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ARTICLE INFO ABSTRACT

Keywords: Cysteine-rich angiogenic inducer 61 (CYR61, also termed CCN family member 1 or CCN1), is a matricellular
Hydrogen sulfide protein encoded by the CYR61 gene. This protein has been implicated in the regulation of various cancer-
CyR61

associated processes including tumor growth, angiogenesis, tumor cell adhesion, migration, and invasion as

:f;gmsm well as the regulation of anticancer drug resistance. Hydrogen sulfide (H5S) is a gaseous endogenous biological
P38MAPK mediator, involved in the regulation of cellular bioenergetics, angiogenesis, invasion, and chemotherapeutic

resistance in several types of cancer. HpS is produced by three enzymes: cystathionine-f-synthase (CBS), cys-
tathionine-y-lyase (CSE) and 3-mercaptopyruvate sulfurtransferase (3-MST). The current studies were set up to
investigate if CBS or 3-MST regulates CyR61 in colon cancer cells in the context of the regulation of proliferation,
migration, and survival. The study mainly utilized HCT116 cells, in which two of the principal HS-producing
enzymes, CBS and 3-MST, are highly expressed. The HyS donor GYY4137 and the polysulfide donor NasSs3
activated the CyR61 promoter in a concentration-dependent fashion. Aminooxyacetic acid (AOAA), a pharma-
cological inhibitor of CBS as well as HMPSNE: 2-[(4-hydroxy-6- methylpyrimidin-2-yl)sulfanyl]-1-(naphthalen-1-
yDethan-1-one, a pharmacological inhibitor of 3-MST inhibited CyR61 mRNA expression. This effect was more
pronounced in response to HMPSNE than to AOAA and occurred through the modulation of S1PR via ATF1 and
CREB. CyR61 was found to play an active, but relatively minor role in maintaining colon cell proliferation.
HMPSNE markedly suppressed the secretion/release of CyR61 from the colon cancer cells. Moreover, HMPSNE
promoted colon cancer cell apoptosis; endogenously produced CyR61 was found to counteract this effect, at least
in part via RhoA activation. Taken together, we conclude that the upregulation of 3-MST in cancer cells exerts
cytoprotective effects and confers the cancer cells a more aggressive phenotype — at least in part via the mod-
ulation of CyR61 expression and release.

Colon cancer

sulfanyl]-1-(naphthalen-1-yl)ethan-1-one) is a commonly used compet-
itive inhibitor of this enzyme [11,18-21]. Pharmacological inhibition of
HsS enzymes in various types of cancer cells — including colon cancer,
ovarian cancer, breast cancer and others — decreases proliferation,
migration, and cellular bioenergetics, induces cancer cells apoptosis,
sensitizes cancer cells to chemotherapeutic drug and induces
mesenchymal-to-epithelial transition [5-15,19-25].

Cysteine-rich angiogenic inducer 61 (CYR61 or CCN family member
1) is a cell-associated as well as secreted matricellular protein involved
in tumor formation, growth, vascularization, angiogenesis, adhesion,
drug resistance, migration, and invasion [26-40]. In colorectal cancer,
CyR61 has been reported to promote cell migration, invasion, and
metastasis; high expression of this protein was shown to correlate with
poor prognosis [26,41-44]. The CyR61 promoter, which is responsive to
the transcription factor Sp1 (specificity protein 1), has been shown to be

1. Introduction

Hydrogen sulfide (HsS) is a mammalian gasotransmitter, generated
in various cell types in a regulated fashion by 3 principal enzymes:
cystathionine-y-lyase (CSE), cystathionine-p-synthase (CBS), and 3-mer-
captopyruvate sulfurtransferase (3-MST) [1-4]. Upregulation of various
H,S-producing enzymes has been demonstrated in various cancer cells
over the past decade. H,S in cancer cells promotes cell proliferation and
migration, stimulates cellular bioenergetics, enhances angiogenesis,
promotes cancer cell dedifferentiation, invasion, and metastasis, and
confers resistance to chemotherapeutic agents and to ionizing radiation
[4-15]. Aminooxyacetic acid (AOAA), an inhibitor of PLP-dependent
enzymes, is commonly used to inhibit CBS in vitro and in vivo [1,16,
17]. For 3-MST, HMPSNE (2-[(4-hydroxy-6-methylpyrimidin-2-yl)
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List of abbreviations:

3-MST  3-mercaptopyruvate sulfurtransferase

ACLY ATP citrate lyase

AP-1 activating protein-1

APC allophycocyanin

AOAA  aminooxyacetic acid

ATCC American Type Culture Collection

ATF Activating Transcription Factor

BID BH3 interacting-domain death agonist

BSA bovine serum albumin

CAV1 caveolin-1

CBS cystathionine-f-synthase

cDNA complementary deoxyribonucleic acid

CRC colorectal cancer

CREB cAMP-response element binding protein

CSE cystathionine-y-lyase

CyR61  cysteine-rich angiogenic inducer 61

ELISA  enzyme-linked immunosorbent assay

FACS fluorescence-activated cell sorting

FBS fetal bovine serum

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GYY4137 4-methoxyphenyl(morpholino)phosphinodithioate
morpholinium salt

H,S hydrogen sulfide

HIF-1la  hypoxia-inducible factor-1a

HMPSNE  2-[(4-hydroxy-6-methylpyrimidin-2-yl)sulfanyl]-1-
(naphthalen-1-yl)ethan-1-one

HRP horseradish peroxidase

IgG immunoglobulin G

JUN jun proto-oncogene

MFI mean fluorescence intensity

MET mesenchymal-to-epithelial transition
Na,S3 disodium trisulfide

P38MAPK p38 mitogen-activated protein kinase
PBS phosphate-buffered saline
PI propidium iodide

PCR polymerase chain reaction

PDVF polyvinylidene fluoride

PTEN phosphatase and tensin homolog

gPCR quantitative polymerase chain reaction
gqRT-PCR real-time reverse transcription-PCR
RhoA ras homolog family member A

RIPA radioimmunoprecipitation assay

RNA ribonucleic acid

RT reverse transcriptase

S1PR sphingosine-1-phosphate receptor

SDS sodium dodecyl sulfate

SEM standard error of the mean

Shh sonic hedgehog

Spl specificity protein 1

TBST mixture of tris-buffered saline and Tween 20

activated by various factors that are relevant for the pathogenesis of
cancer, such as hypoxia-inducible factor-1a, cAMP response element
binding protein (CREB) and activator protein-1 (AP-1) [45-47]. Sphin-
gosine 1-phosphate (S1P) induces CyR61 through the induction of RhoA
GTPase and p38MAPK signaling pathways, by activating the CREB and
AP-1 regions of the CyR61 promoter [45-49].
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The Wnt/p-catenin pathway plays a fundamental role in cancer
development and metastasis [50,51]. Several studies have demonstrated
that this pathway is both interlinked with CyR61 and with various
HjS-associated pathways [20,52-54]. Thus, here we have examined if
CyR61 is regulated by endogenous HS in cancer. We have used HCT116
cells, a human colon cancer cell line in vitro, where the importance of
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Fig. 1. H,S and polysulfides activate the CyR61 promoter. Flow-cytometric analysis of mCherry protein after treatment of HCT116 cells with increasing con-
centrations of GYY4137 or Na,S; for 48 h, mCherry expression reflects the activation of the CyR61 promoter. A: Histogram showing the increase of the mCherry
positive cell population in the presence of increasing concentrations of GYY4137 or Na,Ss. B: Percentage of activated cells compared to control. Data are shown as

mean + SEM, n = 4, **p < 0.01 compared to control. C: mCherry mean fluorescence intensity (MFI) compared to control. Data are shown as mean + SEM, n = 4,

p

< 0.01 compared to control. D: Cell viability after 48 h treatment with increasing concentrations of GYY4137 or Na,Ss. Data are shown as mean + SEM, n = 4,

**p<0.01 compared to control.
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both CyR61 and the HjS producing enzymes CBS and 3-MST have pre-
viously been demonstrated.

2. Results

H,S and polysulfides activate the CyR61 promoter. To examine
the effect of H,S and polysulfides on the activity of the CyR61 promoter,
we have introduced a viral vector containing a CyR61 promoter with an
inducible mCherry reporter into HCT116 cells. HCT116 is a human
colon cancer cell line, in which the pathogenetic role of CBS and 3-MST
has previously been demonstrated [4,9-11,20]. The slow-release HyS
generator GYY4137, as well as the polysulfide donor Na,Ss
concentration-dependently activated the CyR61 promoter (Fig. 1A,B,C).
In line with the bell-shaped concentration-response character of HyS —
where low and intermediate concentrations of this mediator serve reg-
ulatory roles, while higher concentrations become inhibitory, at least in
part via inhibition of mitochondrial Complex IV [1] - a slight cytotoxic
effect was observed with the highest GYY4137 and NayS3 concentrations
used (Fig. 1D). However significant CyR61 promoter activation was
already noted at lower concentrations of GYY4137 (1-3 mM) and NayS3
(100 uM), where these agents exerted no adverse effects on cell viability
(Fig. 1A,B,C).

Inhibition of 3-MST suppresses CyR61 mRNA expression
through S1PR via ATF1 and CREB. Since our data indicated that HyS
and polysulfides are able to induce the activation of the CyR61 pro-
moter, we next examined the effect of H,S biosynthesis inhibition on
CyR61 mRNA expression in HCT116 cells. Cells were treated with
various concentrations of prototypical HaS biosynthesis inhibitors for
48 h. We used HMPSNE for inhibition of 3-MST; and AOAA for inhibi-
tion of CBS. We have also tested the combined application of both agents
- since in some cases after inhibition of one biological source of H,S,
cellular responses can be partially compensated by another HyS pro-
ducing enzymes [1,15]. Using live cell imaging, we quantified HyS
production in HCT116 cells after treatment of the cells with HMSPNE or
AOAA. There was a significant concentration-dependent decrease of HaS
levels in response to both inhibitors (Fig. 2). We have also quantified
CyR61 mRNA levels after treatment of the cells with HMSPNE or AOAA
and found that each inhibitor, as well as the combination of these two
inhibitors significantly decreased CyR61 mRNA levels (Fig. 3A).

Next, we have conducted a series of experiments to investigate the
mechanism involved in the above effect. Previous studies have demon-
strated that CyR61 expression can be upregulated via SIPR (sphingosine
1-phosphate receptor), RhoA GTPase and p38MAPK signaling [45,48].
Thus, we have investigated the expression of SIPR (sphingosine 1-phos-
phate receptor), CREB and ATF1 (p38MAPK signaling pathway) in the
current experimental system and tested the effect of HyS biosynthesis
inhibition. Although HMPSNE had no significant effect on S1PR2
mRNA, a significant downregulation of S1PR2 protein level was
observed after treatment of the cells with the 3-MST inhibitor. In
contrast, the CBS inhibitor AOAA significantly increased SIPR2 mRNA
and protein levels. When the two inhibitors were tested in combination,
a significant decrease of S1IPR2 protein level was noted (Fig. 3A,B,C).
ATF1 protein was significantly downregulated in response to either of
the two inhibitors as well as in response to their combination, although
the inhibitory effect of these agents on its mRNA was relatively slight
(Fig. 3A,B,C). Similarly to SIPR2, CREB protein was also downregulated
by treatment of the cells with the 3-MST inhibitor HMPSNE, while AOAA
did not exert an inhibitory effect at high concentrations, and it exerted
stimulatory effects at lower concentrations (Fig. 3B and C).

CyR61 does not regulate CBS or 3-MST expression, nor does it
regulate the Wnt/p-catenin pathway. To assess the potential role of
CyR61 in the regulation of HaS-producing enzymes, we have tested the
effect of CyR61 knockdown on the expression of CBS and 3-MST.
Introduction of a viral vector containing shRNAs targeting the CyR61
gene into HCT116 cells yielded a 60% downregulation of CyR61 protein.
However, CyR61 silencing did not affect the expression of either CBS or
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Fig. 2. H,S quantification in live HCT116 cells in presence of HMPSNE or
AOAA. The remaining H,S in the cell after 48 h incubation with several con-
centrations of HMPSNE or AOAA was quantified by fluorescence imaging. A:
Representative pictures showing brightfield (BF), AzMC and merged images. B:
Quantification of AzMC fluorescence per cell. Data are shown as mean + SEM,
n = 3, **p<0.01 compared to control.
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Fig. 3. 3-MST inhibition suppresses CyR61 mRNA levels through the inhibition of S1PR via ATF1 and CREB (p38MAPK pathway). A: Quantitative real-time
PCR (qPCR) analysis of endogenous mRNA levels of CyR61, SIPR2 and ATF1 in HCT116 cells after incubation with HMPSNE, AOAA or their combination for 48 h.
Data are shown as mean + SEM of at least 4 independent experiments, *p < 0.05, **p < 0.01 compared to control. B,C: Western blot analysis of SIPR2 and p38MAPK
pathway markers in presence of HMPSNE, AOAA or their combination for 48 h. Data are shown as mean + SEM, n = 4, **p<0.01 compared to control.

3-MST. B-catenin expression, or the expression of ACLY protein (which is
involved in the regulation of the Wnt/f-catenin pathway) were also
unaffected by CyR61 silencing (Fig. 4A and B).

CyR61 silencing attenuates colon cancer cell proliferation, but
does not affect migration. Next, we have examined if the CyR61
silencing modulates HCT116 migration or proliferation. We have
selected the HCT116 Sh3 CyR61 cell line with the strongest CyR61

downregulation and performed an IncuCyte Scratch Wound Assay and
an IncuCyte Cell Count Proliferation Assay. CyR61 silencing produced a
slight, but statistically significant suppression of cell proliferation.
However, it did not affect cell migration (Fig. 5A,B,C).

Cyclin D1 downregulation in part via ATF1, CREB and CDK4
promotes cell cycle arrest in G1-S phase, leading to apoptosis and
necrosis. The transcription factors AP-1, composed by ATF, JUN and
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Fig. 4. CyR61 does not regulate the expression of H,S-producing enzymes or the Wnt/p-catenin pathway. A,B: Western blot analysis of CyR61, H,S enzymes
and Wnt/p-Catenin pathway markers in wild-type HCT116 cells, ShCTR cells (i.e. cells treated with non-coding vector) and three HCT116 cell lines with CyR61
silencing. Data are presented as mean + SEM of at least 4 independent experiments. *p<0.05, **p<0.01 compared to control.
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Fig. 5. CyR61 silencing slightly suppresses HCT116 cell proliferation and has no effect on cell migration. A: Representative curves of wound confluence and
proliferation rates in percentage of HCT116 ShCTR and HCT116 ShCyR61 cell lines. B: Quantitative analysis of wound healing rates and proliferation rates for 48 h.
Data are shown as mean + SEM, n = 5, **p<0.01 compared to control. C: Migration of HCT116 ShCTR and HCT116 ShCyR61 cells, assessed by wound healing assays

at 48 h.

FOS, and CREB can activate the Cyclin D1 promoter, a key player in G1-S
phase transition [47,55-57]. Since 3-MST inhibition suppresses ATF1
and CREB protein expression (Fig. 3A,B,C), we have examined if
HMPSNE also affects cyclin D1 expression. HMPSNE — alone or com-
bined with AOAA - caused a significant downregulation of cyclin D1,

when both agents were used at their highest concentrations (Fig. 6A and
B). This downregulation can be explained in part by a decrease in ATF1
and CREB expression. However, it does not explain why Cyclin D1 is
downregulated at lower HMPSNE concentrations, where the expression
of ATF1 or CREB is not decreased. This finding indicates that others
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Fig. 6. 3-MST inhibition in HCT116 cells induces cyclin D1 downregulation in part via ATF1, CREB and CDK4, which is associated with G1-S phase cell
arrest and cell death. A,B: Western blot analysis of Cyclin D1, CDK4 and GSK3p proteins after treatment of HCT116 cells with HMPSNE, AOAA or their combination
for 48 h. Data are shown as mean + SEM, n = 4, **p < 0.01 compared to control. C: Representative FACS plots showing the Q1 population (early apoptotic cells), Q2
population (late apoptotic cells), Q3 population (necrotic cells) and Q4 population (cells alive). D: Quantification of apoptotic cells, distinguishing the late and the
earlier apoptosis ratios, and necrotic cells compared to control. Data are shown as mean + SEM, n = 5, *p<0.05, **p<0.01 compared to control.
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signalling processes may also contribute to the regulation of Cyclin D1 in
the current experimental system. Thus, we next measured the expression
of two other molecules, CDK4 and GSK-3p - both of them being known
regulators of Cyclin D1 activation [55-58]. Indeed, at high concentra-
tions of HMPSNE, CDK4 was found to be downregulated and therefore
may be potentially involved in the regulation of Cyclin D1.

When Cyclin D1 is downregulated, cell cycle arrest is known to occur
[59-61]1, which, in turn, can induce apoptotic cell death [62]. To
examine if HMPSNE promotes apoptosis and/or necrosis in HCT116
cells, we used the APC Annexin V Apoptosis Detection Kit with Propi-
dium Iodide Solution. This assay can discriminate cells in early apoptosis
(annexin-positive and PI-negative cells), late apoptosis (annexin- and
Pl-positive cells) and necrosis (annexin-negative and PI-positive cells).
Our results show that HMPSNE, at the higher concentrations used, leads
to a significant increase in the apoptotic cell population, mainly repre-
senting the late form of apoptosis; it also increases the necrotic cell
population (Fig. 6C and D). It is important to notice that, at lower
HMPSNE concentration (30 pM) despite a significant downregulation of
Cyclin D1, the activation of apoptosis was not statistically significant —
although a trend for an increase was already noted. At this concentration
of the inhibitor, CREB, CDK4 and GSK-3 were found to be upregulated.
Thus, when 3-MST activity is only partially inhibited, the effects on
various signalling pathways may be variable; the effects may be func-
tionally diverse, which, ultimately, only exerts a slight net effect on the
process of apoptosis.

In order to extend our findings to other colon cancer cells, we have
also tested the effect of the 3-MST inhibitor on HT-29 and LoVo cells,
two additional human colon cancer cell lines which are known to pro-
duce HjS from CBS and 3-MST. HMPNSE caused the downregulation of
cyclin D1, most likely via downregulation of ATF1 in these cells (Fig. 7A
and B) and increased the apoptotic and necrotic cell populations (Fig. 8A
and B). In HCT116 cells, HMPSNE tended to induce more apoptosis than
necrosis, while in LoVo and HT-29 cells it induced more necrosis and less
apoptosis (Fig. 6C and D and Fig. 8A and B).

3-MST inhibition induces BID downregulation and CyR61
upregulation in part via RhoA, thereby modulating apoptosis. Since
we have observed that HMPSNE or AOAA decrease CyR61 mRNA
expression (Fig. 3A), we expected that a consequent downregulation of
the CyR61 protein would also occur. However, HMPSNE and AOAA
significantly increased CyR61 proteins levels (Fig. 9A and B). We have, in
turn, investigated the mechanism underlying this unexpected response.
Our results show that HMPSNE (but not AOAA) increased RhoA protein
level (Fig. 9A and B). Since this protein is known to be involved in the
stimulation of CyR61 expression [45,63], we hypothesize that RhoA
expression may be an additional effect of 3-MST inhibition, which, in
turn, counterbalances the suppression of CyR61 mRNA levels. The
reduction of CyR61 mRNA is more pronounced with HMPSNE than with
AOAA,; this difference may explain why RhoA expression in response to
AOAA is upregulated to a smaller degree than in response to HMPSNE
(Fig. 3A). It is important to mention that RhoA can only partially explain
the upregulation of CyR61. At lower concentrations of HMPSNE (100
pM) RhoA appears to be the principal player in CyR61 upregulation, but
its contribution to the decrease in CyR61 secretion appears to be
slighter. However, at higher HMPSNE concentrations, the slight upre-
gulation of RhoA cannot explain the marked upregulation of CyR61: in
this case we observed a marked blockade of CyR61 secretion, which, in
turn, is reflected in a marked accumulation of CyR61 inside the cell
(Fig. 10).

Next, we have tested the hypothesis that the upregulation of CyR61
in colon cancer cells serves to prevent apoptosis. When HCT116 ShCTR
and HCT116 Sh3 CyR61 cells were treated with HMIPSNE for 48 h, the
number of apoptotic cells was found to be higher in the CyR61 silencing
cell line than in the wild-type control cells, suggesting that CyR61 may
serve to prevent or delay apoptosis (Fig. 9C and D). RhoA upregulation
and BID downregulation were also observed after HMPSNE treatment
(Fig. 9A and B); we hypothesize that these effects may also participate in
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the development of apoptosis resistance, consistent with such function
of these proteins in other cell types [64,65]. Contrary to HCT116 cells,
300 pM of HMPSNE significantly decreased CyR61 proteins levels in
HT-29 and LoVo cells (Fig. 7A and B), highlighting a colon cancer
cell-type-dependence of the regulation of CyR61 by the 3-MST system.

Pharmacological inhibition of H,S biosynthesis suppresses Snail
and Caveolin-1 expression, downregulates Shh and inhibits CyR61
secretion. CyR61 is present in two forms: cell-associated as well as a
secreted/circulating form, with the latter being considered a soluble,
circulating mediator, as well as a biomarker [26-30]. In order to
investigate if pharmacological inhibition of 3-MST or CBS affects the
secretion/release of CyR61 from HCT116 cells, we incubated HCT116
cells with various concentrations of HMIPSNE or AOAA (either alone, or
in combination) for 48 h and then performed an ELISA to quantify sol-
uble CyR61 levels in the cell culture supernatant. HMPSNE and AOAA
both exerted a marked suppressive effect on the secretion of CyR61 in
HCT116 cells (Fig. 10A). Similar effect was also observed in HT-29 and
LoVo cells (Fig. 7C).

To assess which molecules could be involved in the HMPSNE- or
AOAA-induced inhibition of Cyr61 release, we have measured Snail and
Caveolin-1 expression, two molecules that are known to be involved in
the promotion of CyR61 secretion from various cancer cells [28,66].
Fig. 10B and C shows that both of these proteins are downregulated after
treatment of the cells with HMPSNE and to a smaller extent after
treatment of the cells with AOAA. HMPSNE also resulted in the inhibi-
tion of the expression of Sonic Hedgehog (Shh) protein (Fig. 10B and C).
This protein — an endogenous ligand of the hedgehog pathway — has also
been implicated previously in the regulation of CyR61 in various forms
of cancer [67,68].

3. Discussion

In separate sets of studies, the significant pathophysiological role of
(a) the upregulation of various HS-producing enzymes and (b) CyR61
biosynthesis and secretion has been already defined in various forms of
cancer, including colon cancer (see Introduction). However, the poten-
tial relationship between HyS and the CyR61 pathway has not yet been
examined, and the current project was designed to examine a potential
connection between them. The fact that in colorectal cancer, on one
hand, H,S and polysulfides are overproduced, and on another hand,
CyR61 is overexpressed, led us to speculate that increased HsS levels,
due to the induction of various HaS-producing enzymes in cancer cells,
may induce or activate CyR61, which, in turn, may contribute to cancer
aggressiveness. The results of the current report show that HoS and
polysulfides can, indeed, activate the CyR61 promoter (Fig. 1A,B,C), and
HMPSNE and AOAA suppress CyR61 mRNA levels (Fig. 3A) in various
colon cancer cell types. However, the data also demonstrated that this
activation does not always or necessarily yield higher CyR61 intracel-
lular protein levels, due to a combination of reasons (see below).

What, then, is the molecular mechanism of CyR61 promoter activa-
tion by 3-MST? We do not currently know if this activation reflects HoS/
polysulfide overproduction, followed by a direct biding of these reactive
species to promoter elements, or if this effect is due to a possible acti-
vation or modification of regulators that bind to the CyR61 promoter. An
important global regulatory mechanism triggered by HyS/polysulfides is
S-sulfhydration (also termed persulfidation), a fundamental post-
translational mechanism which can affect hundreds or thousands of
proteins in various mammalian cells [1,69-72]. Although S-sulfhydra-
tion was originally linked to HsS, it is now well accepted that this
modification is principally mediated by polysulfide chemistry (and not
by HaS or HS ™). When a H,S donor (like the slow-acting donor GYY4137
in our experiments) is applied to a cell, nevertheless, it will generate a
mixture of polysulfides and HoS [73,74]. The fact that in the current
experiments both HyS and the polysulfide donor (NasSy) induced
concentration-dependent inductions of the CyR61 promoter suggests
that a sulfhydration mechanism may be involved. Indeed, prior studies
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Fig. 7. 3-MST inhibition downregulates CyR61 protein levels and promotes cell cycle arrest in HT-29 and LoVo cells. A,B: Western blot analysis of CyR61,
Cyclin D1 and ATF1 proteins after incubation with HMPSNE for 48 h. Data are shown as mean + SEM, n = 3, **p < 0.01 compared to control. C: ELISA of secreted
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have demonstrated that various promoters can be regulated by sulfhy-
dration; for instance the Nrf2/ARE pathway is regulated by sulfhydra-
tion of Keapl [75]. Various elements of the NF-xB pathway (IKK, as
well NF-kB itself) have also been shown to be subject to sulfthydration
[76,77]. Moreover, Spl — a known activator of the CyR61 promoter —
was also found to be subject of S-sulfhydration, which, in turn, was
shown to regulate mRNA expression [78-80]. Thus, our current working
hypothesis is that endogenously generated HsS (most likely via inter-
mediary polysulfides) induces CyR61 mRNA through Sp1 sulfhydration
in colon cancer cells.

In order to determine if CyR61 levels are, indeed, regulated by
endogenously produced H,S, we have applied AOAA and HMPSNE. These
compounds are standard pharmacological inhibitors of the principal
H,S-producing enzymes CBS and 3-MST, respectively. We have selected
appropriate concentrations of these agents, where these compounds
produce initially a partial, and then a complete inhibition of HyS syn-
thesis from their respective enzymatic sources [20]. Both inhibitors
produced a significant inhibition of CyR61 mRNA levels (Fig. 3A),
indicating the importance of endogenous HyS/polysulfides in the upre-
gulation of the CyR61 promoter in colon cancer cells.

Since the CyR61 promoter has been shown to be activated by S1P
through RhoA GTPase and p38MAPK signaling pathways [45-49], we
have also quantified the effect of HyS biosynthesis inhibition on the
expression of S1PR, ATF1 and CREB. Our results show that these mol-
ecules are also downregulated by HMPSNE (Fig. 3A,B,C). Thus, we
conclude that endogenous HaS/polysulfide biosynthesis by 3-MST in
colon cancer cells promotes CyR61 mRNA induction, most likely
through Spl sulfhydration, and through the activation of S1PR, ATF1
and CREB. The finding that the 3-MST inhibitor exerted more pro-
nounced effects than the CBS inhibitor is consistent with the fact that
3-MST is the more significant biological source of polysulfides while CBS
predominantly generates “free” HoS [1,81].

While the HaS system regulates the activation of the CyR61 pro-
moter, CyR61 does not appear to regulate the expression of the two
principal HyS-producing enzymes in HCT116 cells (Fig. 4A and B).

Previous studies have demonstrated that CyR61 upregulation can acti-
vate the Wnt/B-catenin pathway in gliomas [52] and that f-catenin
activation or overexpression can upregulate CyR61 in hepatocellular
carcinomas and pancreatic cancers [53,54]. However, the influence of
CyR61 in Wnt/p-catenin activation in colon cancer has not been exam-
ined previously. Our results show that CyR61 does not promote the
activation of the Wnt/p-catenin pathway activation in colon cancer cells
(Fig. 4A and B). However, the partial nature of the CyR61 silencing
achieved (60% downregulation) must be taken into consideration when
interpreting these results; it is possible that a more complete down-
regulation or complete deletion of CyR61 may have produced a different
effect.

CyR61 overexpression in colon cancer cells leads to increased cell
migration, invasion and high CyR61 in cancer patients and is associated
with poor clinical prognosis [26,40-44]. In our experiments, partial
CyR61 silencing had no significant impact on HCT116 migration and
only exerted a very slight inhibitory effect on cell proliferation (Fig. 5A,
B,C). Once again it is possible that the remaining 40% of CyR61 after
CyR61 silencing may be sufficient to maintain the functionality of the
CyR61 system in regulating proliferation and migration. Alternatively,
there may be a compensatory upregulation of other effector pathways
that may compensate after CyR61 silencing and maintain functionality
of these cells. Further studies, e.g. using a cell line with a complete
deletion of this protein, would be needed to further explore the role of
CyR61 in the regulation of HCT116 proliferation and migration.

The HMPSNE-induced downregulation of ATF1 and CREB (Fig. 3A,B,
C) coincided with a decrease in Cyclin D1 protein expression (Fig. 6A
and B). We hypothesized that this event may promote a cell cycle arrest
in G1/S phase. Masamha and Benbrook have previously observed that
Cyclin D1 degradation is sufficient to induce G1 cell cycle in ovarian
cancer cells [58]. Radu and colleagues have reported that the down-
regulation of Cyclin D1 induced by PTEN promotes cell G1 cycle arrest
in glioblastomas [59]. In addition, O’Connor et al. demonstrated that
poly(ADP-ribose) polymerase family member 14 downregulation de-
creases Cyclin D1 and promotes Gl cell cycle arrest [60]. Since
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regulator of apoptosis in HCT116 cells treated with 3-MST inhibitor. A,B: Western blot analysis of BID, CyR61 and RhoA proteins in HCT116 cells treated with
HMPSNE, AOAA or their combination for 48 h. Data are presented as mean + SEM of at least 5 independent experiments. *p < 0.05, **p < 0.01 compared to control.
C: Histogram showing the annexin-positive cell population in HCT116 ShCTR and Sh3 CyR61 after 48 h incubation with HMPSNE. D: Comparison of the apoptotic
cell population in HCT116 ShCTR vs. Sh3 CyR61 after treatment of the cells with HMPSNE for 48 h. Data are shown as mean + SEM, n = 5, **p<0.01 compared

to control.

prolonged cell cycle arrest can culminate in cell death [61] we have
investigated the effect of 3-MST inhibition on the apoptotic/necrotic
state of the HCT116 cells (as well as a number of additional human colon
cancer cell lines). Our results confirm that the Cyclin D1 downregulation
increases late apoptosis and necrosis, with the relative extent of the two
forms of cell death being cell-type dependent (Fig. 6C, 7A,B,8A,B).

10

Moreover, our data (Fig. 9C and D) suggest that CyR61 may play a role
in preventing or retarding the apoptosis in response to 3-MST inhibition.
This conclusion is based on the finding that CyR61 silencing in HCT116
cells increases the portion of apoptotic cells in response to HMPSNE
incubation.

Importantly, 3-MST inhibition decreased CyR61 mRNA levels, but
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shown as mean + SEM, n = 4, *p<0.05, **p<0.01 compared to control.

did not always suppress cell-associated CyR61 protein levels; in
HCT116, in fact, a paradoxical increase was noted (Fig. 9A and B) — while
in HT-29 and LoVo cells a decrease was observed (Fig. 7A and B).
Upregulation of cell-associated CyR61 in HCT116 cells may be explained
on one hand by the increased expression of RhoA proteins (Fig. 9A and
B), known to be involved in the stimulation of CyR61 expression [45,
62], which may protect the CyR61 mRNA and the protein from degra-
dation, i.e. prolongs their half-life. On the other hand, the increase of
cell-associated CyR61 protein levels after HMPSNE treatment in
HCT116 cells may also be related to the fact that 3-MST inhibition blocks
the secretion/release of CyR61 into the cell culture supernatant
(Fig. 10A), thereby retaining more protein in the cell-associated
component. We speculate that such an effect may be therapeutically
beneficial, since circulating CyR61 protein may exert pro-angiogenic,
pro-inflammatory and immune-cell-modulatory effects [82-86] that
are likely tumor-supportive in their nature.

As already mentioned above, the current study demonstrates that the
HS/CyR61 interactions are not only (likely) different in different forms
of cancer, but even are heterogeneous when comparing different human
colon cancer cell lines. Contrary to HCT116 cells, HMPSNE significantly
reduced cell-associated CyR61 protein levels in HT-29 and LoVo cells
(Fig. 7A and B). This difference may explain the different ratios
apoptotic/necrotic cells observed between HCT116 versus HT-29 and
LoVo cells, HMPSNE promoting mainly apoptosis in HCT116 cells and
mainly inducing necrosis in HT-29 and LoVo cells. Besides CyR61, RhoA
upregulation and BID downregulation after 3-MST inhibition (Fig. 9A
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and B), may also contribute to the development of apoptosis resistance.
Indeed, in prior studies Zhang and Jiang described that RhoA inhibits
the hypoxia-induced apoptosis in chondrocytes [63] and Khaider and
colleagues demonstrated that the inhibition of BID expression by Akt
leads to resistance to TRAIL-induced apoptosis in ovarian cancer cells
[64]. Our findings, demonstrating that CyR61 in HCT116 cells plays an
important role in cell survival after induction of apoptosis, are concep-
tually in line with prior studies concluding that CyR61 confers cyto-
protective effects — including chemotherapy resistance — in various
forms of advanced cancers including colorectal [87-90].

The inhibitory effect of HaS biosynthesis inhibition on CyR61
secretion into the supernatant was very prominent, and this response
was consistent across all human colon cancer cell lines studied (Figs. 7C
and 10A). Snail and Caveolin-1 are known to be involved in CyR61
secretion [28,65]; both of these proteins were found to be down-
regulated with HMPSNE or by, AOAA (Fig. 10B and C). The suggestion
that Snail downregulation is involved in the suppression of Cyr61
secretion is consistent with the results of Tanaka and colleagues who
demonstrated that Snail promotes CyR61 secretion in squamous cell
carcinoma [28]. In our study, we have also detected a decrease of Shh
protein after inhibition of 3-MST in HCT116 cells (Fig. 10B and C). This
protein, as a ligand of the sonic hedgehog pathway — similar to CyR61
and Caveolin-1 - is also involved in the stimulation of cancer cell pro-
liferation and migration [91-93]. Downregulation of these molecules
may contribute to the previously reported [20] suppression of HCT116
cells migration after pharmacological inhibition of H»S biosynthesis.
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4. Conclusions and implications

The main conclusions of the current study can be integrated into the
working hypothesis outlined in Fig. 11. According to this hypothesis, (1)
endogenous, 3-MST-derived HsS and HoSn biosynthesis in cancer cells
induces Sp1 sulfhydration, SIPR activation and induces the p38MAPK
signaling pathway through ATF1 and CREB activation. (2) The reduc-
tion of HyS and H,Sn biosynthesis, in response to pharmacological in-
hibition of 3-MST, suppresses this pathway. (3) The reduction of ATF1
mRNA and protein levels after inhibition of H,S and HoSn biosynthesis
through 3-MST inhibition leads to cyclin D1 downregulation, promoting
cell cycle arrest and inducing apoptosis. (4) Although inhibition of HyS
and H,Sn biosynthesis through 3-MST inhibition suppresses CyR61
mRNA, this effect is not always reflected in a decrease in cell-associated
CyR61 protein levels, which show a heterogeneous response (an in-
crease in HCT116 cells and a decrease in HT-29 and LoVo cells). This is
likely due to the combination of two effects: (5) After 3-MST inhibition,
there is an increase of RhoA proteins in the cells, which can stabilize
CyR61 mRNA and protein and (6) 3-MST inhibition produces a blockade
of CyR61 secretion, thereby retaining some of this protein in the cell-
associated fraction. (7) The latter effect is likely related to the sup-
pression of Snail, Caveolin-1 and Shh proteins, which all have a known
role in the stimulation of CyR61 secretion in cancer cells. Finally, (8)
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when CyR61 is retained in the cell, it plays a role as an anti-apoptotic
factor.

In conclusion, the current study, by unveiling the regulation of
CyR61, tumor-derived HoS and HaSn produced by 3-MST, identified an
additional pathway through which cancer cells utilize H,S and HySn to
their benefit. This mechanism adds to the list of mechanisms through
which pharmacological inhibition of cancer cell HpS and HySn biosyn-
thesis may exert antitumor effects.

5. Methods

Cell Culture. The HCT116 human colorectal carcinoma was ob-
tained from ATCC (American Type Culture Collection, Manassas, VA,
USA), HT-29 and LoVo human colorectal adenocarcinoma cell lines
were purchased from DSMZ (German Collection of Microorganisms and
Cell Cultures GmbH, Braunschweig, Germany). HCT116 and HT-29 cells
were cultured in McCoy’s 5A (Modified) Medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% FBS (Gibco,
Thermo Fisher Scientific), 100 units/ml of penicillin and 100 pg/ml of
streptomycin (Gibco, Thermo Fisher Scientific). LoVo cells were
cultured in Ham’s F-12K Medium (Gibco, Thermo Fisher Scientific) with
10% FBS (Gibco, Thermo Fisher Scientific), 100 units/ml of penicillin
and 100 pg/ml of streptomycin (Gibco, Thermo Fisher Scientific).
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Fig. 11. Modulation of the CyR61 pathway by endogenously produced 3-MST related H»S/polysulfides. Modulation of the CyR61 pathway by endogenously
produced H,S/polysulfides: a working hypothesis. A: Endogenous, 3-MST-derived H,S and H,Sn biosynthesis in cancer cells induces Spl sulfhydration, SIPR
activation and induces the p38MAPK signaling pathway through ATF1 and CREB activation, leading to increased levels of CyR61 mRNA and CyR61 protein. B: The
reduction of H,S and H,Sn biosynthesis, achieved by a pharmacological 3-MST inhibitor, suppresses this pathway. The reduction of ATF1 mRNA and protein levels
after inhibition of 3-MST inhibition leads to Cyclin D1 downregulation, promoting cell cycle arrest and inducing apoptosis. Although inhibition of H,S and H,Sn
biosynthesis suppresses CyR61 mRNA, this effect is not always reflected in a decrease in cell-associated CyR61 protein levels, which show a heterogeneous response
(an increase in HCT116 cells and a decrease in HT-29 and LoVo cells). This is likely due to the combination of two effects: (a) after 3-MST inhibition, there is an
increase of RhoA proteins in the cells, which can stabilize CyR61 mRNA and protein and (b) 3-MST inhibition produces a blockade of CyR61 secretion, thereby
retaining some of this protein in the cell-associated fraction. The latter effect is likely related to the suppression of Snail and Caveolin-1, which have a known role in
the stimulation of CyR61 secretion in cancer cells. The decrease of Caveolin-1, CyR61 secretion and Shh, contribute to the decreased HCT116 migration demonstrated
in our previous study [20]. Finally, when CyR61 is retained in the cell, it plays a role as an anti-apoptotic factor.

12



K. Ascengao et al.

Reagents and antibodies. As previously described in Ref. [20], we
used the 3-MST inhibitor HMPSNE (2-[(4-hydroxy-6-methylpyr-
imidin-2-yl)sulfanyl]-1-(naphthalen-1-yl)ethan-1-one) the CBS inhibitor
AOAA (O-(carboxymethyl)hydroxylamine hemihydrochloride) and the
HyS donor GYY4137 [4-methoxyphenyl(morpholino)phosphinodithio
ate morpholinium salt]. The sodium trisulfide (NayS3) was obtained
from Dojindo Molecular Technologies, Inc. (Rockville, MD, USA).

Rabbit monoclonal anti-CBS (D8F2P), anti-ACLY (D1X6P), anti-
fB-catenin (D10A8), anti-Cyclin D1 (E3P5S), anti-CYR61 (D4H5D), anti-
RhoA (67B9), Snail (C15D3), Caveolin-1 (D46G3), Shh (C9C5), CREB
(48H2), rabbit polyclonal anti-BID antibody (Human Specific) and anti-
mouse IgG HRP-linked antibody were purchased from Cell Signaling
Technology (Danvers, MA, USA). Mouse monoclonal anti-f-actin (AC-
15) was obtained from Sigma-Aldrich (Burlington, MA, USA). Anti-
rabbit IgG (H + L) cross-adsorbed secondary antibody-HRP was pur-
chased from Invitrogen (Thermo Fisher Scientific). Rabbit polyclonal
anti-3-MST (ab224043), anti-S1PR2 (ab235919) and rabbit monoclonal
anti-ATF1 (ab134104) were acquired from Abcam (Cambridge,
England).

H,S detection using AzMC-aided live cell imaging. The H,S sen-
sitive fluorescent probe 7-azido-4-methylcoumarin (AzMC) was used to
quantify HsS levels in the cells, as previously described [94]. HCT116
cells were seeded in a 96-well plate with optical bottom at 6700
cells/well, in 100 pl of complete culture medium. Twenty-four hours
after, freshly completed medium containing several concentrations of
HMPSNE or AOAA were added to the cells and the plates were incubated
for 48 h at 37 °C and 5% CO,. After incubation we washed the cells twice
with HBSS buffer (Gibco) and added 100 uM of AzMC diluted in HBSS
buffer. The cells were then incubated 1 h at 37 °C and 5% CO;. The
pictures were taken with a fluorescent microscope (Leica DFC360FX,
10x objective) and the ratio AzMC fluorescence intensity per cell was
quantified by ImageJ software (NIH, Bethesda, MD, USA).

Western blotting. The cells were scraped from the well plate surface
and lysed with RIPA lysis buffer (Thermo Fisher Scientific) supple-
mented with Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific) and sonicated 15s in an ultrasonic bath
(XUBA3, Grant, United Kingdom). The protein concentrations, gel
electrophoresis, proteins transfer, antibodies incubations, blot devel-
opment and quantification were performed as described in Ref. [20].
Intensity values of related bands were normalized to p-actin house-
keeping protein values. Representative blots of at least four independent
experiments are shown.

Quantitative real-time PCR (qRT-PCR). As previously described in
Ref. [20], the RNA was isolated using NucleoSpin® RNA Plus kit
(Macherey-Nagel, Dueren, Germany) and quantified with a NanoDrop™
spectrophotometer (Thermo Fisher Scientific). The cDNA was synthe-
sized from 1 pg total RNA with PrimeScript RT reagent kit (Takara,
Shimogyo-ku, Kyoto, Japan) in the presence of random primers. The
qPCRs were performed using SensiFAST SYBR Hi-ROX Kit (Meridian
Bioscience, Cincinnati, OH, USA) on a StepOne Plus Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA). Each assay was per-
formed in duplicates for each sample, and the GAPDH expression was
used as an internal control. The relative expression ratio was calculated
using the 2-AACt method. Representative qRT-PCRs of at least four in-
dependent experiments are shown. The pairs of primers used were:
S1PR2 - Fw 5’-GCG CAC CTG TCC TGT ACT C-3’, Rev 5’-GTT GGT GAG
CGT GTA GAT GAT G-3’; ATF1 — Fw 5’-AGG ACT CAT CCG ACA GCA
TAG-3’, Rev 5’-TTC TGC CCC GTG TAT CTT CAG-3’; CyR61 — Fw
5’-CTCGCCTTAGTCGTCACCC-3’, Rev 5’- CGCCGAAGTTGCATTCC
AG-3.

Migration and Proliferation Assay. As previously described in
Ref. [20] briefly, in the migration assays HCT116 ShCTR and HCT116
ShCyR61 cells were plated at 50,000 cells/well in a 96-well plate and
incubated 24 h at 37 °C and 5% CO,, to create a monolayer of cells. The
WoundMaker from Essen BioScience (Ann Arbor, MI, USA) was used to
create homogeneous wide wounds. In the proliferation assays HCT116
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ShCTR and HCT116 ShCyR61 cells were seeded in a 96-well plate at 13,
400 cells/well. The cells from the migration and proliferation assays
were then incubated in IncuCyte device (10x objective) (Essen Biosci-
ence) and the confluence was recorded every 2 h by phase/contrast
scanning for 48 h at 37 °C and 5% CO,. Images of at least four inde-
pendent experiments were analyzed using the IncuCyte ZOOM 2018A
software (Essen Bioscience).
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Annexin V Assay. HCT116 cells were seeded in a 96-well plate at
6700 cells/well, HT-29 and LoVo cells at 13,400 cells/well in 100
pl of complete culture medium. Twenty-four hours after, freshly
completed medium containing several concentrations of
HMPSNE was added to the cells and the plates were incubated for
48 h at 37 °C and 5% CO». After incubation the cells were
detached and washed twice with cold BioLegend Cell Staining
Buffer (Biolegend, San Diego, CA, USA), then resuspended in
Annexin V Binding Buffer (Biolegend) containing an optimal
dilution of APC Annexin V (Biolegend) and Propidium Iodide
Solution (PI, Biolegend) and incubated 15 min at RT, in the dark.
The cells were then analyzed using a FACS Fortessa flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Emission
signals for APC (Red 670/30) and PI (Blue 610/20) were
detected. Data were analyzed with FlowJo (v10.8.1) software.
Data shown are representative of FACS from at least four
independent experiments in triplicates

Vectors amplification. As previously described in Ref. [20], the
CyR61 promoter vector (HPRM43750-LvPMO02) and the negative con-
trol (NEG-LvPMO02) were obtained from GeneCopoeia (Rockville, MD,
USA). The vectors were amplified, and their integrity were confirmed by
digestion with BglII and Mlul enzymes (New England BioLabs Inc.
(NEB), Ipswich, MA, USA). The sShEERWOOD UltramiR Lentiviral ShRNA
target gene set for gene CYR61 (pZIP-hCMV-Puromycin-V204-1_Shl
CyR61_ULTRA-3308242; pZIP-hCMV-Puromycin-V204-1_Sh2 CyR61_
ULTRA-3308246; pZIP-hCMV-Puromycin-V204-1_Sh3 CyR61_ULTRA
-3308247) used to perform the CyR61 silencing and the negative
control (pZIP-hCMV-Puromycin-V204-1_ShCTR_ULTRA-NT#4_TLNSU
4433) were obtained from Transomic Technologies, Inc (Huntsville, AL,
USA). The vectors were amplified, and their integrity were confirmed by
digestion with Sall and Ncol enzymes (NEB).

Lentiviral production and HCT116 transduction. As previously
described in Ref. [20], viral particles were produced in HEK293T cells
(ATCC) using third generation lentiviral system. Lentiviral supernatants
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were collected after 24 h and filtered via a 0.45 pm filtration unit and
subsequently aliquoted and stored at —80 °C until use. Human HCT116
cells were transduced with lentiviral supernatant in the presence of 6
pg/ml protamine sulfate. Seventy-two hours following transduction,
puromycin (1 pg/ml) was added to the culture to select transduced cells.

CyR61 Promoter Assay. As previously described in Ref. [20],
HCT116 cells were seeded one day before the assay in 96-well plates.
Complete medium containing GYY4137 or NasSs3 serial dilutions was
added to the cells followed by an incubation of 48 h at 37 °C and 5%
COy. The cells were then detached and incubated in an optimal dilution
of a LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen,
Thermo Fisher Scientific) for 15 min, on ice. The cells were then
analyzed using a FACS Fortessa flow cytometer (BD Biosciences).
Emission signals for mCherry (610/20) and Live/dead IR (780/60) were
detected. Data were analyzed with FlowJo (v10.8.1) software. Data
shown are representative of FACS from at least four independent ex-
periments in triplicates.

ELISA. The secreted CyR61 proteins were quantified using a Human
CYR61/CCN1 ELISA Kit (Abcam, ab213772) according to manufac-
turer’s instructions. Data shown are representatives of ELISAs from at
least four independent experiments in duplicates.

Statistical Analysis. Data are shown as mean + SEM. One-way
ANOVA with Dunnett’s multiple comparisons test, Kruskal-Wallis with
Dunn’s multiple comparisons test, two-way ANOVA Sidak’s multiple
comparisons test and unpaired t-test were used to detect differences
between groups. Statistically significant differences between these two
groups are indicated by *p<0.05 or **p<0.01. Statistical calculations
were performed using Graphpad Prism analysis software.
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