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Background: Glypican-3 (GPC3) is highly expressed in most of the hepatocellular carcinomas (HCCs),
even in small HCCs. It may be used as a potential biomarker for early detection of HCC. The aptamer
is a promising targeting agent with unique advantages over antibody. This study was to introduce a novel
GPC3 specific aptamer (AP613-1), to verify its specific binding property in vitro, and to evaluate its targeting
efficiency i vivo by performing near-infrared (NIR) fluorescence imaging on an HCC xenograft model.
Methods: AP613-1 was generated from the systematic evolution of ligands by exponential enrichment.
Flow cytometry and aptamer-based immunofluorescence imaging were performed to verify the binding
affinity of AP613-1 to GPC3 in vitro. NIR Fluorescence images of nude mice with unilateral (n=12) and
bilateral (n=4) subcutaneous xenograft tumors were obtained. Correlation between the tumor fluorescence
intensities in vivo and ex vivo was analyzed.

Results: AP613-1 could specifically bind to GPC3 in vitro. In vivo and ex vivo tumors, fluorescence
intensities were in excellent correlation (P<0.001, r=0.968). The fluorescence intensity is significantly higher
in tumors given Alexa Fluor 750 (AF750) labeled AP613-1 than in those given AF750 labeled initial ssDNA
library both in vivo (P<0.001) and ex vivo (P=0.022). In the mice with bilateral subcutaneous tumors injected
with AF750 labeled AP613-1, Huh-7 tumors showed significantly higher fluorescence intensities than A549
tumors both i vive (P=0.016) and ex vivo (P=0.004).

Conclusions: AP613-1 displays a specific binding affinity to GPC3 positive HCC. Fluorescently labeled

AP613-1 could be used as an imaging probe to subcutaneous HCC in xenograft models.
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Introduction

Liver cancer is a leading cause of cancer-related death
worldwide. The most common form of liver cancer is
hepatocellular carcinoma (HCC), one of the most frequent
malignant neoplasms worldwide (1,2). To prolong survival
or to even cure HCC, early detection and accurate diagnosis
are of significant values to the patients.

Tumor targeted imaging plays an increasingly
important role in the early diagnosis and evaluation of
cancers (3). Aptamer, a single-stranded RNA or DNA
(ssDNA) oligonucleotide with secondary and tertiary
structures, has high specificity to certain targets. It can be
served as a promising targeting agent with some unique
advantages compared with the monoclonal antibody, such
as the lack of immunogenicity, higher stability and faster
tissue penetration. Recently, the aptamers have been
experimentally explored in various iz vive cancer imaging
targeting colorectal cancers, leukemia, glioma, breast and
prostate cancer (4-9). Glypican-3 (GPC3), a membrane-
bound heparin sulfate proteoglycan, is highly expressed in
most of HCCs, whereas negative in normal liver tissue or
benign hepatocellular nodules (10-14). It was found that
the frequency of GPC3 mRNA expression was significantly
higher than that of AFP in small HCCs (15). Therefore,
GPC3 may be used as a reliable and early biomarker for
HCC with high sensitivity and specificity (10,16).

Optical imaging is one of the most commonly used
imaging tools, especially in the preclinical cancer studies.
Near-infrared (NIR) fluorescence imaging has many
advantages including the improved tissue penetration
and the minimized effect of tissue autofluorescence when
compared with other fluorescence imaging techniques (17),
which are expected to be popularized in clinical research.
Lymphoscintigraphy with NIR fluorescence imaging
has been employed on breast cancer patients (18,19).
Fluorescence-guided surgery, which provides valuable
information for more precise tumor dissection is becoming
the standard of care for some tumor resections (20).

This study is to introduce a novel GPC3 specific aptamer
(AP613-1) screened by a systematic evolution of ligands
by exponential enrichment (SELEX) strategy based on
capillary electrophoresis (CE), to verify its specific binding
property in vitro, and to evaluate its targeting efficiency
in vivo by performing NIR fluorescence imaging on an
HCC xenograft model (Figure I).
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Methods
Chemicals and materials

The purified GPC3 protein (100 pg/mL) was purchased
from Fitzgerald (Fitzgerald, MA, USA). Dulbecco’s
phosphate buffered saline (PBS) and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). All the chemicals and reagents used were of
analytical grade and prepared with deionized water.

Cell culture

A human liver cancer cell line (Huh-7, GPC3 positive)
and a human lung cancer line (A549, GPC3 negative)
purchased from Shanghai Cell Bank (Chinese Academy
of Sciences, Shanghai, China) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) plus 100 units/mL penicillin/
streptomycin and incubated at 37 °Cin 5% CO,.

Selection of GPC3-bound aptamer by CE

The selection and identification of GPC3-bound aptamers
were done on the P/ACE MDQ CE system (Beckman
Coulter, Inc., Fullerton, CA, USA) installed with 32 Karat
software according to a previous report (21). Briefly, CE of
the purified GPC3 protein mixed with the ssDNA library
was performed. GPC3-bound aptamers were collected and
amplified by routine PCR to generate ssDNA sub-library
that would be used in next round of separation. After six
rounds of selection, nineteen ssDINA were obtained and the
binding affinities of them to GPC3 were validated by flow
cytometry (Becton Dickson, FACScan®, Mansfield, MA,
USA). Then the ssDNA with the minimum equilibrium
dissociation constants (K;) to GPC3 was selected and then
truncated (AP613-1, ’>-TAACGCTGACCTTAGCTGCA
TGGCTTTACATGTTCCA-3’, K,=59.85£15.39 nM).

f

Flow cytometry assay

Generally, about 1x10° Huh-7 cells were incubated with
6-carboxyfluorescein (6-FAM)-labeled AP613-1 (1 pM) in
200 pL binding buffer at 37 °C for 60 min in the dark and
washed twice with 0.8 mL PBS buffer. The samples were
then resuspended in 0.5 mL PBS buffer and detected with
a flow cytometer (Becton Dickson, FACScan®, Mansfield,
MA, USA) by counting 10,000 events. The initial ssDNA
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Figure 1 Schematic illustration of the i vitro aptamer-based immunofluorescence imaging and iz vivo near infrared fluorescence imaging.

library was used as a negative aptamer control. A549 cells
were used as a negative cell control.

Aptamer-based in vitro immunofluorescence imaging

AP613-1 was labeled with 6-FAM at 5’ end. Huh-7 cells
and A549 cells were seeded into 24-well plates (Corning,
NY, USA) at a density of 2x10* cells/well for 24 h at 37 °C.
Subsequently, the cells were incubated with 500 nM (10 pg/mL)
6-FAM-labeled AP613-1 in 1% BSA for 60 min in the
dark, washed with PBS three times and then imaged by
a fluorescence microscope (Olympus, Tokyo, Japan).
6-FAM-labeled initial ssDNA library was also used instead
of 6-FAM-labeled AP613-1 above as a negative control.
Meanwhile, immunofluorescence staining using anti-GPC3
antibody (mouse anti-human; 10 pg/L; Abcam, Cambridge,
MA, USA) was performed as a positive control.

Xenograft model

This experiment was approved by the institutional Ethics
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and Animal Care Committee of Zhongshan Hospital, Fudan
University. Male athymic BALB/c (Balb/C-nu) mice (4 weeks
old, 15-20 g weight) were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. Sixteen four-week-old male
BALB/c nude mice were inoculated subcutaneously with
5x10° tumor cells into the right upper flank (Huh-7, n=12)
or bilateral upper flanks (right Huh-7, left A549, n=4). The
inoculation was done with the mice in a prone position
and at the flank area where the fluorescence signal of the
tumors would not be affected by the surrounding tissues
to the greatest extent. The tumors were allowed to grow
for 3 weeks to reach 1.0-1.5 cm in diameter before
fluorescence imaging.

In vivo NIR fluorescence imaging

The nude mice were first anesthetized with an
intraperitoneal injection of pentobarbital sodium solution
(80 mg/kg). Those with unilateral tumors (n=12) were
randomly divided into experimental and control groups
with 6 mice per group. Each mouse of the experimental
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group was injected with 200 pL physiological saline
containing 0.65 nmol of Alexa Fluor 750 (AF750, Ex/
Em =749 nm/775 nm) labeled AP613-1 (Thermo Fisher
Scientific, Shanghai, China) via its tail vein whereas each
control mouse received the same volume of labeled initial
ssDNA library as a negative control. In addition, each
mouse with bilateral different tumors (n=4) was injected
with 200 pL physiological saline containing 0.65 nmol of
labeled aptamer to demonstrate its selectivity to HCC.
According to previous reports and our own experience, an
imaging time point of 2 hours after injection was chosen
(5,22,23). Surface fluorescence images of the dorsal side of
mice were taken by the TVIS® Lumina K IIT (PerkinElmer,
USA). A 750 nm excitation filter and a 780 nm emission
filter were selected. All the fluorescence images were
presented with the manufacturer’s software (Living Image®
software, version 4.4).

Ex vivo NIR fluorescence imaging

After in vivo fluorescence imaging, the mice were sacrificed
immediately by cervical dislocation. Tumors and vital
organs (heart, liver, spleen, lung and kidney) of the mice
were removed and washed with deionized water three times
quickly in the dark. Ex vive fluorescence images of the
tumors and tissues were obtained on the IVIS Spectrum®
under the same parameters stated above.

Analysis of the fluorescence image

On the fluorescence images, freehand regions of interest
(ROIs) were drawn carefully along the margins of tumors
in vivo or ex vivo, and along the removed vital organs. The
mean fluorescence intensities [average radiance efficiency,
(p/s/cm’/st)/(pW/cm’)] were generated automatically by
Living Image® 4.4 software and recorded.

Statistical analysis

The statistical analyses were performed using the SPSS
software package (v. 16.0.1, Chicago, IL) and P values <0.05
were considered statistically significant. The difference
between the fluorescence intensities from all the tumors
in vivo and ex vivo was analyzed by paired 7-test. Spearman
rank correlation analysis was performed to assess the
correlation between the tumor fluorescence intensities
in vivo and ex vivo and the correlation coefficient rho
(r, 0.00-0.20, poor correlation; 0.21-0.40, fair; 0.41-0.60,
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moderate; 0.61-0.80, good; and 0.81-1.00, excellent)
was also calculated to define the degree of correlation.
Differences in fluorescence intensities of the tumors
in vivo and ex vivo, and the vital organs ex vivo between the
experimental group and the control group were analyzed by
independent z-test. Paired z-test was used to compare the
difference in fluorescence intensities between the Huh-7
tumors and the A549 tumors iz vivo and ex vivo from the
mice with bilateral tumors.

Results

In vitro targeting efficiency

Compared to the initial ssDNA library, there was a
significant difference between the binding strength of
AP613-1 to Huh-7 and to A549 cells. When AP613-1 was
used, marked binding to Huh-7 cells was observed by flow
cytometry while no significant binding to A549 cells was
seen (Figure 2A).

To verify the positive expression of GPC3 in Huh-7
cell line and the negative expression in A549 cell line, a
GPC-3 antibody-based immunofluorescence staining was
performed. It showed that Huh-7 was positively stained while
A549 was not, demonstrating that Huh-7 cells displayed
GPC3 expression whereas A549 did not (Figure 2B).
Huh-7 and A549 cells were stained by 6-FAM-labeled
AP613-1 and fluorescence microscopy subsequently showed
much greater fluorescence signals from Huh-7 cells than
from A549 cells (Figure 2C). Moreover, no specific staining
was found in both Huh-7 and A549 when using 6-FAM-
labeled initial ssDNA library (Figure 2D). All these results
above demonstrated that AP613-1 could specifically target
GPCs3 protein in vitro.

Correlation between the fluorescence intensities in vivo and
ex vivo

The paired #-test showed that fluorescence intensities of
all the tumors (n=20) in vivo were significantly lower than
ex vivo (P<0.001, Table 1). Lower fluorescence intensities
of the tumors in vivo than ex vivo were also found in each
group (Zable 1). However, the correlation coefficient rho
(r) was 0.968 (P<0.001), which demonstrates an excellent
correlation between the tumor fluorescence intensities
from in vivo and ex vivo. Therefore, fluorescence
intensities of the tumor iz vivo could reflect the intensities
from ex vivo.

qims.amegroups.com  Quant Imaging Med Surg 2018;8(2):151-160



Quantitative Imaging in Medicine and Surgery, Vol 8, No 2 March 2018 155

A
Huh7 Library A549 Library
| — AP613-1 | —AP613-1
\
€
>
[e]
o
010° 10° 10 010° 10° 10*
FITC FITC
C
Bright AP613-1 Merge
N~
<
S -
T N
2 © 60, 08
Io]
Q2 A

<)
O

B DAPI GPC3

Huh7

A549

Bright Library Merge

Huh7

A549

2 - : g
- ( |

Figure 2 In vitro targeting efficiency tests. (A) Flow cytometry shows that AP613-1 (black line) has higher fluorescence signals (fluorescein

isothiocyanate, FITC) than initial ssDNA library (red line) after incubating with Huh-7 cells while no difference of fluorescence signal is

found after incubating with A549 cells; (B) immunofluorescence staining using anti-GPC3 antibody shows that Huh-7 cells are positively

stained but A549 cells are not; (C) fluorescence microscopy shows that Huh-7 cells are positively stained by 6-FAM-labeled AP613-1 but
A549 cells are almost not; (D) no specific staining is found in both Huh-7 and A549 when using 6-FAM-labeled initial ssDNA library.

In vivo NIR fluorescence imaging

Fluorescence intensities of the tumors in each group were
listed in Table 1. As shown in Tuble 1, fluorescence intensities
of the tumors in the experimental group were significantly
higher than tumors in the control group (Figure 3A) in vivo
(P<0.001). In the mice with bilateral tumors, the Huh-7
tumors showed significantly higher fluorescence intensities
than the A549 tumors (Figure 3B) in vivo (P=0.016).

Ex vivo NIR fluorescence imaging and biodistribution
experiments

Similar to the results from iz vivo, fluorescence intensities
of the tumors in the experimental group were significantly
higher than tumors in the control group (Figure 44) ex vivo
(P=0.022, Table I). Significantly higher ex vivo fluorescence
intensities in the Huh-7 tumors than the A549 tumors were
also found (Figure 4B) in the mice with bilateral tumors

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(P=0.004, Tuble 1). Based on the results of in vivo and
ex vivo, specific targeting of AP613-1 to Huh-7 cells could
be validated. To observe the biodistribution of AF750 labeled
AP613-1 and AF750 labeled initial ssDNA library, ex vivo
fluorescence intensities of the dissected Huh-7 tumors and
the vital organs including hearts, livers, spleens, lungs
and kidneys in both groups were measured and analyzed
(Figure 44,C). No significant difference was found
between the experimental and the control groups for the
fluorescence intensities of the hearts, livers, spleens, lungs
and kidneys (P=0.340, 0.345, 0.552, 0.824 and 0.112,
respectively). Both the experimental and the control mice
displayed the same distribution of the imaging agents with
high fluorescence intensities in livers and kidneys followed
by the lungs, spleens and hearts. In the experimental group,
the fluorescence intensities of the Huh-7 tumors were
higher than all the other organs, whereas in the control
group they were nearly equal to those of livers.
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Table 1 Fluorescence intensities of the tumors iz vivo and ex vivo

Zhao et al. An aptamer probe for HCC imaging

Tumor group

Fluorescence intensity [x10° (p/s/cm?/sr)/(uW/cm?)]

In vivo Ex vivo P values
Total tumors (n=20) 1.19+0.44 1.43+0.53 <0.001

Unilateral tumor group (n=12)

Experiment group (n=6) 1.61+0.23 1.85+0.46 0.076

Control group (n=6) 1.02+0.16 1.24+0.06 0.006

P values (experiment group vs. control group) <0.001 0.022 -
Bilateral tumor group (n=8)

Huh-7 (n=4) 1.26+0.46 1.68+0.59 0.058

A549 (n=4) 0.73+0.41 0.91+0.45 0.035

P values (Huh-7 vs. A549) 0.016 0.004 -

Figure 3 In vivo near infrared fluorescence imaging of the xenograft tumor. (A) Huh-7 tumor in the right upper flank of the mouse after injection
of AF750 labeled AP613-1 (left circle) shows strong fluorescence intensity while the tumor on the control injected with AF750 labeled initial
ssDNA library almost does not (right circle); (B) after injection of AF750 labeled AP613-1 in the mice with bilateral tumors, Huh-7 tumor in the

right upper flank (right circle) of the mouse shows much higher fluorescence intensity than the A549 tumor in the left side (left circle).

Discussion

Up to now, it is still challenging to detect an early or small
HCC. Compared with conventional imaging methods such
as CT, MRI and ultrasound, targeted molecular imaging
may be important in the early diagnosis of this tumor with
higher sensitivity and specificity. GPC3 may be served
as a targeted biomarker for this purpose as it is highly
expressed in most HCCs (14,24). Due to its high expression
of GPC3, Huh-7 cell line was chosen as the targeted
cell line in the present study (25). Meanwhile, according
to a previous research, GPC3 is minimally expressed
in lung adenocarcinoma (26). Therefore, A549, a lung

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

adenocarcinoma cell line was chosen as a negative control.
Immunofluorescence staining results in our study further
confirmed the previous reports.

In recent years, a few studies have focused on the
potential role of GPC3 as a biomarker for HCC-targeted
imaging. A nanoparticle which could target GPC3-
expressing HCC cells was used for both MR and NIR
fluorescence imaging in 2011 (27). After that, an MRI-
specific superparamagnetic iron oxide anti-GPC3 probe
was introduced to image early HCC cells with improved
accuracy compared to anti-AFP probe (28). However,
these were in vitro studies and the targeting moiety used
was the monoclonal antibody, which might result in

qims.amegroups.com  Quant Imaging Med Surg 2018;8(2):151-160



Quantitative Imaging in Medicine and Surgery, Vol 8, No 2 March 2018 157

Huh-7 tumors
—

@ 9 O

A549 tumors

e & N

Radiant Efficiency
B
¢ W fem?
Color Scale

Min = 4,3087
Max = 1.99e8

Il Experimental group

%‘ 2.04 I Control group
g

£ 1.54

(]

o

c

[0}

g 1.0

o

S

>

o 0.51

Figure 4 Ex vivo near infrared fluorescence imaging of the removed tumor and vital organs. (A) Ex vive fluorescence imaging shows that

fluorescence intensity is stronger in the resected Huh-7 tumor injected with AF750 labeled AP613-1 (left) than that injected with AF750

labeled initial ssDNA library (right). But there is no intensity difference in other organs (heart, liver, spleen, lung and kidney) between

the experimental and the control groups. (B) Ex vivo Huh-7 tumors (upper row, 4 tumors) show much higher fluorescence intensity than

the corresponding A549 tumors in the same column (lower row). (C) High fluorescence intensities [average radiance efficiency, x10°

(p/s/cm’/st)/(@W/cm’)] are found in the livers and kidneys followed by the lungs, spleens and hearts in both the experimental and control

groups. But in the experimental group, Huh-7 tumors’ fluorescence intensities are higher than all the other organs.

untoward effects when administered iz vivo owing to its
immunogenicity and low penetrability. These weaknesses
may be overcome when an aptamer is used instead of the
monoclonal antibody. With much smaller size than the
antibody, an aptamer can permeate through the tumor
vessel walls more easily and attach to the targets, which
facilitate the detection of early HCC even with small
amount of neovasculature. In the present study, a GPC3
specific aptamer was selected first and then used as the
targeting ligand and the aptamer-based fluorescence
imaging was performed both iz vitro and in vivo.

Usually, the aptamer is obtained from the SELEX
process. However, conventional SELEX is expensive and
time-consuming. At least 8-12 rounds in 4-6 weeks are
required by a conventional SELEX due to lack of filtration

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

techniques with higher efficiency (29). Moreover, some
minor deviations in screening may negatively affect the
quality of aptamer. Therefore, CE-SELEX, an improved
method with high-efficiency, simplified-process and
shortened-period was adopted in this study for screening
aptamer (21,30,31).

Similar to the previous studies on other tumors (5,32), we
established two mice groups with the control group injected
with the random oligonucleotide to verify the specific
affinity of an aptamer to Huh-7 tumors. Moreover, an
additional group of mice with both Huh-7 and A549 tumors
on either side of the body was established to further confirm
the specific affinity of AP613-1 to GPC3 without having
to consider numerous individual differences between mice
such as weight and metabolism. Our study demonstrated
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that AP613-1 could specifically target the GPC3 positive
HCC and potentially be used as an imaging probe. When
analyzing the distribution of AF750 labeled AP613-1, we
found the fluorescence intensities of the Huh-7 tumors
were higher than other vital organs, further demonstrating
the targeting ability of this agent to HCC.

Due to its long wavelength emission, enhanced
photostability and pH-insensitivity over a wide molar range,
AF750 was chosen as the fluorescent dye in the i vivo NIR
fluorescence imaging to obtain stable images in this study
(33,34). In order to avoid the overlap between the tumor
and the surrounding tissues in the direction of fluorescence
imaging, which could impair the accurate measurement of the
tumor fluorescence intensity, the tumor cells were inoculated
subcutaneously at the lateral flank of the mice to minimize
this superimposition effect. Fluorescence strengths of the
tumors in vivo were found lower than ex vivo in the present
study. This phenomenon was attributed to the fluorescence
attenuation caused by the skin covering the tumor.
However, the fluorescence intensities from the tumors
in vivo and ex vivo were in excellent correlation, which
allowed us to directly measure the fluorescence intensities
from the tumors # vivo to represent the binding strength of
aptamer to HCC. Quantitative analysis of the fluorescence
intensities iz vivo is important because subtle differences
could be discovered without executing the experimental
animals to remove the tumors. The quantitative approach in
this study may not only verify the targeting capability more
precisely but also hold the promise to monitor the therapeutic
effects on the tumor 7z vivo after certain treatments.

The major limitation of this study is that subcutaneous
rather than orthotopic Huh-7 xenografts were employed for
the examination because of the poor penetration of fluorescent
signals from deep tissues. Although its specific and strong
binding affinity was verified in this study, AP613-1 labeled
with other agents such as magnetic nanoparticles or '°F,
would be more pragmatic in the clinical setting when used
for in vivo orthotopic HCC imaging on an MRI or PET-
CT platform.

Conclusions

In conclusion, by means of in vitro and in vivo studies, we
found a novel aptamer AP613-1 which may be used as a
probe targeting GPC3 positive HCC with high binding
affinity. Significantly higher fluorescence intensities from
subcutaneous Huh-7 tumors in nude mice administered

with AF750 labeled AP613-1 could be revealed by the NIR
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fluorescence imaging. With the specific binding affinity and
inherent advantages of aptamer over antibodies, aptamer-
mediated NIR fluorescence imaging may play an important
role in the clinical and experimental HCC researches
such as intraoperative HCC visualization, delivery and
monitoring of preclinical tumor-targeted therapies via the
quantification of the fluorescence strength.
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