyclin-dependent kinase inhibitor p21 and decreased cyclin-dependent
kinase 2, thereby inhibiting tumor cell growth, inducing cell apoptosis, and reducing angiogenesis
both in vitro and in vivo. CNPY2may play a critical role in CRC development by enhancing cell proliferation,
migration, and angiogenesis and by inhibiting apoptosis through negative regulation of the p53
pathway. Therefore, CNPY2 may represent a novel CRC therapeutic target and prognostic indicator.
(Am J Pathol 2016, 186: 1015e1024; http://dx.doi.org/10.1016/j.ajpath.2015.11.012)
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Despite effective surgical procedures and adjuvant
chemotherapy for colorectal cancer (CRC) patients,
approximately 50% of them initially thought to be cured
by surgery subsequently relapse and die of their disease.1

Annual projections indicated that 1,300,000 individuals
would be diagnosed with CRC last year and 600,000
patients would die from it.2 Much remains to be deter-
mined about the pathogenesis of CRC. Exploration of the
etiology of CRC for early prevention and diagnosis and to
facilitate the development of new therapeutic strategies is
urgently needed.

Cancer growth and development are dependent on
angiogenesis, and neovascularization has been implicated
in the progression of many malignancies, including CRC.3
stigative Pathology. Published by Elsevier Inc
Investigating angiogenesis in tumor tissue increases our
understanding of cancer biology and aids development of
new therapeutic approaches. Neovascularization is a
complex biological process, and vessel formation requires
coordinated cellular action stimulated by angiogenic
growth factors, which initiate blood vessel formation and
. All rights reserved.
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determine the type of vessels (capillaries or arterioles) that
are formed. Angiogenesis begins when the function of
pro-angiogenic activators outweighs that of angiogenic in-
hibitors. Several studies have demonstrated the importance of
pro-angiogenic vascular endothelial growth factor (VEGF) in
mediating tumor angiogenesis and growth.4 These studies have
hypothesized that CRC cells up-regulate VEGF, thereby
activating the process of neovascularization.5

Pro-angiogenic genes are often up-regulated during hyp-
oxia. In a screen of genes encoding predicted secreted factors
whose expression is increased during hypoxia in human
smooth muscle cells, we identified Canopy 2 (CNPY2) as a
potential angiogenic factor. Subsequently, we demonstrated
that the CNPY2 transcript is controlled by hypoxia-inducible
factor 1a (HIF-1a), and CNPY2 protein is secreted from cells
and can promote angiogenesis in vitro and in vivo.6 It has also
been reported that elevated expression of tumor suppressor
p53 inhibits HIF-1a, resulting in diminished expression of
various HIF-1aecontrolled angiogenic growth factors,
which adversely affect systolic cardiac function.7 Because
p53 has anti-cancer effects,8 there could be cross talk
between p53 and CNPY2. In the current study, we hy-
pothesized that the angiogenic factor CNPY2 may be
involved in the growth and development of CRC through
activation of the p53 pathway. We examined the expres-
sion of CNPY2 in primary CRCs and in patient plasma. To
explore the influence of CNPY2 on CRC cell growth,
migration, angiogenesis, and apoptosis, we established a
stable HCT116 CRC cell line that constitutively expresses
shRNA against CNPY2 to investigate the effect of CNPY2
knockdown on tumor cell biology. Furthermore, the p53
pathway was investigated to explore a possible association
with CNPY2 affecting tumor cell growth and development.
Finally, the effects of CNPY2 on tumor growth, angio-
genesis, and apoptosis as well as the interaction with the
p53 pathway were investigated using an in vivo xenograft
tumor model.

Materials and Methods

Ethics, Consent, and Permissions

All human study protocols were approved by the ethics board
of the Shanxi Medical University (Taiyuan, China) and
conformed to the principles of the Declaration of Helsinki.
All patients provided written informed consent.

All animal experiments were approved by the University
of Shanxi Medical Animal Care and Use Committee.

Tissue and Plasma Collection

Tissue was collected from 28 patients diagnosed with CRC
and undergoing surgery at the Shanxi Cancer Hospital. CRC
and paracarcinomic normal tissues were harvested and
either stored at �80�C for biochemical studies or fixed and
embedded in paraffin for immunohistochemistry. Blood
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plasma was collected from CRC patients (n Z 19) and
normal controls (n Z 11).

Establishment of Stably Transfected shRNA HCT116 Cell
Lines

The human HCT116 CRC cell line was obtained from the
Shanxi Medical University Cell Bank. Cells were main-
tained in Dulbecco’s modified Eagle’s medium-high
glucose (Life Technologies, Carlsbad, CA) containing
10% fetal bovine serum (Hyclone, South Logan, UT).
HCT116 cells were transfected with pRFP-C-RS containing
shRNA against CNPY2 or a negative control shRNA
(OriGene, Beijing, China) using Lipo2000 (Life Technolo-
gies). After 2 days, 0.5 mg/mL puromycin (Sigma-Aldrich,
St. Louis, MO) was added to the culture medium, and cells
were incubated for a further 21 days. Single transfected cells
were selected by limited dilution. Cells were further cultured
and subcultured to establish HCT116shRNA-CNPY2 and
HCT116shRNA-control stable transfected cell lines. A flow
cytometric analysis was performed to verify transfection
efficiency [% of red fluorescent protein (RFP)þ cells] using
an FC500 flow cytometer (Beckman Coulter, Brea, CA).

RT-PCR

Total RNA was extracted using Trizol (Life Technologies).
RNA (2 mg) was reverse transcribed (Thermo Scientific,
Waltham, MA), and 100 ng of the resultant cDNA was PCR
amplified (Thermo Scientific). The following primers were
used: CNPY2, 50-GAGGAGCCAGGATCTCCACT-30 (for-
ward) and 50-TCATCATGCGATATGTGCAG-30 (reverse);
and b-actin, 50-CCTGAAGTACCCCATCGAGC-30 (for-
ward) and 50-CTCTTGCTCGAAGTCCAGGG-30 (reverse).
To exclude non-specific (DNA template) amplification, a
negative control was introduced using a DNA template from
rat heart tissue, which was different from human samples. For
this purpose, total RNAwas extracted from rat heart tissue and
cDNA was synthesized by reverse transcription. A negative
control PCR was performed using cDNA from rat heart tissue
as a template and human CNPY2 specific primers with the
conditions listed above. RT-PCR products were separated by
gel electrophoresis, and image analysis was performed using
ImageJ software version 1.49 (NIH, Bethesda, MD; http://
imagej.nih.gov/ij). Band brightness was quantified, and rela-
tive levels of CNPY2 mRNA were presented as the ratio of
CNPY2 brightness/b-actin brightness (n Z 19 for patient car-
cinomic and adjacent normal tissue pairs, n Z 9 replicates for
HCT116shRNA-CNPY2 and HCT116shRNA-control cell lines).

Western Blot Analysis and Enzyme-Linked
Immunosorbent Assay

Proteins were extracted in protein lysis buffer [0.05 mol/L Tris
(pH 7.5), 0.5% sodium deoxycholate, and 0.1% SDS] with
protease inhibitor cocktail (EMD Millipore, Billerica, MA).
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Patient Characteristics

Sex No. of patients Age, years

Male 11 65.4 � 12.02
Female 17 53.8 � 9.21
Total 28 57.92 � 11.57

Data given as means � SD.

Reducing CNPY2 Slows Tumor Growth
Protein concentrations were measured using a BCA assay kit
(Pierce Biotechnology, Rockford, IL). Total protein (40 mg)
was separated by SDS-PAGE (100 V, 90 minutes), transferred
to a polyvinylidene difluoride membrane, and blocked in 5%
nonfat milk before incubation with primary antibodies. The
primary antibodies were as follows: CNPY2 (1:1000; Novus
Biologicals, Littleton, CO); p53 and phospho-p53, cyclin-
dependent kinase inhibitor p21Waf1 (p21), and cyclin-dependent
kinase 2 (CDK2; all 1:1000; Cell Signaling Technology,
Danvers, MA); glyceraldehyde-3-phosphate dehydrogenase
(1:1000; Zhongshan Jinqiao, Beijing, China); b-actin (1:2000;
Zhongshan Jinqiao) (n Z 28 for patient carcinomic and
adjacent normal tissue pairs, n Z 9 replicates for
HCT116shRNA-CNPY2 and HCT116shRNA-control cell lines
for CNPY2, nZ 3 replicates for in vitro p53 and phospho-
p53, p21, CDK2 replicates for HCT116shRNA-CNPY2 and
HCT116shRNA-control cell lines, n Z 8 replicates for in vivo
CNPY2, p53, and phospho-p53, p21, and CDK2 for the
shRNA-control and shRNA-CNPY2 knockdown cell
lineeinduced xenograft tumor tissues).

CNPY2 protein expression was measured in patient plasma
and conditioned media by enzyme-linked immunosorbent
assay, according to the manufacturer’s instructions (USCN
Life Science, Wuhan, China; CRC patients, n Z 19; healthy
controls, n Z 11; n Z 6 replicates for HCT116shRNA-CNPY2
and HCT116shRNA-control supernatants).
The American Journal of Pathology - ajp.amjpathol.org
Cell Growth Assay

Cells were counted using the CCK-8 assay kit (Dojindo
Laboratories, Kumamoto, Japan; n Z 6). One thousand
cells per well were seeded in 96-well plates and treated with
CCK-8 on days 0, 1, 3, and 5. Absorbance was determined
at 450 nm, and cell growth curves expressed as the ratio of
OD at day of interest: OD at day 0. To distinguish viable
versus nonviable cells, 2.4 � 104 cells per well were seeded
in 12-well plates. Cells were counted on days 1, 2, 3, and 5
using a Bio-Rad TC20 Automated Cell Counter (Hercules,
CA; n Z 4), which differentiated live cells from dead cells.
Scratch Wound Cell Migration Assay

Cells were seeded in 6-well plates, grown to 70% to 80%
confluence, and a scratch wound was made through the
middle of the wells using a pipette tip. Images were taken
using an inverted microscope (Olympus, Tokyo, Japan).
Scratch wound width was measured and analyzed by ImageJ
software (n Z 5 replicates).
Colony Formation Assay

Cells (2 � 104) were cultured in a 100-mm dish, as described
above. After 14 days, the numbers of colonies per cm2 were
analyzed using ImageJ software (n Z 5 replicates). For the
three-dimensional soft agar colony growth, 3 mL Dulbecco’s
modified Eagle’s medium-high glucose (10% fetal bovine
serum) containing 0.6% soft agar was added into a 60-mm
dish. After the soft agar was solidified, 2 mL Dulbecco’s
modified Eagle’s medium (10% fetal bovine serum) contain-
ing 0.3% soft agar and 2000 cells was laid on top. After 10
Figure 1 Expression of Canopy 2 (CNPY2) in-
creases in colorectal carcinomic (CRC) tissue and
plasma from patients. CNPY2 expression is signifi-
cantly higher in cancer tissue than in adjacent normal
tissue from CRC patients, as evaluated by RT-PCR (A)
and Western blot analysis (B). A: A negative control
PCR was performed using cDNA from rat heart tissue
as a template and human CNPY2-specific primers to
exclude non-specific (DNA template) amplification. C:
CNPY2 protein levels are significantly higher in
plasma from CRC patients compared with healthy
controls, as measured by enzyme-linked immunosor-
bent assay. D: Immunohistochemistry for CNPY2þ

cells (brown; bottom panels) in cancer tissue and
adjacent normal tissue shows that CNPY2 is expressed
in gland cells. Antibody specificity is demonstrated by
the lack of staining in the negative (isotype control)
sections (top panels). **P< 0.01. nZ 19 (A and C,
CRC group); nZ 28 (B); nZ 11 (C, healthy controls).
Original magnifications: �100 (D, main images);
�400 (D, insets). ACTB, b-actin.
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Figure 2 Establishment of stable Canopy 2
(CNPY2) knockdown and control HCT116 human
colorectal cancer cell lines. A: Representative
micrographs of cells stably transfected with a
shRNA targeting CNPY2 (HCT116shRNA-CNPY2) and
those stably transfected with a control shRNA
(HCT116shRNA-control). Red staining is cotransfection
red fluorescent protein (RFP) marker expression.
The establishment of stable cell lines is confirmed
by the tagged expression of RFP using flow
cytometry analysis. CNPY2 expression is signifi-
cantly decreased in HCT116shRNA-CNPY2 cells
compared with control HCT116shRNA-control cells by
RT-PCR (B) and Western blot analysis (C). B: A
negative control PCR was performed using cDNA
from rat heart tissue as a template and human
CNPY2-specific primers to exclude non-specific
(DNA template) amplification. D: CNPY2 levels in
the supernatant from HCT116shRNA-CNPY2 cells were
significantly decreased compared with control
HCT116shRNA-control cells, as measured by enzyme-
linked immunosorbent assay. **P < 0.01. n Z 9
(B and C); nZ 6 (D). Original magnification,�100
(A). ACTB, b-actin.
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days in culture, the number of colonies per low-power field
was analyzed using ImageJ software (n Z 5 replicates).

Tube Formation Assay

Human umbilical vein endothelial cells (2� 103) were cultured
with the supernatants derived from HCT116shRNA-control or
HCT116shRNA-CNPY2 in a 96-well plate, which was precoated
with 50 mLMatrigel (BD Biosciences, San Jose, CA). After 12
hours, tube formation was observed and recorded using an
Olympusmicroscope (Olympus, Tokyo, Japan). The number of
tubes per mm2 was counted and averaged (n Z 5 replicates).

Cell Apoptosis Assay

Cells were incubated with 0 to 5 mg/mL oxaliplatin (a tumor-
icidal drug; JiangSu Hengrui Medicine, Lianyungang, China)
for 48 hours and harvested. Apoptosis was tested by flow
cytometry (Beckman Coulter) staining for annexin V and pro-
pidium iodide (Life Technologies; nZ 3 replicates). For in vivo
assessment of apoptosis, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining (Roche,
Basel, Switzerland) was performed following the manufac-
turer’s instruction for the shRNA-control and shRNA-CNPY2
knockdown cell lineeinduced xenograft tumor tissues.

Tumor Growth and Analysis

To assess the impact of CNPY2 on tumor cell proliferation
in a mouse xenograft model, adult (8 to 10 weeks) male
nude mice were injected with HCT116shRNA-CNPY2 and
1018
HCT116shRNA-control cells (3 � 106) s.c. To avoid interaction
of the two cell types, shRNA-control or shRNA CNPY2
HCT116 cell lines were injected into separate mice (n Z 8).
To eliminate endogenous factor contribution to tumor
growth, we also implanted one cell line under each foreleg
of the same mice to generate tumors (n Z 10). Three weeks
after injection, the mice were sacrificed and tumor volume
and weight were measured. Tumor volume was calculated
using the following formula: V Z AB2/2, where A is the
largest diameter, and B, the smallest. Tumor cells were
stained with TUNEL (Roche) to assay apoptosis (n Z 3).
Immunohistochemistry was conducted using a previously

described antigen retrieval protocol, followed by primary
antibody incubation.9 Rabbit anti-human CNPY2 antibody
was used to detect expression of CNPY2 (n Z 10). Blood
vessels were assayed by staining for factor VIII (Abcam, San
Francisco, CA) or CD105 (Fujian Maixin Biotechnology,
Fujian, China; nZ 3), and 5-bromo-20-deoxyuridine (Abcam)
or proliferating cell nuclear antigen staining (Cell Signaling
Technology, Danvers, MA; n Z 3) was used as a marker for
cell proliferation. Imaging and data capture were performed
using an upright microscope. Tumor blood vessel density was
determined by counting the number of factor VIIIþ or
CD105þ vessels per �400 field. Threshold analysis was
performed using ImageJ software.
Caspase-3 and Caspase-8 Activity Assays

Cells (2 � 106) were treated with oxaliplatin (0, 10, 20, 50,
and 100 mg/mL) for 48 hours. The activities of caspase-3 and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Canopy 2 (CNPY2) knockdown reduces growth, colony formation,
migration, and angiogenesis, and increases apoptosis, of human colorectal
cancer cells. A: A CCK-8 cell counting assay shows that the number of
HCT116shRNA-CNPY2 cells is significantly lower than HCT116shRNA-control cells by
days 3 and 5 after seeding with identical numbers of cells. B: The growth of
viable cells was assessed on days 1, 2, 3, and 5 after seeding with identical
numbers of cells. The number of viable cells in HCT116shRNA-CNPY2 cells is
significantly lower than HCT116shRNA-control cells by days 3 and 5 after seeding.
Colony formation with either two-dimensional culture (C) or three-dimensional
(3D) soft agar colony assay (D) shows significantly fewer colonies in
HCT116shRNA-CNPY2 compared with HCT116shRNA-control (arrows indicate 3D cul-
ture colonies). E: A scratch wound healing migration assay demonstrated that
fewer HCT116shRNA-CNPY2 cells migrated into a scratch wound in 48 hours
compared with HCT116shRNA-control cells. F: A Matrigel tube formation assay
demonstrated that fewer tube structures were formed in HCT116shRNA-CNPY2 cells
compared with HCT116shRNA-control cells. G: Flow cytometry analysis of annexin V
and propidium iodide (PI) double staining as a measure of apoptosis shows that
HCT116shRNA-CNPY2 cells have significantly increased apoptosis after 48 hours’
incubation with 5 mg/mL oxaliplatin, whereas HCT116shRNA-control are resistant
to oxaliplatin-induced apoptosis. *P< 0.05, **P< 0.01. nZ 6 (A); nZ 4 (B);
n Z 5 (CeF); n Z 3 (G). Original magnifications: �40 (C and D, low-power
group); �200 (C and D, zoomed images).

Reducing CNPY2 Slows Tumor Growth

The American Journal of Pathology - ajp.amjpathol.org
caspase-8 were measured using commercially available kits
(Abcam, Cambridge, UK; n Z 3 replicates).

Statistical Analysis

Data are presented as means � SD and analyzed using two-
tailed unpaired t-tests for two-group comparisons and analysis
of variance for comparisons of three or more groups. P < 0.05
was considered statistically significant.

Results

CNPY2 Expression Increases in CRC Tissues and Plasma
from Patients

Patient characteristics are summarized in Table 1. The expres-
sion of CNPY2 in CRC tissue was significantly increased
compared with adjacent paracarcinomic tissue (P < 0.01 for
mRNA and protein) (Figure 1, A and B). Moreover, the level of
CNPY2 in the plasma of CRC patients was also significantly
higher than in healthy controls (P < 0.01) (Figure 1C).
Immunohistochemistry was used to examine the pattern of
expression of CNPY2 in patient tumor samples and showed it
was highly expressed in gland cells (Figure 1D). Our results
suggest that CNPY2 may function in CRC.

CNPY2 Knockdown by Stable Transfection of shRNA
against CNPY2 in CRC Cells

To explore the influence of CNPY2 on CRC cells
in vitro, we established two stably transfected HCT116
cell lines: one constitutively expressed shRNA-CNPY2
(HCT116shRNA-CNPY2) and the other constitutively
expressed a control shRNA (HCT116shRNA-control)
(Figure 2A). The establishment of stable cell lines was
confirmed by the tagged expression of RFP, which was
97.4% � 0.75% RFPþ in the shRNA control cells and
97% � 0.83% RFPþ in the shRNA CNPY2 cells, whereas the
background non-specific RFP from the non-transfected cells
was only 1.2% � 0.64% (Figure 2A). We found that
HCT116shRNA-CNPY2 had significantly lower CNPY2 expres-
sion by RT-PCR and Western blot analysis (P < 0.01 for both
mRNA and protein) (Figure 2, B and C) and secreted lower
levels of CNPY2 into the culture media by enzyme-linked
immunosorbent assay (P < 0.01) (Figure 2D).

CNPY2 Promotes Growth, Colony Formation, Migration,
and Angiogenesis, and Inhibits Apoptosis of HCT116 Cells

Using these cell lines, we observed that cellular growth was
significantly inhibited in HCT116shRNA-CNPY2 compared with
HCT116shRNA-control (P < 0.01) (Figure 3A). This result was
confirmed by only assessing viable cell growth and excluding
dead cells on days 1, 2, 3, and 5 after cell seeding (P < 0.01)
(Figure 3B). Colony formation with either two-dimensional
culture (Figure 3C) or three-dimensional soft agar colony
1019
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Figure 4 Canopy 2 (CNPY2) knockdown increases oxaliplatin-induced caspase-3 and caspase-8 activities and the ratio of p53 phosphorylated at
Ser15 (Phospho-p53)/total p53 in human colorectal cancer cells. A: Caspase-3 activity increases in HCT116shRNA-CNPY2 cells after incubation with 20,
50, or 100 mg/mL oxaliplatin relative to HCT116shRNA-control cells. B: Caspase-8 activity also increases in CNPY2-knockdown cells after incubation with
10, 20, 50, and 100 mg/mL oxaliplatin. C: The ratio of phospho-p53/total p53 protein increases in HCT116shRNA-CNPY2 cells after incubation with
20 mg/mL oxaliplatin (OHP) relative to HCT116shRNA-control cells. D: Cyclin-dependent kinase (CDK) inhibitor p21Waf1 (p21), the downstream mediator
of p53, increases, whereas CDK2 decreases, in the HCT116shRNA-CNPY2 cells after incubation with 20 mg/mL OHP relative to HCT116shRNA-control cells.
*P < 0.05, **P < 0.01. n Z 3 (AeD). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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assay (Figure 3D) showed significantly fewer colonies in
HCT116shRNA-CNPY2 compared with HCT116shRNA-control
(P < 0.01 for both assays). Cell migration in a scratch
wound healing assay was also significantly decreased in
HCT116shRNA-CNPY2 compared with HCT116shRNA-control
(P< 0.01) (Figure 3E). To investigate in vitro angiogenesis, the
Matrigel tube formation assay was used and the number of
tubes formed was significantly lower in HCT116shRNA-CNPY2
compared with HCT116shRNA-control (P < 0.05) (Figure 3F).
We also explored the role of CNPY2 in oxaliplatin-induced
apoptosis in these cell lines. Flow cytometry was used to
quantify annexin V and propidium iodide double staining (both
indexes of apoptosis) and showed that apoptosis was signifi-
cantly enhanced in HCT116shRNA-CNPY2 compared with
HCT116shRNA-control after 48 hours’ incubation with oxaliplatin
(P < 0.01) (Figure 3G). These results suggest that CNPY2
enhances the growth and development of CRC by promoting
cellular proliferation, migration, and angiogenesis, and inhib-
iting apoptosis.

Knockdown of CNPY2 Enhances the Apoptosis-
Promoting Activities of Caspase-3 and Caspase-8 and
Increases p53 Activity

It has been reported that caspase-3 is activated by both
the extrinsic (death ligand) and intrinsic (mitochondrial)
1020
apoptotic pathways, whereas caspase-8 functions only in
the extrinsic pathway.10,11 To explore the mechanism
behind the enhanced oxaliplatin-induced apoptosis in our
CNPY2 knockdown cell line, we treated stably trans-
fected HCT116 cells with different concentrations of
oxaliplatin for 48 hours. Caspase-3 activity was signifi-
cantly increased in HCT116shRNA-CNPY2 compared with
controls by 20, 50, and 100 mg/mL oxaliplatin (P < 0.01
for each concentration) (Figure 4A). Caspase-8 activity
was also significantly increased in HCT116shRNA-CNPY2
after treatment with oxaliplatin compared with
HCT116shRNA-control (P < 0.01 for all concentrations
tested) (Figure 4B).
The activity of p53 was evaluated using the ratio of

phospho-p53/total p53 proteins. The activity of p53 was
increased in HCT116shRNA-CNPY2 cells relative to
HCT116shRNA-control tumors when the cells were not
treated with oxaliplatin (0 mg/mL, P < 0.05) (Figure 4C).
Expression of p21, the downstream mediator of p53, was
increased and CDK2 expression was decreased (P < 0.05)
(Figure 4D) in HCT116shRNA-CNPY2 cells in comparison
with HCT116shRNA-control cells. When the cells were
treated with 20 mg/mL oxaliplatin, the activation of the p53
pathway (phospho-p53/p53, p21, and CDK2) was further
enhanced in HCT116shRNA-CNPY2 cells relative to
HCT116shRNA-control cells (Figure 4, C and D). These data
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Figure 5 Canopy 2 (CNPY2) knockdown reduces growth of human colorectal tumor (induced in separate mice) and increases the ratio of phospho-p53/total p53.A:
HCT116shRNA-CNPY2 and HCT116shRNA-control cells were injected s.c. under the opposite forelegs of nude mice. The xenograft tumors were weighed, measured,
and analyzed at the day 28 experimental end point. The HCT116shRNA-CNPY2 xenograft tumors are significantly smaller in volume (B) andweight (C) comparedwith
those composed of HCT116shRNA-control cells. D: CNPY2 protein expression significantly reduces in HCT116shRNA-CNPY2 compared to HCT116shRNA-control tumors. E:
The ratio of phospho-p53/total p53 increases in HCT116shRNA-CNPY2 compared with HCT116shRNA-control tumors. F: Cyclin-dependent kinase (CDK) inhibitor p21

Waf1 (p21)
is up-regulated, whereas CDK2 is down-regulated, in HCT116shRNA-CNPY2 compared with HCT116shRNA-control tumors. *P< 0.05, **P< 0.01. nZ 8 (BeD and F); nZ 7
(E). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Reducing CNPY2 Slows Tumor Growth
suggest that CNPY2 promotes resistance to antitumor
drugs, such as oxaliplatin, by inhibiting the extrinsic and
perhaps the intrinsic apoptotic pathways. Cellular
apoptosis increased by knockdown of CNPY2 is associated
with the activation of the p53 pathway in HCT116 cells.

CNPY2 Promotes the Growth of HCT116 Tumor
Xenografts in Nude Mice in Vivo

Having found that CNPY2 is highly expressed in CRC tumors
and promotes cell proliferation in vitro, we further examined the
role of CNPY2 on the growth of CRC cells in vivo.
HCT116shRNA-control and HCT116shRNA-CNPY2 cells were
injected into nude mice (one cell line under each foreleg) to
generate tumor xenografts (Figure 5A and Supplemental
Figure S1A). Tumor volume and weight were measured and
calculated at the study end point 3 weeks after injection. Both
studies showed that tumors derived from HCT116shRNA-CNPY2
were significantly smaller than those from HCT116shRNA-control
(P < 0.05 and P < 0.01, respectively, for both measures)
(Figure 5, B and C, and Supplemental Figure S1, B and C).
CNPY2 protein levels were also significantly lower in the
HCT116shRNA-CNPY2 tumors compared with those generated
from HCT116shRNA-control cells (P < 0.05 and P < 0.01,
respectively) (Figure 5D and Supplemental Figure S1D).
The American Journal of Pathology - ajp.amjpathol.org
The ratio of phospho-p53/total p53 proteins was increased in
HCT116shRNA-CNPY2 compared with HCT116shRNA-control
derived tumors (P < 0.05) (Figure 5E). Consistent with
the in vitro results, p21 was up-regulated, whereas CDK2
was down-regulated, in the CNPY2 knockdown cell
inducedexenograft tumor tissue compared with the control cell
inducedexenograft tumor tissue (P < 0.05 and P < 0.01,
respectively) (Figure 5F).

We further evaluated cell proliferation, angiogenesis, and
apoptosis in these xenografts (Figure 6 and Supplemental
Figure S2). We observed that proliferation (assessed by
immunohistochemistry against 5-bromo-20-deoxyuridine and
proliferating cell nuclear antigen) and angiogenesis (assayed
by factor VIII and CD105 staining) were reduced, and
apoptosis (measured by TUNEL staining) was accelerated in
the xenografts composed of HCT116shRNA-CNPY2 cells
compared with HCT116shRNA-control (P < 0.05 and P < 0.01,
respectively, for each assay) (Figure 6 and Supplemental
Figure S2).

Discussion

De novo angiogenesis is required to feed tumor growth and
is regulated by pro-angiogenic growth and survival factors
that are secreted by the malignant cells and other cells
1021
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Figure 6 Canopy 2 (CNPY2) knockdown reduces growth, proliferation, and vascularization, and increases apoptosis, of colorectal tumor cells in vivo. A and B:
HCT116shRNA-CNPY2 xenograft tumors contain significantly fewer proliferating cell nuclear antigen (PCNA)þ and 5-bromo-20-deoxyuridine (BrdU)þ cells (brown;
arrows) compared with HCT116shRNA-control tumors, indicating reduced cellular proliferation. C: HCT116shRNA-CNPY2 tumors have significantly reduced angiogenesis
[brown factor VIIIþ staining (arrows)] compared with HCT116shRNA-control. D: HCT116shRNA-CNPY2 xenografts have significantly more terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)þ apoptotic nuclei [dark purple and condensed (arrows)] than HCT116shRNA-control xenografts. *P < 0.05,
**P < 0.01. n Z 5 (AeD). Original magnification, �400 (AeD).
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within the tumor microenvironment. Tumor angiogenesis
(the ability of a tumor to stimulate new blood vessel
formation) is a critical step in tumor development, enabling
its expansion, local invasion, and dissemination.4,12e14 In a
screen for hypoxia-regulated genes that encode secreted
proteins, we recently identified a new angiogenic factor,
CNPY2, and showed it is a transcriptional target of HIF-1a,
is secreted from cells, stimulates smooth muscle cell
proliferation and migration, and enhances angiogenesis.6

There are only a few other studies that have evaluated the
1022
biological function of CNPY2 (alias putative secreted protein
Zsig9, transmembrane protein 4, HP10390, and MIR-
interacting saposin-like protein), but data support a role for
CNPY2 in directed cell growth andmigration.When ectopically
overexpressed, CNPY2 was reported to enhance neurite out-
growth in neuroblastoma and PC12 cells, and to enhance cell
spreading in fibroblasts and migration of rat C6 glioma cells
through phosphorylation of myosin regulatory light chain,
preventing MIR-mediated myosin regulatory light chain ubiq-
uitination and its subsequent proteasomal degradation.15,16
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Reducing CNPY2 Slows Tumor Growth
In this study, we explored whether this new angiogenic
factor was involved in the growth and development of CRC.
We found that CNPY2 expression was significantly
increased in CRC tissues and in plasma from CRC patients
and that CNPY2 could enhance the growth, migration, and
angiogenesis, and inhibit the apoptosis, of CRC cells.
Consistently, we also showed thatCNPY2 can enhance tumor
growth and angiogenesis and reduce apoptosis in vivo.

Angiogenesis is an adaptive response to hypoxia, and HIF-
1a, with its hypoxia-responsive activation, is a key factor
required to induce neovascularization.17 Other angiogenic
factors are also known to be transcriptionally regulated by
HIF-1a, including VEGF.18 Preclinical and clinical studies
have indicated that VEGF-directed angiogenesis plays an
important role in the development of CRC. In preclinical
studies, Kondo et al19 found that VEGF-expressing cancers
had increased vascularity and metastatic potential than cancers
where VEGF was not up-regulated. Clinically, evidence im-
plicates VEGF and tumor angiogenesis as prognostic factors in
CRC, with higher VEGF expression being associated with
poorer prognosis.20,21 Our data showing a role for CNPY2 in
CRC growth suggest different angiogenic factors may have
independent roles in tumor vascularization, growth, and
development. Like VEGF, CNPY2’s effect on tumor angio-
genesis could play an important role in promoting tumor
growth and preventing cell death.

In addition to angiogenesis, other mechanisms might be
also involved in the inhibition of tumor growth by CNPY2. In
the current study, by knocking down CNPY2 in tumor cells,
we found inhibition of tumor cell growth and enhanced
apoptosis. P53 is a tumor suppressor and plays a role in
cellular apoptosis, genomic stability, and inhibition of
angiogenesis.8 In the in vitro study, we used shRNA to knock
down CNPY2 gene expression in CRC tumor cells. We found
that p53 activity was enhanced in the knockdown cell line in
comparison with control. When these cells were implanted
into mice to induce xenograft tumor tissue (in vivo study),
p53 expression was also elevated in the knockdown cell line
inducedexenograft tumor tissue. Furthermore, activation of
p53 resulted in the up-regulation of the downstream mediator
p21 and down-regulation of CDK2 both in vitro and in vivo.
Activating the p53 pathway in CNPY2 knockout cells
reduced cell growth, migration, colonial formation, and
angiogenesis, but increased cellular apoptosis. In the in vivo
study, we also showed that activating the p53 pathway
reduced tumor growth, proliferation, and angiogenesis, but
increased apoptosis in the knockdown celleinduced xeno-
graft tumor tissue. In summary, we demonstrated that p53 is
the central player that connects the various cellular pheno-
types associated with the knockdown of CNPY2.

Four decades ago, Folkman22 first suggested that anti-
angiogenic agents represented a potential therapeutic strat-
egy for treating cancer. Anti-VEGF therapy has been explored
for treating various cancers both preclinically and clinically.
For example, a variety of drugs that target VEGF-A or its re-
ceptors effectively prevent the growth of many animal tumors
The American Journal of Pathology - ajp.amjpathol.org
and have demonstrated evidence of antitumor activity in the
clinic.23e26 However, the remarkable benefits of anti-VEGF/
VEGF receptor therapy observed in animal studies have not
fully translated to the clinical setting. These drugs showed only
modest effects on human cancers and did not provide the
anticipated benefits. For example, an antibody against VEGF-
A plus triple chemotherapy only prolonged the life of patients
with metastatic CRC by 4 to 5 months.27 Although anti-VEGF
drugs do show some therapeutic efficacy in some kinds of
human cancer, the benefits are transient and tumor growth and
progression are typically restored.28 In addition, recent studies
into VEGF inhibitor therapy have shown reductions in the
growth of primary tumors but also a concurrent increase in
tumor invasiveness andmetastasis.29,30 Thus, the development
of new anti-angiogenic cancer strategies is urgently needed.
We propose that CNPY2 could be explored as a new thera-
peutic target for treating cancers. Our previous work showed
that CNPY2 functions better than VEGF in an ex vivo angio-
genic assay.6 In addition, we show herein that CNPY2 can
inhibit the extrinsic (death ligand) and possibly the intrinsic
(mitochondrial) apoptotic pathways. This novel angiogenic
factor may be an attractive anti-cancer therapeutic target, and
its effects on angiogenesis and apoptosis in the tumor envi-
ronment should be investigated further.

Conclusions

We found that CRC is associated with significantly increased
CNPY2 expression. Our study suggests that CNPY2 plays a
critical role in the growth and development of CRC by
enhancing the proliferation, migration, and angiogenesis, and
inhibiting the apoptosis, of CRC cells. We corroborated these
in vitro results by showing that CNPY2 plays a role in tumor
growth in vivo. Mechanistically, knockdown of CNPY2
reversibly increases p53 activity, which, in turn, initiates the
signal cascade to inhibit tumor cell growth, induce cellular
apoptosis, and reduce angiogenesis. Thus, CNPY2 could serve
as a novel therapeutic target and prognostic factor for CRC. The
mechanism of CNPY2 function within CRC tissues should be
investigated further.
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