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Cystathionine B-synthase (CBS) overexpression is related to the proliferation and migration of human colon
cancers. Targeted therapy that inhibits CBS has achieved promising effects in colon cancer treatments, but
no selective inhibitor of CBS is available. In our previous study, a natural biflavonoid compound, sikokianin
C, was identified as a potent and selective inhibitor of CBS. However, the mode of action of this compound
and its antitumor efficacy in vivo remain unknown. In the present study, we have demonstrated that
sikokianin C selectively inhibits CBS activity in a competitive manner, and the five key residues involved in
the binding of sikokianin C to the substrate channel of CBS protein were identified via a combination of
molecular docking and site-directed mutagenesis. Additionally, we analyzed the antitumor efficacy of
sikokianin C against human colon cancer cells in vitro and in vivo. Sikokianin C greatly suppressed the pro-
liferation of HT29 colon cancer cells with an ICsq value of 1.6 uM, and CBS is the target of sikokianin C in
mammalian cells, as evidenced by CBS knockdown analyses. Moreover, sikokianin C induced the apoptosis
of HT29 cancer cells in a dose dependent manner. Treating mice with sikokianin C dramatically reduced
the tumor volume and the weight of the colon cancer xenograft in vivo. These results indicate that the se-
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Introduction

Cystathionine B-synthase (CBS), a unique pyridoxal 5'-
phosphate (PLP)-dependent heme protein, is the central en-
zyme of the transsulfuration pathway that converts homocys-
teine into cysteine,' which is the limiting reagent in the syn-
thesis of the antioxidant glutathione.® Alternatively, CBS,
which is one of three key enzymes involved in the biosynthe-
sis of hydrogen sulfide (H,S), can catalyze the condensation
of homocysteine and cysteine or the condensation of two
moles of cysteine to produce H,S,%’” a recently recognized
endogenous gasotransmitter that mediates diverse biological
functions, including growth, differentiation, movement and
cell death.®®

Previous studies have indicated that CBS is highly
expressed in colon cancers compared to that in normal co-
lonic mucosa.’® Overexpression of the CBS protein has also
been observed in multiple colon cancer cell lines including
HT29, HCT116, and LoVo.'”'" Additionally, in breast, ovarian
and bladder cancers, a high level of CBS expression has also
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lective CBS inhibitor sikokianin C can potentially be used for the treatment of colon cancer.

been detected.’®™* Inhibition of CBS activity with inhibitors
reduces the proliferation and migration of cancer cells and
reduces the growth of tumors in vivo, suggesting that CBS
may be an anticancer drug target.'"® Therefore, the develop-
ment of selective and potent CBS inhibitors may be of great
value in treating CBS-related diseases.

However, currently, aminooxyacetic acid (AOAA) is the
only small molecule compound that has been widely used to
inhibit CBS activity in vivo, despite its poor selectivity for hu-
man CBS over other PLP-dependent enzymes, including an-
other H,S-producing enzyme cystathionine y-lyase (CSE), and
its poor potency, as a higher dose of AOAA (1-10 mM) is re-
quired to inhibit CBS activity under physiological condi-
tions.'® In previous reports, several selective CBS inhibitors
from commercially available libraries have been identified
through high-throughput screening assays.'’ > However, the
antitumor efficacy of only one compound, benserazide, was
assessed against the growth of HT29 cell xenografts in nude
mice, with a high dose of 50 mg kg™ d™."°

More recently, we have identified four selective CBS inhib-
itors (which do not inhibit the activity of CSE) by screening
6491 natural compounds.® These four inhibitors are catego-
rized as biflavonoids, and among them, sikokianin C isolated
from the medicinal herb Stellera chamaejasme had the most
potent cytotoxic activity against HT29 cells, with an ICs, value
of 1.5 uM.?° However, the mechanism behind the interaction

Med. Chem. Commun., 2018, 9, 113-120 | 113


http://crossmark.crossref.org/dialog/?doi=10.1039/c7md00484b&domain=pdf&date_stamp=2018-01-18
http://orcid.org/0000-0002-1361-578X
http://orcid.org/0000-0002-2007-3237
http://orcid.org/0000-0002-7597-6927
http://orcid.org/0000-0001-9523-2282
http://orcid.org/0000-0002-4275-1502
http://dx.doi.org/10.1039/c7md00484b
http://pubs.rsc.org/en/journals/journal/MD
http://pubs.rsc.org/en/journals/journal/MD?issueid=MD009001

Published on 16 November 2017. Downloaded on 30/05/2018 11:20:39.

Research Article

between the CBS protein and sikokianin C is unknown. Addi-
tionally, the antitumor efficacy of sikokianin C against hu-
man colon cancer in vivo needs to be further evaluated. In
this study, the binding mode between CBS and sikokianin C
was investigated by molecular docking simulations, and the
key residues involved in the binding of sikokianin C to the
CBS protein were identified via a combination of molecular
docking and site-directed mutagenesis. We also investigated
the in vitro antiproliferation effect of sikokianin C on HT29
colon cancer cells and tested the in vivo antitumor efficacy of
this compound in a human colon cancer xenograft.

Experimental
Materials

Aminooxyacetic acid (AOAA), pr-propargylglycine (PAG) and
p,.-homocysteine were purchased from Sigma-Aldrich (Mis-
souri, USA); HT29 cells (human colon adenocarcinoma cell
line) were obtained from the American Type Culture Collec-
tion (ATCC, USA); Cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo (Kumamoto, Japan); sikokianin C was
obtained from BioBioPha (Kunming, China); the anti-
cystathionine B-synthase (anti-CBS) antibody was obtained
from ABclonal (Wuhan, China); the anti-cystathionine
y-lyase (anti-CSE) antibody was purchased from Abcam
(Cambridge, USA). Unless otherwise specified, all chemicals
were used as received.

Protein expression and purification

Mutagenesis of CBS was carried out using a Quikchange II
XL Site-directed Mutagenesis Kit (Agilent Technologies, USA).
The mutations were verified by DNA sequencing (Sangon,
Shanghai, China). The expression and purification of the
wild-type and variant versions of human CBS were performed
as described previously for the wild-type proteins.*® The pu-
rity of all protein preparations was judged to be >90% by
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis) analysis.

H,S production assays

H,S determination was performed by using a lead sulfide as-
say as described previously with some modifications.*" For
measuring the CBS enzyme, an enzyme reaction mixture
containing 50 mM HEPES buffer (pH 7.4), 0.4 mM lead ni-
trate, 2 mM homocysteine and CBS was preincubated at 37
°C for 3 min, and then, the reaction was started by the addi-
tion of 2 mM cysteine. An extinction coefficient of 5500 M™*
em™ at 390 nm was used to estimate the lead sulfide
concentration.

To prepare the cell lysate, HT29 cells were washed thrice
with ice-cold PBS buffer and then scraped from 10 cm plates.
The cells were separated by centrifugation for 5 min, and 500
pL of HEPES buffer (50 mM, pH 7.4) was added (500 pL
buffer per plate cell). The cell suspension was frozen and
thawed thrice using a liquid nitrogen/water bath. The methy-
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lene blue assay was employed to measure the H,S production
with the following modifications."® The reaction solution
(200 pL) contained the cell lysate, 2 mM homocysteine and 2
mM cysteine. The inhibitors pr-propargylglycine (2 mM) and
aminooxyacetic acid (1 mM) were added to the mixture 10
min prior to the addition of cysteine. After 30 min of incuba-
tion at 37 °C, the reaction was terminated by the addition of
1% Pb(NO3), to trap H,S, followed by the addition of 15% tri-
chloroacetic acid (TCA) to precipitate proteins. Then, N,N-
dimethyl-p-phenylenediamine sulfate in 7.2 M HCI was added
to the reaction mixture and the addition of FeCl; in 1.2 M
HCI immediately followed. The absorbance of the solution
was measured at 670 nm. The H,S content was calculated
against a calibration curve of standard H,S solutions.

Molecular docking

Molecular docking was conducted using the GOLD 5.3 pro-
gram,?” and the crystal structure of CBS was obtained from
the Protein Data Bank (PDB ID: 1JBQ). The 3D model of CBS
was carried out with 5000 minimization steps using the
ffo9SB force field in Amber12.>> The 3D structure of
sikokianin C was sketched using Maestro (Schrodinger Inc.)
and optimized in 2000 steps in Amber12 using a GAFF force
field before the docking.>* Due to the superiority of binding
pose prediction, the ChemPLP score from the GOLD program
was used to finally produce the best binding model.>® It
should be noted that all docking simulations were conducted
at pH 7.0. The details of the molecular docking followed
those of previous studies.”®® Visualization of the structures
was performed using PyMol (DeLano Scientific, Palo Alto,
USA.). The molecular mechanics Poisson-Boltzmann surface
area method in Amber12 was employed to calculate the bind-
ing free energy of the constructed CBS-sikokianin C
complex.’**' The detailed process was run according to pre-
vious studies.*”*>

Effects of sikokianin C on the activity of wild-type and mu-
tant CBS proteins

The dose-dependent effects of sikokianin C on the activity of
wild-type and mutant CBS were determined by using the lead
sulfide assay described above. The ICs, values of sikokianin
C against wild-type and mutant CBS were measured in the
presence of 2 mM homocysteine, 2 mM cysteine, 5 ug of CBS
protein and 0.4 mM lead nitrate in a 200 pL total volume
(5% DMSO and 50 mM HEPES (pH 7.4)). A 5% DMSO reac-
tion mixture without sikokianin C was used as a control. The
purity of sikokianin C was 95% or more. Additionally, the
dose-dependent effects of AOAA on the activity of wild-type
CBS were also determined according to the methods men-
tioned above.

To test whether sikokianin C self-associates into colloidal
aggregates that non-specifically inhibit CBS, the effects of
sikokianin C on the activity of wild-type CBS were determined
in the presence of detergent (0.01% Triton X-100, vol/vol)
according to a previous report.*

This journal is © The Royal Society of Chemistry 2018
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Measurement of anti-proliferative activity

HT29 cells were cultured in DMEM supplemented with 10%
(v/v) fetal bovine serum and 1% penicillin-streptomycin solu-
tion (Sigma) at 37 °C with 5% CO,. The ICs, values of
sikokianin C and AOAA against HT29 cells were determined
using the CCK-8 assay, respectively. During the exponential
growth phase, HT29 cells were inoculated in a 96-well plate
at a density of 1 x 10" cells per well. After 24 hours of culture,
fresh medium containing varying concentrations of
sikokianin C and AOAA was added to the cells for an addi-
tional 24 h incubation. Subsequently, the CCK-8 solution (10
pL per well) was added to each well, followed by an addi-
tional 2 h incubation at 37 °C. The optical density at 450 nm
(OD,4s50) was measured using a microplate reader, and the me-
dium without sikokianin C and AOAA was used as the control
group. The cell viability rate is presented as the percentage of
the OD,50 of the experimental group compared to that of the
control group, which was considered to be 100%.

Measurement of apoptosis

HT29 cells (5 x 10° cells per well) were seeded in 6-well plates
and treated with 0.5 pM, 1 uM and 2 pM sikokianin C for 24
h, respectively. Then, they were trypsinized, centrifuged and
washed with cold PBS, and re-suspended in 195 pL of the
provided binding buffer. 10 uL FITC-labeled Annexin V and 5
pL PI (Beyotime, Shanghai, China) were added to the samples
and mixed gently. After 15 min incubation in the dark at
room temperature, the samples were immediately run on a
FACS Calibur flow cytometer (BD Biosciences, San Jose, CA,
USA) with a total of 10000 cells collected and analyzed with
the Annexin V-FITC/PI apoptosis method. Cytographs were
analyzed using BD CellQuest Pro Software (BD Biosciences,
San Jose, CA, USA). The results were represented as the mean
+ SD from three independent experiments.

Knockdown of CBS using small interfering RNA (siRNA)

The following siRNA sequences specific to human CBS were

used: 5'-GGAAGAAGUUCGGCCUGAATT-3/, 5'-
GGAACUACAUGACCAAGUUTT-3’ and 5'-
CCAUUGACUUGCUGAACUUTT-3'. A random siRNA was used
as the negative control siRNA, and  6-FAM

(6-carboxyfluorescein) labeling of random siRNA was used to
monitor the transfection efficiency. All siRNAs were designed
and synthesized by Sangon (Shanghai, China). HT29 cells at
30-40% confluency were transfected with 70 pmol of siRNA
using Lipofectamine 2000 (Invitrogen) in 60 mm dishes and
then incubated for 48 h according to the manufacturer's
protocol.

Western blotting

HT29 cells were washed thrice with ice-cold PBS and then
lysed in lysis buffer (50 mM Tris-HCI (pH 7.4), 150 mM NacCl,
0.5% sodium deoxycholate, 1% NP40, and protease inhibi-
tors). The cell lysates were centrifuged at 12000 rpm for 10
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min at 4 °C, and the supernatants were collected for protein
concentration determination. The proteins were resolved by
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis) and then transferred to a PVDF membrane. The
membranes were incubated with anti-CBS (1:2000) and anti-
CSE (1:10000) antibodies, followed by incubation with anti-
horseradish peroxidase-linked secondary antibodies. The
blots were visualized using chemiluminescence (Tanon,
Shanghai, China) and were quantified using Image] (National
Institute of Health).

In vivo study

Five-week-old male BALB/c nude mice were purchased from
Shanghai Lingchang Biological Technology Co., Ltd. (Shang-
hai, China). All experiments were performed in accordance
with the official recommendations of the Chinese animal
community. Mice were injected subcutaneously (s.c.) in the
right armpit (100 pL of HT29 cells, 1 x 10” cells per mL). The
tumor volume was measured periodically using calipers to
monitor tumor growth (volume = 0.5 x length x width?).
When the tumor volume reached approximately 100 mm?,
the mice were randomly assigned to the control or treatment
groups. Control groups were given a vehicle containing 1%
DMSO (dimethyl sulfoxide) and 0.5% carboxymethylcellulose
sodium in PBS buffer. AOAA (10 mg kg™ d "), sikokianin C at
3 mg kg™ d”* or sikokianin C at 10 mg kg™ d™* was provided
to the animals 6 d per week. ¢-Test comparisons of the tumor
volumes and final weights at harvest were performed. This
experiment was approved by the Institutional Animal Care
and Use Committee of Northwestern Polytechnical University
(permit number: 2017012) and was performed in accordance
with the National Institutes of Health guidelines for the care
and use of experimental animals.

Statistical analysis

Data are presented as the means + SD. Statistical analysis
was carried out using GraphPad Prism version 6.0 for Win-
dows. P < 0.05 was considered to be statistically significant.

Results and discussion

Sikokianin C selectively inhibits CBS activity via a
competitive mechanism

In our recent study, sikokianin C (Fig. 1A), a natural
biflavonoid compound isolated from the medicinal herb
Stellera chamaejasme, was identified as a selective inhibitor
of recombinant CBS.?° Moreover, it does not inhibit the activ-
ity of human cystathionine vy-lyase (CSE), which is another
H,S-producing enzyme in mammals. To determine the mode
of action of this selective inhibitor, the assay for monitoring
the CH;SH-producing activity of CBS was employed to investi-
gate the effect of varying concentrations of sikokianin C on
CBS activity using S-methylcysteine as a single substrate.>’
The results indicated that sikokianin C is a competitive in-
hibitor of CBS (Fig. S1t). Indeed, an ICs, value of 0.9 + 0.2
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Fig. 1 Dose-dependent inhibition of the activity of purified human
wild-type CBS by sikokianin C and AOAA. (A) Chemical structure of
sikokianin C. (B and C) The ICs5o values of sikokianin C and AOAA
against wild-type CBS were measured in the presence of 2 mM homo-
cysteine, 2 mM cysteine, 5 ug of CBS protein, 0.4 mM lead nitrate, and
varying concentrations of sikokianin C and AOAA in a 200 pL mixture
(5% DMSO and 50 mM HEPES (pH 7.4)). The graph represents the rela-
tive activity of CBS in the presence of different concentrations of in-
hibitors compared with the activity of untreated CBS (control), and
each data point is the mean + SD (n = 3). GraphPad Prism 6 software
was used to fit the data.

UM was obtained in the presence of 2 mM cysteine and 2
mM homocysteine by using a standard H,S-producing assay
(Fig. 1B), and the IC5, value increased to 5.5 + 1.2 uM in the
presence of 20 mM cysteine and 2 mM homocysteine (Fig.
S$2+), which is similar to our previous report.”® Given the low
concentration of cysteine (<0.2 mM) in cells,** the ICs, value
of 0.9 = 0.2 uM determined using 2 mM cysteine is more rea-
sonable under physiological conditions.

We next investigated the effect of AOAA, a commonly used
pharmacological CBS inhibitor, on the H,S-producing activity
of CBS at different substrate concentrations. An IC;, value of
7.5 + 0.6 uM was obtained in the presence of 2 mM substrate
(Fig. 1C), and the IC5, value was 8.6 + 0.5 pM in the presence
of 20 mM substrate (Fig. S3t), which is consistent with a pre-
vious report.'® Unlike the inhibitor sikokianin C, changes in
substrate concentration do not significantly affect the ICs,
value of AOAA, suggesting that AOAA is a non-competitive in-
hibitor of CBS.

Additionally, previous studies indicated that at micromo-
lar concentrations, many small molecules self-associate into
colloidal aggregates that non-specifically inhibit enzymes and
other proteins, and the aggregates can be dissociated by the
addition of detergent.>* To rule out the possibility of non-
specific inhibition, the effect of sikokianin C on the activity
of CBS was determined in the presence of detergent (0.01%
Triton X-100, vol/vol). As shown in Fig. S4,f an ICs, value of
1.4 uM was obtained, which is similar to the ICs, value (0.9
uM) in the absence of the detergent. These results indicated
that sikokianin C specifically inhibits the activity of CBS.
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Key residues involved in the sikokianin C binding site on
CBS

To understand the mechanisms underlying the selectivity of
this inhibitor, we further investigated the sikokianin C bind-
ing site on CBS using structural modelling. The crystal struc-
ture of human CBS, which has been determined in the ab-
sence of a substrate, was employed for docking analysis. The
docking complex revealed that the sikokianin C compound
appears to bind at the entrance of the substrate access chan-
nel on the CBS protein (Fig. S51). According to the binding
free energy calculation, five amino acid residues (T193, N194,
H203, Y223 and Y308) contribute >2 kcal mol™" to the total
interaction energy, as shown in Fig. 2A and B. These five resi-
dues, H203, Y308, Y223, N194 and T193, which are listed in
descending order by the total binding energy contribution,
were predicted to be involved in sikokianin C binding to CBS
in the simulated CBS-sikokianin C complex. In this structure,
the phenolic hydroxyl groups and the carbonyl group of
sikokianin C form five hydrogen bonds with these five
residues.

To further verify the reliability of the molecular docking
analysis, these five residues were replaced with alanine by
site-directed mutagenesis. The specific activities of the wild-
type and five mutant CBS proteins (T193A, N194A, H203A,
Y223A and Y308A) are shown in Fig. 3A. The H,S producing
activity of the N194A and Y308A CBS mutants was similar to
that of wild-type CBS (24.8 + 0.59 umol h™ mg™), while the
activity of the T193A, H203A and Y223A CBS mutants de-
creased dramatically. We next investigated the effect of

His203 Thr193

s8]

Thr193
3k Asnl94)
- Tyr223

Tyr308

His203

Total energy contributions (kcal/mol)

5 1 L s L L L L

43 Residue Number 401

Fig. 2 Interaction analysis for the simulated CBS-sikokianin C
complex. (A) Average conformation of CBS-sikokianin C complex. (B)
Total energy contribution of each amino acid residue in the CBS
protein.
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Fig. 3 Dose-response curves of sikokianin C with the five mutant CBS
proteins. (A) The activities of the wild-type and five mutant CBS pro-
teins were determined by using the lead sulfide assay. (B-F) Dose-re-
sponse curves of sikokianin C with the T193A CBS, N194A CBS, H203A
CBS, Y223A CBS and Y308A CBS mutants. The mutation of each amino
acid residue reduces the binding ability between CBS and sikokianin C
to various degrees.

sikokianin C on the activity of these five mutants by measur-
ing the ICs, values of sikokianin C against the mutant CBS
proteins. As shown in Fig. 3B-F, the binding affinity of
sikokianin C was weakened to various degrees by the individ-
ual mutation of selected residues (T193, N194, H203, Y223
and Y308), with IC5, values ranging from 11.2 + 1.8 uM to
43.0 + 2.3 uM, compared with the high affinity of sikokianin
C for wild-type CBS, as evidenced by an ICs, value of 0.9 + 0.2
uM (Fig. 1B). Of the five mutant proteins, H203A and Y308A
CBS were unfavorable for the binding of sikokianin C, with
ICs values of 43.0 + 2.3 uM and 24.0 = 1.0 uM, respectively,
which are ~48 and 27 times higher than the IC;, values de-
termined for wild-type CBS. For the other three residues,
namely, T193, N194 and Y223, their mutations moderately
impacted the binding affinity of sikokianin C, with ICs,
values of 11.2 + 1.8 uM, 18.7 + 1.1 uM and 16.9 + 2.7 uM, re-
spectively. These experimental results are consistent with the
total binding energy contributions determined in the docking
analysis.

Sikokianin C is cytotoxic against HT29 colon cancer cells

A previous study indicated that, in colorectal cancers, a sub-
stantially high level of human CBS expression plays a key role
in promoting the proliferation and migration of cancer

This journal is © The Royal Society of Chemistry 2018
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cells.’® We next sought to determine the CBS expression pro-
file and the effect of sikokianin C on proliferation in HT29
cells. Consistent with a previous report, a high level of CBS
expression and a very low level of CSE expression, which is
another enzyme involved in the biosynthesis of H,S in mam-
malian cells, were detected in HT29 cells (Fig. 4A). Addition-
ally, the H,S-producing activity of CBS and CSE in the HT29
cell lysate was determined by using the methylene blue assay
in the presence of AOAA (an inhibitor of both CBS and CSE)
or PAG (an inhibitor of CSE). As shown in Fig. 4B, compared
with the H,S-producing activity of the control group (27 =
0.39 nmol h™ mg™), the activity of the cell lysate in the pres-
ence of 1 mM AOAA or 2 mM PAG was 5.4 = 0.16 nmol h™
mg " or 24.6 + 0.89 nmol h™ mg™, respectively. Therefore,
the amount of CSE-derived H,S was 2.4 nmol h™ mg™, and
that of CBS-derived H,S was 19.2 nmol h™ mg™. The calcu-
lated amount of CBS-derived H,S was 8-fold higher than that
of CSE-derived H,S in HT29 colon cancer cells. Notably,
sikokianin C inhibited the proliferation of HT29 cells with an
IC5 value of 1.6 + 0.2 uM (Fig. 5A). AOAA showed a weak in-
hibition of HT29 cells with an ICs, value of 159.2 + 22.3 uM
(Fig. S6%), which is consistent with previous studies."**°

To investigate whether sikokianin C specifically targeted
CBS in mammalian cells, CBS was knocked down in HT29
cells using siRNA. As shown in Fig. 4C, the protein expres-
sion level of CBS decreased to 41% of that of the control
group, as determined by immunoblotting analysis. Consis-
tent with the previous study,'® siRNA-mediated knockdown

8

N
R}

Control

Fig. 4 Small interfering RNA (siRNA)-mediated knockdown of CBS in
HT29 cells. (A) A high expression of the H,S producing enzyme CBS,
not cystathionine y-lyase (CSE), was detected in HT29 cells by immu-
noblotting analysis. (B) The H,S-producing activities of CBS and CSE
were measured by using the methylene blue assay described in the
“Experimental” section. 200 pL of the reaction mixture (50 mM HEPES,
pH 7.4) contained the cell lysate, 2 mM homocysteine, 2 mM cysteine
and either 2 mM pL-propargylglycine (an inhibitor of CSE) or 1 mM
aminooxyacetic acid (an inhibitor of CBS and CSE). (C) HT29 cells were
transfected with a negative control siRNA (NC siRNA) or a CBS-
targeted siRNA (CBS siRNA) for 48 h; then, cell lysates were used for
immunoblotting analysis. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the loading control.
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Fig. 5 Effect of sikokianin C on the viability of HT29 cells with or
without siRNA-mediated knockdown of CBS. (A) The ICsq value of
sikokianin C against HT29 cells was determined using the CCK-8 assay.
(B) The ICsq value of sikokianin C against HT29 cells after the siRNA-
mediated knockdown of CBS was determined using the CCK-8 assay.
The data represent the cell viability of the experimental group com-
pared with that of the control group (no sikokianin C) and are
presented as the means + SD (n = 4). GraphPad Prism 6 software was
used to fit the data.

of CBS inhibits the proliferation of HT29 cells (Fig. S7}). The
dose-response curve of sikokianin C was measured to obtain
the ICs, value for inhibiting proliferation in HT29 CBS-
knockdown cells. As shown in Fig. 5B, the ICs, value is 4.7 +
0.3 uM, which is approximately 3 times higher than the ICs,
value measured in the untreated HT29 cells. Expectedly, the
ICs5, value of AOAA against HT29 CBS-knockdown cells also
increased to 286.7 + 44.5 pM compared to 159.2 + 22.3 uM
determined in HT29 cells (Fig. S61). Compared with our pre-
vious report, the ICs, value of sikokianin C against the hu-
man nonmalignant colonic epithelial NCM356 cell line
(which overexpresses CSE but has very low levels of CBS™) is
19 uM.>® The discrepancy between these two ICs, values in
the CBS-knockdown HT29 cells and the NCM356 cells may re-
sult from the low siRNA knockdown efficiency (only 59% of
CBS protein was silenced in HT29 cells). These results indi-
cated that CBS is the target of sikokianin C in mammalian
cells. However, it should be noted that sikokianin C probably
has other targets in vivo in addition to the CBS protein.

Additionally, to explore the mode of cell death for HT29
cancer cells, sikokianin C was employed to induce HT29 can-
cer cell apoptosis, which was then examined by the Annexin
V-FITC/PI assay. As shown in Fig. 6, the percentages of apo-
ptosis for HT29 cells treated with sikokianin C at 0.5, 1, and
2 uM for 24 hours were 17.1, 22.0, and 31.5%, respectively.
These results indicated that sikokianin C induced the apopto-
sis of HT29 cancer cells in a dose dependent manner.

In vivo antitumor activity of sikokianin C in HT29 colon
cancer xenografts

Given its encouraging activity in vitro, we next investigated
the antitumor efficacy of sikokianin C in vivo. Here, we
established a colon xenograft tumor model derived from
HT29 cells in nude mice. When the average tumor volume
reached approximately 100 mm?®, daily s.c. treatments of
sikokianin C (3 mg kg™* d™), sikokianin C (10 mg kg™ d™"),
AOAA (10 mg kg™* d™") or vehicle control were provided.

A previous study indicated that tumor growth was signifi-
cantly reduced by 9 mg kg™* d™* AOAA, but not at lower doses
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Fig. 6 Flow cytometric analysis of HT29 cell apoptosis after being
treated with different concentrations of sikokianin C. (A) HT29 cells
(untreated and sikokianin C treated) were stained with Annexin V/PI.
(B) The percentages of Annexin V-positive cells of HT29 cells treated
with different concentrations of sikokianin C. Data were represented
as means * SD (n = 3). **p < 0.01 vs. control; ***p < 0.001 vs. control.

in nude mice bearing subcutaneous colon cancer cell xeno-
grafts.®® Therefore, in the present study, AOAA (10 mg kg™
d™) was used as a positive control. No major adverse effects
on body weight were observed in the sikokianin C and AOAA
groups compared with that of the control group (Fig. S87).
The animals were sacrificed on day 28 (after 12 treatments),
and tumors were excised and weighed. Both sikokianin C (3
mg kg™ d and 10 mg kg' d') and AOAA significantly
inhibited the growth of xenograft tumors compared with the
control (Fig. 7A-C). Moreover, sikokianin C dose-dependently
inhibited the growth of tumors. The tumor weights in the
sikokianin C (10 mg kg™ d™*) and AOAA groups were reduced
to 46% and 44%, respectively, compared to that of the con-
trol group (Fig. 7D), suggesting that the antitumor efficacy of
sikokianin C is identical to that of AOAA at a dose of 10 mg
kg d7.

Currently, AOAA is the only small molecule compound
that has been widely used as an inhibitor of CBS in vivo.
However, a previous study indicated that AOAA is also an ef-
fective CSE inhibitor, probably leading to side effects in the
cardiovascular system where CSE is the major enzyme re-
sponsible for producing H,S. Therefore, AOAA should no lon-
ger be used to selectively inhibit CBS in vitro and in vivo.'®

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Sikokianin C inhibits tumor growth in human colon cancer
xenograft models. Nude mice with established subcutaneous HT29
human colon tumors were injected s.c. with aminooxyacetic acid
(AOAA, positive control), sikokianin C or the vehicle control. All
regimens were administered daily for 6 d with a 1 d drug holiday for a
total number of 12 treatments. (A) The macroscopic appearance of
tumors in BALB/c nude mice 12 days after treatment (n = 6 per group).
Antitumor effect of sikokianin C and AOAA against established
xenograft tumors in nude mice. On day 28, all the mice were killed,
and tumors were excised. (B and C) Sikokianin C treatment
significantly reduced the tumor volume after the s.c. injection of HT29
cells in human tumor xenograft models. Each data point represents
the mean + SD (n = 6). (D) Mean tumor weight (£SD). ***p < 0.001.

Thus, there has been increasing interest in developing a se-
lective and potent CBS inhibitor. Collectively, the results of
our study demonstrate that sikokianin C, a selective CBS in-
hibitor, has significant antitumor activity against colon can-
cer in vitro and in vivo. However, it should be noted that
sikokianin C probably has other targets in vivo in addition to
the CBS protein.

Conclusions

In summary, our results show that sikokianin C is a selective,
competitive inhibitor of CBS. The key residues involved in
the binding of sikokianin C to CBS were identified via a com-
bination of molecular docking and site-directed mutagenesis.
Moreover, our findings clearly show that sikokianin C signifi-
cantly inhibits colon cancer cell proliferation and survival
in vitro and in vivo. These results suggest that sikokianin C
can be used as a selective inhibitor of CBS in vivo.
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