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Tumor angiogenesis inhibition is one of the most potent strategies in cancer
chemotherapy. From past clinical studies, inhibition of the vascular endothelial
growth factor pathway successfully treats malignant tumors. However, vascular
endothelial growth factor inhibitors alone cannot cure tumors. Moreover, resistance
to small molecule inhibitors has also been reported. Herein, we show the antiangio-
genic potential of a newly synthesized curcumin analog, GO-Y078, that possibly
functions through inhibition of actin stress fiber formation, resulting in mobility inhi-
bition; this mechanism is different from that of vascular endothelial growth factor
inhibition. In addition, we examined the detailed mechanism of action of the antian-
giogenesis potential of GO-Y078 using human umbilical venous epithelial cells resis-
tant to angiogenesis inhibitors (HUVEC-R). GO-Y078 inhibited the growth and
mobility of HUVEC-R at 0.75 pmol/L concentration. Expression analyses by microar-
ray and RT-PCR showed that expressions of genes including that of fibronectin 1
were significantly suppressed. Among these genes, fibronectin 1 is abundantly
expressed and, therefore, seems to be a good target for GO-Y078. In a knockdown
experiment using Si-oligo of fibronectin 1 (FN1), FN1 expression was decreased to
half of that in mock experiments as well as GO-Y078. Knockdown of FN1 resulted
in the suppression of HUVEC-R growth at 24 hours after treatment. Fibronectin is a
key molecule contributing to angiogenesis that could be inhibited by GO-Y078.
Thus, resistance to vascular endothelial growth factor inhibition can be overcome
using GO-Y078.
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1 | INTRODUCTION

Antiangiogenic therapy is one of the potent strategies for treating
advanced cancers. Several successful cases treated with this therapy

polymerase chain reaction; VEGF, vascular endothelial growth factor.
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have been reported so far; for example, bevacizumab has been used
for VEGF inhibition* and ramucirumab for the inhibition of its type 2
receptor.? These monoclonal antibodies can control the growth of

¢ and

cancers, such as advanced colorectal,® gastric,4 Iung,5 ovarian,
brain’ malignancies. Small molecules, such as sorafenib® and suni-
tinib,” which show multiple kinase inhibitory activities, can suppress
VEGF receptors (VEGFR) and inhibit tumor angiogenesis. They are
also effective in treating advanced hepatocellular carcinoma,* renal

1 and gastrointestinal stromal tumors.*?> However,

cell carcinoma,*
contrary to our expectations, the potential of these inhibitors to inhi-
bit the VEGF pathway is insufficient in completely controlling cancer
cell growth.® One possible explanation for this ineffectiveness is the
redundancy of the angiogenesis pathway, which can bypass VEGF
inhibition. Tumor angiogenesis can be stimulated by various other
pathways, including fibroblast growth factor,'* PDGF,'®> and
hepatocyte growth factor!® pathways. However, use of these path-
ways involves the problem of acquired resistance to inhibitors.t”
Recently, we showed the antiangiogenic potential of a newly synthe-
sized curcumin analog, GO-Y078.18 This diarylpentanoid has the fol-
lowing formula: (1E,4E)-1-(4-hydroxy-3,5-dimethoxyphenyl)-5-(3,4,5-
trimethoxyphenyl)-penta-1,4-dien-3-one. Curcumin has an antiangio-
genic effect through the inhibition of the VEGF pathway.'® How-
ever, the mechanism underlying the antiangiogenic effect of GO-
Y078 is entirely different from that of VEGF inhibition; for instance,
GO-Y078 suppresses angiogenesis through the inhibition of actin
stress fiber formation.'® This effect contributes to the stacking of
vascular endothelia and induction of anoikis. In this regard, it is
important to identify the precise mechanisms underlying this phe-
nomenon. Furthermore, considering that GO-Y078 can inhibit angio-
genesis through other pathways besides the VEGF pathway, we
hypothesized that it can overcome the problem of resistance to
VEGF inhibitors, such as sorafenib and sunitinib.

2 | MATERIALS AND METHODS

2.1 | Cell lines

Human umbilical vein endothelial cells (HUVEC) were obtained from
Takara Bio Inc. (Otsu, Japan). Resistant HUVEC (HUVECKIi2, Ki4, and
Ki5) were kindly gifted by Professor Kazuto Nishio of Kindai Univer-
sity (Osaka, Japan).2° The cells were cultured using EGMTM-2 Bullet
Kit (Takara Bio Inc., Otsu, Japan), which contains 2% FBS, 0.04%
hydrocortisone, 0.4% human fibroblast growth factor basic, 0.1%
VEGF, 0.1% R3-insulin-like growth factor 1, 0.1% ascorbic acid, 0.1%
human epidermal growth factor, 0.1% amphotericin B, and 0.1% hep-
arin (Becton Dickinson and Company, Franklin Lakes, NJ, USA),
unless otherwise specified. Human CTCL cell line HH of ATCC was
purchased from Summit Pharmaceutical International (Tokyo, Japan).

2.2 | Compounds

GO-Y078, GO-Y030, GO-Y022, and GO-Y136 were synthesized as
previously described?'?® (Figure 1). Wako special grade curcumin

was purchased from Wako Pure Chemical Industries, Ltd (Osaka,
Japan). Curcumin and its analogs were dissolved in DMSO (Wako
Pure Chemical Industries, Ltd) and diluted at final concentrations of
0.002%-0.1%. Sunitinib, sorafenib, and Ki8751, which are selective
VEGFR-2 inhibitors, were purchased from Sigma-Aldrich (St Louis,
MO, USA), LC Laboratories (Woburn, MA, USA), and Wako Pure

Chemical Industries, Ltd, respectively.

2.3 | Cell growth assay

Growth-suppressive effects of the test compounds were measured
for 72 hours, as previously described.?? All cellular experiments were
conducted in triplicate unless otherwise specified. Growth curves
were obtained using the following protocol: HUVECKi2 was seeded
at 0.5 x 10° cells to each well in a 96-well plate and counted at
each time interval as indicated.

2.4 | Wound-healing assay

Detailed method of the wound-healing assay was previously
described.’® Briefly, 2 x 10°> cells were inoculated onto 12-well,
gelatin-coated microplates (Sekiya Rika Co., Ltd, Tokyo, Japan).
Before treatment, the cells were treated for 24 hours with 0.1% FBS
in F-12K medium. Cells in the center of the plate were scratched
with a 200-pL micropipette tip, as previously described.*® The med-
ium was then replaced with the EGMTM-2 Bullet Kit. Next, the cells
were incubated with the test compounds in the presence of human
recombinant VEGF-A165 (7.5 ng/mL; Wako Pure Chemical Indus-
tries, Ltd). Wound closure was quantified by measuring the distance
from the baseline at 24 hours after treatment.

2.5 | Filamentous actin staining

Filamentous actin (F-actin) was stained with 0.1 pmol/L Acti-stain
488 phalloidin (Cytoskeleton, Inc., Denver, CO, USA), as described
elsewhere.'®

2.6 | Microarray analysis

Human umbilical vein endothelial cells were treated with 0.5 pmol/L
GO-Y078 for 72 hours or 0.04% of DMSO as a control. Samples were
prepared in triplicate for each condition. Total RNA was extracted
using the mirVana miRNA lIsolation Kit (Life Technologies, Carlsbad,
CA, USA). After qualification, equal amounts from each set were mixed
and labeled as GO-Y078-treated and control groups. The analysis was
conducted by Filgen Inc. (Nagoya, Japan). Transcripts from both
groups were analyzed using CodeLink Human Whole Genome Bioar-
ray (Applied Microarrays, Inc., Tempe, AZ, USA) composed of 57 000
transcripts, including 45 000 known genes. The data were scanned
using GenePix 4400A (Molecular Devices Inc., Sunnyvale, CA, USA)
and analyzed using CodelLink Expression Analysis v 5.0 (Applied
Microarrays, Inc.) after quantile normalization. The microarray data
analysis tool (version 3.2; Filgen Inc.) was used for data analysis.
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FIGURE 1 Chemical structures of diarylpentanoid curcumin analogs. A, GO-Y078; B, GO-Y030; C, GO-Y022; D, GO-Y136; E, Appearance

of 30 mg GO-Y030 (left) and GO-Y136 (right) in PBS

2.7 | Quantitative reverse transcription-polymerase

chain reaction

mRNA was obtained from HUVECKi2 incubated without or with
0.5 pmol/L GO-Y078 for 12-36 hours using the NucleoSpin RNA kit
(Takara Bio Inc., Shiga, Japan). Complementary DNA was then
obtained using the Affinity Script QPCR cDNA Synthesis Kit (Agilent

Technologies, Tokyo, Japan), according to the manufacturer's proto-

2.8 | Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay was carried out for fibronectin
using the Abcam Human Fibronectin ELISA Kit (ab108847; Abcam
Japan, Tokyo, Japan), according to the manufacturer's procedures.
Briefly, cells were seeded onto each well at a concentration of
0.5 x 10° cells, and the supernatant was corrected at the indicated
time with or without GO-Y078.

col. gPCR was carried out using the LightCycler 480 with LightCycler

480 SYBR Green | Master (Roche Molecular Systems, Inc., Pleasan-

2.9 | Small interfering RNA transfection

ton, CA, USA). The PCR reaction comprised 3 steps: denaturation

(95°C for 10 seconds), annealing (56°C for 10 seconds), and elonga-

tion (72°C for 10 seconds).

Expression level of GAPDH was used as the internal control. Rel-

ative expression values were corrected using the GAPDH expression

values.

The following primers were purchased from Life Technologies
Japan Ltd (Tokyo, Japan): FN1(+), 5'-CCATCGCAAACCGCTGCCAT-3/,
FN1(-), 5'-AACACTTCTCAGCTATGGGCTT-3’; GAPDH(+), 5-AAGAA
GGTGGTGAAGCAGGC-3’, GAPDH(-), 5-TCCACCACCCTGTTGCT

Small interfering RNAs for FN1 were obtained from OriGene Tech-
nologies, Inc. (Rockville, MD, USA) and included 3 types of FN-1
siRNA: SR301640A (FN1-A), SR301640B (FN1-B), and SR301640C
(FN1-C); SR30004 (mock) was used as a negative control. The siR-
NAs were transfected with Lipofectamine RNAIMAX transfection
reagent (Invitrogen, Tokyo, Japan) according to the manufacturer's
protocol. The siRNAs were used at 100-200 nmol/L concentration.
Cells that were seeded or were in suspension were next lipofected
for 24 hours.

GTA-3’; ACY1(+), 5-GGCTGCATGAGGCTGTGTT-3', ACY1(-), 5'-CTT

GGCACTGGTTGGGATG-3;  GNPTG(+),

GCAATGGCACCTGAATAACC-3,  PCSK7(-),

TGGCTTTGCAGGAGACC-3/,
GGTCAGC-3".

ACTR1B(-),

5'-CAGACTCTGCCAGTC
TTTGC-3’, GNPTG(-), 5'-CTCCCACTCGTGCCAGAT-3’; PCSK7(+), 5'-
5'-GTGGTTGCCAT
TCTCCACAT-3’; TIMM10B(+), 5-CTGCGTGACTTCCTGTTGGTC-3/,
TIMM10B(-), 5-TGCGATGCGGCGCTGTACC-3’; ACTR1B(+), 5-AGC
5'-ATGGGTAGCGGAT

2.10 | Measurement of GO-YO78 concentration in
the media

The specimen was applied to an Oasis HLB extraction cartridge
(Nihon Waters K.K., Tokyo, Japan) preactivated with methanol and
water (1.0 mL each). The cartridge was then washed with 1.0 mL
water and 1.0 mL of 80% methanol in water and eluted with 1.0 mL
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of 100% methanol. The eluate was dried by vortex-vacuum evapora-
tion at 70°C using a rotary evaporator (AS-ONE CVE-2AS; AS ONE
Corporation, Osaka, Japan). The resulting residue was then dissolved
in 20 pL methanol and vortexed for 30 seconds; 20 pL of the mobile
phase was added to the sample, and the sample was vortexed for
another 30 seconds. A 20 plL aliquot of the sample was then pro-
cessed by HPLC, which was conducted using a PU-2080 plus chro-
matography pump (JASCO, Tokyo, Japan) equipped with the
CAPCELL PAK C18 MG Il (250 mm x 4.6 mm i.d.; Shiseido, Tokyo,
Japan) HPLC column, a UV-2075 light source, and an ultraviolet
detector (JASCO). The mobile phase was acetonitrile-water (65:35, v/
v), which was degassed in an ultrasonic bath before use. Flow rate
was maintained at 0.5 mL/min at an ambient temperature, and sam-

ple detection was carried out at 330 nm.

2.11 | Animal experiments

In vivo experiment was conducted using Xenopus laevis, as described
previously.'®

A CTCL cell line, HH, was inoculated in the skin of nude mice,
BALB/cA-nu/nu at 5 x 107 cell concentration at each site. On the 7th
day after inoculation, GO-Y078 was applied daily as an ointment mixed
with petroleum jelly (0.5% w/w) to the tumors formed. After 2 weeks of
treatment, the mice were killed and the tumors were analyzed immuno-
histochemically. Empty petroleum jelly alone was used as a control.
Immunohistochemistry was conducted with anti-CD34 antibody
(QBENd/10; Roche Diagnostics K.K., Tokyo, Japan) by using BenchMark
ULTRAIHC/ISH Staining Module (Ventana Medical Systems, Inc., Tuc-
son, AZ, USA) according to the manufacturer's protocol. All animal
experimental protocols were approved by the Institutional Animal Care
and Use Committee at Akita University, and the experiments were con-
ducted in accordance with the Guidelines for Animal Experiments of
Akita University (a-1-2503 for Xenopus and 23-1-21 for CTCL).

2.12 | Statistical analyses

Stat Mate Il (ATMS, Tokyo, Japan) was used to carry out Fisher's

exact test. Level of statistical significance was set at P < .05.

3 | RESULTS

3.1 | Overcoming the resistance to VEGF inhibitors
using diarylpentanoid GO-Y078

Ki8751-resistant clones in HUVECs (HUVECK: cells) were established
by Nishio, and the main mechanisms of resistance were downregulation
of VEGF receptors (VEGFR1, 2, and 3), which are the targets of VEGF
inhibitors. Growth inhibitory effects of GO-Y078 on the VEGF inhibi-
tor-resistant HUVECKi2 were examined. As shown in Figure 2A, GO-
Y078 inhibited the growth of HUVECK:i2 at concentrations of <1 pmol/
L, whereas Ki8751 could not suppress HUVECKI2 at concentrations of
approximately 10 pmol/L. Ki8751 is a selective and strong VEGFR-2
inhibitor, and 50% of VEGF signaling is inhibited at 0.9 nmol/L

concentration.?* ICso of HUVECKi2 for GO-Y078 was 1.0 pmol/L. In
addition, sorafenib was slightly sensitive for HUVECKi2; however, its
ICsp value was 6.3 pmol/L (Figure 2A). ICsq values of Ki8751 and suni-
tinib were 17.0 and 16.5 pmol/L, respectively. For HUVECKi2, GO-
Y078 was 17.0-, 16.7-, and 6.4-fold more sensitive an inhibitor than
Ki8751, sunitinib, and sorafenib, respectively. For primary HUVEC, the
1Cs0 values of GO-Y078, Ki8751, sorafenib, and sunitinib were 0.6, 0.9,
1.5, and 2.2 pmol/L, respectively. HUVECKi2 was 1.7-, 18.9-, 4.2-, and
7.5-fold more resistant than HUVEC for GO-Y078, Ki8751, sorafenib,
and sunitinib, respectively (Table S1). For the other VEGF inhibitor-
resistant HUVECK; cells, HUVECKi4 and HUVECK;i5, we also examined
the effects of GO-Y078 (Figure S1 and Table S1). The antiangiogenic
potential of GO-Y078 was equal to that of either VEGF inhibitor-resis-
tant or VEGF inhibitor-sensitive cells. The ICsq values of GO-Y078 were
1.6 and 1.3 pmol/L for HUVECKi4 and HUVECK:I5, respectively. The
ICsp values of sorafenib were 2.8 and 3.5 pmol/L for HUVECKi4 and
HUVECKI5, respectively. However, Ki8751 and sunitinib did not reach
the ICsq value of <10 pmol/L for both HUVECKi4 and HUVECKI5. For
HUVECKIi4, GO-Y078 was 6.25-fold more sensitive than Ki8751 and
sunitinib, and 1.8-fold more sensitive than sorafenib. For HUVECK:i5,
GO-Y078 was >7.7-fold more sensitive than Ki8751 and sunitinib, and
2.7-fold more sensitive than sorafenib. GO-YO78 was the most sensi-
tive inhibitor to 3 VEGF inhibitor-resistant HUVECK:i cell lines as com-
pared with 3 VEGF inhibitors.

3.2 | Inhibitory effect of GO-YO078 on the mobility
of VEGF inhibitor-resistant HUVECKi2

We examined the effect of GO-Y078 on the mobility of VEGF inhi-
bitor-resistant HUVECKi2 using a wound-healing assay. The average
distances covered by HUVECKi2 at 0.5 and 1.0 pmol/L GO-Y078
concentrations at 12 hours were 620 + 18 and 641 + 9 nm, respec-
tively, whereas it was 505 + 18 nm without GO-Y078 (Figure 2C,D).
The mobile distance was significantly decreased in the presence of
0.5 pmol/L GO-Y078. Furthermore, the mobility distance regressed
to =38 + 29 and —213 + 22 nm at 24 hours for each GO-Y078 con-
centration, respectively. These data indicated that several HUVECKi2
were killed or detached in the presence of GO-Y078.

Then, we examined the effect of GO-Y078 on actin stress fiber
formation in HUVECKIi2 cells. Actin stress fiber formation was inhib-
ited with 1.0 pmol/L GO-Y078 (Figure S2).

3.3 | Microarray analysis

We determined the molecular targets for GO-Y078. Transcription
analysis was conducted on the mRNAs derived from the primary
HUVEC treated without or with GO-YO78 using microarrays com-
posed of 57 000 transcripts, and the results were compared
between the cells treated without or with GO-Y078. The results are
shown as the ratios against the mock (without GO-YO78; Figure 3,
Table S2). The top 3 transcripts with decreased and increased
expressions are described below: Expressions of aminoacylase-1
(ACY1), FN1, and N-acetylglucosamine-1-phosphate transferase gamma
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subunit (GNPTG) were downregulated because of GO-Y078 to
0.00001-, 0.025-, and 0.025-fold those of the mock, respectively.
Conversely, the expressions of proprotein convertase subtilisin/kexin
type 7 (PCSK7), translocase of inner mitochondrial membrane 10B
(TIMM 10B), and ARP1 actin-related protein 1 homolog B (ACTR1B)
were upregulated to 124 000-, 10 200-, and 90 100-fold those of
the mock, respectively. We considered these genes to be the targets
of GO-Y078 for its antiangiogenic potential.

3.4 | Target validation

To confirm the results of microarray analyses, we conducted qRT-PCR
for ACY1, FN1, GNPTG, PCSK7, TIMM 10B, and ACTR1B using the
cDNAs obtained from HUVECKI2 treated without or with GO-Y078.
Relative amounts of the transcripts at baseline, as compared with
GAPDH, were negligible, except for FN1; relative amounts of ACY1,
GNPTG, PCSK7, TIMM 10B, and ACTR1B were 0.00056, 0.000049,
0.0022, 0.0044, and 0.011, respectively, whereas the relative amount
of FN1 was 1.39 (Figure 4A). We next examined the changes in the
transcript amounts with 0.5 pmol/L GO-078. Surprisingly, all 5 tran-
scripts, except TIMM 10B, were downregulated (Figure 4B). The ranges
of the changes were also extremely small, except for FN1. As a result,
we focused on the expression of FN1. The relative expression of FN1
was suppressed because of GO-YO78 in a dose-dependent way (Fig-
ure 5). Relative amounts of FN1 were 0.39 + 0.02 and 0.31 + 0.03 in
the presence of 0.5 and 1.0 pmol/L GO-YQ78, respectively. Expression
of FN1 was suppressed to 69% of that of the control at 1.0 pmol/L.

3.5 | Downregulation of fibronectin with GO-Y078

We examined the expression of fibronectin encoded by FN1 in
HUVECKI2 treated with GO-Y078 (Figure 6). In the mock treatment,
expression level of soluble fibronectin gradually increased from

hours after treatment

hours after treatment

6 hours after seeding and reached 1.7-fold greater than the baseline
value at 24 hours. However, 1.0 umol/L GO-Y078 significantly sup-
pressed the increased soluble fibronectin at 48 hours after treat-
ment. Under this condition, level of soluble fibronectin reached only
1.8-fold greater than that at 24 hours. However, treatment with
0.5 pmol/L GO-YO78 could not suppress the level of soluble fibro-
nectin. We also examined the suppressive effects of 1.0 pmol/L sora-
fenib and 1.0 pmol/L sunitinib on soluble fibronectin. Sunitinib
slightly reduced the level of soluble fibronectin to 13% of the mock,

but sorafenib did not affect the soluble fibronectin levels.

3.6 | Knockdown of FN1 in VEGF inhibitor-resistant
HUVECK:i2 cells

The knockdown effect of FN1 on VEGF inhibitor-resistant
HUVECKI2 was investigated using the siRNA technique. The knock-
down experiment was conducted using 3 commercially available siR-
NAs of FN1: Si-FN1A, Si-FN1B, and Si-FN1C. First, we transfected
siRNAs into seeded HUVECKIi2. Among the 3 siRNAs, approximately
50% of knockdown of the FNI mRNA expression was achieved by
Si-FN1B (Figure 7A). Under this condition, we examined the growth
of HUVECKI2. As shown in the figure, only a slight delay of growth
at 24 hours after treatment was observed (Figure 7B). At 48 hours,
the growth delay was recovered. Fibronectin is a deposited extracel-
lular matrix protein secreted by the cells. As fibronectin already
exists in the adherent cells, we transfected Si-oligo into the sus-
pended HUVECKI2 to prevent the effect of the preexisting fibronec-
tin. In this case, a maximum of 20% of knockdown of the FN1
mMRNA expression was achieved by Si-FN1B (Figure 7C). However,
50% of the growth suppression was apparent in the case of
HUVECKI2 transfected by Si-FN1B at 24 hours as compared with
that in mock transfection (Figure 7D). However, this effect did not
last for long and was reversed at 48 hours. Thus, the knockdown of
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FN1 could only transiently suppress the growth of HUVECKi2. How-
ever, the downregulation of fibronectin with 1.0 pmol/L GO-Y078
lasted for over 48 hours, as shown in Figure 6. The effect of Si-
FN1B was apparent during 24 hours, but it started to recover at
48 hours (Figure S3A). The suppressive effect of GO-Y078 on
HUVECKI2 could be sustained for a long time. HPLC analysis of GO-

Hrs after treatment

FIGURE 6 Kinetic inhibition of fibronectin 1 (FN1) in HUVECK;2.
Relative amount of fibronectin is indicated at each time (h) after
treatment. HUVECKI2 was treated with 0.5 umol/L GO-Y078 (closed
rectangle), 1.0 pmol/L GO-YO078 (closed triangle), 1.0 pmol/L
sorafenib (closed circle), and 1.0 pmol/L sunitinib (open rectangle).
Mock is indicated by open circle. *P < .05, **P < .001

Y078 indicated that once it was added to the medium, the concen-
tration gradually decreased, but 65.5% * 3.15% of the initial concen-
tration was maintained in the medium (Figure S3B). This is a possible
reason for the difference in inhibition between Si-FN1B and GO-
Y078. We found that fibronectin is a key molecule contributing to
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angiogenesis and that it could be inhibited by GO-Y078. It was thus
speculated that the resistance to VEGF inhibition can be overcome
with GO-Y078, partially as a result of fibronectin suppression.

3.7 | In vivo antiangiogenic effects of GO-Y078

As shown previously, GO-Y078 inhibits angiogenesis in the develop-
ing tadpole of Xenopus, such as vascular branching and posterior car-
dinal vein defects (Figure S4).*® Sunitinib and sorafenib induced
angiogenesis abnormalities in 66.7% and 17.3% of the treated
fetuses at 1.0 umol/L, respectively. In the curcumin and mock treat-
ments, abnormalities were observed in 10% and 18.7% at 1.0 pmol/
L, respectively. In GO-Y078 treatment, the frequency of angiogene-
sis abnormalities was 50% at the same concentration. We also exam-
ined the inhibition of tumor angiogenesis with GO-YO78 in nude
mice inoculated with CTCL cell line HH. VEGF regulates tumor
angiogenesis of CTCL2®> Use of GO-YO78 ointment could signifi-
cantly inhibit the angiogenesis surrounding the skin tumors as well
as skin tumor apoptosis (Figure S5). Microvessel density was
1.7 £ 0.6/mm? in mock CTCL, whereas it was 0.7 + 0.3/mm?

(P =0.0002) in CTCL tumor treated with GO-YO78.

3.8 | Optimization of GO-Y078

It has been shown that GO-Y078 has a new antitumor angiogenic
potential through the inhibition of actin stress fiber formation by
FN1 downregulation. Thus, we examined the antiangiogenic poten-
tial of the other DCA. Among them, topical uses of GO-YO30 and
GO-Y022 show antitumor potential in vivo.?® GO-Y030 showed
comparable antiangiogenic potential to GO-Y078. ICsq values of GO-
Y030 for primary HUVEC, HUVECKIi2, and HUVECKi4 were 0.7, 0.8,
and 0.4 pmol/L, respectively (Table S1 and Figure S1). However, GO-
Y022 was less effective than GO-Y078 and GO-Y030. The ICsq val-
ues of GO-Y022 were 3.4, 2.9, and 1.8 pmol/L, respectively. How-
ever, these values of DCA, even that of GO-Y022, were much lower
than those of the angiogenic inhibitors such as Ki8751, sunitinib,

0 20 40
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1 ] 0 J
60 80 100 0 20 40 60 80 100

Hrs after treatment

and sorafenib (Table S1). We next examined the effects on actin
stress fiber formation with DCA in HUVEC and resistant HUVECK:i
(Figure S2D). In the presence of DCA, the cell density of the treated
HUVEC and resistant HUVECKi was very low as compared with that
of the control. These cells could not stretch their cell body well
because of the inhibition of actin stress fiber formation by DCA.
However, these DCA cannot be dissolved in water and their
bioavailability is low. Recently, we successfully developed a series of
water-soluble forms from GO-Y030 by conjugating bis-thiol-adduct
to GO-YO30 (Figure 1).2° GO-Y136 is the most potent derivative
bearing antitumor potential. The ICsq value of GO-Y136 was 0.8,
1.6, and 0.7 pmol/L for primary HUVEC, HUVECKi2, and HUVECKIi4,
respectively (Table S1). These values were comparable with those of
GO-Y078 and GO-Y030. GO-Y136 could also inhibit actin stress
fiber formation such as GO-Y078 and GO-Y030 (Figure S2D). GO-

Y136 is bioavailable and can be used i.v.

4 | DISCUSSION

In our previous study,*® we showed that GO-Y078 does not affect
VEGEF signaling but that it affects actin organization and focal adhe-
sion of HUVEC. In the present study, we indicated that GO-Y078
can inhibit the growth of HUVECKI2, 4, and 5, which are resistant
to VEGF signaling inhibitors, such as Ki8751, sunitinib, and sorafenib.
This finding is consistent with that of a previous report that sug-
gested actin organization-dependent migration of HUVEC as a criti-
cal step in the inhibition and as a target for treatment, although
angiogenesis is controlled by upstream growth factors. The direct
targets or specific underlying mechanisms of angiogenesis inhibition
due to GO-Y078 remain to be elucidated. We analyzed the expres-
sion profile of HUVEC treated with GO-Y078 using microarray anal-
ysis. Among the transcripts affected by GO-Y078, FN1 expression
was decreased, and suppression of FN1 and its products was con-
firmed by gRT-PCR and ELISA, respectively. Furthermore, knock-
down of FN1 inhibited the growth of HUVECKI2. Inhibition of
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fibronectin may contribute to the antiangiogenic effect of GO-Y078
to an extent. Secretion of fibronectin from endothelial cells leads to
the migration of these cells and angiogenesis through integrins.?” A

recent report28

also indicated that angiogenesis is initiated by sol-
uble fibronectin. Fibronectin is believed to be the key target for
antiangiogenic treatment. In fact, anastellin that binds to fibronectin
inhibits angiogenesis. Superfibronectin, a polymer of fibronectin that
enhances its adhesive properties, also inhibits angiogenesis. Collec-
tively, these results suggest that fibronectin is an important target
for antiangiogenesis therapy.?’! It has also been suggested that
fibronectin stimulates actin remodeling and phosphorylation of focal
adhesion component in an independent way from VEGF signaling.3?
Fibronectin associates with F-actin through integrins, such as a5p1
and avp3.3® Downregulation of fibronectin could result in disorgani-
zation of F-actin, as observed with GO-Y078 treatment; thus, fibro-
nectin is an important player in angiogenesis. Ki8751 specifically
inhibits VEGFR-2 phosphorylation, but sorafenib and sunitinib have
multitarget natures. Sunitinib inhibits multiple kinases, including all
receptors for PDGF and VEGFR.? Sorafenib inhibits multiple kinases,
including Raf kinase, PDGF, and VEGFR-2 and VEGFR-3.2 These
agents suppress growth signaling pathways from the upstream
receptors. On the contrary, GO-Y078 suppresses different sites of
the pathways. GO-Y078 directly suppresses the effectors of angio-
genic signaling such as FN1 and actin stress fiber formation (Fig-
ure S6). Unlike sunitinib, sorafenib inhibited the growth of the
resistant HUVECKi by decreasing the protein levels of FN1 at 2-
5 pmol/L.343°

It remains to be determined whether fibronectin is a direct target
for GO-Y078. Curcumin and its analogs, such as GO-Y078, may not
directly associate with DNA or RNA, but they may associate with
various proteins by Michael addition. In the present study, suppres-
sion of fibronectin was observed at the transcriptional and the trans-
lational levels. GO-Y078 may affect the transcriptional machinery.
Our DCA bearing the same chemical structure can directly bind KH
type-splicing regulatory protein, which is a single-strand nucleic acid
binding protein that affects different species of mRNAs and micro-
RNAs. Preliminary data indicated that GO-Y078 affects micro-
RNAs,3® some of which are associated with the regulation of
fibronectin expression.

GO-Y030 is comparable with GO-Y078. However, neither GO-
Y078 nor GO-Y030 dissolves in water and are therefore not suitable
for i.v. administration. GO-Y136, a water-soluble form of GO-Y030,
can be given i.v., thereby acting as a good agent for systemic usage.

Curcumin and its analogs have multitarget potentials,®” and they
directly affect certain molecules and show some biological reactions.
When a biological event is initiated in cells (eg, angiogenesis), the
concentrations of proteins that contribute to the process are
increased and accumulated within the endothelial cells. Curcumin
analogs may associate more frequently with these proteins because
of the increased amount of these proteins and then degrade
them.®® It has previously been shown that curcumin could induce
degradation of an oncogene product by the Michael reaction accep-
tor activity.®? As a result, the cells are transformed back from the

active stage to the onset or static stage. Thus, curcumin analogs
may merely degrade the excess amount of protein induced by some
biological reactions, which could be the effect of their multitarget
potential; however, these events remain to be systematically inves-
tigated.
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