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Abstract. Angiogenesis is required for the growth of hepa-
toblastoma (HB). In the present study, an ultrasonic contrast
agent, microbubbles (MB), was combined with an endoglin
antibody, and then injected into nude mice with HB. This
was conducted to detect specific binding to microvessels
via non-linear harmonic imaging for tumor angiogenesis
assessment. In addition, endoglin expression in experimental
animals was measured using western blotting, reverse
transcription-quantitative polymerase chain reaction and
immunohistochemistry. In vitro, human umbilical vein endo-
thelial cells (HUVECS) were co-cultured with conditioned
media collected from HepG2 cells. Western blotting and
reverse transcription-quantitative PCR was performed to
detect the changes of endoglin expression. In targeted ultra-
sound imaging, it was determined that the differential targeted
enhancement of MB,,,.in Was significantly higher than that
of MBj;,y,.- Over expression of endoglin was identified in the
tumor of experimental nude mice; however, it was not present
in the liver of the mice. Endoglin expression in HUVECs was
significantly increased by co-culture with the conditioned
media of HepG2 cells; therefore, the results suggest that
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endoglin is upregulated in angiogenic vessels in the HepG2 cell
xenografts in nude mice. Thus, endoglin-targeted ultrasound
imaging is presented as a potential approach for the diagnosis
of liver carcinoma.

Introduction

Hepatoblastoma (HB) is an aggressive type of cancer that has a
high morbidity and mortality rate in children (1). Early diagnosis
and treatment are important for improving the survival rate of
patients with HB. The majority of HBs are hypervascular (2);
therefore, angiogenesis may serve a vital role in HB development
and metastasis. Angiogenesis is the formation of new blood
vessels, and is a hallmark of early-stage tumors (3). The growth
of solid tumors relies on neovascularization (4). Tumor and
endothelial cells may constitute a highly integrated system,
which could cause a mutual growth promotion (5,6). Tumor
cells secrete specific cytokines to stimulate the proliferation of
vascular endothelial cells, and the endothelial cells may modulate
tumor cell growth by providing oxygen and nutrients (6). During
angiogenesis, specific molecular markers are overexpressed on
the surface of endothelial cells (3).

Endoglin, also termed CDI105, is a homodimeric trans-
membrane glycoprotein that contains 561 amino acid
residues in its extracellular domain and 47 amino acids in a
cytoplasmic tail domain (7). It is a major component of the
transforming growth factor-f3 (TGF-f) receptor complex (8).
Endoglin is expressed in adult vascular endothelial cells and
stromal cells (7). In cultured endothelial cells, higher levels of
endoglin expression can be detected during proliferation (9). In
tumor tissues, endoglin is overexpressed during remodeling in
angiogenic vessels (10); therefore, endoglin is a biomarker for
angiogenesis (11-13). A previous study identified that endoglin
was expressed in 100% of surgically resected specimens, in
both tumor tissues and para-carcinomatous tissues (14).

Recently, ultrasound molecular imaging has emerged as
a means of visualizing disease processes at the molecular
level in vivo. This technique has the ability to qualitatively
and quantitatively illustrate specific molecules in tissues,
cells or subcellular organelles. With the development of
targeted ultrasound contrast agents, ultrasound has the ability
to detect molecular changes in living cells. The targeted
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microbubbles (MB), ranging in size from 1-4 pgm (15), usually
consist of an insoluble gas, including perfluoropropane,
perfluorobutane, perfluorohexane, or sulfur hexafluoride and
the bubble's outer wall (16). The ligands (antibody, peptide and
scaffold) were bound to the shell by covalent or non-covalent
bonding (17). Following intravenous injection, targeted MB
bound to specific molecules in the circulatory system (Fig. 1).

The vibrations of the MB compression and expansion may
be distinguished with background noise under the non-linear
contrast ultrasonic mode (18,19). Pre-clinical studies
demonstrated that molecular ultrasound imaging may detect
angiogenesis in tumors (20-23). Deshpande et al (24) assessed
three types of molecular-targeted ultrasound MB: MB;,.in»
MB,40g1in and MByggeg, in animal models with three subcu-
taneous cancer xenografts (breast, ovarian and pancreatic
cancer). Their results indicated a significantly higher expres-
sion of endoglin than avp3 integrin and VEGFR2 expression
in early stage breast and ovarian cancers.

In the present study, MB and endoglin were combined and
injected into nude mice with HB to measure specific binding to
microvessels, for the purpose of tumor angiogenesis diagnosis
via non-linear harmonic imaging. In addition, the techniques
used to detect endoglin expression in experimental animals
included western blotting, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), and immunohisto-
chemistry. Conditioned medium of HB cells was applied to
incubate human umbilical vein endothelial cells (HUVECS) to
detect changes of endoglin expression in HUVECs.

Materials and methods

Experimental model. All the animals in the present study
were provided by Professor Yourong Duan from the Shanghai
Cancer Institute (Shanghai, China). HepG2 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; Lonza Group, Ltd.,
Basel, Switzerland) and 1% antibiotics (100 ITU/ml penicillin
and 100 ug/ml streptomycin; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Four BALB/c male nude mice, which
were 3-4 weeks old and weighing 22-25 g, were used in the
present study and maintained in a pathogen-free environment.
Mice were maintained in standard transparent polycarbonate
cages and fed with Food pellets (Lab Diet 5010; LabDiet,
Richmond, IN, USA) with water. The room was maintained
with clean atmosphere, the lighting on a 12 h light/dark cycle,
and the room temperature between 20°C and 22°C. Allograft
tumors were produced via a subcutaneous injection of 5x10°
HepG?2 cells suspended in 0.2 ml sterile PBS into the right
flank of the nude mice. After three weeks, the maximum
diameter of the tumors was 0.5 cm, which was suitable for
molecular ultrasound imaging.

Molecular ultrasound imaging. The in vivo distribution
of the isotype and endoglin-targeted MB was examined in
mice with the HepG2 subcutaneous tumors (n=4) by the
Vevo® 2100 small animal high-resolution ultrasound system
with the MS-250 transducer (VisualSonics, Inc., Toronto, ON,
Canada). The frequency of the transducer is 40 MHz. Isotype
and targeted MB were prepared using Vevo® MicroMarker®
Target-Ready Contrast Agent kits (VisualSonics, Inc.).
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Biotinylated anti-endoglin and isotype anti-mouse-IgG
antibodies were purchased from Abcam (Cambridge, MA,
USA). The MB were prepared according to the manufacturer's
instructions, and the ultrasound system was operated using
The Guide to Small Animal Nonlinear Contrast Imaging (25).
Capturing ultrasound imaging was completed following
the intravenous injection of 5x10” MBy,,. through the
tail vein and followed by sequence destruction. MB,,qiin
(5x107) was injected 30 min after the isotype was cleared
from circulation. The echo intensity prior to the destruction
pulse represents bound/circulating microbubbles and tissue
signal. The echo intensity following the destruction pulse
represents the microbubbles that are still in circulation and
the residual tissue-echoes, not the binding process. In the
Targeted model, Vevo Contrast Quantification (Vevo CQ™)
Software (version 1.3.12.0; VisualSonics, Inc, Toronto,
Ontario, Canada.) is able to express the specific binding as a
difference between the echo power averaged in the segment
before destruction pulse and the residual echo power averaged
in the segment after destruction pulse. The Vevo CQ™
Software was used to visualize the spatial distribution of
perfusion parameters as color-coded parametric images. The
differential targeted enhancement (ATE) was computed by
subtracting the mean intensity detected after the destructive
pulse from the mean intensity detected prior to the destructive
pulse. Liver and tumor tissues were isolated for examination
by immunohistochemistry, western blotting and RT-qPCR.

RT-gPCR. Total RNA was isolated from cultured cells, and the
liver and tumor tissues of nude mice, using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). RNA isolation and cDNA synthesis were performed
using an RNeasy Mini kit (Qiagen GmbH, Hilden, Germany)
and the High Capacity RNA-to-cDNA Master Mix (Applied
Biosystems; Thermo Fisher Scientific, Inc.) RT-qPCR was
performed with a ViiA7 Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.) and using
SYBR-Green Master Mix (Thermo Fisher Scientific, Inc.).
An aliquot of 2 ug total RNA from each sample was used
for the synthesis of cDNA using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.). cDNA was amplified in a final volume
of 20 ul with 1 U Taq DNA polymerase (Invitrogen; Thermo
Fisher Scientific, Inc.) and 10 pmol of each primer. Reaction
conditions were as follows: 95°C for 5 min, 40 cycles of
95°C for 10 sec and 60°C for 32 sec. All PCR reactions were
conducted in triplicate. Relative expression was calculated
by comparing the relative expression level of CD105 with the
internal reference GAPDH by the 222¢ method (26). Primer
sequences are listed in Table I.

Western blot analysis. Western blotting was performed as
previous described (27). Briefly, cells were lysed in ice-cold
RIPA buffer (20 mM Tris pH 7.5, 150 mM NaCl, 50 mM NaF,
1% NP40, 0.1% DOC, 0.1% SDS, 1 mM EDTA and supple-
mented with 1 mM PMSF and 1 ug/ml leupeptin). Equal
amounts of protein (40 ug), as determined by a BCA assay,
were separated via 10% SDS-PAGE and then transferred to a
polyvinylidene fluoride membrane. Membranes were blocked
with 2.5% non-fat milk and incubated with an rabbit polyclonal
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Table I. RT-qPCR primer sequences.
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Gene Sequence Product size (bp) ™™ (°C)
CD105-mouse
Forward 5'-CCCTCTGCCCATTACCCTG-3' 11 59.5
Reverse 5'-GTAAACGTCACCTCACCCCTT-3' 7 57.6
CD105-human
Forward 5'-CGCCAACCACAACATGCAG-3' 15 573
Reverse 5'-GCTCCACGAAGGATGCCAC-3' 8 59.5
GAPDH-mouse
Forward 5-AAGGATGAAGGAAGTGATTTG-3' 40 53.77
Reverse 5-AAGAGGAACATCGTGGTAAAG-3' 3 55.62
GAPDH-human
Forward 5-TGATGACATCAAGAAGGTGGTGAAG-3' 24 61.03
Reverse 5-TCCTTGGAGGCCATGTGGGCCAT-3' 0 68.32

Bp, base pair; Tm, temperature; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GADPH, glyceraldehyde-3-phosphate

dehydrogenase.
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Figure 1. Illustration of microbubble-targeted ultrasound imaging. (A) Prior to MB injection. (B) After injection, bound and freely circulating MB can be
imaged by ultrasound. (C) A sequence destruction pulse destroys all MB (bound and circulating) in the imaging plane. Following the pulse, remaining
circulating MB re-circulated into the imaging plane; therefore, the intensity change represents the extent of bound MB. MB, microbubbles.

anti-CD105 antibody (dilution 1:400; cat. no. abl107595;
Abcam, Cambridge, MA, USA) in PBS with Tween 20 (TBST)
at 4°C overnight. Subsequent to washing with TBST 3 times,
the membrane was incubated with the secondary antibody
at 37°C for 1 h. The secondary antibody was horseradish
peroxidase-conjugated anti-rabbit IgG (dilution 1:6,000;
cat. no. SA00001-2; Protein Tech Group, Inc.; Wuhan Sanying
Biotechnology, Wuhan, China). The membranes were then
visualized with an enhanced chemiluminescence reagent
(cat. no. WBKLS0500; Merck KGaA).

Immunohistochemical staining. Tissue preparation and
immunohistochemistry was performed as previously
described (28). Briefly, 6 um serial sections were cut from the
blocks of each mouse liver or tumor. The slides were deparaf-
finized in xylene and rehydrated in gradient ethyl alcohol of
100, 95, 85, 80 and 75%. Antigen retrieval was performed
in a citrate salt antigen repair solution for 15 min in a pres-
sure cooker at 120°C, then the sections were cooled to room

temperature and washed with PBS three times. Sections were
incubated with rabbit anti-mouse CD105 polyclonal antibody
(dilution 1:50; cat. no. abl07595; Abcam, Cambridge, UK)
at 4°C overnight. Then the sections were placed in room
temperature for 40 min, washed with PBS three times and
incubated with biotinylated rabbit anti-rat IgG (dilution 1:500;
cat. no. BA4000; Vector Laboratories, Inc., Burlingame,
CA, USA) at 37°C for 20 min. The sections were incubated
with 20X DAB substrate buffer (cat. no. ZLI-9017; Origene
Technologies, Inc., Beijing, China) for 1 min. The slides were
then counterstained with hematoxylin (Surgipath®; Leica
Microsystems GmbH, Wetzlar, Germany) at room tempera-
ture for 1 min and dehydrated through five grades of alcohol
(75, 80, 95 and 100%) and xylene. The slides were observed
under a light microscope and images were captured with an
Olympus FSX100 imaging system (Olympus Corporation,
Tokyo, Japan) and analyzed by Image Pro Plus 6.0 software
(Media Cybernetics, Inc., Rockville, MD, USA) (magnifica-
tion, x400).
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Figure 2. Isotype and endoglin-targeted ultrasound molecular imaging of a nude mouse with subcutaneous HB. (A) Intensity graph for the traced regions of
interest prior to and after the destruction pulse (pink region). The region on the left of the column is prior to destruction, and on the right of it is after destruc-
tion. The change in intensity following the destruction pulse is an index of the amount of specific binding. The linearized signal prior to the destruction pulse
represents bound and circulating microbubbles (MB) and tissue signal. The linearized signal after the destruction pulse corresponds to the MB that were still
in circulation and to any residual tissue-echoes, and does not represent the binding process. The ATE was computed by subtracting the mean intensity detected
after the destructive pulse from that prior to the destructive pulse. (B) Parametric imaging. The scale bar of ATE is on the right corner of the map. (C) ATE of
isotype and endoglin-targeted MB. ATE = TE;, - TE ;. n=4; "P<0.001. TE, targeted enhancement; ATE, differential TE; fd, following destruction; pd, prior to

destruction; MB, microbubbles.

Conditioned medium cell culture. The human HB carcinoma
cell line HepG2 and human umbilical vein endothelial cells
(HUVECS) purchased from American Type Culture Collection
(Manassas, VA, USA), were cultured in DMEM supplemented
with 10% FBS, 100 IU/ml penicillin and 100 gg/ml strepto-
mycin. All the cells were maintained at 37°C in a humidified
atmosphere containing of 5% CO,. HepG2 cells were incu-
bated with DMEM, containing 0.5% FBS, 100 IU/ml penicillin
and 100 pg/ml streptomycin, and the conditioned media
was collected after 12 h. HUVECs were co-cultured with
conditioned media from HepG2 cells. The cells were lysed
with TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). The total mRNA and protein was collected for western
blotting and RT-qPCR detection after 12 h.

Statistical analyses. Statistical significance was assessed
using paired-sample student's t-tests. All statistical analyses
were performed using SPSS 17.0 statistical software (SPSS
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Targeted ultrasound imaging. The experimental animals
were tolerant of ultrasound contrast imaging, with no acute
toxic reactions observed. To confirm the specific binding of
MB MB,,,y,. Was injected to eliminate non-specific
binding. Following ultrasound imaging capturing, the ATE
of MB,,ogin and MBy,,,. Was calculated automatically using
the built-in software (VisualSonics, Inc.). Previous studies
demonstrated that endoglin is an excellent biomarker of angio-
genesis (9-13). In the present study, anti-endoglin monoclonal
antibodies were bound to MB to target overexpressed endoglin
on the surface of tumor vessel endothelial cells in subcutaneous
HepG2 xenografts in nude mice. The echo intensity taken prior
to the destruction pulse represent bound and circulating MB,
and the tissue signal. The echo intensity following the destruc-
tion pulse correspond to MB that remained in circulation and
to any residual tissue-echoes, which are not representative
of the binding process. The difference between prior to and
following destruction is the intensity of bound MB. The ATE of

endoglin®
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Figure 3. Endoglin expression in the livers of nude mice and HepG2 tumor xenografts. Western blot analysis of endoglin antibody binding in (A) the liver
tissues of nude mice and (B) HepG2 cell xenografts of nude mice. The arrows refer to positively stained blood vessels. Original magnification, x40. (C) Relative
endoglin mRNA expression. n=4; “P<0.001; (D) Representative western blotting of endoglin and glyceraldehyde-3-phosphate dehydrogenase. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. Endoglin expression in HUVECsS treated with the CM of HepG2 cells. (A) Relative endoglin mRNA expression and (B) representative western
blotting of HUVEC samples treated with control media and CM from HepG2 cells. n=4; “P<0.001. CM, conditioned media; HUVECSs, human umbilical vein

endothelial cells.

MB,, gogiin Was higher than that of MB,,, . (Fig. 2A and B), with

the difference being statistically significant (P<0.001; Fig. 2C).

Endoglin expression in the liver tissues and HepG2 tumor
allografts of nude mice. Tissues extracted from experimental
nude mice liver and subcutaneously allografted HepG?2 tumors
underwent immunohistochemical staining, RT-qPCR analysis
and western blot analysis. Endoglin is not expressed on the
endothelium of microvessels in the normal liver tissue and
blood vessels (Fig. 3A), but is expressed in the HepG2 tumors
(Fig. 3B, as the black arrow indicates). RT-qPCR analysis
demonstrated that endoglin mRNA expression in the HepG2
tumors was significantly higher than in the liver tissues of
the nude mice (n=4; P<0.001; Fig. 3C). Western blot analysis

was performed to evaluate endoglin expression. Endoglin was
present in the protein extracts of HepG2 tumors; however, it
was absent in the liver tissues of nude mice (Fig. 3D).

Endoglin expression in HUVECs treated with the conditioned
media of HepG2 cells. In cultured endothelial cells in vitro,
high endoglin expression could be detected in the cells during
proliferation and activation. To mimic the microenviron-
ment of tumor vessels, conditioned media from HepG2 cells
were collected and applied to HUVECs. Following culturing
in HepG2-conditioned media for 12 h, endoglin mRNA
levels were significantly upregulated in HUVECs (P<0.001;
Fig. 4A). Protein extracts of HUVECs were also collected
for examination of protein expression by western blotting.
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As depicted in Fig. 4B, endoglin protein levels were signifi-
cantly greater in HUVECs treated with HepG2-conditioned
media (P<0.001).

Discussion

The growth of HB is dependent on angiogenesis, which is
stimulated by vaso-active substances from HB cells (29). Blood
supply to liver tumors is from the hepatic artery and forms
disordered nourishing vessels (30). In the present study, MB
were bound to an anti-endoglin antibody, and then injected into
HB xenograft tissues in nude mice in order to detect specific
binding to tumor microvasculature, via non-linear harmonic
imaging. It was determined that the ATE of MB, i, Was
significantly higher than that of MB;,,,.. In addition, increased
expression of endoglin was identified in the HB xenografts,
but not in the livers of recipient nude mice. /n vitro, treatment
with the conditioned media of HepG2 cells increased endoglin
expression in HUVECsS; therefore, endoglin is specifically
overexpressed in HB vascular endothelial cells, which can be
detected by endoglin-bound MB.

In the past ten years, a novel technique for ultrasound has
been utilized for molecular imaging, which visualizes disease
processes at the molecular level at target locations (25,31).
With the introduction of a novel targeted ultrasound contrast
agent, disease processes could be visualized at molecular
level qualitatively and quantitatively (18). Currently, the most
widely used ultrasound contrast agents are MB designed in
micrometers to detect and monitor the expression of molecules
on the endothelium (32,33). Targeted enhanced-contrast ultra-
sound could improve the detection rate of early-stage HB by
the specific targeted combination of MB concentrating on
tumor angiogenesis.

Several newly discovered angiogenesis markers, including
VEGFR2 and CD34, were verified by molecular ultrasound
imaging in vivo (25,34-36). Endoglin is overexpressed in
angiogenic endothelial cells of various tumors (12,33,35,37).
It is part of the TGF-f receptor complex (11-13). Interaction of
endoglin with activated activin receptor-like kinase 1 (ALK1),
ALKS and TGF-ff Receptor 2 results in phosphorylation of
serine and threonine residues in the cytoplasmic domain of
endoglin (36). ALK is exclusively expressed in endothelial
cells and induces the phosphorylation of endoglin, which
regulates endothelial cell proliferation (36). In the present
study, it was demonstrated that endoglin is overexpressed
in vasculature in HB xenografts and endoglin expression
can be upregulated by co-culture with HB cells. In addition,
endoglin-antibody-bound MB to detect angiogenic vessels in
HB xenografts in nude mice were successfully used. Ultrasound
molecular imaging is particularly valuable in early detection,
differentiation of focal lesions and treatment monitoring.
Several biomarkers in ultrasound molecular imaging have
been reported for detecting early-stage tumors (37). Endoglin
could be considered a novel marker for early-stage tumors
detectable via targeted ultrasound imaging.

To summarize, it was demonstrated that endoglin-targeted
ultrasound imaging recognizes subcutaneous HepG?2
xenografts in nude mice, and that endoglin expression in endo-
thelial cells is upregulated by co-culture with HepG2 cells
in vitro.
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In conclusion, endoglin is upregulated in angiogenic vessels
in HepG2 cell xenografts in nude mice. Endoglin-targeted
ultrasound imaging has been verified as a potential novel
method for the diagnosis of liver carcinoma.
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