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Tumor blood vessels play important roles in tumor progression and metastasis.

We previously reported that biglycan, a small leucine-rich proteoglycan, is highly ex-
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giogenesis. Furthermore, TEC-derived biglycan stimulates tumor cell migration in a

explored the therapeutic effect of biglycan inhibition in the TECs of renal cell carci-

type nanodevice (MEND), which contains a unique pH-sensitive cationic lipid. To
specifically deliver MEND into TECs, we incorporated cyclo(Arg-Gly-Asp-D-Phe-
Lys) (cRGD) into MEND because o, 8, integrin, a receptor for cRGD, is selective and
highly expressed in TECs. We developed RGD-MEND-encapsulating siRNA against
biglycan. First, we confirmed that MEND was delivered into OS-RC-2 tumor-derived
TECs and induced in vitro RNAi-mediated gene silencing. MEND was then injected in-

travenously into OS-RC-2 tumor-bearing mice. Flow cytometry analysis demonstrated
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1 | INTRODUCTION

Angiogenesis, the formation of new blood vessels, plays a vital role
in tumor progression. Angiogenic factors such as VEGF are released
from tumor cells and other stromal cells to stimulate the formation of
new capillaries for tumorigenesis. Without angiogenesis, tumors re-
main dormant at diameters of 1-2 mm.! Dr. Folkman proposed anti-
angiogenic therapy as an anticancer therapy.2 The important targets
of antiangiogenic therapy are TECs, which line the inner surface of
tumor blood vessels. Anti-VEGF drugs such as bevacizumab, which
is a humanized anti-VEGF monoclonal antibody,® have become suc-
cessful therapeutics and have improved clinical outcomes. However,
as VEGF signaling is also required in normal physiologic angiogen-
esis, anti-VEGF agents have several adverse effects.” Therefore,
understanding TEC biology is essential for developing novel antian-
giogenic drugs that specifically target TECs with less harmful effects
on NECs.

In the past two decades, it has been reported that TECs ex-
hibited some abnormal phenotypes compared with NECs.® For in-
stance, NEC and TEC gene expression patterns are different.6!
TECs proliferate and migrate faster than NECs.'?1® Several up-
regulated genes in TECs are associated with angiogenesis.!114-18
Targeting these molecules may serve as a novel antiangiogenic
therapy.

Biglycan, a member of the small leucine-rich proteoglycan family,
exists in the ECM as a matrix component and an essential signaling
molecule.’? It is also known as a damage-associated molecular pat-
tern. Secreted biglycan binds with Toll-like receptor 2 (TLR2) and
TLR4 onimmune cells such as macrophages, causing an inflammatory
response through the nuclear factor-kappa B (NF-xB) pathway.?°
We previously observed that biglycan expression was upregulated

1421 3nd breast

in TECs of several types of tumors such as melanoma
cancer?? in the murine model and renal, lung, colon, and liver can-
cers in human clinical cases.'*2! TECs utilize biglycan in an autocrine
manner for migration through TLRs.} Biglycan secreted from TECs
actively promoted tumor cell intravasation in a paracrine manner
and caused distant metastasis.?! Therefore, biglycan in TECs is a po-
tential target for cancer therapy. However, no biglycan inhibitors,
including compounds and neutralizing antibodies, are commercially

available.

that MEND was specifically delivered into TECs. Quantitative RT-PCR indicated that
biglycan was knocked down by biglycan siRNA-containing MEND. Finally, we ana-
lyzed the therapeutic effect of biglycan silencing by MEND in TECs. Tumor growth
was inhibited by biglycan siRNA-containing MEND. Tumor microenvironmental fac-
tors such as fibrosis were also normalized using biglycan inhibition in TECs. Biglycan

in TECs can be a novel target for cancer treatment.

biglycan, drug delivery system, tumor angiogenesis, tumor endothelial cell, tumor

RNAI is a useful tool for target-specific inhibition because it
regulates target genes in a sequence-dependent manner. In vivo
delivery of siRNA to the target organ is potentially a powerful
tool for therapeutic applications.?®> However, siRNA delivery re-
quires several carriers such as nanodrug delivery systems (DDSs)
because siRNA is rapidly degraded in the body.?* Nano DDSs can
target the blood vessels of tumor tissues as they can target an
organ using functional devices.?> We previously developed a lipo-
somal siRNA system known as the multifunctional envelope-type
nanodevice (MEND).242? We incorporated cyclo(Arg-Gly-Asp-
D-Phe-Lys) (cRGD) into MEND to specifically target TECs be-
cause ayf, integrin, a cRGD receptor, is selectively expressed in
TECs at high levels.®® This RGD-MEND was used to specifically
deliver siRNA into tumor blood vessels.®* VEGFR2 silencing using
the TEC-targeting RGD-MEND induced antiangiogenic effect and
antitumor effect.3%2 In this study, this TEC-targeting RGD-MEND
was used to investigate the therapeutic effect of biglycan inhibi-
tion in TECs.

2 | MATERIALS AND METHODS

2.1 | Isolation of TECs and NECs and cell culture

The human renal clear cell carcinoma cell line OS-RC-2 was pur-
chased from the RIKEN Cell Bank (Tsukuba, Japan) and cultured
in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% heat-inactivated FBS. The TECs and NECs
used in this study had been previously isolated.101?1516.33-36
Subcutaneously xenografted OS-RC-2 tumors grown in nude mice
were minced and digested using collagenase Il (Gibco Thermo Fisher
Scientific, Inc., Waltham, MA, USA). After removing the blood cells
using a lysing buffer (BD Biosciences, San Jose, CA, USA), the ECs
were sorted through a magnetic cell sorting system (Miltenyi Biotec,
Bergisch Gladbach, Germany) using anti-CD31 microbeads accord-
ing to the manufacturer's instructions, followed by incubation with
an Fc receptor (FcR) blocking reagent (Miltenyi). The ECs in the kid-
ney tissue and dermis of nontumor-bearing mice were also sorted
as NECs. The ECs were maintained in EGM-2 MV (Lonza, Basel,
Switzerland) containing 15% FBS. Diphtheria toxin (DT; Calbiochem)
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was added to the EC subcultures to eliminate any remaining human
tumor cells that expressed heparin-binding EGF-like growth fac-
tor, a DT receptor. The isolated ECs were further purified through a
second round of purification using FITC-conjugated Bandeiraea sim-
plicifolia isolectin (BSI-B4 lectin) (Vector Laboratories, Burlingame,
CA, USA). These cells were cultured at 37°C in a humidified atmos-
phere containing 5% CO,. PCR was used to check the absence of
Mycoplasma pulmonis. To analyze biglycan expression in the cells
of OS-RC-2 tumor tissue, a single-cell preparation was performed
as described above. A portion of the cells was cytospun onto glass
slides, fixed in 4% paraformaldehyde (PFA) for 10 min, permeabi-
lized with 0.15% Triton X-100, and blocked with 2% goat and 5%
sheep serum for 1 h, for immunostaining. The cells were incubated
with anti-CD31 (BioLegend) and anti-biglycan (Kerafast) antibodies
as primary antibodies, followed by Alexa Fluor 568-conjugated goat
anti-rat 1gG (Invitrogen) and Alexa Fluor 647-conjugated goat anti-
rabbit 1gG (Invitrogen), as secondary antibodies. Biglycan-positive
cell rate in total (N = 708) and CD31-positive cell rate in the biglycan-
positive cells were calculated under a BZ-X810 microscope equipped
with BZ-X800 Analyzer software (Keyence Corporation, Itasca, IL,
USA). Another portion of the single cells of OS-RC-2 tumors was
incubated with FITC-conjugated anti-CD45 (BioLegend) and allo-
phycocyanin (APC)-conjugated anti-CD31 (BioLegend) antibodies
to isolate CD31°CD45™ and CD31°CD45" cell populations using the
FACS Aria Il system (Becton Dickinson). Data were analyzed using

FlowJo software (Tree Star Inc.).

2.2 | RNA solation, RT-PCR, and quantitative PCR
Total RNA was extracted using the ReliaPrep™ RNA Cell Miniprep
System (Promega, Madison, WI,USA),according tothe manufacturer's
instructions.cDNAwas synthesized using ReverTra-Plus (Toyobo)and
amplified using PCR. Quantitative real-time RT-PCR (qRT-PCR) was
performed using a KAPA SYBR® FAST qPCR Kit (KAPA Biosystems,
Boston, MA, USA). The cycling conditions were established based
on CFX Manager (Bio-Rad). The biglycan mRNA expression levels
were normalized to those of GAPDH, p-actin (Actb), or CD31 and
analyzed using the 2724C method. The following primers were used:
human ACTB forward 5'-TACAGGAAGTCCCTTGCCATCC-3' and re-
verse 5'-~AAGCAATGCTATCACCTCCCCTG-3', human BGN forward
5'-GAGAGGCTTCTGGGACTTCA-3' and reverse 5-AGGTGGGTG
TGACAGAGTCC-3, mouse Gapdh forward 5-TCTGACGTGCCG
CCTGGAG-3' and reverse 5-TCGCAGGAGACAACCTGGTC-3/,
mouse Actb forward 5-TTTGCACATGCCGGAGCCGTTG-3' and re-
verse 5-TTTGCAGCTCCTTCGTTGCCGG-3', mouse CD31 forward
5'-CAGAGCGGATAATTGCCATTCC-3' and reverse 5- ACAGGA
TGGAAATCACAACTTCATC-3', and mouse biglycan forward 5-AA
CTCACTGCCCCACCACAGCTTC-3" and reverse 5-GCGGTGGCA
GTGTGCTCTATCCATC-3’, mouse Cd51 forward 5-GTGTGAGGAA
CTGGTCGCCT-3' and reverse 5-TATGAGCCTGCCGACTGACG-3/,
mouse Cdé61 forward 5-GACAGGATGCGAGCGCAGTG-3' and re-
verse 5-GGGTGAGCCCTGAGACAAAGT-3".
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2.3 | ELISA

The plasma of OS-RC-2 tumor-bearing mice was collected every 7th
day after tumor cell injection. Tumor-free normal mouse plasma was
used as the normal control. Plasma biglycan concentrations in mice
were evaluated using mouse biglycan ELISA kit (Cloud-Clone Corp.,
Houston, TX, USA).

2.4 | Analysis of integrin a, 8, expression using
flow cytometry

Cells were incubated with phycoerythrin (PE)-conjugated anti-
CD51/integrin a,, (BioLegend) and APC-conjugated anti-CD61/in-
tegrin B, (BioLegend) antibodies, respectively, and analyzed using
the FACS Aria Il system. Data were analyzed using FlowJo software.
Each fluorophore-conjugated isotype control was used as the nega-
tive control.

2.5 | Preparation of RGD-MEND

RGD-MEND was prepared as described previously.**38 A pH-
sensitive cationic lipid, YSKO5, was synthesized as described previ-
ously.?® Briefly, 40-160 ng siRNA solution in 200 pl citrate buffer
(2 mM, pH 4.0) was added to 400 ul of 90% tertiary butanol (t-
BuOH/double-distilled water (v/v)) containing 1500 nmol YSKO5,
1500 nmol cholesterol, and 45 nmol PEG-DMG (1.5 mol% of total
lipid) and mixed step by step. Unencapsulated siRNA and t-BuOH
were removed from the mixture diluted with PBS using Amicon
Ultra-15 (Merck Millipore, Darmstadt, Germany), according to the
manufacturer's instructions. The encapsulation efficiency and re-
covery rate of siRNA were checked by RiboGreen assay.‘°’1'37'39
cRGD was conjugated to PEG-DSPE using N-hydroxysuccinimide
(RGD-PED-DSPE) to display an RGD peptide on the surface of
MEND, as previously described.®>*” To modify MEND with RGD-
PEG-DSPE (RGD-MEND), it was mixed with 3 mol% of PEG-DSPE
in 7.5% ethanol (EtOH; v/v) solution (2 mM citrate buffer, pH 5.5)
and then centrifuged in an Amicon Ultra-15 concentrator to remove
the remaining EtOH. When MEND was labeled with a fluorescent
dye, 0.5 mol% of Dil, 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarb
ocyanine perchlorate or DiD, 1,1-dioctadecyl-3,3,3,3-tetramethylin
dodicarbocyanine was added to the initial lipid solution. The siRNA
against biglycan (sense, 5'-gaacauagccagaugaagaTT-3' and anti-
sense, 5'-ucuucaucuggcuauguucTT-3’) was purchased from Cosmo
Bio Co., Ltd. (Tokyo, Japan).

2.6 | Animal model

Seven-week-old female nude mice (BALB/c AJcl-nu/nu, CLEA Japan)
were housed under specific pathogen-free conditions. In total, 1 x
10% OS-RC-2 cells in HBSS (Gibco® Thermo Fisher Scientific) were
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implanted subcutaneously in the right flanks of nude mice. The
OS-RC-2-bearing mice were administered intravenously 4 mg/kg
Dil-labeled RGD-MEND on days 15 and 16 when the tumor volume
reached 200 mm?® to evaluate MEND uptake and gene silencing in
TECs. Tumor tissues were excised 24 h after the second MEND in-
jection. The OS-RC-2-bearing mice were administered intravenously
with 3 mg/kg scramble siRNA-containing RGD-MEND (Scr siRNA-
MEND) or biglycan siRNA-containing RGD-MEND (Bgn siRNA-
MEND) twice a week for 3 weeks beginning on day 7 to evaluate
the therapeutic effects of MEND. The tumor tissues were excised
on day 28. All procedures for animal care and experimentation were
approved by the Hokkaido University Animal Committee and con-

ducted according to institutional guidelines and approved guidelines.

2.7 | Evaluation of MEND uptake using flow
cytometry and fluorescence microscopy

Cells were incubated with DiD-labeled Scr siRNA-MEND or Bgn
siRNA-MEND at the indicated dose for 3 h to investigate MEND
uptake in OS-RC-2-ECs in vitro. The cells were then collected with
trypsin-EDTA and analyzed using a FACS Aria Il system. Data were
analyzed using FlowJo software. Cells were washed with PBS,
fixed in 4% PFA, and counterstained with DAPI (Dojin, Kumamoto,
Japan) for fluorescence microscopy. Sample images were acquired
using an FV1000 confocal microscope equipped with the Fluoview
FV10-ASM Viewer software. To analyze the MEND uptake in tis-
sue, AlexaFluor 647-conjugated GSL-I1B4 lectin (2 mg/kg, Thermo
Fisher Scientific) was injected intravenously via the tail vein to stain
functional blood vessels 10 min before tumor resection. A portion of
the excised OS-RC-2 tumor tissue was immersed in FITC-conjugated
BSI-B4 to visualize blood vessels, and images were acquired using
an FV1000 confocal microscope to further investigate MEND locali-
zation in vivo. Another portion of the excised tumor tissue or nor-
mal kidney and skin tissue of the tumor-bearing mice were minced
and digested using collagenase Il. Cells were incubated with FITC-
conjugated anti-CD34 (eBioscience® Thermo Fisher Scientific)
and APC-conjugated anti-CD45 (BioLegend) antibodies, or APC-
conjugated anti-CD31 (BioLegend) and FITC-conjugated anti-CD45
(BioLegend) antibodies after removing the blood cells using a lysing
buffer and were analyzed using the FACS Aria Il. Data were analyzed
using FlowJo software.

2.8 | Histological analysis

Resected OS-RC-2 tumor tissues were fixed in formalin, paraffin-
embedded, and 4-um thick sections were prepared for H&E staining
to perform histopathological examination. The tumor tissues were
dissected and embedded in optimal cutting temperature (OCT) com-
pound (Sakura Finetek Co., Torrance, CA), immediately immersed in
liquid nitrogen, and cut into 10-pm-thick sections using a cryostat
(Leica CM3050S, Leica Biosystems, Wetxlar, Germany). The frozen

sections were fixed in 100% ice-cold acetone for 30 min, permea-
bilized with 0.1% Triton X-100, and blocked with 5% goat serum for
1 h for double staining of CD31 and biglycan. The sections were
incubated with rabbit anti-biglycan (Kerafast) for 2 h, Alexa Fluor
488-conjugated goat anti-rabbit 1gG (Invitrogen) for 1 h, and Alexa
Fluor 647-conjugated anti-mouse CD31 (BioLegend) for 2 h. The fro-
zen sections were fixed in 4% PFA for 30 min, permeabilized with
0.1% Triton X-100, and blocked with 5% goat serum for 1 h for dou-
ble staining of CD31 and a-smooth muscle actin (a-SMA). The sec-
tions were incubated with rat anti-mouse CD31 (BD Biosciences) and
rabbit anti-a-SMA (Abcam) for 16 h and Alexa Fluor 647-conjugated
goat anti-rat IgG (BioLegend) and Alexa Fluor 488-conjugated goat
anti-rabbit 1gG (Invitrogen) for 2 h. The frozen sections were fixed
in cold methanol for 30 min and blocked with 5% goat serum for
1 h for staining of glucose transporter 1 (GLUT1). The sections were
incubated with rabbit anti-GLUT1 (Abcam) for 16 h and Alexa Fluor
647-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific) for
1 h. This was followed by counterstaining with DAPI, after which
sample images were acquired using an FV1000 confocal micro-
scope equipped with Fluoview FV10-ASM Viewer software or a BZ-
X810 microscope equipped with BZ-X800 Analyzer software. The
area of CD31-positive cells was determined using ImageJ software
(NIH), and microvessel density (MVD) was calculated as a percent-
age of the CD31-positive area to the total area. Tip-like endothelial
sprouts, defined as tapered endothelial processes that extended
from the main axis of vessels, were counted in CD31 staining images
as previously described.*%4! The pericyte coverage was calculated
using the ratio of the number of a-SMA- and CD31-double-positive
blood vessels to the number of total CD31-positive blood vessels.
The GLUT1 staining area was estimated as the hypoxia area using
ImageJ software. To assess perfused blood vessels using siRNA-
RGD-MEND treatment, FITC-conjugated BSI-B4 lectin (2 mg/kg)
was intravenously injected via the tail vein to stain functional blood
vessels. Tumors were extracted 10 min after injection, followed
by immersion in Dylight649-conjugated GSL-IB4 lectin (Vector
Laboratories) to stain all blood vessels. Images were acquired using
a BZ-X810 microscope equipped with BZ-X800 Analyzer software.
The rate of the double-positive area in the GSL-IB4 lectin-stained
area was calculated as functional blood vessels. Azan staining was
performed using azocarmine combined with a counterstain incor-
porated with aniline blue and orange G after mordanting with phos-
photungstic acid. Azan staining was used to evaluate connective
tissues with which the cytoplasm was stained orange and the colla-
gen fibers were stained blue. The slides were digitally scanned using
NanoZoomer and viewed using the NDP.view2 viewing software
(Hamamatsu Photonics, Hamamatsu, Japan). The blue range was
analyzed as the collagen area using ImageJ software.

2.9 | Statistical analysis

All data were expressed as mean + standard deviation. Box and

whisker plots represented median (centerline), 25th and 75th
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percentiles (box), and minimum and maximum (whiskers). Student's
t test was used for comparing two groups. The Kruskal-Wallis test
was performed for multiple comparisons, followed by the Wilcoxon
test for paired comparisons. A value of p < 0.05 was considered to
indicate a statistically significant difference, which was a represent-
ative of three independent experiments. Statistical analysis was con-
ducted using JMP version 13 (SAS Institute, Tokyo, Japan).

3 | RESULTS
3.1 | Biglycan expression in TECs of renal cell
carcinoma

We previously reported that tumor blood vessels in human renal
cell carcinoma expressed higher biglycan levels comparted to those
of their normal counterparts.’* In this study, a renal cell carcinoma
model, that is, OS-RC-2, was adopted to explore the effects of bi-
glycan inhibition on TECs. First, biglycan expression was evaluated
in OS-RC-2 tumor tissues using immunohistochemistry. Double
staining of biglycan and CD31, an EC marker, demonstrated that
biglycan was stained in tumor tissues, and some parts were co-
stained with CD31 (Figures 1A and S1A). These data suggested
that biglycan is expressed in tumor blood vessels and other stro-
mal cells. Next, to evaluate biglycan-expressing cell populations in
the tumors, we checked the biglycan expression in OS-RC-2 tumor
cells by PCR in vitro. OS-RC-2 tumor cells did not exhibit biglycan
expression (Figure S1B). Furthermore, cells in OS-RC-2 tumor tissue
were cytospun onto glass slides and stained with anti-biglycan and

CD31 antibodies. Some cells, including CD31-positive cells, revealed

CD31

(A)
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biglycan expression (Figure S1C). Cells in the tumor tissue (33%)
were positive for biglycan and 78.1% of the biglycan-positive cells
were CD31-positive cells, that is, ECs (Figure S1D). In CD31-negative
cells, CD45-negative cells but not CD45-positive cells exhibited bi-
glycan expression (Figure S1E,F), suggesting some stromal cells, such
as fibroblasts, express biglycan, which is consistent with previous
reports.42'43 We isolated TECs from OS-RC-2 tumor tissues (OS-
RC-2-EC) as described previously.lo'33 Compared with normal ECs
derived from skin tissues (Skin-EC) or kidney tissues (Kidney-EC),
OS-RC-2-ECs showed high biglycan expression (Figure 1B). These
data suggest that biglycan is highly expressed mainly in TECs of
OS-RC-2 tumor tissue. As biglycan is a secreted protein, we next
analyzed over time its secretion levels in the plasma of OS-RC-2
tumor-bearing mice. Plasma biglycan levels were increased in these
mice, depending on tumor growth and metastasis (Figures 1C and
S2A,B). These data suggested that TECs in OS-RC-2 express and se-
crete high biglycan levels.

3.2 | Evaluation of gene silencing by MEND in vitro
We used MEND, an siRNA delivery system, to examine the thera-
peutic effect of biglycan inhibition in the TECs of renal cell carci-
noma in vivo. To specifically deliver it into TECs, we incorporated
cRGD because a,f, integrin, a cRGD receptor, is selectively ex-
pressed in TECs at high levels.3° We confirmed the expressions of in-
tegrin a,, and B, in OS-RC-2-ECs using PCR and flow cytometry. a4
integrin (CD51 and CDé61) were highly expressed in OS-RC-2-ECs
compared with Skin-ECs (Figure 2A,B). We developed RGD-MEND-
encapsulating biglycan siRNA. First, we confirmed MEND uptake

Biglycan

Merge with DAPI

FIGURE 1 TECsin OS-RC-2 tumors ®) Biglycan mRNA ©) Biglycan
highly express biglycan. (A) Biglycan aT g0 * . E 1200 — *
expression in OS-RC-2 tumor tissues % 2 go S 1000- *
was analyzed by immunohistochemistry. < é 70 ©
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Biglycan expression in each endothelial S s 30 ; E
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OS-RC-2-bearing



1860 H
LLERVIFRES Cancer Science

(A)

(B

SSC

—_

Normalized To Mode

DAPI
MEND

(E)

MAISHI ET AL.

CD61 mRNA

CD51 mRNA
TR 14 x @ 40
2Q 2 2 <
<910 <o 30
X o X o
EQ 2 EQ 20
c = T
§§ 4 gg 10
9 o 2
=c 2 = C
Skin-EC 0OS-RC-2-EC
Skin-EC OS-RC-2-EC

A/\
10 10° w0

CD51 / Integrin av

Scr siRNA-MEND

.H]] 0 ‘03 H)‘

10°

[]Control
[[]Scr siRNA-MEND 5 nM
[ scr siRNA-MEND 10 nM

»
»

APC

No treat

Biglycan mRNA

]
Scr siRNA Bgn siRNA
-MEND -MEND

-
N

Biglycan mRNA levels
normalized to ACTB
o O O
> o o T

o
N

o

Skin-EC OS-RC-2-EC

Scr siRNA-MEND Bgn siRNA-MEND

Skin-EC

OS-RC-2-EC

T T
10! 10 10

CD61/1

Bgn siRNA-MEND

&0
o0
0
20
0]
w0 o 10° 10?

10°

Normalized To Mode

ntegrin B3

[]Control
[ ]Bgn siRNA-MEND 5 nM
B Bgn siRNA-MEND 10 nM

»
»

MEND signal positive area (pixel)/ cell

0
e
wo¥

APC

MEND uptake

*%*

**

400
350
300
250

200
150
100
50

0‘&@ 89 \1\6“0



MAISHI ET AL.

= 1861
Cancer Science Ruiiy Ak

FIGURE 2 Uptake and gene silencing by MEND in OS-RC-2-ECs were evaluated in vitro. (A) CD51 (integrin «, ) and CD61 (integrin )
mRNA expression in each EC was evaluated by gRT-PCR (*p < 0.01, two-tailed Student's t test. Data are presented as mean + SD,n =4
gRT-PCR runs). (B) Representative flow cytometry of CD51 and CDé61 in Skin-ECs and OS-RC-2-ECs (gray area). The white area shows

the 1gG isotype control. (C) Representative flow cytometric analysis of OS-RC-2-ECs treated with each fluorophore-labeled MEND at the
indicated dose for 3 h showing light and dark gray expression areas. Each EC group treated with vehicle was used as a control (white area).
(D) Fluorescent signals of OS-RC-2ECs treated with each MEND at 10 nM for 3 h were detected using a confocal microscope. The right panel
shows the quantitative MEND signal positive area (*p < 0.01 versus no treatment, Kruskal-Wallis test, followed by Wilcoxon test. Data are
presented as mean + SD, n = 30). (E) Biglycan expression was evaluated by qRT-PCR after treatment of each siRNA at 10 nM for 24 h (*p <
0.01, two-tailed Student's t test. Data are presented as mean + SD, n = 4 gRT-PCR runs)

into OS-RC-2-ECs in vitro. To visualize MEND, it was labeled with
Dil. Flow cytometric analysis revealed that Dil-labeled Bgn siRNA-
MEND was delivered into OS-RC-2-ECs in a dose-dependent man-
ner similar to Scr siRNA-MEND (Figure 2C). MEND signals were also
detected using confocal microscopy (Figure 2D). We next evaluated
the RNAi-mediated gene silencing using qRT-PCR. Biglycan mRNA
expression was inhibited by Bgn siRNA-MEND (Figure 2E).

3.3 | Selective delivery of MEND into tumor blood
vessels after systemic injection

MEND was injected intravenously into OS-RC-2 tumor-bearing
mice to confirm whether RGD-MEND was selectively delivered into
tumor blood vessels. Dil-labeled MEND signals were detected in the
tumor tissues of each MEND-treated group using an in vivo imaging
system (Figures 3A and S3A). To assess MEND localization in the
tumor tissues, the blood vessels of the resected OS-RC-2 tumors
were visualized using fluorophore-conjugated lectin. Alexa Fluor
647-conjugated GSL-1B4 lectin was injected via the tail vein to stain
functional blood vessels, followed by immersion of the tumors in
FITC-conjugated BSI-B4 lectin to stain all blood vessels, including
nonfunctional ones. Under the confocal microscope, the MEND sig-
nals were found to be colocalized with lectin (Figures 3B and S3B).
We also analyzed MEND uptake in the TECs of OS-RC-2. After Dil-
labeled siRNA-MEND injection via the tail vein, tissues were re-
sected and homogenized, and then Dil-MEND signals were detected
using flow cytometry. The CD347CD45~ EC population showed
Dil-labeled MEND signals (Figure 3C), suggesting that MEND was
delivered into TECs. Biglycan mRNA knockdown in TECs by Bgn
siRNA-MEND was also confirmed by gRT-PCR (Figure 3D). To assess
the specificity of siRNA-MEND delivery to TECs, we also analyzed
the biodistributions of siRNA-MEND in normal organs of the tumor-
bearing mice. MEND signals were hardly detected in normal kidney
and skin tissues (Figure S3A). Additionally, MEND signals in ECs of
kidney and skin tissues were low compared with those of tumor tis-
sue (Figure S3C).

3.4 | Therapeutic effect of Bgn siRNA-MEND

Finally, we examined the therapeutic effect of biglycan inhibi-
tion by Bgn siRNA-MEND treatment. MEND administration was
started 7 days after tumor injection, when the tumors were visible.

Figure 4A shows the time course of MEND injection. No significant
difference of body weight changes was observed between the two
groups (Figure 4B). The surface of the resected tumors in the Bgn
siRNA-MEND group appeared smoother than that of the Scr siRNA-
MEND group when the resected tumors were observed. Moreover,
tumor congestion was improved by Bgn siRNA-MEND treatment
(Figure 4C). Bgn siRNA-MEND treatment reduced biglycan expres-
sion in the tumors, especially in blood vessels (Figure S4A). Bgn
siRNA-MEND treatment significantly inhibited tumor growth com-
pared with the control group (Figures 4D and S4B), suggesting that
biglycan in TECs is essential for tumor progression. We also evaluated
the therapeutic effects of Bgn siRNA-MEND on the tumor microen-
vironment. We visualized the blood vessels in these tumors by immu-
nohistochemistry (Figure 5A) as we reported previously that biglycan
in TECs is involved in tumor angiogenesis.’* We found morphological
differences between the two groups. The blood vessels in the tumors
treated with Bgn siRNA-MEND showed smoother morphology and
had fewer sprouts. MVD and tip-like endothelial sprouting were de-
creased due to biglycan inhibition (Figure 5B,C). These data suggested
that biglycan inhibition can cause an antiangiogenic effect, which is
consistent with our previous finding through an in vitro study using
siRNA and an in vivo study using biglycan knockout mice.?? Pericyte
coverage was also analyzed using immunostaining to evaluate blood
vessel maturation. The proportion of pericyte-covered blood vessels
was increased due to Bgn siRNA-MEND treatment (Figure 5D,E). It is
known that an increase in the proportion of pericyte-covered mature
blood vessels improves blood perfusion. Therefore, we next analyzed
the function of blood vessels with lectin injection. As expected, the
blood perfusion was increased in the tumor of the Bgn siRNA-MEND
group compared with the control group (Figure 5F,G).

Furthermore, we analyzed hypoxic condition in the tumors.
GLUT1 is one of the hypoxia markers regulated by HIF-1.444°
GLUT1 staining data indicated that the hypoxia area was reduced
by Bgn siRNA-MEND treatment (Figure 5H,1). Fibrosis is one of the
important factors for tumor malignancy. Azan staining revealed that
collagen accumulation in the Bgn siRNA-MEND group was lower
than that in the control group (Figure 5J,K), suggesting that fibrosis
was diminished by biglycan inhibition.

4 | DISCUSSION

Biglycan, highly expressed in TECs, is involved in tumor angiogen-
esis and metastasis, thereby demonstrating significant potential as a



1862 - MAISHI ET AL.
LLBRVWISSA Cancer Science

(A) l ® BSI-B4-Lectin MEND
2.5 ; S
PBS . Y,
2.0
Scr siRNA 1.5 x10°
-MEND 10
Bgn siRNA 0.5
-MEND
Radiance
(p/sec/cm?/sr)
Live cell EC population MEND uptake in TECs
250K p ‘Km_ 100, Scr Si 100 =4 Bgn s|
o]
20067 V 104 9 ] @
o
150k 4 LI) . 50 60
100K O 10 o 10 -
& 102
50K = < 100 20 - 20+
FsC Indo-1 (Blue) FITC-CD34 Dil-MEND -
(D) Biglycan mRNA
1.4 - *
§ p 1.2 1
28910 -
<_E (@)
é 2 0.8 1
£ 806 @
c 5 4 -
§E”
S 8 0.2 1
@ 0

Scr siRNA Bgn siRNA
MEND  -MEND

Tumor tissue

FIGURE 3 Uptake and gene silencing by MEND in OS-RC-2-ECs were evaluated in vivo. (A) Each MEND fluorescence intensity in the
tumors was detected using the IVIS Spectrum system 24 h after the second MEND injection. Notably, each siRNA-MEND was accumulated
in tumor tissues. (B) All blood vessels in tumors were visualized by staining of the resected tumors with FITC-BSI-B4 lectin. Specimens

were observed under a fluorescence microscope. Notably, MEND (red) signals were colocalized with FITC-BSI-B4 lectin (green). Upper, low
magnification; lower, high magnification. (C) Representative flow cytometric analysis of MEND uptake in the ECs of OS-RC-2 tumor tissues.
CD34*CD45 populations in OS-RC-2 tumors were defined as TECs. TECs that uptake each MEND are shown as a gray expression area. ECs
from tumors that are treated with vehicle instead of MEND were used as control (white area). (D) Biglycan expression in each tumor group
was evaluated by gRT-PCR (*p < 0.01, two-tailed Student's t test; n = 4). CD31 was used as an internal control to normalize the amount

of ECs

possible target for anticancer therapy. However, targeting biglycan a TEC-targeting nano DDS system to target biglycan in TECs. The
for therapy has not yet been reported because there are no commer- TEC-targeting MEND was delivered into TECs, therefore inhibiting
cially available inhibitors for biglycan. In this study, we developed biglycan expression both in vitro and in vivo. Biglycan inhibition using
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MEND resulted in not only antiangiogenesis but also normalization
of the tumor microenvironment, with increase in pericyte coverage
and blood perfusion, decrease in hypoxia area, and reduction of fi-
brosis. Our results provided clear evidence that biglycan is a good
target for cancer therapy.

Biglycan is a member of the class | small leucine-rich proteogly-
can consisting of a 42-kDa protein core and one or two covalently
linked glycosaminoglycan chains at its N-terminus.*® It is expressed
in the ECM and plays a key role as a matrix component and essential
signaling molecule.' Biglycan has been considered as a potential an-
ticancer target due to its high expression in various cancers.*’ High-
level biglycan expression is associated with poor prognosis in gastric

5051 andometrial can-

cancer,48 colorectal cancer,49 bladder cancer,
cer,’? melanoma,*? and prostate cancer.”® Biglycan overexpression
in gastric cancer cell lines was found to activate their migration, inva-
sion, and peritoneal spreading through focal adhesion kinase signal-
ing.>* In colon cancer cell lines, biglycan overexpression promoted
chemoresistance using activating NF-kB.>®> Recombinant biglycan
treatment was found to facilitate tumor cell migration through the
TLR/NF-xB/HIF1-a/ VEGF-mediated axis.?*® Our previous analysis
of biglycan expression in human tissues of renal cancer, lung cancer,
colon cancer, and liver tumor by immunohistochemistry showed that
most biglycan signals were detected in tumor blood vessels.*#%%%7
Our earlier research also demonstrated the role of biglycan in ECs,
for which we observed that the migration and tube formation of
TECs were inhibited by biglycan knockdown with its siRNA through
TLRs. It has also been reported that biglycan induces VEGF expres-
sion through the TLR/NF-kB/HIF1-a® or the extracellular signal-
regulated kinase signaling pathway in ECs.”® Recently, we found that
biglycan knockout in the stroma of breast cancer-bearing mice inhib-
ited metastasis to the lung, impaired tumor angiogenesis, normalized
the tumor vasculature, improved the delivery of chemotherapeutic
drugs and CD8* T-cell infiltration, and suppressed fibrosis.?? In the

Tumor weight (g)

0.2 '

0.1

Scr siRNA Bgn siRNA
-MEND -MEND

present study, biglycan was expressed in tumors, including blood
vessels. The effect of biglycan inhibition using the DDS system was
consistent with our previous findings. The abundance of biglycan
affects several cell types in the tumor microenvironment as it is a
secreted protein.

Angiogenesis is required for tumor growth and metastasis. To cut
off blood supply, antiangiogenic therapy was widely used for can-
cer therapy. However, it sometimes causes severe adverse effects
such as intestinal perforation®” due to normal blood vessel damage.
Specific targeting and delivery of therapeutics to tumor blood ves-
sels would be an ideal strategy. Several research groups, including
ours, have found that some genes are upregulated in TECs compared
with NECs.6"*! Those molecules can be candidates for TEC-targeting
therapy. Specifically, another strategy is delivering a drug into tumor
blood vessels using the nano DDS system. Because TECs face to-
ward the bloodstream, TECs are easily accessed using intravenously
administered nano DDS. Most solid tumors exhibit enhanced vascu-
lar permeability due to the defective architecture of blood vessels
and the production of excessive amounts of several vascular per-
meability factors such as VEGF. In addition to nutrients and oxygen,
drugs are passively accumulated in tumor tissues. This phenome-
non is known as the enhanced permeability and retention effect®®
and has been the gold standard in anticancer strategies, and sev-
eral drugs are delivered through blood vessels. However, we must
develop active targeting nanoparticles to specifically deliver nano
DDS to TECs. For delivering active targeting nano DDS into TECs,
several ligands, such as peptides, sugars, and nucleic acid aptamers,
have been reported.®? In this study, cRGD is used. The RGD motif
is recognized by integrin heterodimers between the o, unit and p,
unit, and it can specifically bind with those cells because integrin
ay B, is expressed in TECs and some cancer cell types. In this study,
we used a nano DDS system, MEND, which is an siRNA-loaded
lipid nanoparticle, using a pH-responsive cationic lipid, YSKO5, as
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FIGURE 5 Therapeutic effect of biglycan inhibition by MEND. (A) Representative images of tumor sections fixed and stained with
anti-CD31 antibody (red) to identify the blood vessels. The lower panel shows an enlarged image with tip-like endothelial sprouts (arrow).
Scale bars, 100 pm. (B) Tumor microvessel density was analyzed by quantifying the CD31-positive stained area in tumor sections from

each group using ImageJ software (*p < 0.05 versus Scr siRNA-MEND-treated group, two-tailed Student's t test; n = 4 fields per mouse).

(C) The number of tip-like endothelial sprouts per CD31-positive area (pixel) was calculated in tumor sections from each group. Tip-like
endothelial sprouts were defined as tapered endothelial processes that extended from the main axis of vessels (*p < 0.05 versus Scr
siRNA-MEND-treated group, two-tailed Student's t test; n = 4 fields per mouse). (D) Tumor blood vessels and pericytes were stained with
anti-CD31 (red) and anti-a-SMA (green) antibodies, respectively, and counterstained with DAPI (blue). Scale bars, 100 um. (E) The rate of
microvessel pericyte coverage was analyzed by counting the vessels that stained positively for both CD31 and a-SMA (yellow arrowheads)
among all CD31-positive vessels. The outline in white indicates a-SMA-negative vessels (*p < 0.05 versus Scr siRNA-MEND-treated group,
two-tailed Student's t test; n = 4 fields per mouse). (F) Functional blood vessels in the tumors were visualized by intravenously injecting
Alexa Fluro647-conjugated GSL-IB4 lectin, and all blood vessels in tumors were visualized by staining the resected tumors with FITC-
BSI-B4 lectin. Specimens were observed under a fluorescence microscope. Arrowheads indicate colocalization. (G) Functional blood vessels
were calculated as the rate of the merged area in GSL-IB4 lectin-positive area in tumor sections from each group using ImagelJ software

(*p < 0.01 versus Scr siRNA-MEND-treated group, two-tailed Student's t test; n = 15 fields per group). (H) Representative images of tumor
sections fixed and stained with anti-GLUT1 antibody (red) to identify the hypoxia area. Scale bars, 100 um. (I) Hypoxia area was analyzed by
quantifying the GLUT1-positive stained area in tumor sections from each group using ImageJ software (*p < 0.05 versus Scr siRNA-MEND-
treated group, two-tailed Student's t test; n = 4 fields per mouse). (J) Azan staining was performed in each tumor section. The cytoplasm
and collagen fibers are stained orange and blue, respectively. Scale bars, 100 pm. (K) Collagen accumulation was analyzed by quantifying the
collagen-positive stained area in tumor sections from each group using ImageJ software (*p < 0.01 versus Scr siRNA-MEND-treated group,

two-tailed Student's t test; n = 5 fields per mouse)

developed previously.zg'29 To target TECs, MEND was modified
with cRGD through the postmodification of cRGD-PEG-lipid con-
jugates.31 We previously confirmed that the siRNA-encapsulating
RGD-MEND was specifically delivered into integrin-positive human
umbilical vein ECs but not into HEK293T cells.?! Additionally, in this
study, we confirmed the integrin expression and uptake of RGD-
MEND in TECs (Figure 2). Also, the selective delivery of the siRNA
RGD-MEND to tumor tissues, especially in TECs, was proven using
flow cytometric analysis (Figure S3). We previously observed the ef-
fect of doxorubicin-loaded RGD-MEND in blood vessels of OS-RC-2
tumor-bearing mice. We found that apoptotic cells were observed in
the tumor vessels, but the morphology of blood vessels in the nor-
mal liver, spleen, and lung tissue showed no unusual morphological
alteration.®? In addition to this previous report, doxorubicin did not
affect normal blood vessels by RGD-MEND, even though normal
ECs in normal tissue, such as kidney and skin, take up the biglycan
siRNA-MEND, their harmful effects might be low because of their
low biglycan expression (Figure 1B). Moreover, we previously con-
firmed gene silencing by siRNA-DDS using qRT-PCR and rapid am-
plification of 5' ¢cDNA ends (5'RACE-PCR),®! which was the only
available method to confirm RNAi-induced silencing.’® The RGD-
MEND-encapsulating anti-VEGFR2 siRNA significantly inhibited
tumor growth®! and improved poor intratumor nanoparticle distri-
bution.®%%8 It is well known that, because the loose interconnections
of endothelial cells in tumor blood vessels result in high interstitial
fluid pressure, tumor blood vessels are collapsed, and blood flow is
impeded. In this study, MEND signals were detected in nonfunc-
tional blood vessels 24 h after a single MEND injection (Figure S3B).
The efficacy of biglycan knockdown was limited in this study by the
siRNA-MEND. However, ghost blood vessels without active blood
flow may affect siRNA-DDS delivery. Several injections or further
delivery system development would increase biglycan inhibition and
their therapeutic effects.

The reasons for our selection of a renal cell carcinoma model for
the present study are as follows: renal cell carcinoma is an angio-
genic tumor, antiangiogenic therapy is approved in cancer treatment,
and we found in our previous study that biglycan is upregulated in
the TECs of human renal cell carcinoma.* In clinical therapy, sin-
gle antiangiogenic drug treatment does not completely eliminate
cancers; similarly, single biglycan knockdown by nucleic acid med-
icine using MEND was not sufficient to completely heal the tumor.
Furthermore, combination therapy with some anticancer drugs may
be required as there are several proangiogenic factors in addition to
biglycan. Recently, vascular normalization was also proposed as an
alternative effect of antiangiogenic therapy. Antiangiogenic therapy
normalizes the abnormal structure and function of the tumor vas-
culature to achieve more efficient oxygen and drug delivery.®* We
showed that biglycan inhibition by MEND increased the pericyte-
covered blood vessels and improved blood perfusion and hypoxic
conditions, which is one of the characteristics of vascular normaliza-
tion. Drug delivery can be improved by biglycan inhibition, and fur-
ther studies are required to verify the efficacy of biglycan inhibition
as a combination therapy. Antiangiogenic therapy is also expected
to improve the efficacy of immunotherapy.®® There exists a possi-
bility that biglycan inhibition can improve the efficacy of immune
checkpoint inhibitors, because blood flow improvement is benefi-
cial for immune cells to distribute in tumor tissues. However, in this
study, nude mice were used to apply the human renal cancer cell
line. Nude mice lack a thymus that causes T-cell deficiency, which
limits this study in confirming the efficacy of biglycan inhibition in
immune cells; therefore, further studies using syngeneic models
are required. Fibrosis in the tumor microenvironment is one of the
causes of tumor progression. Stiffened stroma enhances tumor cell
growth, survival, and migration.66 Tumor fibrosis results in a poor re-
sponse to anticancer therapy. Decreasing fibrosis through biglycan
inhibition can also be effective for cancer therapy. To summarize,
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targeting biglycan can induce an antitumor effect, antiangiogenic ef-
fect, normalization of tumor blood vessels, and decreased fibrosis in
tumors. Therefore, biglycan inhibition as a strategy for cancer ther-

apy may have multiple efficacies.
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