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Abstract

Significance: Cancer represents a major socioeconomic problem; there is a significant need for novel thera-
peutic approaches targeting tumor-specific pathways. Recent Advances: In colorectal and ovarian cancers, an
increase in the intratumor production of hydrogen sulfide (H,S) from cystathionine ff-synthase (CBS) plays an
important role in promoting the cellular bioenergetics, proliferation, and migration of cancer cells. It also
stimulates peritumor angiogenesis inhibition or genetic silencing of CBS exerts antitumor effects both in vitro
and in vivo, and potentiates the antitumor efficacy of anticancer therapeutics. Crifical Issues: Recently pub-
lished studies are reviewed, implicating CBS overexpression and H,S overproduction in tumor cells as a tumor-
growth promoting ‘‘bioenergetic fuel”” and ‘“‘survival factor,” followed by an overview of the experimental
evidence demonstrating the anticancer effect of CBS inhibition. Next, the current state of the art of pharma-
cological CBS inhibitors is reviewed, with special reference to the complex pharmacological actions of ami-
nooxyacetic acid. Finally, new experimental evidence is presented to reconcile a controversy in the literature
regarding the effects of H,S donor on cancer cell proliferation and survival. Future Directions: From a basic
science standpoint, future directions in the field include the delineation of the molecular mechanism of CBS up-
regulation of cancer cells and the delineation of the interactions of H,S with other intracellular pathways of
cancer cell metabolism and proliferation. From the translational science standpoint, future directions include the
translation of the recently emerging roles of H,S in cancer into human diagnostic and therapeutic approaches.
Antioxid. Redox Signal. 22, 424-448.

Introduction The goals of the current article are to provide a summary of
selected biological effects of H,S that are relevant in cancer
cell biology, to review the experimental evidence on the role

I I YDROGEN SULFIDE (H»S), a colorless, flammable, water-
of endogenous cancer cell-derived H,S in cancer biology,

soluble gas with the characteristic smell of rotten

eggs, is now widely recognized as an endogenous biological
mediator. It is synthesized by mammalian tissues via two
cytosolic pyridoxal-5’-phosphate-dependent enzymes: cy-
stathionine f-synthase (CBS) and cystathionine 7y-lyase
(CSE), and a mitochondrial enzyme 3-mercaptopyruvate
sulfurtransferase (3-MST) to mediate diverse biological
functions [reviewed in Refs. (54, 59, 60, 114-116, 132)].
Similar to the other two gasotransmitters (nitric oxide [NO]
and carbon monoxide [CO]J), many of the biological re-
sponses to H,S follow a biphasic dose-response: The effects
of H,S range from physiological, cytoprotective effects
(which occur at low concentrations) to cytotoxic effects
(which are typically apparent only at higher concentrations)
[reviewed in Ref. (120)].

and to overview the therapeutic potential of CBS inhibition
for cancer therapy.

Biological Effects of H,S with Relevance
for Cancer Biology

H,S, as a vasodilator and pro-angiogenic mediator

Vasorelaxation is one of the first recognized biological
effects of H,S. Often compared with NO, H,S exerts a
concentration-dependent vasodilatory effect in blood vessels.
The mechanisms of H,S-mediated vasodilation include the
activation of K5tp channels, a variety of other channels, in-
hibition of phosphodiesterases, and a synergy with NO (132).
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The physiological vasodilatory effect, which appears to be
more prominent in the microvasculature than in large resis-
tance vessels, is evidenced by the development of progressive
hypertension in mice deficient in CSE (142), although it
should be also noted that the hypertension was not observed
in another strain of CSE-deficient mice (49).

In the late 2000s, the pro-angiogenic effect of H,S was
recognized. This effect involves all prototypical hallmarks of
angiogenesis, such as endothelial cell proliferation, migra-
tion, and stimulation of the formation of tube-like structures.
The pathways involved in this effect include Kxrp channel
activation, Akt activation, and a synergistic interaction with
NO through a cooperative inhibition of phosphodiesterases
and the consequent activation of the cGMP/protein kinase G
pathway (14, 20,90, 119, 131). Endogenous production of H,S
by endothelial CSE is also involved in the angiogenic effects of
vascular endothelial growth factor (VEGF), a key endogenous
growth factor and tumor-derived angiogenic hormone (90, 94).

H.S, as a bioenergetic stimulator

Although initially H,S was solely considered a mito-
chondrial “‘poison’ via the inhibition of cytochrome c
oxidase (mitochondrial complex IV), more recent studies
unveiled a more complex, concentration-dependent modu-
lation of mitochondrial function and cellular bioenergetics by
H,S. In various cell types (including intestinal epithelial cells
and hepatocytes), low concentrations of H,S act as mito-
chondrial electron donor, resulting in bioenergetic stimula-
tion (36, 67, 120). Endogenous H,S produced by 3-MST or
by CSE can also serve a role as a bioenergetic stimulator (31,
80, 81). The stimulatory effects of H,S on mitochondrial
electron transport occur at the level of mitochondrial com-
plex II through the interaction of H,S with the redox-sensitive
protein sulfur-quinone-oxidoreductase. At higher concen-
trations, the stimulatory effects of H,S are superceded by an
inhibitory effect at complex IV (87, 120).

H,S, as promoter of proliferation and cell
survival pathways

H,S stimulates the proliferation of endothelial cells, fi-
broblasts, hepatocytes, and various cancer cells (8). The
signaling mechanisms involved include activation of specific
kinase pathways (e.g., MAPK and PI3K/Akt) and inhibi-
tion of selective phosphatases such as PTEN and PTP1B (8,
14, 47, 75, 144). The underlying molecular mechanisms in-
clude post-transcriptional protein modification by H,S
(sulfhydration) (e.g., in the inhibition of PTEN and PTP1B)
(65, 75) and intracellular formation of polysulfides from H,S
followed by oxidative inactivation of the proteins (38, 61). Of
potential relevance to cancer cell biology, the sulfhydration
of nuclear factor kappa B (NF-xB) by H,S has also been
shown to inhibit apoptosis (103).

Enzymology, expression, and transcriptional
regulation of CBS

For detailed information on the enzymology, tissue ex-
pression levels, and transcriptional and post-transcriptional
regulation of CBS, we refer the reader to multiple specialized
reviews (7, 51, 76, 77, 107). CBS (EC 4.2.1.22) is tradi-
tionally introduced as the first enzyme of the transsulfuration
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pathway. Its physiological function is the elimination of
homocysteine by conversion to cysteine. CBS deficiency is
the most common cause of homocystinuria, an inherited
metabolic disease, manifested from infancy, where many
inactivating CBS mutations have been identified (76, 141).
The catalytic activity and crystal structure of human CBS, a
homotetramer consisting of 63-kDa subunits, has been
characterized in substantial detail. The enzyme binds two
cofactors, pyridoxal-phosphate (PLP) and heme. Each CBS
monomer binds two substrates (homocysteine and serine),
and its activity is allosterically modulated by S-adenosyl-L-
methionine (SAM), which binds to and induces a rotation of
the C-terminal CBS motifs and relaxation of the loops de-
lineating the entrance to the catalytic site of the enzyme (Fig.
1). A truncated form of CBS (a 45kDa ‘‘active core’’) that
exhibits increased catalytic activity due to a loss of the C-
terminal CBS motifs has also been described (28, 58, 148).

The reactions catalyzed by CBS are shown in Figure 2. In
addition to the ‘‘canonical’” pathway that is considered the
major elimination route of homocysteine (Fig. 2A), CBS can
produce H,S via at least three pathways, by the conversion of
cysteine + H,O to serine + H,S (Fig. 2B), by the condensation
of cysteine+homocysteine to yield Cystathionine+H,S
(Fig. 2C), and by the condensation of two cysteine molecules
to lanthionine + H,S (Fig. 2D). The catalysis involves two
separate pockets of CBS, one, where the PLP external aldi-
mine is formed and a separate one, where the nucleophilic
amino acid is bound (107, 108).

CBS is physiologically a cytosolic enzyme, with highest
expression in the brain [where H,S has been implicated as a
neurotransmitter (1, 60, 100)], the liver, where the majority
of physiological homocysteine ‘‘detoxification’ takes place
(29, 99) (via the reaction shown in Fig. 2A), and the kidney
(29, 127). The cellular levels of CBS are regulated by tran-
scriptional (29, 32, 73, 132), epigenetic (96), and post-
translational (41, 107, 123) mechanisms. CBS expression is
also under the control of hormonal regulation. For example,
glucocorticoids and insulin regulate its expression in the liver
and testosterone regulates its expression in the kidney (99,
127). Although normally cytosolic, CBS can also translocate
into the nuclear and mitochondrial compartments under
certain conditions (55, 123).

Role of the CBS/H,S Axis in Colorectal Cancer

Colorectal cancer cells have a substantially higher ex-
pression of CBS than the surrounding normal mucosal mar-
gin (Fig. 3A, B) (117). Similarly, various human colon
cancer-derived cell lines exhibit high expression of CBS
relative to a normal colon cancer cell line (NCM356),
whereas the expression levels of CSE are variable (Fig. 3C, D).
The increased CBS expression correlates with increased ca-
pacity for H,S production, as measured in homogenates from
human colon tumor tissue and colon cancer cell lines in vitro
(Fig. 3E, F). The expression of the other H,S-producing
enzymes (CSE and 3-MST) is not up-regulated in the colo-
rectal cancer cells or the tumor tissue; the expression of 3-
MST was fairly uniform in all cells and tissues studied, while
CSE expression levels show more variability (Fig. 3A, C).

To address the function of CBS in colon cancer cell bi-
ology, we use the shRNA-mediated gene silencing to achieve
>50% reduction in CBS protein expression in the human
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colonic epithelial cancer cell line HCT116 (Fig. 4A). For
comparison, cells expressing a non-targeting lentiviral vec-
tor (shNT) were used. We also compared a separate HCT116
cell line with silencing of CSE, another H,S-producing en-
zyme, in order to verify the specificity of CBS in colorectal
cancer.

CBS silencing resulted in a significant inhibition of
HCT116 cell proliferation; whereas CSE silencing did not
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Regulatory domain

showing the N-terminal domain that binds
heme, the catalytic domain, and the C-terminal
regulatory domain which contains two “CBS”
domains, CBS1 and CBS2. Reproduced by
permission (77). (B) A model of hCBS acti-
vation, as recently proposed by Erefio-Orbea
et al. Ribbon (a) and surface (b) representa-
tions of a model of the activated form of
hCBS on binding of S-adenosyl-L-methionine
(SAM) at site S2. The loops controlling the
access to the pyridoxal-phosphate (PLP) cav-
ity (a: L191-202; b: L171-174; c: L145-148)
are open, thus enabling the access of sub-
strates. Ribbon (¢) and surface (d) represen-
tations of the basal form of hCBS obtained
from the crystals. The loops controlling access
to the PLP cavity are closed and occlude the
entrance of substrates into the catalytic cavity.
Reproduced by permission (28). To see this
illustration in color, the reader is referred to
the web version of this article at www
liebertpub.com/ars
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inhibit it, and, in fact, it tended to enhance it at later time
points (Fig. 4A). Conversely, adenoviral overexpression of
CBS into non-tumorigenic colonic epithelial cells (NCM356)
resulted in the stimulation of cell proliferation (Fig. 4B)
(117). These findings indicated a proliferation-stimulating
role for endogenously produced H,S in colon cancer cells.
We next investigated the potential role of the CBS/H,S in
the regulation of the bioenergetic status of the colorectal

FIG. 2. Reactions cata-
lyzed by CBS. Part (A)
represents a f-replacement re-
action, which is estimated to

Homocysteine Serine Cystathionine exhibit a turnover number
(V/[E]), estimated at physiolo-
. gical substrate concentrations,
B NH, *NHy [10 M homocysteine, 100 uM
HS o HO o cysteine, 560 yuM serine, and
H,0 i L ’
oY — + M8 S5uM cystathionine]) at 18.5x
o] 0 1072 s~". Part (B) represents
Cysteine Serine an o, f-elimination reaction,
with an estimated turnover
C *NHj *NH, 0 +NH,4 numberof 8.1x 10~ s~ ' under
i i s P the conditions outlined in part
HS o 5 HS 0 » O + HpS (A). Part (C) represents a f-
o replacement reaction, with an
o o *NH3 estimated6turnlover number of
Cysteine Homocysteine Cystathionine 1.8x107" s~ under the con-
ditions outlined in part (A). Part
(D) represents a f-replacement
D *NHy *NH3 *NH, NH, reaction, with an estimated
Hs o HS o ‘0 s O . Hs turnover number of 0.029x
\)\r % \')\n/ > - 107% s~! under the conditions
o o o) outlined in part (A). Modified
Cysteine Cysteine Lanthionine from (108) by permission.
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FIG. 3. CBS is highly expressed in human colorectal cancer. (A) Representative Western blot of CBS, cystathionine
y-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST) protein expression in human colorectal cancer speci-
mens, paired with the corresponding normal mucosa tissues. Polyvinylidene difluoride membranes were probed with rabbit
polyclonal antibodies against CBS, CSE, and 3-MST. (B) Densitometric analyses of CBS expression, in seven pairs of
human colorectal cancers and the patient-matched normal mucosa, showed an approximately sevenfold increase in CBS
protein expression in colon cancer (arbitrary relative densitometric units were normalized with f-actin using image analysis
software) (*p <0.05 vs. normal mucosa). (C, D) CBS was highly expressed in three different colon cancer cell lines (LoVo,
HCT116, and HT29), while low expression was detected in the nontumorigenic normal colon mucosa cells (NCM356)
(arbitrary relative densitometric units were normalized with f-actin using image analysis software) (*p <0.05 vs. NCM356
cells). Hydrogen sulfide (H,S) production was measured in human colorectal cancer specimens (E) and in colon cancer cell
lines (F) by the methylene blue method. H,S production was stimulated in tissue or cell lysates by incubation at 37°C
(30min) in the presence of the CBS substrates L-cysteine (3mM) and L-homocysteine (0.5 mM). CBS activity was
significantly higher in colon cancer tissues, compared with their corresponding controls. Aminooxyacetic acid (AOAA)
(1 mM) blocked the H,S-producing activity of CBS in the tissue extracts (¥*p <0.05 vs. corresponding from normal mucosa
and *p<0.05 vs. vehicle), whereas the CSE inhibitor propargylglycine (PAG) (3 mM) had no significant effect. HCT116
cells exhibited the highest rate of H,S productlon as measured by the methylene blue method in cell lysates (¥p <0.05 vs.

corresponding values in NCM356 and “p <0.05 vs. vehicle). Reproduced by permission (117).

cancer cell. Although CBS is physiologically a cytosolic
enzyme, we were surprised to find that a substantial propor-
tion of CBS is localized to the mitochondria of HCT116 cells
(Fig. 5A) (117). We speculated that translocation of CBS
to the mitochondria places the enzyme to close proximity of
one of its cellular targets (mitochondrial electron chain pro-
teins), perhaps enabling a more effective transmission of H,S.
Consistent with this hypothesis, CBS silencing suppressed
both basal oxygen consumption and stimulated oxygen con-
sumption induced by the administration of a mitochondrial-
uncoupling agent (Fig. 5B) and also attenuated the glycolytic
activity of the cancer cell (Fig. 5C) (117). We hypothesize
that this is related to the known stimulatory effect of H,S
on GAPDH (84). In contrast to CBS silencing, shRNA-
mediated suppression of CSE failed to significantly affect
either the proliferation or bioenergetics of HCT116 cells
(Fig. 5B, C) (117).

We also explored the potential role of L-cystathionine (the
other product of CBS). HCT116 cells contained high levels of
L-cystathionine, which was further stimulated by the addition
of L-cysteine/homocysteine. However, the addition of 1 mM
L-cystathionine to HCT116 cells failed to increase their

proliferation rate or bioenergetic function (117). Since the
various biological responses (proliferation, mitochondrial
electron transport) that were inhibited by CBS silencing and
can be recapitulated by the administration of H,S donors (but
not of L-cystathionine), we conclude that H,S is an inde-
pendent product of CBS which is primarily responsible for
the proliferative and bioenergetic actions observed.

Consistent with the in vitro findings, shRNA-mediated
knockdown of CBS reduced the growth rate of HCT116 tu-
mor xenografts, while CSE silencing had no effect (Fig. 6A,
B) (117). CBS suppression significantly reduced the density
of CD31-positive blood vessels within the tumor tissue, and
reduced both the prevalence of larger blood vessels and vessel
branching (117). These data are consistent with the hypothesis
that CBS-derived H,S, in addition to acting as an autocrine
mediator, also acts locally in the tumor microenvironment in a
paracrine manner to stimulate tumor angiogenesis. Finally,
direct intra-tumor administration of the CBS substrate L-cys-
teine increased peritumoral blood flow, while pharmacological
inhibition of CBS decreased it (117).

The autocrine and paracrine functions of colon cancer-
derived H,S are also supported by an independent study of
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FIG. 4. CBS silencing inhibits the proliferation of human colorectal cancer cells, while CBS overexpression
stimulates the proliferation of nontumorigenic normal colonic mucosa cells. (A) The lentiviral sShRNA vectors targeting
CBS (shCBS) and CSE (shCSE) were transfected into HCT116 cells. A nontargeting sequence was used as control (shNT).
The shRNA approach inhibited the expression of both CBS and CSE genes at the protein level, as shown by Western
blotting (inset). After CBS and CSE silencing, cells were seeded at the density of 3000 cells per well in XCELLigence plates
and proliferation was monitored for 36 h. Down-regulation of CBS, but not CSE, significantly reduced HCT116 prolifer-
ation rate. (B) Adenoviral-mediated CBS overexpression enhances the proliferation rate of NCM356 cells. The NCM356
cells were infected overnight with a CBS expressing adenovirus (Ad-CBS, 10 multiplicities of infection) or its control, a
green fluorescent protein (Ad-GFP). The culture medium was then replaced, and cells were seeded in XCELLigence plates
at 3000 cells per well. Cell proliferation was then measured in real-time over 36 h. Effective overexpression of CBS was
detected within 12-24 h after infection (inset). Adenoviral-mediated CBS overexpression significantly enhanced NCM356

cell proliferation. Reproduced by permission (117).

Yamagishi et al. (140). These investigators used HT29 cells
[another human colon cancer line in which we have found
high expression of CBS (117)]. When implanted into nude
mice, Yamagishi et al. observed that the proliferation of
HT29 cells was inhibited by a sodium hyaluronate-based
physical barrier, which was designed to prevent the effusion
of gaseous mediators (such as H,S) from the tumor. They also
detected significant amounts of H,S inside the colon cancer
tissue, although its enzymatic sources have not been identi-
fied. Based on their in vitro experiments in cell-free systems,
the authors hypothesized that H,S is produced by the
“Maillard reaction” (L-cysteine+D-glucose) (140), al-
though it is currently unclear whether this reaction, in fact,
takes place in tumor cells.

We have studied the proliferative and bioenergetic effects
of the CBS activator, SAM, in HCT116 cells and the non-
tumorigenic colonic epithelial cell line NCM356 (79). As
expected, SAM exerted only minor stimulatory effects on the
proliferation and energetics of NCM356 cells, which ex-
pressed low levels of CBS and produced low levels of H,S,

which was increased by SAM to a slight degree. On the other
hand, SAM induced a pronounced, concentration-dependent
stimulation of H,S production in HCT116 cells, which was
converted into an inhibition at the highest SAM concentra-
tion tested. The stimulatory effects of SAM-induced were
absent in HCT116 cells with CBS silencing, indicating that
these effects, indeed, are related to the allosteric stimulation
of CBS, and the consequent enhancement of intracellular H,S
levels. With longer SAM exposure times, however, the in-
hibitory effects of SAM became more prominent (on both
proliferation and energetics/cell survival). These effects were
comparable in HCT116 and NCM356 cells, and were not
attenuated by CBS silencing. Taken together, these data in-
dicate that the stimulatory effects of SAM are mainly related
to the stimulation of the CBS pathway, while the inhibitory
effects seen with higher concentrations/longer exposures of
SAM are due to a significant CBS/H,S-independent cyto-
toxic component. Based on these data, inhibition of cell
proliferation by SAM does not appear to represent a tumor
cell-selective approach (79).
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FIG. 5. CBS is present in the mitochondria of human colorectal cancer cells and stimulates cellular bioenergetics.
(A) Western blot shows the presence of CBS in mitochondrial isolates of HCT116 cells. Limited trypsin digestion of
isolated mitochondria (30-60 min) reduced mitochondrial CBS, as well as the mitochondrial outer membrane protein
Tom?20, while enriching complex IV (an inner membrane protein). (B) ShRNA-mediated down-regulation of CBS sup-
presses cellular bioenergetics in HCT116 cells. Oxygen consumption rate (OCR) in HCT116 cells subjected to either
nontargeting (shNT, control) or stable lentiviral silencing of CBS or CSE (shCBS, shCSE). shCBS enzyme significantly
decreased basal OCR, calculated ATP production, maximal respiration, and spare respiratory capacity whereas CSE
silencing had no effect on the bioenergetic profile. (C) CBS silencing attenuates glycolysis in HCT116 cells. The figure
shows time-dependent Extracellular Flux Analysis. shCBS significantly diminished the maximal glycolytic capacity and
the glycolytic reserve capacity, whereas CSE silencing had no effect on the glycolytic parameters. Reproduced by per-
mission (117).

Role of the CBS/H,S Axis in Ovarian Cancer electron transport); both basal oxygen consumption re-
sponses and the enhanced respiratory responses induced by a
Our findings of colorectal cancers have recently been mitochondrial uncoupler were inhibited (10). The effects of
confirmed in ovarian cancer (10). These investigators as- CBS silencing were also associated with a decrease in cel-
sessed the expression level of CBS in primary ovarian cancer  lular NAD/NADH ratio, a partial suppression of cellular ATP
specimens, and found high expression of CBS in the cytosol levels, and a significant decrease in cell viability (10). Similar
of primary ovarian tumors, especially in serous carcinoma, as  to our earlier findings in colon cancer cells, a large proportion
well as in various ovarian cancer cell lines (Fig. 7). CBS was  of CBS in ovarian cancer cells was localized to the mito-
already present in early stages, but its levels further increased = chondrial compartment (Fig. 9A) (10). As expected, silenc-
in more advanced forms of ovarian cancer (10). ing of CBS significantly decreased total cellular glutathione
Similar to our studies in HCT116 cells, Bhattacharyya levels in the ovarian cancer cells, while exogenous admin-
et al. determined the functional effects of CBS silencing istration of GSH improved cell viability (10). Moreover, CBS
on ovarian cancer cell biology using CBS-specific siRNA-  silencing resulted in an increase in cellular reactive oxygen
mediated gene knockdown. To exclude nonspecific targeting, species (ROS) levels (Fig. 9B) (10), consistent with the role
two different siRNAs were used. The efficiency of the si- of H,S as an endogenous mitochondrial antioxidant. Since
lencing was determined as 80% using Western blotting. CBS ~ H,S exerts a protective/antioxidant effect on mitochondria
silencing resulted in a significant decrease in proliferation in (93, 113, 135), we speculate that this effect may be especially
all ovarian cancer cell lines studied (Fig. 8) (10). Similar to  relevant for cancer cells, which often contain partially un-
HCT116 cells, CBS silencing in A2870 ovarian cancer cells  coupled mitochondrial electron transport and produce high
markedly suppressed cellular metabolism (mitochondrial levels of mitochondrial ROS (102, 134).

A B ]
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FIG. 7. CBS is highly expressed in human ovarian cancer. (A) Immunohistochemical staining of a tissue microarray of
epithelial ovarian cancer samples. Representative images are shown of none (i), weak (ii), moderate (iii), and (iv) strong staining.
(B) Expression of CBS and CSE in various ovarian cell lines as determined by immunoblotting. o-Tubulin was used as the
loading control. (C) Real-time polymerase chain reaction (RT-PCR) data showing the expression of CBS mRNA in various
ovarian cell lines. (D) RT-PCR data showing the expression of CSE mRNA in various ovarian cell lines. Reproduced by
permission (10). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

The effect of CBS silencing was also evaluated with re-
gard to the activity of two critical redox-sensitive signaling
pathways, pS3 and NF-xB. CBS silencing in A2780 cells
increased the expression of p53, while the expression of the
RelA/p65 subunit of NF-xB decreased and the activation
of NF-xkB was attenuated (10). Although the exact con-
nection of these responses to H,S and to cell proliferation
and cell viability remains to be determined, these data
confirm earlier suggestions (117, 118, 120) on the existence
of an intricate interplay between H,S production, cellular
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bioenergetics, cellular redox status, and intracellular sig-
naling pathways.

Consistent with our findings in colon cancer cells, the other
product of CBS, L-homocysteine, failed to affect cell via-
bility or proliferation in ovarian cancer cells, while “‘rescue”’
experiments with an authentic H,S donor (Na,S) restored cell
proliferation in CBS-silenced ovarian cancer cells (10).

Nanoliposomal siRNA silencing of CBS in ovarian cancer
xenografts significantly reduced tumor growth, with a 40% re-
duction in tumor burden and a 70% reduction in the number of

FIG. 8. CBS silencing in-
hibits the proliferation of
human ovarian cancer cells.
(A) Effect of CBS knockdown
on the proliferation of OV202,
SKOV3, A2780, and A2780/
CP-70 cells. (B) Immuno-
blotting data to determine the
extent of siRNA-mediated
knockdown. (*¥p <0.01 shows
significant inhibition of cell
proliferation by CBS siRNA.)
Reproduced by permission
(10).
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FIG.9. CBSis present in the mitochondria of human ovarian cancer cells, and its silencing increases mitochondrial
reactive oxygen species production. (A) Localization of CBS in A2780 cells determined by immunofluorescence using
confocal microscopy. Nuclear stain with DAPI (blue channel), CBS (red channel), and MitoTracker green (green channel) was
used to label mitochondria. Scale bar is 10 um. (B) MitoSOX staining in live A2780 cells shows the buildup of mitochondrial
superoxide on silencing CBS. Scale bar is 30 um. Reproduced by permission (10). To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars

nodules (Fig. 10A, B) (10). CBS silencing resulted in a sig-
nificant growth inhibition in vivo, as assessed by Ki-67 staining,
a nuclear proliferation marker (Fig. 10D). Finally, the number
of CD31-positive blood vessels in the tumor was decreased,
consistent with a paracrine angiogenic effect of tumor-derived
H,S (10), similar to our earlier observations (117) in colon
cancer cells. In the ovarian cancer model, the potential additive
or synergistic effect of CBS silencing with cisplatin was also
explored. In vitro, CBS silencing produced a slight potentiation
of cisplatin cytotoxicity in A2780 cells; while in the in vivo
experiments, the combination of cisplatin and CBS silencing
produced a near-complete inhibition of ovarian cancer cell
volume and nodule number (Fig. 10A, B) (10). Based on
invitro data, it is conceivable (although it remains to be directly
tested) that the depletion of glutathione plays a role in the CBS-
silencing mediated enhancement of cisplatin cytotoxicity.

Taken together, the studies in colon and ovarian cancer
cells clearly establish CBS and CBS-produced H,S as a no-
vel, endogenous, regulator of tumor progression.

Increased Expression of CBS and/or Increased
Production of H,S in Other Forms of Cancer

Previous studies suggested increased expression of CBS
and/or the increased production of H,S in various cancers.
The earliest published report dates back to 1987 when Klein
et al. detected elevated CBS activity in neuroblastoma sur-
gical resection homogenates; these increases were also as-
sociated with elevated urinary cystathionine levels in the
patients (62). In fact, the observation that cancer patients
present with cystathionuria dates back as far as the early
1960s (34, 35); detection of cystathionine in the urine of
patients was considered of diagnostic potential (33, 128).

Stabler et al. showed markedly elevated urinary levels of
cystathionine in the urine of prostate cancer patients; the
levels correlated with the progression of the disease (111).
While there are multiple pathways that produce cystathio-
nine, an intriguing possibility may be the contribution of CBS
up-regulation in cancer cells to this response. However, this
hypothesis remains to be experimentally tested.

In myeloma samples, oligonucleotide microarray analysis
showed a 16-fold increase in CBS gene expression (23) and a
7-fold up-regulation of CBS transcripts in biliary cancers
(43). In an expression profiling survey, conducted in 2005,
most cell lines of the NCI60 collection of human cancer cell
exhibited increased CBS expression (assessed by Western
blot analysis), with the highest expression levels noted in
breast, ovarian, and renal cancer lines (146). In a more recent
study, the prostate cancer cell lines LNCaP, PBH-1, and
DU145 showed a marked increase in CBS expression, which
correlated with increased H,S production (39).

Several lines of evidence from recent studies demonstrate
significant increases in exhaled H,S levels in cancer patients
(4, 48, 66, 140); however, the identification of its biological
source was not investigated. In addition, elevated urinary
thiosulfate (the stable breakdown product of H,S) levels were
found in prostate cancer patients; the mean thiosulfate levels
in prostate cancer patients were almost 50 times higher than
in the control groups and 5 times higher than in patients with
benign prostatic hyperplasia (19). Again, the cellular sources
of thiosulfate were not defined in this study.

We speculate that there may be three potential mechanisms
of the increased H,S levels in cancer patients. (i) Tumor cell-
derived H,S may be absorbed into systemic circulation and
exhaled through the lungs and/or excreted into the urine via
its oxidative degradation to thiosulfate. (ii)) CBS may be up-
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FIG. 10. SiRNA-mediated down-regulation of CBS inhibits ovarian cancer growth in vivo and synergizes with
cisplatin therapy. To assess the effects of siRNA therapy on tumor growth, treatment was initiated at 1 week after i.p. injection
of tumor cells. Mice were divided into four groups: (i) control siRNA-dioleoyl phosphatidylcholine (DOPC) (150 mg/kg i.p.
twice weekly), (ii) control siRNA-DOPC (150 mg/kg i.p. twice weekly)+cisplatin (160 mg/mouse i.p. weekly), (iii) CBS
siRNA-DOPC (150 mg/kg i.p. twice weekly), and (iv) CBS siRNA-DOPC (150 mg/kg i.p. twice weekly) + cisplatin ((160 mg/
mouse i.p. weekly). Treatment was continued until 4 weeks after tumor inoculation before sacrifice. (A) Mouse and tumor
weights and (B) the number of tumor nodules for each group were compared using Student’s #-test with p <0.05 considered
statistically significant. (C) Immunoblotting of tumor samples for confirmation of CBS knockdown. One animal from each
group was selected for immunoblotting analysis. (D) Representative histology of tumors from mice xenografts of A2780/CP-20
cells with Ki-67 expression (middle row) and CD31 expression (lower row) acquired at 20 X magnification. Scale bar represents
100 um. (E) and (F) Quantification of Ki-67 staining and CD31 staining in the mouse xenografts, respectively (n=4). Statistical
analysis was determined using one-way ANOVA with *p <0.05 and **p <0.01. Reproduced by permission (10). To see this

illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

regulated as a consequence of local or systemic inflammation
[as reviewed in Refs. (29, 132)]; thus, cancers develop in this
pre-inflammatory microenvironment). (iii) Normal intestinal
microbiota produces significant amounts of H,S; however, in
the presence of cancer, additional tumor-derived H,S may
contribute to elevate basal systemic H,S levels [as reviewed
in Ref. (120)].

Effect of CBS Inhibition in Preclinical Models of Cancer

Aminooxyacetic acid (AOAA) is a prototypical pharma-
cological inhibitor of CBS that is widely used in H,S biology.
Although the selectivity of AOAA is limited, it is currently
the best pharmacological tool that is used to inhibit CBS-
derived H,S production in vitro or in vivo. Using HCT116
cells, we and others have shown that AOAA treatment re-
capitulates all of the effects of CBS gene silencing, including
the inhibition of cellular bioenergetics, proliferation, and

H,S production (117). AOAA treatment also suppressed the
migration and invasion of HCT116 cells toward fibroblast
conditioned media and reduced endothelial cell migration to-
ward HCT116 colon cancer cells in a multi-chamber co-cultures
assay (Fig. 11). The efficacy of AOAA was comparable to that
of a VEGF neutralizing antibody in this experimental system
(Fig. 11). Furthermore, studies conducted in ovarian cancer cell
lines (10), the breast adenocarcinoma cell line MDA-MB-231
(124), and pancreatic ductal adenocarcinoma cells (109) showed
that AOAA treatment attenuated cellular proliferation, viability,
and bioenergetic functions in vitro.

In vivo, AOAA exerted a marked inhibition of subcuta-
neous HCTI116 cell tumor xenografts in athymic-nude
mice (Fig. 12) (117), and the growth of patient-derived tu-
mor xenografts (PDTXs) from three different colon cancer
patients (Fig. 13). Moreover, in vivo treatment of mice with
AOAA also attenuated the growth of MDA-MB-231 cell
xenografts in nude mice (Fig. 14) (124).
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FIG. 11. Both AOAA and vascular endothelial growth factor (VEGF) neutralization inhibit tumor-induced en-
dothelial cell migration. Tumor-induced endothelial cell migration was tested in vitro in a co-culture assay involving
human umbilical endothelial cells (EAhy926) and human colon cancer cells (HCT116). HCT116 cells were seeded to
confluence in the lower chamber of a 6.5 mm Transwell insert (8.0 um pore); while EAhy926 were serum starved for 5h,
detached by Trypsin-EDTA, re-suspended in serum-free media, and added to the upper chamber (10° cells/well). Cells were
allowed to migrate for 4 h. Migrated cells were fixed with Carson’s fixative, stained by 0.33% Toluidine blue, and quantified
by visual counting. AOAA (1 mM) and antihuman VEGF polyclonal antibody (5 ug/ml) were added to the HCT116 culture
at 45 min (37°C) before the addition of the endothelial cells to the upper chamber (¥p <0.05 vs. vehicle and #p<0.05 Vs.
HCT116). The comparable degree of inhibition of endothelial cell migration by AOAA and of VEGF neutralization should
be noted. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

CBS inhibition also attenuated metastasis formation, as
demonstrated in our recent studies, and enhanced the effect of
oxaliplatin therapy (16a). Taken together with the studies
demonstrating the synergy between cisplatin and CBS si-
lencing in the ovarian cancer cells (10), CBS inhibition may
enhance the efficacy of standard-of-care chemotherapeutic
agents to reduce both recurrent and metastatic disease.

Pharmacological Inhibitors of CBS

The field of CBS inhibitors is in its infancy, because before
the discovery of the role of CBS in cancer, there was no
biomedical reason to synthesize or develop CBS inhibitors.
In a recent study conducted in a collaborative effort between
the Papapetropoulos group and our own group (5), a number
of previously identified H,S biosynthesis inhibitors were
tested with regard to the enzymatic activity of human re-
combinant GST-tagged CBS and CSE enzymes. For CBS
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inhibition, the potency was the highest for AOAA (IC50=9
uM), while trifluoroalanine and hydroxylamine showed
weaker inhibition (ICs5o=66 and 278 uM, respectively)
(Fig. 15A). Propargylglycine (PAG) and L-aminoethoxyvinyl-
glycine were confirmed as fairly selective CSE inhibitors
without any inhibitory effect on CBS for approximately
1 mM. Beta-cyanoalanine was also a preferential CSE in-
hibitor, which only exerted a slight inhibitory effect on CBS
at 1 mM and above. The known PLP-dependent enzyme in-
hibitors D-cycloserine, isoniazid, parsalmide, pargyline, and
methylseleno-cysteine exhibited a 6%—-26% inhibition of
CBS activity at 100 uM and a 10%-21% inhibition at 1 mM.
None of the compounds tested showed selectivity to CBS
compared with CSE (5).

In late 2013, two articles were published on small-molecule
screening for CBS inhibitors. Both projects used cell-free
assays utilizing recombinant CBS enzymes and employed
fluorescent H,S readouts (125, 147). Thorson et al., using a
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FIG. 12. AOAA inhibits HCT116 colon cancer growth in vivo. Effects of AOAA or its vehicle (phosphate-buffered
saline [PBS]) on HCT116 tumor xenografts’ (A) growth rate, (B) tumor volume (*p=0.02), (C) wet weight (*p=0.001),
and (D) plasma concentrations of H,S (*p=0.0005). Reproduced by permission (117).
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FIG. 13. AOQOAA inhibits colon cancer growth in patient-derived tumor xenografts (PDTX) in vivo. (A) Effects of
AOAA or its vehicle (PBS) on PDTX growth rate in three different patients. p <0.05 was considered statistically significant. (B)
Photomicrographs of H&E-stained formalin-fixed paraffin-embedded sections (5 pm) of the primary colon adenocarcinoma from
a patient with stage III disease and Kras mutation (PT), and the corresponding PDTX. The similar morphology of both specimens
should be noted. (C) Patient information with regard to sex, age, KRAS mutation status, differentiation, tumor severity grade/
stage, and tumor localization. PDTX data from patients 1 and 2 are reproduced by permission (117). To see this illustration in
color, the reader is referred to the web version of this article at www .liebertpub.com/ars

truncated version of human CBS (D414-551), screened a
composite library of 1900 compounds (including compounds
with known biological activity, clinically used drugs, and natural
products) from the Microsource Spectrum Collection. An initial
screen showed that twelve compounds at a concentration of
150 uM exhibited significant inhibitory activity in their fluores-
cence assay. Subsequent evaluations confirmed, the activity of
several inhibitors included benserazide, a clinically used com-
pound and known inhibitor of L-3,4-dihydroxyphenylalanine
decarboxylase (a PLP-dependent enzyme), amiloride (a potas-
sium-sparing diuretic and clinically used drug), and several fla-
vonoids, including apigenin, tangeritin, and rutin. The structures
of the compounds mentioned earlier and their reported ICs, are
shown in Figure 15B. However, the relative potency of these
compounds, compared with prototypical CBS inhibitors (e.g.,
AOAA or hydroxylamine) in their assay, is unknown.

Zhou et al. used recombinant human full-length CBS in a
tandem microplate assay (147) to screen a chemical library
consisting of ~20,000 compounds assembled from NCI,
FDA, and the Johns Hopkins Clinical Compound Library,

Maybridge, ChemBridge, and other sources. Hit confirmation
assays included selectivity testing against CSE, as well as the
confirmation of direct binding by the hit molecules using a
surface plasmon resonance assay, followed by in silico dock-
ing analysis. Controls included hydroxylamine (which, as
expected, inhibited both CBS and CSE) and PAG, which, [in
accordance with earlier studies (5)] was selective for CSE).

The screening yielded eleven CBS inhibitor compounds
with ICsq values lower than 50 uM. Almost all of these inhib-
itors belonged to different structural classes, with NSC111041
and NSC67078 being the most potent inhibitors (ICsy: 4 and
12 uM, respectively). Five compounds: MBSEWO03275, qui-
naldine blue (also known as pinacyanol; code name in the
screen: JHU-8555), MBS08407, NSC260610, and NSC177365
showed some selectivity for CBS compared with CSE, with
MBS08407 showing the highest (> 16-fold) selectivity, and an
ICsq of 25 uM (147) (Fig. 15C). The potency of AOAA was not
reported; however, another CBS inhibitor (hydroxylamine) had
an ICsq of 20 uM under the assay conditions employed for the
screening.
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FIG. 14. AOAA inhibits breast cancer growth in vivo.
MDA-MB-231 xenografts were initiated in nude mice. Tumors
were measured daily using blunt end Vernier calipers, and mice
with established tumors (130-190 mg) were blindly random-
ized into either PBS control (black symbols) or AOAA treat-
ment (red symbols) groups. Experimental mice were weighed,
and they were given daily intraperitoneal injections of either
PBS or 0.2 mg AOAA. Data are plotted as the mean =+ SD. It
should be noted that AOA A markedly suppressed the growth of
established breast cancer tumors. Reproduced by permission
(124). To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

Others have used a structure-function paradigm to develop
potential CBS inhibitors (105). Their efforts focused on three
series of putative CBS inhibitors, featuring oxyamino, hy-
drazino, and hydroxylamino functionalities, designed to en-
gage the active site cofactor PLP in stable oxime, hydrazone,
and nitrone adducts, respectively. Since these molecules are
functionalized analogues of CBS product L-cystathionine,
the assays were designed such that the compounds competed
with endogenous (L,L)-cystathionine at the active site of
CBS via CBS “‘reverse reaction”” involving the hydrolysis
of (L,L)-cystathionine to L-serine and L-homocysteine in
the presence of CBS. The L-homocysteine formed was
trapped and measured with Ellman’s reagent. The most po-
tent inhibition (25-30 uM) was observed with some of the
hydroxyamino compounds. The oxamino and hydrazino de-
rivatives exhibited low potency (ICsy between 500 and
3000 uM), although the inhibition became more potent (140—
1200 uM) when the compounds were pre-incubated with the
enzyme, indicating a slow binding kinetic. The most potent
compounds from each class were (2S,7S)-2,7-bis(aminooxy)
octanedioic acid, (2S,7S)-2,7-bis(aminooxy)octanedioic acid,
and (28S,7S)-2,7-bis(hydroxyamino)octanedioic acid (Fig.
15D). Direct measurements demonstrated that these com-
pounds form complexes with the CBS prosthetic group PLP
as expected.

In the same work (105), an additional approach was also
described, aimed at synthesizing and testing quartenary o-
branched amino acids as a new class of potential electrophile-
releasing triggers for CBS (as well as other PLP-dependent
enzymes). For this series of compounds, CBS inhibitory effects
were assessed using a radioactive assay. The inhibitors were
preincubated with hCBS dimer (D,L)-homocysteine followed
by the addition of ['*C]L-serine. The radioactive product of the
reaction was chromatographically separated and quantified by
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scintillation counting. These compounds were characterized
as weak inhibitors; 30 mM O-difluromethyl L-serine or S-
difluromethyl L-cysteine produced an ~50% inhibition of
catalytic activity after 60 min of pre-incubation with the
enzyme.

To be complete, the gaseous transmitters CO and NO should
also be mentioned, as they represent a special “class” of en-
dogenous CBS inhibitors. These molecules bind to the heme
group of CBS. The biochemical characteristics of these inter-
actions have been explored in significant detail (16, 95, 112).

Different experimental conditions yield different relative
ICs( values for CBS inhibition. For instance, CBS activity
and the inhibitory potency of various compounds are influ-
enced by the source and structure of the recombinant CBS
used (i.e., species, full length vs. truncated ezc.), as well as by
the assay conditions (e.g., pH, buffer, time of pre-incubation
of test compounds with the enzyme, read-out of the assay,
plate format, efc.). As an example, a slight modification in the
composition of the assay buffer produced a shift in the ICsq of
hydroxylamine from 20 uM to above 200 uM (147). There-
fore, inclusion of reference compounds/standards (e.g., hy-
droxylamine, AOAA) in the screening assays is essential to
enable comparisons between different screening campaigns
conducted in different laboratories. In the absence of such
reference standards, the ICs values reported in Figure 15A-D
only can be compared within each screen, but not between
different screens. For example, in our previous screen in
human CBS, AOAA and hydroxylamine were determined to
have respective ICs values of 9 and 278 uM (5). In contrast,
Zhou et al. established the ICs, of hydroxylamine as 20 uM
under the conditions applied for screening (147); in other
words, all of the identified hits in this screening campaign
were comparable, in terms of potency, to hydroxylamine
(Fig. 15C). Thus, there is a high likelihood that according to
the present state of the art, all currently known CBS inhibitors
lay in the AOAA-hydroxylamine range, perhaps with AOAA
remaining the most potent molecule. However, this remains
to be directly tested in future studies.

With regard to therapeutic repurposing of existing FDA-
approved drugs, it appears that those identified as CBS in-
hibitors to date lack the necessary potency and/or selectivity
for CBS-targeted therapy. For example, inhibition of CBS by
amiloride or benserazide requires concentrations of 100 uM
or higher, which would be difficult to achieve therapeutically,
as the achievable plasma concentration of these drugs in hu-
mans is in the low nM range (52, 53). Based on the published
database of clinically used compounds that are candidates for
repurposing (18), Zhou et al. referred to quinalidine blue/
pinacyanol chloride as an FDA-approved anticancer com-
pound (147). However, other than the fact that the compound
used to be a part of in vitro staining techniques for chromo-
some banding or beta-amyloid staining (86, 101), we were
unable to find any in vivo studies or clinically relevant in-
formation on this compound in the literature. Therefore, the
status of this compound as a potential human therapeutic
agent remains unclear.

Taken together, recent work in the field of CBS inhibitors
may have identified potentially useful chemical scaffolds for
future medicinal chemistry optimization. It is likely that
some of these compounds target the PLP site of CBS, in-
creasing the potential for cross-reactivity with other PLP-
dependent enzymes.
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FIG. 15. Pharmacological in-
hibitors of CBS. (A) shows the
comparative potency of previously
known CBS inhibitors, as deter-
mined by the ‘“‘methylene blue”
assay by Asimakopoulou and col-
leagues at the University of Patras
and UTMB Galveston (5). (B)
shows newly identified CBS inhib-
itors identified by a screen utilizing
a fluorescent H,S detection method
by Thornburg et al. at the Uni-
versity of Utah and the University
of Colorado at Denver (125). (C)
shows newly identified CBS inhib-
itors identified by Zhao and col-
leagues at the Shanghai Jiao Tong
University [Shanghai, China (147)]
using a fluorescent H,S detection
method, and the potency of the
previously known inhibitor, hy-
droxylamine, in the same assay.
(D) shows the most potent CBS
inhibitors synthesized by rational
design by Shen at the University of
Nebraska (105) and tested in a ra-
dioactive CBS assay. All assays
used human recombinant CBS en-
zyme. Structures of the inhibitors,
names, and ICsq values in brackets
are shown. Due to differences in
the assay conditions, inhibitory po-
tencies of the compounds should be
compared within the same assay,
but not within assays.
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The Pharmacological Profile of AOAA: Implications
for Cancer Therapy

Although referred to as the prototypical CBS inhibitor, the
pharmacology of AOAA is complex (78) and not entirely
specific. Its mode of action entails an irreversible binding to
the prosthetic group PLP in CBS and therefore other PLP-
dependent enzymes. For example, AOAA inhibits CSE (5).
However, when compared under the same assay conditions,
AOAA is a much weaker inhibitor of CSE (ICs5o=1 uM)
when compared with CBS (IC50=9 uM) (5). In isolated rat
aortic rings assay (a tissue with low levels of CBS), pre-
treatment with AOAA inhibits L-cysteine-induced smooth
muscle relaxations to the same extent as the CSE inhibitor
PAG; while the combined treatment of PAG and AOAA
exerted no greater inhibition of relaxation, suggesting that
AOAA can inhibit CSE in vascular tissue (5) (Fig. 16). Thus,
the use of AOAA as an anticancer therapy may potentially
cause hemodynamic side effects due to the physiological
actions of CSE/H,S on vasodilator tone.

It is possible that AOAA exerts additional inhibitory ef-
fects on H,S production through the indirect inhibition of
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3-MST. 3-MST generates H,S from 3-mercaptopyruvate
(3-MP), which is produced by the cysteine aminotransferase
(CAT, EC 2.6.1.3)-dependent condensation of cysteine and
a-ketoglutarate through the following reaction: L-cysteine
+ 2-oxoglutarate — mercaptopyruvate + L-glutamate. CAT is
identical to cytosolic aspartate aminotransferase (EC
2.6.1.1, also known as glutamate oxaloacetate transami-
nase 1 [GOTI1], aspartate aminotransferase, or aspartate
transaminase [AST]). In its latter (GOT or AST) function,
the enzyme catalyzes the following reaction: L-aspartate +
2-oxoglutarate — oxaloacetate + L-glutamate. Inhibition of
CAT by AOAA would be expected to inhibit the formation of
3-MP and therefore, it would be expected to inhibit 3-MST-
induced H,S production (Fig. 16).

To further increase the complexity of the subject, we also
have to mention that GOT]1 is an essential component of the
malate/aspartate shuttle. In cancer cells, this mechanism has
been shown to link glycolysis to the transfer of electron do-
nors into the mitochondria and this transfer is inhibited by
AOAA (22,37, 124, 133). Moreover, the function of GOT1 is
linked to glutaminolysis, another partially cancer-selective
metabolic pathway and anticancer target (109). Knockdown

. Malate?
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Matrix (-)

FIG. 16. Multiple pharmacological actions of AOAA. By simultaneously inhibiting CBS activity and inhibiting glutamate
oxaloacetate transaminase 1 (GOT1), a key enzyme of the malate/aspartate shuttle, AOAA acts as an inducer of “‘synthetic lethality”
in cancer cells. CBS-derived H,S supports mitochondrial electron transport and cancer cell bioenergetics by donating electrons at
complex II. By inhibiting CBS, AOAA suppresses this bioenergetic pathway. The malate-aspartate shuttle translocates electrons that
are produced in glycolysis across the semipermeable inner membrane of the mitochondrion, in order to support oxidative phos-
phorylation. These electrons enter the electron transport chain at complex I. The shuttle system is required, because the mitochondrial
inner membrane is impermeable to NADH (a primary reducing equivalent of the electron transport chain). In humans, the cyto-
plasmic enzyme (GOT1) is one of the key enzymes in the malate shuttle: It functions to catalyze the interconversion of aspartate and
o-ketoglutarate to oxaloacetate and glutamate using PLP as a cofactor. By inhibiting GOT1, AOAA reduces the transfer of electron
donors to the mitochondria, thereby suppressing cancer cell bioenergetics. By the simultaneous inhibition of CBS and GOT1, AOAA
interferes with two key pathways of cancer cell mitochondrial function. In addition, by inhibiting GOT1 (also termed CAT), AOAA
may have additional inhibitory effects on mitochondrial H,S production by reducing the substrate level of 3-MST and thereby
indirectly inhibiting its activity. Moreover, AOAA may also inhibit several additional PLP-dependent enzymes in the cell, including
the cytosolic enzyme CSE. To see this illustration in color, the reader is referred to the web version of this article at www
Jiebertpub.com/ars
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of GOT1 and other essential enzymes in the glutaminolysis
pathway have recently been shown to suppress cancer cell
metabolism (109). Therefore, we have recently suggested
(78) that AOAA may exert its anticancer effects through the
simultaneous suppression of the malate/aspartate shuttle,
glutaminolysis, and the CBS/H,S axis. In effect, through
these diverse, but interrelated pharmacological actions in the
cancer cell, AOAA can be viewed as an inducer of ‘‘synthetic
lethality”” (Fig. 16).

Although not an FDA-approved drug, AOAA was given to
patients with Huntington’s disease and tinnitus in several
non-randomized clinical trials in the 1970s and 1980s (42, 91,
92). In these disorders, AOAA was used to inhibit an enzyme
in neurons, glutamic acid decarboxylase or GABA transam-
inase (GABA-T), a PLP-dependent transaminase. These
clinical studies established dose-limiting toxicities in hu-
man subjects and suggested that AOAA can be reasonably
well tolerated. However, the study design and drug formu-
lation would not be acceptable if we applied today’s regu-
latory standards. Nevertheless, with appropriate chemical
and regulatory preparations, AOAA or closely related com-
pounds may be amenable for re-introduction for cancer
therapy in the future.

H,S Donation Versus H,S Biosynthesis
Inhibition in Cancer

Literature searches focusing on ‘“‘hydrogen sulfide’” and
“cancer”’ keywords will identify a significant number of
articles which support the concept that cancer cells can be
killed via H,S donation. On the surface, these studies appear
to contradict key concepts outlined earlier. However, many
of the contradictory findings regarding the effects of H,S
on cancer cells may be explained by a careful consideration
of a bell-shaped dose-response curve that characterizes H,S
activity in biological systems.

Some of the published reports use complex molecules,
where the H,S donor group is linked with a larger molecule,
which also has its own independent pharmacological action.
Prime examples of such parent molecules include non-
steroidal anti-inflammatory drugs (NSAIDs) such as diclofe-
nac, naproxen, or sulindac (17, 30, 57, 63). In these studies,
typically no information is presented on the relative contri-
bution of H,S versus the parent molecule to the anticancer
effects, even though it is well known that NSAIDs exert an-
ticancer effects in many preclinical models of cancer through
inhibition of the pro-inflammatory cyclo-oxygenase signaling
pathways. In fact, the beneficial property of the H,S donating
group is likely related, at least in part due to its vasodilatory/
cytoprotective effects on the gastric mucosa, which permits
higher doses of the parent NSAIDs without gastric irritation.
Moreover, simple calculations of the H,S ““‘content” of these
molecules, and a comparison of these numbers with the effects
of authentic H,S donors makes it unlikely that the H,S con-
tained in these structures can reach sufficiently high levels to
induce cytotoxicity in the cancer cell. For these reasons, we
have excluded the combined molecules mentioned earlier from
our present analysis. In another study, Ma et al. report on the
anticancer effect of the garlic extract component S-propargyl-
cysteine (72). Although this compound is often discussed as a
H,S pathway modulator, its pharmacological profile is ex-
tremely complex, as it includes kinase activation, up-regulation
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of CSE, and many other actions (9, 72). Thus, while the com-
pound can induce apoptosis in vitro and may reduce tumors
in vivo, we believe that its actions are too complex to be
evaluated in the current review.

We will focus solely on studies where the effect of H,S
donors was directly tested on the viability and/or prolifera-
tion of various cancer cell lines in vitro (6, 8, 13, 85, 139). For
instance, Wu et al. using colon cancer cells (includig HT29
and HCT116) reported that H,S (400-1000 uM) decreased
cell proliferation and induced autophagy in a concentration-
dependent manner (139). Moore and colleagues used the
slow-release H,S donor GYY4137 in multiple human can-
cer cell lines (HeLa, HCT116, Hep G2, HL-60, MCF-7,
MV4-11, and U20S) and found that the H,S donor de-
creased cancer cell survival at 400-800 uM (68). Similarly,
Attene-Ramos et al. used CHO cells and HT29 cells, and
showed a concentration-dependent decrease in cell viability
at concentrations above 100 uM (6) and also when used
in combination with caustic agents such as hydroxylurea
(6). Finally, Cai et al. evaluated a wide range of H,S con-
centrations in HCT116 and SW480 cells and reported a
concentration-dependent stimulation of cell proliferation
between 10 and 50 uM H,S, a plateauing of the effect at
200 uM, and an inhibition of proliferation at 1000 uM (13).

Other studies reported diverse effects of H,S and cell
growth/cell death in various transformed and non-transformed
cell lines in vitro (6, 8, 13, 83, 85, 121, 139). Many of these
reports are summarized in a review article by Baskar and Bian
(8). A critical evaluation of the conditions and the concen-
trations of the H,S donors suggests that the effects of H,S are
bi-phasic, as in a bell-shaped curve, where lower concentra-
tions of H,S are pro-survival and proliferative, while higher
concentrations of H,S become cytostatic, cytotoxic, and an-
tiproliferative. We also hypothesize that the net effects seen in
cell proliferation are the result of the net balance of endoge-
nously produced and exogenously administered H,S. We
assessed the proliferation rates of HCT116 colon cancer cells
in the presence of different concentrations (0.03-3 mM) of
either NaHS (fast-release) or GYY4137 (slow-release) H,S
donors, with or without pretreatment with the CBS inhibitor
AOAA. In the absence of AOAA, low concentrations (0.03—
0.3mM) of NaHS stimulated proliferation whereas higher
concentrations (1-3 mM) inhibited growth (Fig. 17A). CBS
inhibition with AOAA shifted the dose response to the left, not
only decreasing basal proliferation but also limiting toxicity
only to cells exposed to 3 mM NaHS (Fig. 17B). In the absence
of AOAA, all concentrations of GYY4137 (0.03-3 mM)
stimulated HCT116 cell proliferation over the basal growth
rate (Fig. 18). However, only the highest concentration of
GY4137 (3 mM) stimulated HCT116 cells when CBS was
inhibited (Fig. 18). These data demonstrate that colon cancer
cell proliferation exhibits a biphasic (bell-shaped) dose re-
sponse to H,S. The precise nature of the cellular response
(increased or decreased growth) is determined by the rate of
H>,S production (fast- vs. slow-release H,S donors) as well as
by the concentration of donor relative to the endogenous
(basal) level of CBS-dependent H,S production. Our model
provides a useful framework to reconcile some of the con-
troversies in the literature regarding the role of H,S in the
regulation of cancer cell proliferation.

Similar to the bell-shaped pharmacological effects of the H,S
donors, lower concentrations of the allosteric CBS activator,
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FIG. 17. Bell-shaped effect of the fast-acting H,S donor NaHS on the proliferation of HCT116 cells in the absence
or presence of AOAA. (A, B) show the effect of various concentrations of NaHS on proliferation. The HCT116 cell prolif-
eration was assessed in real time for approximately 72 h using the XCELLigence system as described (117), and the effect of the
H,S donor was calculated as the change in the area under the curve (0—72 h) relative to the proliferation of vehicle-treated cells. In
this analysis, the AAUC of the cells in the presence of vehicle only is defined as zero. Columns that are oriented in the positive
direction represent increases in proliferation in response to the H,S donor compared with vehicle (*p <0.05); negative columns
represent the inhibitory effect of NaHS on cell proliferation (*p <0.05). (C, D) show the interpretation of the findings based on a
bell-shaped dose-response model. (A, C) as well as (B, D) are color-coordinated to represent identical experimental groups. See
“H,S Donation vs. H,S Biosynthesis Inhibition in Cancer” for additional explanation of the model. Data represent mean = SEM of
n=4 independent determinations. To see this illustration in color, the reader is referred to the web version of this article at

www . liebertpub.com/ars

SAM increase proliferation; whereas higher concentrations
(3 mM) inhibit it (Fig. 19A). When CBS was catalytically in-
hibited or physically absent, the allosteric activator was unable
to modulate cellular H,S production or cancer cell proliferation
(Fig. 19B, C, bottom cartoons).

We should emphasize that the earlier schemes only depict
a reductionist model, as the model only considers ambient
(endogenous/exogenous) H,S concentrations and simple
outcome measures (such as survival or proliferation). The
terms ‘‘local concentration of H,S’” and the ‘‘rate of release
of H,S from H,S donors’” are often used interchangeablely.
Thus, in most cases, donors with higher H,S release rates
produce higher ambient H,S concentrations. In other situa-
tions, H,S donors with different rates can produce not only
quantitative but also qualitative differences in cellular re-
sponses (68, 136). This aspect of H,S biology remains to be

further explored and integrated into our model. In addition,
the complexities of the temporal relationship between H,S
donation and its effect should be considered. For example,
pretreatment of cells or animals with H,S can induce the
expression of protective genes and pathways (e.g., ones
governed by the antioxidant master switch Nrf2), resulting in
altered cellular phenotypes at later time points (i.e., where
ambient H,S levels are no longer detectable, the classical
phenomenon of ““preconditioning’”) (15, 143). While these
mechanisms are primarily studied in the context of cardio-
vascular biology, Koike et al. have shown that pretreatment
of cancer cells with polysulfides (which have H,S-donating
properties, as well as many other pharmacological actions)
can induce Nrf2-dependent protective phenotypes (64).

In summary, the simple bell-shaped model outlined in the
current section is consistent with the majority of published
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FIG. 18. Bell-shaped effect of the slow-acting H,S donor GYY4137 on the proliferation of HCT116 cells in the
absence or presence of AOAA. The effect of GYY4137 on HCT116 cell proliferation is shown (A, B). Cell proliferation was
monitored for approximately 72 h by xCELLigence system as described (117). The xCELLigence enables real-time monitoring
of the cell status and is carried out in a specially designed 96-well plate containing microelectrodes to measure the impedance of
the cell monolayer, also called cell index (CI). Curves of the CI over time were obtained, and the effect of the H,S donor was
calculated as relative change in the area under the curve (0-72h) over the vehicle-treated cells. In this analysis, the AAUC of
vehicle-treated cells is defined as zero. Positive or negative values represent, respectively, increases or decreases in HCT116 cell
proliferation in response to the H,S donor compared with vehicle (*p <0.05 and #p <0.05). (C, D) shows the interpretation of the
findings based on a bell-shaped dose-response model. (A, C) as well as (B, D) are color-coordinated to represent identical
experimental groups. See ‘““H,S Donation Versus H,S Biosynthesis Inhibition in Cancer” for additional explanation of the
model. Data represent mean+ SEM of n =4 independent determinations. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

data and provides a useful framework to reconcile some of
the controversies regarding H,S donation versus H,S bio-
synthesis inhibition.

Unanswered Questions and Future Directions

The field of H,S and cancer is a new and expanding re-
search area. The later sections represent a partial list of
open questions and briefly outline potential future research
directions.

Why have the cancer cells chosen such an unusual
route to support themselves?

We speculate that H,S-mediated metabolism/signaling
may represent a ‘‘regressive response’’ by the tumor cell,

similar to the Warburg effect, another cancer-specific meta-
bolic alteration, where the tumor cells can switch to anaer-
obic metabolism. As previously discussed (120), billions of
years ago, before the presence of atmospheric oxygen on
Earth, H,S was a common metabolic ‘‘fuel’’ for bacteria and
other simple organisms. In fact, even present-day organisms
living in the oxygen-poor but H,S-rich environment of deep-
sea vents utilize H,S to support their metabolic functions. By
synthesizing large amounts of intracellular H,S, tumor cells
may regress back to such primordial metabolic pathways.
One important difference between the H,S-dependent metab-
olism of the tumor cells and the Warburg effect is that based on
what we know about H,S-dependent mitochondrial mecha-
nisms, we do not believe that H,S-dependent metabolism will
be maintained in severe hypoxia, because the H,S-fueled
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FIG. 19. Bell-shaped effect of the allosteric CBS activator SAM on the proliferation of HCT116 cells, and loss of the
pharmacological effect of SAM in cells pretreated with AOAA or in cells with stable lentiviral silencing of CBS (shCBS).
(A-C) show the effect of various concentrations of SAM on colon cancer cell proliferation either in basal conditions or on
pharmacological inhibition/shRNA-mediated silencing of CBS. The assay was conducted using the xCELLigence system as
described (117), and the effect of the CBS allosteric modulator was calculated as relative change in the area under the curve of the
index of cell proliferation over time (0-72 h). In this analysis, the AAUC for the vehicle-treated cells is defined as zero. Columns
that are oriented in the positive direction represent increases in proliferation in response to SAM compared with vehicle
(*p<0.05); negative columns represent inhibition of proliferation compared with the vehicle-treated control cells (*p <0.05).
(D-F) show the interpretation of the findings based on a bell-shaped dose-response model. (A, D), (B, E) as well as (C, F) are
color-coordinated to represent identical experimental groups. See ‘“H,S Donation Versus H,S Biosynthesis Inhibition in Can-
cer’” for an additional explanation of the model. Data represent mean+ SEM of n=4 independent determinations. To see this
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electron transport requires oxygen as a terminal electron ac-
ceptor at complex IV.

Is CBS-derived H,S the reason
that dogs can smell cancer?

Two decades of literature show that dogs can be trained to
detect cancer patients, in some cases with astonishing pre-
cision (46, 110, 137). The dog’s nose can detect H,S down to
parts per billion concentrations. When coupled with multiple
lines of recent data showing that exhaled H,S and urinary
H,S is increased in cancer patients (as discussed earlier), it
may possible that dogs sense cancer patients by detecting
H,S. However, we believe that dogs detect a complex “‘sig-
nature”’ of various volatile molecules (including H,S). Such
volatile signatures may be useful for the future detection of
cancer, either by dogs or by various ““artificial nose’” systems
currently under development (21, 70).

What is the mechanism of up-regulation
of CBS in cancer?

Currently, it is not known whether the mechanism in-
volves transcriptional, post-transcriptional mechanisms, or
both; further, the trigger/signals that up-regulate CBS are

unknown. When CBS expression was studied in the NCI60
panel of tumor cells, the increased CBS protein expression
statistically correlated with increased CBS mRNA levels (146),
suggesting that transcriptional regulation is a distinct possibil-
ity. In addition, both Wang and Kruger have recently published
on post-transcriptional regulatory mechanisms of CBS ex-
pression, and discovered that CBS is subject to intracellular
degradation by various proteases (e.g., the Lon protease) (41,
106, 123), suggesting that perhaps CBS protein stability may be
mediated by decreased CBS-degrading proteases in the cancer
cell. Bhattacharyya et al. found that the up-regulation of CBS
appears to be a relatively early event in ovarian cancer pro-
gression (10). However, for colorectal cancer, the temporal
sequence of CBS up-regulation, in relation to the progression of
colorectal cancer (expression levels in premalignant intestinal
polyps vs. early-stage cancers), remains to be further studied.

What are the local and systemic levels of HoS
in biological fluids in normal biological conditions
and in cancer patients?

A significant controversy in the field of H,S relates
to quantification methods for biological levels of H,S. The
absolute value of the H,S level in extracellular fluids or in
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plasma depends on the experimental method used (e.g., de-
rivatization of H,S with monobromobimane, or other meth-
ods, or measurement using the ‘‘methylene blue’ assay, or
free H,S gas measurements using headspace analysis, or
readings taken by H,S electrode), as well as the tissue type
studied, with vascular tissues exhibiting substantially high
levels than many other tissues (29, 89, 120, 138). Further
work is needed to address this question. No reports exist on
circulating H,S levels in cancer patients. In our nude mice
studies xenografted with human HCT116 colon cancer cells,
we were unable to detect significant alterations in plasma H,S
levels using the ‘“‘methylene blue”” method. Tissue levels of
H,S are determined by both H,S production and H,S deg-
radation (26). In cancer cells, partially uncoupled mito-
chondria may produce increased levels of ROS, and the
increased cancer cell-derived H,S may be accompanied by
increased H,S degradation due to increased oxidative stress,
resulting in the primary accumulation of H,S metabolites,
rather than H,S. A full analysis of the levels of H,S and its
metabolites (e.g., thiosulfate) in cancer remains to be con-
ducted in future studies.

How does the CBS/H-S pathway in cancer cells relate
to various known pathways of cellular metabolism
or cell proliferation?

It is not yet known whether up-regulation of CBS in can-
cer cells is a part of a global reprogramming of the trans-
sulfuration pathway, which subsequently affects cellular
metabolism and signaling. Future studies need to characterize
these complex alterations. Ramasamy et al. characterized the
expression of thiosulfate sulfurtransferase (TST, an isoform
of the H,S-detoxifying enzyme family rhodanese) in HT29
colon cancer cells and in biopsies of colon cancer and showed
that TST expression increases in proliferating HT29 cells
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can be induced by low-to-intermediate concentrations of
authentic H,S; while TST is down-regulated by higher H,S
concentrations (98). In addition, the same authors reported
that there is a reduction in TST expression in sections of
human colon cancer (98). Although the exact pathophysio-
logical role of these alterations remains to be explored, the
cellular effect is the net result of H,S production and its
degradation and so, it is expected to be regulated by both
changes in the expression/activity of enzymes that produce it
(such as CBS) and enzymes that degrade it (such as TST).
Deplancke and Gaskins conducted a microarray analysis of
gene expression changes in response to H,S exposure in the
colonic epithelial cell line IEC-18 (25) and found that H,S
increased the expression of cytochrome ¢ oxidase subunit V,
perhaps as a compensatory response to alterations in mito-
chondrial electron transport. Importantly, VEGF expression
was also found to be up-regulated. There are several studies in
the literature showing that VEGF up-regulates H,S production
and/or that H,S up-regulates VEGF expression (11, 45, 71, 90,
94,97, 103, 122, 130, 131). Thus, the possibility of a positive
feedback cycle (with increased tumor angiogenesis, as a pos-
sible outcome) needs to be investigated in future studies.

What are the interactions of the CBS/H.S system
with other gaseous mediators in cancer?

There are three gaseous mediators, NO, CO, and H,S, that
utilize partially overlapping, and partially synergistic path-
ways (56, 93, 114). Many known interactions exist between
the three transmitters and the respective enzyme systems
that generate and metabolize the gases. As previously noted,
one example is the direct inhibition of CBS by NO and CO
via binding to its heme group. Although multiple previous
studies have explored the potential role of NO in cancer,
its exact role remains unclear. Since all three gaseous
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FIG. 20. Summary: role of CBS/H,S axis in the biology of colorectal and ovarian cancer cells. CBS is highly
expressed in colon cancer cells, ovarian cancer cells (and likely in other forms of cancer as well). Itis located partially in the cytosol
and partially in the mitochondria. H,S produced from it serves as an inorganic electron donor, stimulating mitochondrial electron
transport, increasing ATP turnover. In addition, H,S increases the glycolytic activity of the tumor cell, presumably by activating
GAPDH. Moreover, it exerts antioxidant effects in the mitochondria. In addition, it contributes to the maintenance of GSH in the
cancer cell. Via autocrine bioenergetic effects, and/or via direct effects on multiple signaling pathways (Akt/PI3K, nuclear factor
kappa B [NF-kB] efc.), endogenously produced H,S stimulates cancer cell proliferation, migration, and invasion. In addition, H,S
diffuses into the surrounding cells and tissues, stimulating angiogenesis, as well as acting as a vascular relaxant. Via these
paracrine effects, CBS-derived H,S promotes the supply of blood and nutrients to the tumor. Genetic silencing or pharmacological
inhibition of CBS exerts inhibitory effects on tumor bioenergetics, cellular signaling, resulting in inhibition of proliferation,
growth, migration, and metastasis. CBS inhibition also enhances the antitumor effect of various chemotherapeutic agents such as
cisplatin and oxaliplatin both in vitro and in vivo. Modified from Szabo ef al. (117). To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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transmitters can travel through cell membranes, in theory, all
of them have the potential to affect cell-cell communications
in the tumor microenvironment. The interactions of the three
gaseous transmitters, both in the regulation of physiological
processes in general and in cancer biology remains to be
explored in the future.

Outlook: The Therapeutic Potential of H,S
Biosynthesis Inhibition in Cancer

The realization of the functional importance of CBS-
derived H,S production in the biology of the cancer cell is a
very recent one. Our current model, supported by several
lines of experimental data, is shown in Figure 20. CBS up-
regulation results in enhanced H,S production in cancer
cells, which, in turn, stimulate its mitochondrial function and
activate proliferative and pro-inflammatory signaling. In
addition, H,S acts as a mitochondrial antioxidant and cyto-
protectant for the cancer cell. Moreover, in a paracrine
fashion, H,S diffuses out from the cancer cells into the tumor
microenvironment, where it stimulates angiogenesis and lo-
cal vasodilatation, which, in turn, provides the tumor with
nutrients and oxygen.

To progress this novel concept into clinical testing, sig-
nificant further basics, as well as translational research are
required. Colorectal and ovarian cancer are the two diseases
with promising preclinical data. Thus far, the role of CBS/
H,S in the translationally highly predictive PDTX model has
only been confirmed in the colorectal cancer model. In these
experiments, the CBS inhibitor AOAA showed consistent
and potent anti-tumor growth effects independent of the
cancer’s KRAS status (Fig. 13) (117). Based on preclinical
data (10, 16a), a combination of CBS inhibitors with existing
antitumor agents is a distinct possibility, even though addi-
tional work is needed to identify the most effective combi-
nations and the best sequence of their administration.

Finally, further development of pharmacological inhibitors
of CBS are needed, including work to improve the potency and
the selectivity of the currently known CBS inhibitors. All
available published data on screening and medicinal chemistry
studies in this area are covered in the current review.

Even with the most selective and most potent inhibitors,
we predict that some mechanism-based side effects will re-
main unavoidable, as CBS is physiologically expressed in
some non-tumor tissues, such as the liver, the kidney, and the
nervous system. The main physiological role of CBS is to
metabolize homocysteine. Thus, we predict that treatment
with any pharmacological CBS inhibitor will be associated
with some accumulation of plasma homocysteine, a known
cytotoxic molecule and cardiovascular risk factor (12, 24, 27,
50, 104). Accordingly, CBS knockout animals have a limited
life span, which is a consequence of severe hyperhomocys-
teinemia (3, 74). Patients who completely lack CBS exhibit
severe pathophysiological alterations, including thrombosis,
osteoporosis, and mental retardation (82). However, while
extremely high levels of circulating homocysteine are dan-
gerous, there may be a threshold effect with homocysteine.
Moderate homocysteinemia is well tolerated in animal
models (40). For example, CBS ™/~ mice that receive a trans-
gene expressing a catalytically deficient form of human CBS
which only partially normalizes circulating homocysteine lev-
els are viable (129). In addition, CBS*'~ heterozygote mice
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have significantly elevated homocysteine levels, but are fully
viable (69, 126, 145).

Correlative data linking hyperhomocysteinemia and car-
diovascular risk may be of concern with the use of CBS
inhibitors. Recent clinical trials studied patients taking
vitamin B12 and folate to facilitate the conversion of
homocysteine to methionine. Although the intervention
successfully reduced circulating levels of homocysteine, it
was not effective in reducing the cardiovascular adverse
events in the patients (2, 88), questioning whether hyperho-
mocysteinemia causes cardiovascular disease.

Taken together, in our view, CBS is a partially selective
novel target for cancer therapy. Although we have shown that
the CBS inhibitor AOAA was tolerated in mice at thera-
peutically effective doses, this does not imply that CBS in-
hibitors will be well tolerated by cancer patients. We predict
that administration of CBS inhibitor anticancer drugs will
present a risk of hyperhomocysteinemia, which will have to
be monitored and clinically managed. Perhaps measurement
of circulating homocysteine levels may be used in future
anticancer clinical trials as a biomarker to estimate the extent
of CBS inhibition and/or to assess patient compliance. Fi-
nally, a possible way of reducing the therapeutic dose of CBS
inhibitors in human trials may be to use them in combination
with appropriately selected standard anticancer agents.
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3-MP = 3-mercaptopyruvate
3-MST = 3-mercaptopyruvate sulfurtransferase
AOAA = aminooxyacetic acid
AST = aspartate transaminase
CAT = cysteine aminotransferase
CBS = cystathionine f3-synthase
CI=cell index
CO = carbon monoxide
CSE = cystathionine y-lyase
DOPC = dioleoyl phosphatidylcholine
GABA-T = glutamic acid decarboxylase or GABA
transaminase
GOT1 = glutamate oxaloacetate transaminase 1
H,S =hydrogen sulfide
NF-kB = nuclear factor kappa B
NO = nitric oxide
NSAID = non-steroidal anti-inflammatory drug
OCR = oxygen consumption rate
PAG = propargylglycine
PBS = phosphate-buffered saline
PDTX = patient-derived tumor xenograft
PLP = pyridoxal-phosphate
ROS =reactive oxygen species
RT-PCR =real-time polymerase chain reaction
SAM = S-adenosyl-L-methionine
TST = thiosulfate sulfurtransferase
VEGF = vascular endothelial growth factor




