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Secreted frizzled-related protein 
1 overexpression in gastric cancer: 
Relationship with radiological 
findings of dual-energy spectral CT 
and PET-CT
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We explored the role of secreted frizzled-related protein 1 (sFRP1) overexpression in gastric cancer and 
its relationship with radiological findings from dual-energy spectral CT(DEsCT) and positron emission 
tomography/computed tomography (PET/CT). We established mouse metastatic models using the 
SGC-7901/sFRP1 gastric cancer cell line. A control group was established using the SGC-7901/vector 
cell line. The models were then scanned with dual-energy spectral CT and PET-CT. Subsequent analysis, 
including immunohistochemistry and Transferase-mediated deoxyuridine triphosphate-biotin nick end 
labelling (TUNEL), was performed to confirm the role of sFRP1. Transwell chamber and angiogenesis 
assays were conducted to verify the effect of sFRP1 in vitro. We found that the control group showed 
negative radiological performance with successful implantation. Concurrently, the treated group 
showed visible lesions, a higher FDG uptake and increasing enhancement. The immunological and 
histological analysis confirmed the positive radiological performance with larger size, increasing 
proliferation, more microvessels and less apoptosis. The angiogenic up-regulation of sFRP1 
overexpression were further verified with in vitro cell models. This preliminary study demonstrates 
that sFRP1 overexpression in gastric cancer cells leads to increased cell proliferation and angiogenesis, 
which may, in turn, contribute to positive PET/CT and CT performances.

Gastric cancer, with a five–year survival of only 20–30%, is the second leading cause of cancer modality in the 
world1–3. A good prognosis requires choosing the correct therapy and is closely correlated with tumour, node, 
metastasis (TNM) staging, histological classification as well as differentiation4,5. Currently, imaging has been 
widely used in assessments for the whole process of gastric cancer treatment. MDCT scanning has played an 
important role not only in the TNM staging of gastric cancers but also in the determination of tumour resecta-
bility6. However, radiological studies of patients with histologically proven gastric carcinoma have mainly been 
based on morphology. With the introduction of dual-energy spectral CT (DEsCT), the functional imaging aspect 
of CT has also been added to clinical applications, contributing to evaluations of therapeutic efficacy and predict-
ing patient prognoses7–9. Based on their preference for aerobic glycolysis, F18-FDG, a glucose analog, has been 
exploited as a promising tracer in the diagnosis of malignancies, combined with positron emission tomography/
computed tomography (PET/CT)10. Compared with CT, PET/CT shows improved accuracy for organ and distant 
lymph node metastases. Tumours larger in size, with deeper invasion, of an intestinal type, or at the gastroesoph-
ageal junction (GEJ) tend to evince a greater uptake of FDG2.
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The increasing incidence and mortality have spurred researchers to identify its molecular mechanisms. 
Secreted frizzled-related protein 1 (sFRP1) contains a frizzled (FRZ)-type cysteine-rich domain (CRD), pos-
sessing 30–50% sequence similarity to those of Wnt receptor frizzled proteins. As the Wnt signalling pathway 
is a prerequisite for the process of embryo development, proliferation, differentiation and apoptosis in adult 
tissues, the dysregulated activation of the Wnt pathway may induce tumourigenesis11–14. Therefore, sFRP1 
has been traditionally known as a Wnt antagonist by interacting with Wnt ligand11,15. Previous studies have 
shown the transcriptional silencing of sFRPs in various cancers. There was aberrant hypermethylation of the 
sFRP genes leading to sFRP1 inactivation in the early stages of gastric carcinogenesis11,16. However, emerging 
evidence suggests that sFRP1 may also promote tumour growth. Masaki et al. determined that some metastatic 
gastric cancers showed especially high expression of sFRP1, with the gene expression ratio between metastatic 
carcinoma cells: primary carcinoma cells >​2.017. Fifty-four percent of gastric patients in the previous study 
had highly expressed sFRP1, reflecting the controversial influence of sFRP1. In a previous study by our group, 
TGFβ​ signalling activation was considered to be the mechanism by which sFRP1 promotes the formation of 
tumours. sFRP1-overexpressing cells showed an increase in the expression of TGFβ​1, its downstream targets, 
and TGFβ​-mediated EMT18.

Studies on tumour imaging have focused on exploring the role of PET-CT in early response monitoring and 
seeking for the promising radiotracers, aiming at higher tumour-targeting efficacy and specificity based on mouse 
models9,19–21. There has been little research with respect to tumour imaging on the basis of altering tumour-related 
protein expression. Therefore, the combination of DEsCT and PET/CT was utilized in the current study, in order 
to assess tumours in terms of both morphology and function, reflecting tumour aggressiveness. In this study, we 
first explored imaging findings induced by the sFRP1-overexpressing gastric cancer cell in vivo using mouse mod-
els, with PET/CT and DEsCT. Further analysis, including immunohistochemistry, transferase-mediated deox-
yuridine triphosphate-biotin nick end labelling (TUNEL), was performed to confirm the role of sFRP1. Then, 
transwell chamber and angiogenesis assays were conducted to verify the effect of sFRP1 in vitro.

Results
To investigate the effect of sFRP1 up-regulation on tumour imaging, we exploited the SGC-7901/vector to estab-
lish a treated group and SGC-7901/sFRP1 cells to establish a control, including T-1 (the first mouse in the treated 
group, pulmonary metastasis), T-2 to T-7 (the other 6 mice in the treated group, peritoneal seeding), C-1 (the 
first mouse in the control group, pulmonary metastasis) and C-2 to C-7 (the other 6 mice in the control group, 
peritoneal seeding).

Overexpression of sFRP1 increased PET/CT and spectral CT performance.  There were no obvious 
lesions, abnormal enhancement or high FDG uptake observed in the lungs of the C-1 mouse [Fig. 1]. The corre-
sponding SUVmax was approximately 0.34. Two metastatic nodules in the bilateral lower lungs of T-1 were clearly 
revealed and were approximately 2.75 ×​ 4.27 mm and 3.17 ×​ 3.45 mm in diameter on PET-CT. Slight enhance-
ment was visible in the lesions despite no obvious increased FDG uptake identified, with the SUVmax approximat-
ing 0.22 and 0.34 [Fig. 2].

Similarly, C-2 to C-7 [C3 shown in Supplementary Fig. 1] did not show any obvious positive performance 
with PET/CT and spectral CT [Fig. 3]. The SUVmax was approximately 0.3. However, radiological images of T-2 
revealed one subcutaneous metastasis, which showed mild or moderate peripheral enhancement on DEsCT and 
much higher FDG uptake, with an SUVmax close to 1.2. The pathology-identified peritoneal tumours of T-2 were 
not differentiated from surrounding structures by DEsCT, whereas PET/CT coronal fused images depicted the 
focal abnormal uptake of metastases, with an SUVmax close to 0.98 [Fig. 4]. With successful peritoneal implan-
tation, the results in the other mice (T-3 to T-7) were analogous to that of T-2, with SUVmax values of approxi-
mately 0.8, 1.06, 0.99, 0.83 and 0.96, respectively [T-3 to T-6 shown in Supplementary Figures 1,3,4 and 5]. A 

Figure 1.  Tomogram of lung metastasis sample from spectral CT and PET/CT (C-1). (a) Coronal GSI 
monochromatic image of lungs obtained in the portal-dominant phase, (b) colour-overlay of the corresponding 
monochromatic image, (c) fused PET/CT image of the same lungs. Both sides of the lung field were clear in the 
GSI and PET/CT images. No visible lesion, obvious abnormal enhancement or higher FDG uptake was shown 
in the lungs. The corresponding SUVmax was 0.34.
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significant difference in the SUVmax of peritoneal metastasis was observed between the treated and control groups 
(P <​ 0.001).

sFRP1 overexpression increased cell proliferation and angiogenesis.  Gross specimen analysis 
demonstrated a nodule in C-1 that was 0.8 mm in diameter [Fig. 1]. Two metastatic nodules in the T-1 gross 
specimen were 4.1 and 3.2 mm in diameter, respectively, which was consistent with findings using PET-CT images 
(4.27 mm and 3.45 mm, respectively). The lesion in the inferior lobe of right lung is shown in Fig. 2, whereas the 
other lesion on the left side was not visible in this image. C-2 to C-7 showed four to ten nodules on the perito-
neum, with 3.1 mm being the largest in size by gross specimen. The average size of peritoneal nodules from C-2 to 
C-7 was 1.13 mm (ranging from 0.5 mm to 3.1 mm). T-2 to T-7 revealed 8 to 21 peritoneal lesions with 6.11 mm 
as the largest size confirmed by gross specimen (mean 2.66 mm, ranging from 0.6 mm to 6.11 mm). Additionally, 
T-2 showed another subcutaneous lesion, with 13.6 mm as the largest size. No significant difference in tumour 

Figure 2.  Tomogram of lung metastasis sample from spectral CT, PET/CT and corresponding HE 
pathology (T-1). (a–c) Axial GSI monochromatic images in portal phase: (a,b) lung window images on 
different slices, (c) color-scale monochromatic images. (d) transverse fused images of PET/CT, (e) gross 
specimen, (f) histological section. Transverse GSI images demonstrated small circular lesions in the bilateral 
lower lungs. (a,b) showed the maximum cross section of the two lesions, respectively. (c) further demonstrated 
the mild enhancement within the lesions. (d) depicted circular lesions with slight FDG uptake in the relevant 
location. The SUVmax values were 0.22 and 0.36, respectively. (e) demonstrated metastasis in right lower lung 
clearly, further certified by histological section (f). Arrows pointed out the metastatic nodules.

Figure 3.  Tomogram of peritoneal metastasis sample from spectral CT, PET/CT and histological analysis 
(C-2). (a) GSI color-scale fused images obtained in portal phase, (b) fused PET/CT image, (c) gross specimen, 
(d) histological image. No visible lesion, obvious abnormal enhancement or high FDG uptake was shown in the 
abdominal cavity. The corresponding SUVmax was 0.39. (c) and (d) confirmed the successful implantation.
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number was shown between the treated and control groups (P =​ 0.528). For the peritoneal tumour size, there was 
a significant difference between the treated and control groups (P <​ 0.001). Therefore, the treated group showed 
an increasing average size of tumours in C-3 and other positive radiological images in T-3 to T-6 [see supplemen-
tary results].

After imaging, all tumours were dissected for further analysis. Histology and TUNEL were performed to 
measure apoptosis in the tumour tissue. TUNEL analysis showed that there were fewer apoptotic cells in 
tumours formed by sFRP1-overexpressing cells than by control cells [Fig. 5C]. Immunohistochemical stain-
ing revealed that tumours derived from sFRP1-overexpressing cells contained more proliferative cells (assayed 
by Ki-67 staining) and more microvessels (assayed by CD34 staining). We next tested whether the superna-
tant of sFRP1-overexpressing cell cultures promoted angiogenesis in vitro. We found that the supernatant of 
sFRP1-overexpressing cells indeed induced more tubular formation of HUVECs compared with control 
supernatant, demonstrating the angiogenic effect of sFRP1 in vitro [Fig. 6A]. Likewise, supernatant from 
sFRP1-overexpressing cells induced more HUVEC migration compared to supernatant from vector control cells. 
[Figure 6B]. sFRP122 and ID123 have been reported to increase tumour vessel density as well as the expression of 
vascular endothelial growth factor (VEGF), a well-known angiogenic factor induced by tumour growth factor β​ 
signalling24. Indeed, higher levels of VEGF were found in the culture supernatants of sFRP1-overexpressing cells 
compared to control cells [Fig. 6C, left].

We therefore demonstrated that the overexpression of sFRP1 in SGC-7901 increases tumourigenesis and 
induces positive performance by PET/CT and spectral CT.

Discussion
Mice in the control group after successful implantation displayed no visible lesions, suspicious FDG uptake or 
enhancement. Compared with the control group, sFRP1 overexpression positively induced visibly larger nodules 
with increasing enhancement in lung metastasis and higher FDG uptake in peritoneal tumours. Simultaneously, 
subcutaneous metastases in the treated group showed positive functional performance both on DEsCT and PET/
CT, i.e., increasing enhancement and FDG uptake, in addition to the visible size of the lesion. The SUVmax con-
firmed the increased FDG uptake. However, no obvious increased FDG uptake was identified in lung metasta-
sis and no peritoneal tumours were differentiated in either control or treated groups by DEsCT. As verified by 

Figure 4.  Tomogram of SGC-7901/sFRP1 induced peritoneal metastasis model from spectral CT, PET/
CT and corresponding HE staining (T-2). (a–c) GSI monochromatic images in portal phase: (a) transverse 
monochromatic image, (b) transverse color-scale image, (c) coronal color-scale image. (d) coronal fused images 
of PET/CT, (e) gross specimen, (f) histological section. GSI images yielded excellent results of subcutaneous 
metastasis beyond the contour of abdomen, with peripheral enhancement confirmed by colour-scale image. 
PET/CT image depicted focal abnormal uptake of metastasis, including the peritoneal and subcutaneous ones. 
The corresponding SUVmax of subcutaneous and peritoneal metastasis were 1.2 and 0.98, respectively. (e,f) 
further illustrated a large number of peritoneal metastasis and huge subcutaneous metastasis shown on the GSI 
and PET/CT images. Arrows pointed out the peritoneal metastatic nodules, while arrow heads pointed out the 
subcutaneous metastasis.
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immunological and histological analysis, tumours from the treated group contained a greater number of prolif-
erative cells, more microvessels and fewer apoptotic cells. Additionally, we demonstrated that sFRP1 contributed 
to in vitro angiogenesis and in vivo microvessel formation. Therefore, we argue that sFRP1 may contribute to 
positive performance in PET/CT and dual CT.

Figure 5.  CD34, Ki67 and TUNEL assays staining in xenograft tumors. (a) In vitro angiogenesis assays 
were performed by treating HUVEC cells with culture supernatants of SGC-7901/vector or SGC-7901/sFRP1 
cells. Representative pictures are shown (original magnification,x​40). Numbers of tube formation per field 
are plotted. The data are shown as mean ±​ SD of three independent experiments (p <​ 0.05). (b) Migration 
of HUVECs was conducted using Boydon chamber assays. Same amount of SGC-7901/vector and SGC-
7901/sFRP1 cells were plated in 24-well plate for 24 h, and the culture supernatants were collected and used 
as chemoattractants to HUVECs in the migration assays. Representative pictures are shown (left, original 
magnification,x​100) and migrated cell numbers are plotted (right). The data are shown as mean ±​ SD of three 
independent experiments (p <​ 0.05).

Figure 6.  Overexpression of sFRP1 in SGC-7901 increased In Vitro angiogenesis. (a) In vitro angiogenesis 
assays were performed by treating HUVEC cells with culture supernatants of SGC-7901/vector or SGC-7901/
sFRP1 cells. Representative pictures are shown (original magnification,x​40). Number of tube formation per 
field are plotted. (b) Migration of HUVECs was conducted using Boydon chamber assays. Same amount of 
SGC-7901/vector and SGC-7901/sFRP1 cells were plated in 24-well plate for 24 h, and the culture supernatants 
were collected and used as chemoattractants to HUVECs in the migration assays. Representative pictures are 
shown (left, original magnification,x​100) and migrated cell numbers are plotted (right). (c) VEGF levels in 
culture supernatants supernatants of SGC-7901/vector and SGC-7901/sFRP1 cells were examined using ELISA 
analysis.
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Great efforts have been put forth to show that FDG uptake is associated with tumour aggressiveness25. 
Progressive gastric carcinomas, represented as the depth of invasion, lymphatic permeation, vascular invasion 
and tumour size, showed higher FDG uptake26. In this study, the increasing number and larger size of tumours in 
the treated group demonstrated an increase in tumour aggressiveness. Consistently, the treated group with higher 
aggressiveness presented a positive performance, in contrast with the control group. In terms of quantitative 
evaluation, studies suggested that the SUVmax (one of the most popular candidates for semi-quantitative analysis 
of tumour glucose metabolism) has a positive correlation with proliferation in various malignancies27,28. Ki-67 
was utilized as a quantitative biomarker for tumour aggressiveness, reflecting invasiveness and metastatic poten-
tial29,30. A significant moderate correlation coefficient was observed between SUVmax and the Ki-67 proliferation 
index (PI)25,31. The generation of a lethal tumour mass requires both tumour cell proliferation and angiogenesis32. 
Glucose metabolism was increased to supply sufficient energy for proliferation, leading to increased FDG accu-
mulation in tumours with high growth rates, which explained the mechanism at cellular level33. In our study, the 
immunological analysis consistently demonstrated that sFRP1 overexpression resulted in increased cell prolifer-
ation and decreased apoptosis.

As described above, sFRP1-overexpressing cells showed an increase in the expression of TGFβ​1, its down-
stream targets, and TGFβ​-mediated EMT. TGFβ​ signalling activation may be the mechanism by which sFRP1 
promotes tumourigenesis18. Previous research has also demonstrated the MCF-7 breast cancer cells cultured with 
TGFβ​ showed increased EMT, 18F-FDG uptake and glucose transporter (GLUT1) expression34. As a member of 
the multi-membrane-spanning facilitative transporter family, GLUT1 is considered to be the main functional 
transporter of glucose in most transformed cells35. Therefore, we hypothesized that TGFβ​ signalling activation 
promotes not only tumourigenesis but also GLUT1 expression and that both contribute to the observed positive 
performance in PET/CT and DEsCT.

Angiogenesis plays critical roles in the growth of cancer36. Angiogenesis is related to increased perfusion, 
blood volume and permeability, leading to increased contrast enhancement, which indicates that the develop-
ment of new vessels within tumours determines their performance on contrast enhanced CT. Put another way, 
the intensity of neovascularization determines the contrast enhancement37. The degree of enhancement in the 
corticomedullary phase has been shown to correlate with microvessel density, in terms of renal parenchymal 
neoplasm38. A similar result was found in a study of pancreatic carcinoma in which the level of CT enhancement 
depended on the MVD number39. The enhancement of lung nodules appears to be an indicator of vascularity as 
well40. Consistent with these previous studies, a sFRP1 up-regulation model (T-1) showed increased numbers of 
microvessels assayed by CD34 staining and demonstrated visibly abnormal CT enhancement compared with a 
control group (C-1), which showed no abnormal enhancement.

In view of the spatial resolution of 64-slice CT, we considered the increased tumour size may partly contribute 
to visible nodules with CT, especially for nodules in T-1 (4.27 mm and 3.45 mm for the average size, respectively), 
which were much larger than C-1 (0.8 mm). As a result, a subcutaneous tumour with a much larger size (13.6 mm) 
was visible and presented peripheral enhancement, compared to other invisible peritoneal tumours (1.6 mm for 
the average size) in T2 by DEsCT. With limited resolution, peritoneal tumours with insufficiently increasing size 
for visibility showed similar enhancement with the surrounding structures on DEsCT, which may contribute to 
the negative performance observed in T2 to T7. Tumour cell proliferation and angiogenesis were both considered 
to be necessary in the development of a detectable tumour32. Nevertheless, PET-CT provides functional imaging 
for tumours rather than mere morphology. Peritoneal nodules showed positive performance with higher SUVmax 
on PET/CT. The reason why the visible lung metastases from T-1, with a larger size, showed similar FDG uptake 
to those from C-1 in this study is currently unclear. We believe that size was not the determinant that changed the 
imaging appearance of tumours.

In this study, we explored imaging findings induced by sFRP1-overexpressing gastric cancer cells in vivo using 
mouse models with PET/CT and DEsCT. Additionally, we demonstrated that sFRP1 overexpression in gastric 
cancer induces positive performance in imaging modalities. Nevertheless, there are several limitations to our 
study. First, GLUT1 expression was not measured in this study. Second, the sample size used in our study was 
relatively small. More quantitative studies should be carried out to better understand this relationship. Future 
studies should focus on how sFRP1 promotes endothelial cell migration and invasion.

In conclusion, sFRP1 overexpression in gastric cancer cells leads to more angiogenesis and increasing prolif-
eration, which may, in turn, induce positive PET/CT and CT performance.

Methods
Ethics statement.  This study was performed in strict accordance with the standards established by the 
Guidelines for the Care and Use of Laboratory Animals of Shanghai Jiao Tong University and was approved by 
the laboratory Animal Ethics Committee of Ruijin Hospital (Permit Number: 112). Mice were anaesthetized with 
an intraperitoneal injection of sodium pentobarbital (50 mg/kg) anaesthesia to minimize suffering.

Cell lines and cell transfection.  The moderately differentiated SGC-7901 human gastric cancer cell line 
was purchased from the Chinese Academy of Sciences in Shanghai. Cells were propagated in RPMI-1640 supple-
mented with 10% foetal bovine serum, 100 units/ml streptomycin, and 100 μ​g/ml penicillin, at 37 °C under 5% 
CO2. SFRP1-overexpressing models were generated with the SGC-7901 cell line, which normally expresses low 
or undetectable levels of sFRP1.

Plasmid containing Myc-DDK-tagged ORF clone of Homo sFRP1 was purchased from Origene (Origene 
Technologies, Rockville, MD). Transfection was carried out using Lipofectamine®​ 2000 (Invitrogen, Carlsbad, 
CA) in accordance with the manufacturer’s instructions.
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Animal model.  Six-week-old male athymic BALB/c (nu/nu) mice, ranging in weight from 25 g to 30 g, were 
obtained from the Animal Center (CAS, Shanghai, China) and housed under specific pathogen-free conditions in 
animal facility. The mice were randomly assigned to two groups, i.e., the treated group and control group. Then, 
100-μ​l (1 ×​ 106 cells/ml) suspensions of SGC-7901/sFRP1 cells were administered via the tail vein and 150-μ​l 
(2 ×​ 106 cells/ml) suspensions were administered via the abdominal cavity to establish xenograft models of pul-
monary metastasis and peritoneal seeding, respectively. Similarly, SGC-7901/vector cells were administered to 
establish the control group. After a period of 28 days of growth, tumour imaging and analysis were performed.

Tumour imaging.  PET/CT SCAN.  18F-FDG PET/CT scan was performed on a micro-PET/CT (Inveon 
mPET/CT; Siemens Preclinical Solution, Knoxville, Tennessee). The scope of scanning was from the head to the 
tail. Mice were fasted for 12 hours before 18F-FDG PET scans but allowed free access to water. They were imaged 
in a supine position after general anaesthesia, and the CT component was performed before the emission com-
ponent. The scanning parameters were a tube voltage of 80 kV and a tube current of 0.5 mA (with PET images 
taken at the same scope). Sixty minutes after an i.v. injection of 7.4 MBq of 18F-FDG, PET scans were acquired. 
The maximum standardized uptake value (SUVmax) was calculated as the semi-quantitative analysis indicator. All 
PET images were corrected for emission scatter and attenuation.

DEsCT SCAN.  The mice also underwent spectral CT imaging on a high-definition CT scanner (Discovery 
CT750HD, GE Healthcare, Milwaukee, WI) using the dual-energy spectral imaging mode with a single tube, fast 
kilovoltage switching between 80 kVp and 140 kVp in less than 0.5 ms. The other parameters included a tube cur-
rent of 600 mA, a rotation speed (temporal resolution) of 0.5 s, a helical pitch of 0.531, 40-mm detector coverage, 
a collimation thickness of 0.625 mm, a 32-cm field of view (FOV), and a 512 ×​ 512 reconstruction matrix. Mice 
were injected with the non-ionic contrast medium iopamidol (30 g of iodine per 100 ml, Shanghai) with a power 
injector (Ulrich REF XD 2060-Touch, Germany) at a rate of 0.5 ml/s and a dosage of 0.1 ml/100 g through the 
tail vein. The dual phase scans began at 7 s (arterial phase), 15 s (portal venous phase), and 25 s (delayed phase), 
after the injection of the contrast medium40. The image reconstruction thickness was 0.625 mm at an interval of 
0.625 mm. Images were reconstructed with a 25-cm display field of view (DFOV) and a 512 ×​ 512 reconstruc-
tion matrix size. Three types of images were reconstructed from the single dual-energy spectral CT acquisi-
tion for analysis: a set of polychromatic images corresponding to the conventional 140-kVp imaging, water- and 
iodine-based material-decomposition images, and 101 sets of monochromatic images corresponding to photon 
energies ranging from 40 to 140 keV. The spectral CT images were analysed with the Gemstone Spectral Imaging 
(GSI) Viewer software (GE Healthcare, Waukesha, Wisconsin), with a standard soft-tissue display window preset 
(WL 40 and WW 400).

From the monochromatic and material decomposition image sets, cross-section, multi-planar reformat 
(MPR) and colour–scaled images were obtained. Two radiologists conducted the analysis. All the lesions were 
confirmed on monochromatic images of DEsCT, combined with the corresponding iodine-based material 
decomposition data. Metabolic information was further evaluated on PET/CT images. We then compared results 
from two modalities between 2 groups.

Immunological and histological analysis of tumours in xenografts.  Tumours were then harvested and processed 
for immunohistochemistry. Consecutive tissue sections were hydrated for antigen retrieval carried out in citrate 
buffer (pH 6.0) at 95 °C. After peroxidase blocking, sections were incubated with Ki67 and CD34 rabbit polyclonal 
antibodies (Santa Cruz biotechnology Inc., Santa Cruz, CA) followed by HRP–conjugated secondary antibodies 
(Dako Cytomation, Carpinteria, CA). For quantification of Ki67, the percentage of positive cells was scored in 
five fields per slide. Microvessels were counted as CD34–positive endothelial cells in five fields per slide under 
microscopy.

TUNEL assays.  The TUNEL assays were performed using a FragEL™​ DNA Fragmentation Detection kit 
(Calbiochem, La Jolla, CA) in accordance with the manufacturer’s instructions. The negative control was gener-
ated by substituting H2O for the TdT in the reaction mixture during the labelling step. The positive control was 
generated by covering the entire specimen with 1 μ​g/μ​l of DNase I in 1 ×​ TBS/1 mM MgSO4 following proteinase 
K treatment for 20 min. All other steps were performed as previously described.

In vitro angiogenesis assays.  Angiogenesis assays were performed according to the manufacturer’s instructions. 
Briefly, 50 μ​L of ECMatrixTM solution was transferred to each well of a precooled 96-well tissue culture plate on 
ice. After incubation at 37 °C for 1 hour to allow the matrix solution to solidify, human umbilical vein endothelial 
cells (HUVECs) were harvested, resuspended and seeded at 5 ×​ 103 cells per well onto the surface of the polymer-
ized ECMatrixTM. Cells were incubated with conditioned medium from SGC-7901/vector and SGC-7901/sFRP1 
cells at 37 °C for 12 hours. The ability to form tubes was evaluated by counting the tubular number, the tubular 
length and tubular intersecting nods in five random fields.

Endothelial cell migration assays.  Cell migration was analysed by a transwell chamber assay. Ten percent FCS or 
condition medium was used as the chemoattractant. Endothelial cells migrated through the transwell membrane 
and those that attached onto the lower surface of the insert were fixed and stained followed by counting under a 
light microscope.

Statistical analysis.  Values represented the mean ±​ standard deviation (SD) of samples measured in tripli-
cate. Each experiment was repeated three times. Student’s t-test and two-tailed distribution were conducted on all 
quantitative data. A P-value <​ 0.05 was taken as the level of significance.
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