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Abstract Signal peptide-CUB-EGF-like domain-con-
taining protein 3 (SCUBE3) is strongly expressed in
extremely invasive lung carcinoma. We showed in our
previous study that SCUBE3 triggers the transforming
growth factor-f§ pathway and subsequently promotes tumor
angiogenesis and the epithelial-mesenchymal transition
(EMT). However, the role of SCUBE3 in early tumor
expansion hasn’t been fully demonstrated in vivo. The
present study used dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) to temporally assess tumor
angiogenesis in SCUBE3-knockdown and control non-
small-cell lung carcinoma (NSCLC) cancer cells in the
early tumor stage (weeks 1-3). We further evaluated the
metastatic potential of the SCUBE3-knockdown and con-
trol tumor cells using a circulating tumor cell (CTC) assay.
The differences in gene expression profile between these
cell lines were determined using microarray analysis. The
results show that SCUBE3 knockdown was associated with
lower vascular permeability in the tumor and effectively
inhibited the metastatic potential of NSCLC, as evidenced
by the decreased CTCs in the mice bearing SCUBE3-
knockdown tumors. Microarray analysis revealed that
several genes involved in angiogenesis and EMT were
down-regulated in SCUBE3-knockdown tumors, including
matrix metalloproteinases (MMPs) 2, 9, and 14, (MMP-2,
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MMP-9, and MMP-14, respectively), fibronectin (FN-1),
lysyl oxidase (LOX), hairy/enhancer-of-split related with
YRPW motif protein 1 (HEYI), early growth response
protein 1 (EGRI), and interleukin 8 (/L-8). Together these
data suggest that SCUBES3 is a potential target for phar-
macological intervention. The findings of the present study
also show that differences in vascular permeability precede
the CTCs detection, indicating that DCE-MRI may be a
sensitive biomarker for assessing tumor invasiveness.
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Abbreviations

AHNAK Neuroblast differentiation-associated protein

AHNAK

ANGPTL4  Angiopoietin-related protein 4

CTC Circulating tumor cell

CXCL10 C-X-C motif ligand 10

DCE-MRI  Dynamic contrast-enhanced magnetic
resonance imaging

ECM Extracellular matrix

EGR1 Early growth response protein 1

EMT Epithelial-mesenchymal transition

FN Fibronectin

FOV Field of view

GCOS GeneChip Operating System

Gd-DTPA  Gadolinium-diethylenetriamine pentaacetic
acid

H&E Hematoxylin and eosin

HEY1 Hairy/enhancer-of-split related with YRPW
motif protein 1

IL-8 Interleukin 8

LOX Lysyl oxidase

MMP Matrix metalloproteinases
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NEX Number of excitation

NOD-SCID Nonobese diabetic-severe combined
immunodeficiency

NSCLC Non-small-cell lung carcinoma

PAI Plasminogen activator inhibitor

PBS Phosphate-buffered saline

SCUBE3 Signal peptide-CUB-EGF-like domain-

containing protein 3
Slth Slice thickness

SMAD Mothers against decapentaplegic homolog
T2WI T,-weighted images

TE Echo time

TGF-B Transforming growth factor-3

TR Repetition time

VEGF Vascular endothelial growth factor
Introduction

It has been shown that signal peptide-CUB-EGF-like
domain-containing protein 3 (SCUBE3J) is strongly expres-
sed in extremely invasive lung carcinomas and is correlated
with the invasiveness of neoplastic cells [1]. As demon-
strated in an in vitro study [1], SCUBE3 activates trans-
forming growth factor-f (TGF-p) type II receptors through
the C-terminal CUB domain, and triggers the canonical
signaling pathway involving mothers against decapentaple-
gic homolog (SMAD)2/3 phosphorylation. The increase in
SMAD?2/3 transcriptional activity subsequently up-regulates
downstream target genes, including TGF-f1, Snail, and
Slug, and the genes encoding plasminogen activator inhibitor
(PAI)-1 (PAI-1), matrix metalloproteinases (MMPs) 2 and 9
(MMP-2 and MMP-9, respectively), and vascular endothe-
lial growth factor (VEGF).

The zinc-finger transcriptional factors Snail and Slug are
the key effectors of the epithelial-mesenchymal transition
(EMT) process, by virtue of their repressive effect on
E-cadherin expression [2—4]. Loss of E-cadherin from the
adherens junctions renders the tumor cell motile, which is a
prerequisite for transforming into an invasive phenotype.
While the EMT process endows tumor cells with migratory
properties, the metalloproteinases up-regulated by SCUBE3,
MMP-2, and MMP-9 further enhance the invasiveness of
tumor cells by degrading the extracellular matrix (ECM) and
allowing the passage of tumor cells through the connective
tissue. Nonetheless, the gene encoding VEGF, the most
important and recognized tumor angiogenic factor, is also
up-regulated by the SCUBE3-TGF-B-receptor signaling
pathway. The formation of new blood vessels by angiogen-
esis provides the principal conduit for tumor cell metastasis,
in addition to supplying the cancer cells with the vital
nutrients and oxygen necessary for continuing tumor growth.
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These downstream molecules up-regulated by SCUBE3 act
in a coordinated autocrine or paracrine manner to orchestrate
a neoplastic microenvironment that favors tumor progres-
sion, invasion, and metastasis.

In our previous in vivo study [1], the tumorigenesis
effect of SCUBE3 was reflected in the macroscopic
reduction in tumor size after SCUBE3 knockdown. The
subcutaneously transplanted tumor in mice was signifi-
cantly smaller in SCUBE3-knockdown tumors than in
controls after 4 weeks. However, the role of SCUBE3 in
the preceding events in the tumor microenvironment
remains obscure. Therefore, the aim of the present study
was to further characterize the function of SCUBE3 in
early tumor expansion during the first 3 weeks.

Angiogenesis is undoubtedly an integral part of solid
tumor development [S]. It is characterized by the formation
of disorganized and structurally defective new vessels with
high permeability and fragility. This property is exploited by
dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) for angiogenesis imaging. Technically, DCE-
MRI involves the rapid acquisition of a series of T;-weighted
images following the injection of an intravenous bolus of
contrast agent [usually gadolinium-diethylenetriamine pen-
taacetic acid (Gd-DTPA)]. Vessels with different perme-
abilities produce different enhancements with the contrast
agent. Through pharmacokinetic modeling of contrast
agents, vascular parameters [e.g., vascular permeability
(K™™)] can be derived to reflect the functional status of
tumor microcirculation. It was previously reported that the
value of K" was strongly correlated with microvascular
density on immunohistochemistry staining [6], and with the
level of VEGF expression [7]. It was also shown to be cor-
related with the prognosis of many human cancers [§—10]. In
the present work, we attempted to utilize this imaging
modality as a means of monitoring the temporal changes in
the vasculature of SCUBE3-knockdown non-small-cell lung
carcinoma (NSCLC) tumors. The metastatic potential of the
cancer was assessed by detecting and enumerating circulat-
ing tumor cells (CTCs). The differences in the gene
expression profiles of SCUBE3-knockdown and control
tumors were analyzed with the aid of microarray analysis.

We found that tumor angiogenesis was significantly
suppressed in the SCUBE3-knockdown tumors, as evi-
denced by K"™" being lower than in the control condition.
However, the tumor size did not differ between the
knockdown and control conditions at week 3, which is
consistent with previous report [1]. Our data also suggest
that SCUBE3 knockdown can effectively inhibit the met-
astatic potential of NSCLC, as evidenced by the decreased
CTCs in SCUBE3-knockdown tumors. Furthermore, gene
expression profiling revealed that several genes involved in
angiogenesis and EMT were down-regulated in SCUBE3-
knockdown tumors, including MMP-2, MMP-9, and
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MMP-14, as well as those encoding fibronectin (FN), lysyl
oxidase, hairy/enhancer-of-split related with YRPW motif
protein 1, early growth response protein 1, and interleukin
8 (FN-1, LOX, HEY1, EGR1, and IL-8, respectively). These
data suggest that SCUBE3 is a logical target for pharma-
cological intervention in the treatment of NSCLC. More-
over, we found that differences in K"™" preceded the
detection of CTCs, indicating that DCE-MRI may be a
sensitive biomarker for assessing tumor invasiveness.

Materials and methods
Cell culture and animal model

Human lung adenocarcinoma SCUBE3-knockdown cells [CL1-
5(shSCUBE3)] and control cells [CL1-5(shLacZ)] were kind
gifts from Dr. Pan-Chyr Yang (Department of Internal Medicine,
National Taiwan University Hospital, Taipei, Taiwan) [1]. The
cells were cultured in RPMI 1640 medium supplemented with
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
0.75 pg/mL puromycin, and 10 % fetal bovine serum. For tumor
implantation, 5 x 10° CL1-5(shLacZ) or CL1-5(shSCUBE3)
cells were injected subcutaneously into 8-week-old male non-
obese diabetic-severe combined immunodeficiency (NOD-
SCID) mice. Animal experiments were performed using proto-
cols approved by the Academia Sinica Institutional Animal Care
and Utilization Committee.

MRI

All magnetic resonance images were acquired at weeks 1, 2,
and 3 on a horizontal 7.0-T PharmaScan 70/16 spectrometer
with a 38-mm volume coil, which was used as both a trans-
mitter and a receiver. Each mouse (n = 26) was first anes-
thetized by inhalation of 5 % isoflurane in air at a flow rate of
5 L/min, and then placed onto a mouse body holder in a prone
position. A catheter with a needle was set up to enable the
injection of contrast medium into the orbital veins. During the
scanning, anesthesia was maintained via inhalation with
1-2 % isoflurane in air at 2 L/min; warmed air was pumped
into the magnet bore to maintain the body temperature.

Tumor volume measurement

T,-weighted images (T2WIs) were acquired for tumor
volume measurement with a fast spin-echo sequence with a
repetition time (TR) of 5000 ms, an effective echo time
(TE) of 50 ms, an echo train length of 8 echoes, a field of
view (FOV) of 4 x 4 cm, an acquisition matrix size of
256 x 128 (zero-padded to 256 x 256), a slice thickness
(S1th) of 0.5 mm, and number of excitation (NEX) of 2.
The number of slices was chosen to cover the entire tumor.

The tumor region in each slice was defined and selected
using Avizo software (TGS, San Diego, CA, USA). The
tumor volume was calculated from the selected area of
each slice.

DCE-MRI

The permeability of tumor vessels was assessed by K"™"
maps from DCE-MRI. DCE-MRI was performed as
dynamic T;-weighted images of the gradient echo
sequence with a flip angle of 30°, TR of 140 ms, TE of
3 ms, FOV of 3 x 3 c¢m, Slth of 1.5 mm, NEX of 1, and an
acquisition matrix size of 128 x 128 (zero filled to
256 x 256). A dynamic series of 80 axial images was
obtained; Gd-DTPA [Magnevist (MW: 938 Da), Schering,
Berlin, Germany] was injected at 8th image acquisition at a
dose of 0.2 mmol/kg.

Image analysis

The Gd-DTPA-enhanced kinetic signals were analyzed
based on the compartment model of Tofts [11, 12].
The transfer rate of the contrast agent was described by
dCt(r)/dt = K™ x (Cp-Ct/v,), where Ct is the concen-
tration of contrast agent in the tissue extravascular and
extracellular spaces, K™ is the vascular permeability, Cp
is the concentration of contrast agent in the plasma space,
and v, is the leakage space per unit volume of measured
tissue. Optimal values of the pharmacokinetic parameters,
K™ and v., were calculated by applying nonlinear
regression analysis to fit the dynamic curve of the tissue
signal on each pixel. The processing program for the fitting
was written using MATLAB software (MathWorks,
Natick, MA, USA). The K™ map of the tumor was seg-
mented and superimposed on T2WIs, while the segmented
K" map is presented as a color map using Avizo software
(TGS, San Diego, CA, USA).

Immunohistochemistry staining

The mice were sacrificed under chloral hydrate anesthesia
at week 3. Tumor specimens were harvested, fixed in 4 %
paraformaldehyde overnight, and then dehydrated with a
series of alcohol solutions in an automatic machine. The
specimens were subsequently embedded in paraffin blocks
and sectioned at 5 pm using a rotary microtome (Sakura
Accu-Cut SRM, Sakura Finetek, Torrance, CA, USA). The
sections were stained with hematoxylin and eosin (H&E) to
enable examination of the tumor morphology.

For immunohistochemistry staining, slices were incu-
bated with 3 % H,0, in phosphate-buffered saline (PBS) to
block the endogenous peroxidase. The antigen target was
heated for 30 min in antigen target retrieval solution for
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antigen retrieval. The slices were subsequently incubated
with blocking solution (3 % donkey serum, 2 % bovine
serum albumin, and 0.1 % Triton X-100 in 1x PBS) for
1 h. The primary antibody, polyclonal goat antimouse
CD31 (SC-1506, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), was diluted at 1:100 and applied to the slices,
which were then incubated at room temperature overnight.
After washing, the slices were incubated with biotinylated
donkey antigoat secondary antibody (705-066-147, Jackson
Immuno Research Laboratories, West Grove, PA, USA) at
a dilution of 1:1,000 for 1 h. The slices were washed and
then incubated in avidin-biotin peroxidase complex
(PK6100, Vectastain Elite ABC standard kit, Vector Labs,
Burlingame, CA, USA) for 1 h. The color was developed
using 3,3’-diaminobenzidine (D5637, Sigma-Aldrich, St.
Louis, MO, USA) to give a brown color. Hematoxylin
(008011, Invitrogen, Carlsbad, CA, USA) was used as a
counterstain (blue). Vessel density and vessel size were
calculated by measuring the number of vessels and the fiber
breadth using Metamorph software (Universal Imaging,
West Chester, PA, USA).

Analysis of gene profiling by Affymetrix GeneChip

NOD-SCID mice were implanted with 5 x 10® CLI-
5(shLacZ) or CL1-5(shSCUBE3) cells. Three tumor sam-
ples from each experimental group were harvested at
weeks 2 and 3. Three tumor samples from each experi-
mental group were harvested at weeks 2 and 3 for total
RNA isolation using the MaestroZol RNA Extraction
Reagent (Maestrogen, Las Vegas, NV, USA) according to
the manufacturer’s protocols. Samples of the same group
collected at the same time point were pooled together for
microarray analysis. Human genome U133 Plus 2.0
GeneChip oligonucleotide arrays (Affymetrix, Santa Clara,
CA, USA) were used in this study. The processing of the
Affymetrix GeneChip, including cDNA and cRNA syn-
thesis, labeling, hybridization, scanning, and data analysis
using the GeneChip Operating System (GCOS), were
performed at the National Research Program for Genomic
Medicine Microarray and Gene Expression Analysis Core
Facility (Academia Sinica, Taipei, Taiwan) according to
the manufacturer’s instructions (Affymetrix). All expres-
sion levels of the genes were determined in the GCOS
absolute analysis using the global scaling option. The
GCOS comparison analysis algorithm was used to compare
the gene expression levels between two samples. Genes
with differential expression levels between weeks 2 and 3
were selected by passing the criteria of showing a Change
Call “I” or “D” and signal log, ratio = +1 or =—1 in both
comparisons of CL1-5(shLacZ)_3w/2w and CL1-5(shS-
CUBE23)_3w/2w. The heat maps of differentially expressed
genes were derived from Genesis software version 1.7.5
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[13] based on k-means clustering. The functional annota-
tions and pathway analyses of differentially expressed
genes were performed using MetaCore software (GeneGo,
Encinitas, CA, USA).

In vivo assay of human tumor cell invasiveness

The invasiveness of CL1-5(shLacZ) and CL1-5(shS-
CUBED3) cells was measured by detecting the CTCs in the
mouse circulatory system. Genomic DNA of peripheral
blood was extracted using a QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s protocols. The amount of CTCs in the mouse cir-
culatory system was determined by measuring the human
Alu sequence in genomic DNA from mouse peripheral
blood by real-time quantitative polymerase chain reaction
[14]. The tumor volume was measured with calipers using
the formula V = ab2/2, where V is the tumor volume, a is
the length and b is the width of the tumor [15].

Statistical analysis

Data are expressed as mean and SE values. The data were
analyzed by Student’s ¢ test, and the level of statistical
significance was set at p < 0.05.

Results
Tumor size measured on T2WIs

The volumes of CL1-5(shLacZ) and CL1-5(shSCUBE3)
tumors were measured in T2WIs (Fig. 1). At week 1 the
CL1-5(shSCUBE3) tumors were significantly larger than
the CL1-5(shLacZ) tumors (p = 0.024). The volumes of
both CL1-5(shSCUBE3) and CL1-5(shLacZ) tumors
increased with time, and did not differ significantly
between them at weeks 2 (p = 0.103) and 3 (p = 0.698).

Permeability (K™ map) of the tumor vessels

The region of the tumor core was defined as 50 % of the
distance from the central point of the tumor to its outside
boundary, while the region of the tumor rim was deter-
mined by subtracting the area of the tumor core from that
of the total tumor area (as illustrated in Fig. 2a) [16]. The
K" values of CL1-5(shLacZ) and CL1-5(shSCUBE3)
tumors are presented as a color map, from blue (low) to red
(high) on a T2WI reference at weeks 1, 2, and 3 (Fig. 2b). In
both the CL1-5(shLacZ) and CL1-5(shSCUBE3) tumors,
vessels with increased permeability were observed at the tumor
periphery at week 1. The K™ values did not differ significantly
between CL1-5(shLacZ) and CL1-5(shSCUBE3) tumors at
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Fig. 1 Tumor growth curve. The tumor volume was measured on
T2WIs. At week 1 the CL1-5(shSCUBE3) tumors were significantly
larger than the CLI1-5(shLacZ) tumors. There was no significant
difference at weeks 2 and 3 between CLI1-5(shLacZ) and CLI1-
5(shSCUBES3) tumors. *p < 0.05

either the tumor rim (p = 0.130) or tumor core (p = 0.946)
at this time point. At week 2 K™ had increased at both the
rim and core regions of CL1-5(shLacZ) and CL1-5(shS-
CUBE23) tumors, but there was still no significant difference
between CL1-5(shLacZ) and CL1-5(shSCUBE3) tumors at
the tumor rim (p = 0.956) or the tumor core (p = 0.545).
The K" values of CL1-5(shLacZ) tumors remained stag-
nant at week 3 in both the tumor core and rim, where those of
CL1-5(shSCUBES3) tumors were decreased throughout the
tumor. At week 3 the K"*" values were significantly lower
for the CL1-5(shSCUBE3) tumors than for CL1-5(shLLacZ)
tumors in both the core (p = 0.029) and the rim (p = 0.043).

Tumor morphology and quantification of vessel density
and size

CL1-5(shLacZ) and CL1-5(shSCUBE3) tumors were har-
vested and stained with H&E at week 3 (Fig. 3a). The
CL1-5(shSCUBE23) tumors exhibited necrosis at the central
core. The selected areas of the tumor core (green box) and
tumor rim (blue box) are shown at a higher magnification.
The regions numbered 1-5 are shown at high magnification
in the insets. The cell nucleus had a solid morphology in
region 1 of CLI-5(shLacZ) tumors, but cells exhibited
apoptotic morphology in region 5 of CL1-5(shSCUBE3)
tumors. Mitotic features were observed in the cell nuclei in
regions 2 and 3. Red blood cells were stained in region 4.

Figure 3b shows vessels stained by CD31 antibodies
immunohistochemically (brown). The selected areas of the
tumor core (green box) and tumor rim (blue box) are shown
at a higher magnification. Vessel density and size were
quantified using Metamorph software (Fig. 3c, d). The
vessel density was significantly higher for CL1-5(shLacZ)
tumors than for CL1-5(shSCUBE3) tumors (p = 0.0002) at

the core. The vessel density did not differ significantly
(p = 0.214) between CL1-5(shLacZ) and CL1-5(shS-
CUBE3) tumors at the rim. The vessel size of CLI1-
5(shSCUBE3) tumors in the core was significantly larger
than that of CLI1-5(shLacZ) (p = 0.00005). Both CL1-
5(shLacZ) and CL1-5(shSCUBE3) tumors had similar
vessel size at the rim (p = 0.068).

Gene expression profiling by microarray analysis

The gene expression profiles of four groups of tumor tis-
sues, comprising 2-week-old and 3-week-old CLI1-
5(shLacZ) and CL1-5(shSCUBE3) tumors, were analyzed
using Affymetrix GeneChip technology. To find out the
genes which correlated with the vascular phenotype change
between weeks 2 and 3, genes whose expression changed
by more than twofold between weeks 2 and 3 in either kind
of tumor cells were selected. As shown in Fig. 4a, the
genes could be categorized into three clusters according to
their specific expression patterns. The genes in the top
cluster had expression levels that were lower in the control
tumor than in the SCUBE3-knockdown tumor at week 3.
The middle cluster comprises genes whose expression
levels were higher in the control tumor than in the
SCUBE3-knockdown tumor at week 3. The expression
levels of the genes in the bottom cluster were similar
between the control and SCUBE3-knockdown tumors at
week 3.

The differentially expressed genes were analyzed using
MetaCore software to identify the possible involved path-
ways. Among the mapped pathways, genes involved in the
processes of angiogenesis and EMT were selected for
further analysis. Figure 4b shows the heat map of these
genes, with their public IDs, gene symbols, and gene titles
listed from left to right beside them. The expression levels
of these genes at week 3 were compared between CLI1-
5(shLacZ) and CL1-5(shSCUBE3) tumors and plotted as
the relative log, signal ratio. Figure 4c shows that with
SCUBE3 knockdown, genes that promote angiogenesis and
EMT, including FNI, MMP2, LOX, HEY1, MMP14, IL-8,
EGRI, and the gene encoding the neuroblast differentia-
tion-associated protein AHNAK (AHNAK) were down-
regulated; in contrast, genes capable of inhibiting angio-
genesis and EMT were up-regulated [e.g., those encoding
angiopoietin-related protein 4 (ANGPTL4) and chemokine
(C—X-C motif) ligand 10 (CXCL10)]. Figure 4d shows the
changes in gene expression levels in CL1-5(shLacZ) and
CL1-5(shSCUBE3) tumors. The expressions of HEYI,
MMPI14, MMP2, and AHNAK increased more between
weeks 2 and 3 in CL1-5(shLacZ) tumors than in CL1-
5(shSCUBE3) tumors. The expression of ANGPTLA
increased moderately between weeks 2 and 3 in CLI1-
5(shLacZ) tumors, but increased even more significantly in
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Fig. 2 Vascular permeability, as measured using K"™" maps. a The
region of the tumor core was defined as 50 % of the distance from the
central point of the tumor to its outside boundary, while the region of
the tumor rim was determined by subtracting the area of the tumor
core from that of the total tumor area. b Segmented K"™" maps of

CL1-5(shSCUBE3) tumors. The expressions of CXCLI0
and the gene encoding SMAD7 (SMAD7), which decreased
between weeks 2 and 3 in CL1-5(shLacZ) tumors, were
increased in CL1-5(shSCUBE3) tumors between the same
time points.

In vivo intravasation analysis by CTC detection

No CTCs were detected during the first 3 weeks. The rel-
ative number of CTCs was normalized to the tumor size at
weeks 4 and 5 after implantation (Fig. 5). At week 4 there
was no significant difference in the number of CTCs
between mice bearing CLI1-5(shLacZ) and CL1-5(shS-
CUBE3) tumors (p = 0.607). However, the number of
CTCs was significantly higher at week 5 in mice bearing
CL1-5(shLacZ) tumor cells than in mice bearing CL1-
5(shSCUBE3) tumor cells (p = 0.048). CTCs were sig-
nificantly decreased at week 5 compared to week 4 in the
plasma of mice bearing a CL1-5(shSCUBE3) tumor
(p = 0.0236). CTCs in the mice with CL1-5(shLacZ) did
not differ significantly (p = 0.097) between weeks 4 and 5.
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CL1-5(shLacZ) and CL1-5(shSCUBE3) shown on T2WIs of axial
views from weeks 1 (W1), 2 (W2), and 3 (W3). The false colors show
K™ values from 0 to 4/min. K™"* was calculated at the tumor rim
¢ and the tumor core d. Data are mean and SE values. *p < 0.05

These data show that the number of metastatic cells in
circulation was decreased with SCUBE3 knockdown.

Discussion

Tumor angiogenesis and growth are regulated
by SCUBE3

CL1-5(shSCUBE3) tumors were significant larger than
CL1-5(shLacZ) tumors at week 1, but the tumor size did
not differ significantly between the two groups at weeks 2
and 3. This observation may be due to the contextual role
of TGF-B in tumor development [17]. In the early stages of
tumorigenesis, TGF-3 signaling exerts a suppressive effect
on tumor growth by inducing cell-cycle arrest and apop-
tosis. In contrast, in the later stages this signaling pathway
promotes tumor cell invasion and metastatic potential
through the EMT process. Although our previous study [1]
showed that the tumor sizes between CL1-5(shLacZ) and
CL1-5(shSCUBE23) did not differ significantly until week
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CL1-5 (shLacZ)
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Fig. 3 Tumor morphology and quantification of vessel density and
size. a CL1-5(shLacZ) and CL1-5(shSCUBE3) tumors were stained
with H&E at week 3. The CL1-5(shSCUBE3) tumors exhibited
necrosis at the central core. The regions numbered 1-5 are shown at
high magnification in the insets. The cell nucleus had a solid
morphology in region 1 of CL1-5(shLacZ) tumors, but cells exhibited
apoptotic morphology in region 5 of CL1-5(shSCUBE3) tumors.
Mitotic features were observed in the cell nuclei in regions 2 and 3.

4. However, present study showed that there was a sig-
nificant difference between CL1-5(shLacZ) and CLI1-
5(shSCUBE3) tumors at week 1. This difference in
observations is probably due to different methods of
measurement being applied. In present study tumor sizes
were calculated from the summation of the tumor occu-
pying voxels as shown in T, weighted images. Measure-
ment was done with calipers using the formula V = ab*/2
(as mentioned earlier) in previous study.

Examination of tumor histology at week 3 revealed that
SCUBE3 knockdown caused both tumor necrosis and
inhibited angiogenesis in the core region. One possible
explanation for this is that SCUBE3 knockdown inhibits
VEGF expression, which causes deprivation of oxygen and
nutrients for tumor cells due to inadequate neovasculari-
zation. However, it could also be that tumor necrosis
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Red blood cells were stained in region 4. b Vessels were stained
brown by CD31 antibodies immunohistochemically. The selected
areas of the tumor core (green box) and tumor rim (blue box) are
shown at a higher magnification. In CL1-5(shLacZ) and CLI1-
5(shSCUBES3) tumors, vessel density (c¢) and vessel size (d) were
calculated by counting the number of vessels and measuring their size
using Metamorph software. Data are mean and SE values. *¥*p < 0.01

induced by SCUBE3 knockdown decreases the amount of
cytokine secreted to stimulate angiogenesis.

Together the MRI and histological results suggest that
SCUBE3 knockdown can reduce the viable-tumor burden.
Since the sizes of SCUBE3-knockdown and control tumors
did not differ significantly at week 3, while the histological
examination revealed marked tumor necrosis in SCUBE3-
knockdown tumors; it is thus apparent that the viable-tumor
volume was smaller in the SCUBE3-knockdown tumor.

SCUBE3 regulates genes involved in angiogenesis
and tumor growth

Microarray studies have captured a differential gene

expression profile between SCUBE3-knockdown and con-
trol tumors. As shown in Fig. 4a, several genes that are
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Fig. 4 Effect of SCUBE3 knockdown on gene expression profiling.
a Heat map of the genes for which expression changed by more than
twofold between weeks 2 and 3 in either kind of tumor cell. Genes in
the fop cluster are those for which the expression was lower in the
control tumor than in SCUBE3-knockdown tumor at week 3. The
expression of those in the middle cluster was higher in the control
tumors than in the SCUBE3-knockdown tumors at week 3. The
expression of those in the bottom cluster was similar in the control

involved in angiogenesis and tumor progression were
regulated by SCUBE3. For example, the genes encoding
MMPs, which are known to play pivotal roles in promoting
tumor invasion, metastasis, and angiogenesis, were down-
regulated after SCUBE3 knockdown. MMPs promote
tumor angiogenesis by degrading type IV collagen of the
vascular basal lamina to facilitate endothelial cells migra-
tion and capillary sprouting. In particular, MMP-2 could
directly bind to o, 33 receptors to initiate integrin signaling
to promote endothelial cell survival and proliferation
[18-20]. MMPs can also potentiate tumor angiogenesis by
cleaving ECM-bound proangiogenic factors (e.g., basic
fibroblast growth factor and VEGF) [21-23]. Moreover,
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and SCUBE3-knockdown tumors at week 3. b Heat map of genes
involved in angiogenesis and EMT (MetaCore). The public IDs, gene
symbols, and gene titles are listed from left to right beside the heat
map. ¢ Comparison of gene expression levels between CL1-
5(shLacZ) and CL1-5(shSCUBE3) tumors at week 3, plotted as
relative log, signal ratio of CL1-5(shSCUBE3) to CL1-5(shLacZ).
d Plot of relative log, signal ratio [week 3/week 2 (3w/2w)] to show
the temporal changes in gene expression levels of both tumors

MMPs act on the latent TGF-f3 complex through proteo-
Iytic activation, hence activating the aforementioned TGF-
B pathway to increase production of VEGF. The up-regu-
lation of MMP-2 and MMP-9 has been reported to be a
poor prognostic factor in NSCLC [24]. In addition, genes
that are related to the transcription of MMPs were also
down-regulated with SCUBE3 knockdown. The expression
of EGRI, which encodes a transcription factor that is
essential in the induction of MMP-9 transcription by tumor
necrosis factor-oo [25], was decreased after SCUBE3
knockdown.

Our previous work using Western blotting has revealed
that, VEGF is upregulated by SCUBE3-TGF-f signaling
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Fig. 5 Quantitative measurement of CTCs. Circulating CL1-5 tumor
cells were quantitatively measured using the real-time quantitative
polymerase chain reaction for the human Alu sequence (n > 5). The
relative number of CTCs was normalized to the tumor size. Data are
mean and SE values. *p < 0.05

pathway. In present study, data from microarray supports
similar notion, with increased gene expression of VEGF-A
in CLI1-5(shLacZ) compared to CL1-5(shSCUBE3) at
week 3 (signal log, ratio = 0.6). However, when consid-
ering signal ratio of CL1-5(shSCUBE3_3w/2w (signal log,
ratio = 0.7) and CL1-5(shLacZ)_3w/2w (signal log,
ratio = 0.3), both did not pass our selection criteria for
analysis (signal log, ratio > 1).

Our previous study had shown that SCUBE3 CUB
domain is sufficient to bind TPR-II and induce Smad2/3
phosphorylation [1]. In present study, we examined the
possible role of the endogenous ligand of TRR-1I, TGF-f1,
in SCUBE3-TGF-B-receptor signaling pathway. We found
that microarray data showed no differences in TGF-f1
gene expression levels between CL1-5(shSCUBE3) and
CL1-5(shLacZ) tumors at weeks 2 and 3. Taken together
with our previous result that SCUBE3-induced Smad2/3
phosphorylation was not affected by TGF-p neutralizing
antibody [1], it is reasonable to conclude that the activation
of TPR-II by SCUBES3 is mainly through direct binding of
SCUBES3 to the receptor, rather than through upregulation
of endogenous TGF-p.

Microarray analysis also showed that FNI was down-
regulated with SCUBE3 knockdown. FN is a matrix gly-
coprotein implicated in several types of cancer [26-28]. It
was previously shown that the FN expression is increased
in NSCLC [27]. FN binds to the o,B; receptor and is
involved in multiple signaling pathways, including
activation of Akt/mTOR/p70S6 K and inhibition of
phosphatase and tensin homolog and liver kinase B1/5" AMP-
activated protein kinase signaling [29]. It was indicated that
FN contributes to a VEGF-independent angiogenesis pathway
that is important for tumor growth [30]. Moreover, FN is
known to be a marker of EMT, and has been shown to pro-
mote the metastatic potential of cancer cells [31, 32].

An especially notable finding was that the knockdown of
SCUBE3 was associated with the down-regulation of

angiogenic chemokine and up-regulation of angiostatic
chemokine. For example, IL-8 was down-regulated with
SCUBE3 knockdown. IL-8 is a potent neutrophil chemo-
attractant, the expression of which has been linked to
increased neutrophil infiltration and neutrophil-dependent
tumor angiogenesis [33]. In addition, IL-8 signaling has
been shown to induce the phosphorylation of the VEGF
receptor in endothelial cells in vitro [34]. Its expression is
also strongly correlated with tumor angiogenesis in
numerous in vivo models [35-38]. In contrast, CXCL10
represents an angiostatic chemokine [39, 40] that is up-
regulated after SCUBE3 knockdown.

The lower K™ values in CL1-5(shSCUBE3) tumors
may be attributable to the decreased VEGF and increased
ANGPTLA levels associated with SCUBE3 knockdown. In
addition to being an angiogenic factor, VEGF is also a key
determinant in promoting vascular permeability [41]. In
contrast, ANGPTL4 acts as an antipermeability factor that
stabilizes the vessel and facilitates vascular maturation. A
previous study [42] found that ANGPTL4 molecules could
inhibit histamine- and VEGF-induced vessel leakiness,
although it did not affect the density of blood vessels in
tumor. It is postulated that ANGPTLA is a tumor-suppressor
gene that exerts antimetastatic effects on cancer by inhib-
iting vascular permeability and subsequently preventing
tumor cell intravasation.

SCUBE3 regulation on genes involved in metastasis

As shown in Fig. 4c, several genes that are involved in
EMT, such as HEYI, LOX, and AHNAK, were down-reg-
ulated after SCUBE3 knockdown. HEY! is an established
target of Notch signaling. There is emerging evidence of a
link between the Notch pathway and progression of cancer,
including NSCLC [43]. Sahlgren et al. [44] showed that
Notch signaling adopts two mechanisms to influence EMT:
(1) directly up-regulating Snail-1 expression by the
recruitment of Notchl intracellular domain to the Snail-1
promoter, and (2) recruiting hypoxia-induced factor o to
the LOX promoter to increase LOX expression. The LOX
gene encodes an enzyme that catalyzes the covalent cross-
link of the component side chains of collagen and elastin,
which is critical in ECM stabilization and maturation.
However, paradoxically, LOX was found to be associated
with cancer cell proliferation and invasiveness [45, 46].
Clinically, the LOX status has been reported to be a sig-
nificant prognostic factor in the 5-year-survival of NSCLC
[47] in patients, especially those in the early stage (stage I)
[46]. Recent studies have demonstrated that LOX influ-
ences the EMT of cancer cells, either by directly decreas-
ing the expression of E-cadherin or through the
stabilization of Snail-1 [44].
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Actin-dependent protrusion of cell pseudopodia repre-
sents another hallmark of EMT-mediated cell invasion. As
stated above, the essential protein for pseudopod protru-
sion, AHNAK, was down-regulated after SCUBE3
knockdown. Depletion of AHNAK protein has been shown
to reverse the EMT process, causing the expression of
E-cadherin, and reduce cell migration and invasiveness
[48].

The knockdown of SCUBES3 resulted in the increased
expression of inhibitory SMAD, namely SMAD7. A pre-
vious study showed that SCUBE3 promotes tumor angio-
genesis and EMT by binding to TGF-f receptor II, and
subsequently activates the canonical TGF-B-SMAD2/3
signaling pathway. SMAD?7 could exert its inhibitory effect
on this pathway by forming stable associations with the
activated TGF-f3 receptor to prevent phosphorylation of
SMADs [49, 50]. It was also found that SMAD7 could
promote ubiquitination and degradation of the TGF-
receptors [51]. Hence, the loss of expression of SCUBE3 in
tumor cells not only decreased the stimulus for the TGF-3
pathway but further deactivated it via up-regulation of its
inhibitory counterpart.

Metastatic tendency reduced by SCUBE3 knockdown

As discussed above, SCUBE3 involves in the regulation
of several genes that are responsible for loss of cell—cell
adhesion, tumor cell motility, matrix degradation, and
angiogenesis, thereby modulating various dimensions of
the multistep cascade for tumor metastasis. As shown in
Fig. 5, knockdown of SCUBE3 effectively reduced the
number of CTCs detected. In our previous work, mice
that were injected intravenously with SCUBE3-knock-
down cells developed significantly fewer pulmonary
metastatic nodules than those injected with control cells.
This implies that SCUBE3 mediates tumor cell metastasis
by both facilitating tumor cell intravasation and distant
colonization.

Studies have consistently demonstrated the correlation
between CTCs and the prognosis and extent of disease in
different types of cancer. However, our results show that
the changes in K™ even preceded the detection of CTCs,
while high K" values were strongly correlated with the
later metastatic potential of cancer cells. Presumably, the
formation of leaky vasculature by angiogenesis is a pre-
requisite for tumor cell intravasation. Hence, the metastatic
tendency of tumor cells may be indicated earlier by K"™"
than by CTCs.

In conclusion, by different experimental approaches, the
findings of the present work support the original notion that
SCUBES3 plays a critical role in lung cancer invasion and
metastasis, mainly via the modulation of tumor angiogen-
esis and EMT. Importantly, these data suggest that
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inhibition of SCUBE3 is an intriguing therapeutic oppor-
tunity for controlling lung cancer metastasis at an early
stage. Furthermore, these findings suggest that DCE-MRI
is a sensitive modality for predicting the metastatic ten-
dency of early cancer, rendering this tool a promising
biomarker for early cancer risk stratification and thereby to
guide the treatment strategy in clinical management.
However, further experiments should be conducted using
molecular biology-based techniques to confirm the role of
SCUBES3 in the regulation of individual genes.
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