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A B S T R A C T   

The expression of the reverse transsulfuration enzyme cystathionine-β-synthase (CBS) is markedly increased in 
many forms of cancer, including colorectal, ovarian, lung, breast and kidney, while in other cancers (liver cancer 
and glioma) it becomes downregulated. According to the clinical database data in high-CBS-expressor cancers (e. 
g. colon or ovarian cancer), high CBS expression typically predicts lower survival, while in the low-CBS-expressor 
cancers (e.g. liver cancer), low CBS expression is associated with lower survival. In the high-CBS expressing 
tumor cells, CBS, and its product hydrogen sulfide (H2S) serves as a bioenergetic, proliferative, cytoprotective 
and stemness factor; it also supports angiogenesis and epithelial-to-mesenchymal transition in the cancer 
microenvironment. The current article reviews the various tumor-cell-supporting roles of the CBS/H2S axis in 
high-CBS expressor cancers and overviews the anticancer effects of CBS silencing and pharmacological CBS 
inhibition in various cancer models in vitro and in vivo; it also outlines potential approaches for biomarker 
identification, to support future targeted cancer therapies based on pharmacological CBS inhibition.   

1. Introduction 

Hydrogen sulfide (H2S), for centuries, has been viewed as a 
poisonous gas and environmental toxin. However, studies conducted 
over the last 25 years demonstrate that when H2S is produced endoge
nously by mammalian cells and tissues, it acts as a regulatory gaso
transmitter. The physiological roles of H2S and the transition of the H2S 
field from environmental toxicology to mammalian biology, physiology 
and pathophysiology have been covered in multiple recent reviews 
[1–5]. Mammalian cells generate H2S in a regulated fashion by cys
tathionine γ-lyase (CSE), cystathionine β-synthase (CBS), and 3-mercap
topyruvate sulfurtransferase (3-MST). H2S, in turn, acts as an autocrine 
cellular regulator in the same cell where it was generated, but it can also 
cross cell membranes and affect neighboring cells to serve as a paracrine 
modulator [1–5]. 

The current article focuses on the emerging roles of CBS – one of the 
3 mammalian H2S-producing enzymes – in cancer. This rapidly-growing 
area of basic and translational research was initiated in 2013 by the 
demonstration of increased CBS expression and H2S generation in sur
gically excised tissues of colon cancer patients (compared to non- 
cancerous surrounding tissues), and the demonstration of the func
tional tumor-supportive bioenergetic and pro-angiogenic roles of CBS- 
derived H2S in various cell-based and animal models of colon cancer 
[6]. A follow-up report, in ovarian cancer, demonstrated a similar 

upregulation of CBS in clinical ovarian cancer specimens and described 
various tumor-supporting roles of CBS-derived H2S in various ovarian 
cancer models in vitro and in vivo [7]. Over the subsequent decade, over 
50 papers have appeared implicating the various tumor-supporting roles 
of tumor-cell-derived H2S, and demonstrated the anticancer effects of 
inhibition of H2S biosynthesis in many forms of cancer. Depending on 
the cancer type and the species, the source of H2S generation in various 
cancer cells can be CBS, and/or CSE and/or 3-MST. However, several 
forms of cancer were also identified where CBS expression and H2S 
production was found to be lower than in the surrounding normal tissue. 

The current article overviews this emerging field, primarily focusing 
on the role of CBS in high-CBS expressor tumors, and the effects of 
silencing or pharmacological inhibition of this enzyme in cancer cells 
and in tumor-bearing mice. However, in the final sections of the article, 
the broader tumor-supporting roles of H2S (generated by various enzy
matic sources) will also be covered. The article will start out with the 
clinical data, showing CBS expression in patient-derived materials, and 
the presence of various clinical correlations (e.g. survival or drug 
responsiveness) with CBS expression, followed by preclinical studies in 
cancer cells and tumor-bearing mouse models focusing on the effect of 
genetic or pharmacological modulation of CBS in cancer. 

2. CBS 

CBS is a well-characterized mammalian enzyme, which is a central 
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constituent of the reverse transsulfuration pathway. When narrowly 
defined, transsulfuration refers to the transfer of sulfur from homocys
teine to cysteine, and serves the physiological role of elimination of 
homocysteine, a cytotoxic metabolite and cardiovascular risk factor. 
Several of the biochemical pathways that CBS catalyzes generate H2S. 
This phenomenon was already observed over 75 years, but the physio
logical importance of CBS-derived H2S generation has only been 
recognized over the last two decades, and the role of this pathway in 
cancer only been recognized in 2013 [4–6]. 

The organization and the biochemistry of CBS are covered in 
specialized review articles [8–12]. Human CBS is a tetramer comprising 
of 551 amino acids with a subunit molecular weight of 63 kDa (Fig. 1A 
and B). Each subunit binds its various substrates (see below) as well as 
three additional ligands: pyridoxal-5′-phosphate (PLP, a co-factor 
required for its enzymatic activity) and heme, the function of which is 

incompletely understood. From the multiple reactions that CBS cata
lyzes, the canonical reaction is a β-replacement reaction of L-serine with 
L-homocysteine forming L-cystathionine and water (i.e. this reaction 
does not yield H2S). CBS catalyzes multiple H2S-yielding reactions, 
including the condensation of L-cysteine and L-homocysteine to form 
L-cystathionine and H2S, the condensation of two L-cysteine molecules to 
form L-lanthionine and H2S, the condensation of two L-homocysteine 
molecules to form L-homolanthionine and H2S, the conversion of 
L-cysteine and water to L-serine and H2S, the β-γ replacement reaction of 
L-homocysteine with L-cysteine forming L-cystathionine and H2S and the 
formation of L-cysteine persulfide from L-cystine – where L-cysteine 
persulfide, in subsequent steps, releases H2S in the presence of re
ductants or transfers the sulfane sulfur moiety to acceptor proteins 
(Fig. 1C). In the cellular environment, the production of H2S is clearly 
detectable in cells and tissues that express CBS; when CBS is 
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ACLY ATP citrate lyase 
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Fig. 1. Structure and function of CBS. A) The organization of CBS. B) Crystal structure of the Δ516-525 human CBS homodimer (PDB# 4COO). Human CBS is 
architecturally organized in three regions: the Bateman module, the catalytic domain and the heme-binding domain. The engineered hCBS Δ516-525 is catalytically 
identical to the full-length native enzyme even if it lacks a loop consisting of 10 amino acid residues from the C-terminal regulatory domain. hCBS Δ516-525 forms 
dimers, rather then tetramers or higher order oligomers typical of the full-length CBS, that are colored in green and orange, respectively. The PLP and the heme 
cofactors are shown in sticks. The inset represents a zoom-in view into the catalytic (PLP) and regulatory (heme) sites. The PLP forms an internal aldimine inter
mediate via the Schiff base bond with the amino group of Lys119, while the heme is coordinated by Cys52 and His65. Figures were generated with PyMol 2.5. C) Key 
biochemical reactions catalyzed by hCBS. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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pharmacologically inhibited or silenced, the cellular H2S generation is 
diminished; when CBS overexpression is achieved in a cell, the result is 
increased H2S generation (see below). In the body, under physiological 
conditions, the liver and the brain are major CBS-expressor organs; the 
H2S generated by these organs is likely to contribute to the systemic 
(circulating) H2S ‘pools’ in the body [3,12]. In the current section, we 
will focus on the aspects of CBS that are most relevant in the context of 
CBS cancer biology, such as (a) its transcriptional regulation; (b) its 
posttranscriptional regulation including its proteolytic degradation; and 
(c) its intracellular distribution. 

The CBS gene is located on human chromosome 21 in the sub
telomeric region q.22.3, with 23 exons, 15 of which are coding for the 
enzyme. CBS has two principal promoters -1a and -1b. Both promoters 
are rich in GC and contain numerous putative binding sites for tran
scription factors and an estrogen receptor binding site. CBS basal tran
scription is regulated by specific protein Sp1 and Sp3, upstream 
stimulatory factor 1 and nuclear factor-Y on the -1b promoter [12,13]. 
CBS mRNA induction has been shown to occur in response to the tran
scription factor Nrf2 [14], in response to several hormones including 1, 
25-dihydroxyvitamin D3 (the biologically active form of vitamin D) 
[15], various estrogen receptor ligands [16] and glucocorticoids [17]. 
Certain physiological conditions can also upregulate CBS expression in 
cell culture models. These conditions include cell growth and cell pro
liferation itself – at least in part due to the stimulatory effect of serum 
and/or various growth factors in the culture medium [18] and hypoxia – 
at least in part due to the action of hypoxia-inducible factor α and 
hypoxia-inducible factor β on the hypoxia-response element in the CBS 
promoter [19]. Importantly, CBS expression is also known to be regu
lated by the methylation status of CpG islands in its promoter [20–26]. 
Some of the mechanisms discussed above – alone or in combination – 
may contribute to the upregulation of CBS mRNA and CBS protein in 
various cancers (see below). Interestingly, the chemotherapeutic agent 
5-fluorouracil, at relatively high concentrations, has also been demon
strated to suppress the expression of CBS; the underlying mechanism 
involves the induction of the proapoptotic factor ribosomal protein L3 
(rpL3), and consequent suppression of the binding of Sp1 to the CBS 
promoter [27]. 

Importantly, the levels of CBS protein are not only regulated via 
transcriptional processes, but also post-transcriptionally. One of these 
mechanisms is ubiquitination, a common post-translational modifica
tion of cellular proteins, which is intrinsically linked to proteosomal 
protein degradation. Lys72 and Lys481 are two significant ubiquitina
tion sites on human CBS [28]. The role of ubiquitination and proteo
somal protein degradation in the regulation of CBS levels is highlighted 
by studies of the Kruger group who demonstrated that pharmacological 
inhibition of proteosomal activity can increase cellular CBS protein 
levels [29]. CBS is also subject to various posttranscriptional modifica
tions – such as phosphorylation, glutathionylation and SUMOylation. 
From these modifications, SUMOylation may affect the stability of CBS 
[12,30]. CBS stability is also affected by a mitochondrial class of pro
teases, called Lon proteases, which regulate CBS degradation in an 
O2-dependent manner [31]. One of the implications of significant 
post-transcriptional regulation of CBS for the field of cancer is that 
correlation analyses based on cancer transcriptome databases (which 
are based on mRNA and not protein levels) may not always or not fully 
reflect the actual CBS protein levels in cancers. This topic will be further 
discussed in the subsequent sections. 

Proteolytic modification is another, relatively poorly studied, but 
potentially important regulatory mechanism of CBS, with implications 
for various pathophysiological conditions, including cancer. In 1984 
Skovby, Kraus, and Rosenberg have noticed that —in addition to the 
regular 63 kDa Mw form of CBS – liver tissue also contains a 48 kDa form 
of CBS, which appears to be the product of limited proteolysis [32]. This 
form of the enzyme has been designated early on as the “evolutionarily 
conserved active core of CBS” [33–35]. Subsequent studies demon
strated the appearance of this truncated form in cells and animals 

exposed to pro-inflammatory conditions [36] or to hypoxia [37]. The 
45 kDa CBS is also present in various cancer cells [38] and in several 
brain regions of rats in a Down syndrome model that contains a tripli
cated (extra) copy of CBS [39]. The truncated form of CBS no longer 
contains its allosteric regulatory domain and is in a constitutively active 
(“hyperactive”) form capable of higher rate of H2S generation than the 
normal isoform [33,34]. It is conceivable that CBS cleavage is relevant 
for the biology of cancer cells – which are often exposed to local in
flammatory conditions. 

CBS is primarily a cytosolic protein, but it has been also found in 
various other intracellular components, and can undergo intracellular 
redistribution under certain conditions. For instance, in response to 
hypoxia or ischemia, CBS can translocate into the mitochondria, at least 
in part due to the consequence of the regulation of mitochondrial CBS 
stability by Lon proteases [31]. CBS has also been shown to enter the 
nucleus, perhaps as a consequence of its SUMOylation [30]. In cancer 
cells, both cytosolic and mitochondrial CBS has been observed already in 
the initial studies published in 2013 [6,7] and confirmed subsequently 
by multiple studies (see below). Since H2S in mitochondria stimulates a 
multitude of processes that can support cancer cell bioenergetics and 
viability [40–47] – the mitochondrial translocation of CBS may be 
important in the regulation of cancer cell bioenergetics and survival. 

3. CBS expression in various human cancers: correlation with 
clinical outcomes 

Colon cancer. Increased CBS expression in cancer was first demon
strated, in a limited number of clinical specimens obtained from patients 
undergoing colorectal tumor resection (n = 3). Western blotting studies 
demonstrated higher expression of CBS (but not CSE or 3-MST) in the 
tumor tissue, as compared to the surrounding nominally “normal” tissue 
which was also removed during surgery [6]. 

Studies focusing on the evolution of CBS expression in the context of 
colorectal polyp formation and carcinogenesis revealed (once again, 
only in a limited number of clinical samples) that CBS protein expression 
– quantified by immunohistochemistry as well as Western blotting – is 
low in healthy colonic mucosa, but gradually increases as the epithelial 
cells are transformed into polyps, hyperplastic polyps, tubular adenoma 
(dysplasia), and adenocarcinoma (in situ) (Fig. 2A) [48]. 

In a larger, commercially available collection of primary human 
tumor tissues and surrounding normal tissues (n = 15), once again, CBS 
expression was found significantly higher than normal surrounding tis
sue, while no statistically significant differences in CSE or 3-MST were 
detected [49]. Out of the 15 tumor/normal tissue pair studied, the tumor 
tissue showed high CBS expression in 8 cases, while in the other samples 
both tumor CBS and surrounding normal CBS protein levels were low. 
There were 2 patients in whom the surrounding normal tissue CBS levels 
were relatively high; in one of these patients, the tumor CBS was even 
higher, while in the other one the tumor CBS was lower than the peri
tumor CBS levels [49] (Fig. 2B). Unfortunately, no clinical or genetic 
information was reported on these ‘outliers’ vs. the rest of the cohort. 

Homogenates of the tumor tissue produce significantly higher 
amounts of H2S than healthy control tissue homogenates; H2S produc
tion can be suppressed by the combined CBS + CSE inhibitor amino
oxyacetic acid (AOAA), but is only slightly inhibited by the CSE inhibitor 
propargylglycine (PAG) (Fig. 2C) [6]. (The effect of pharmacological 
inhibitors of various H2S producing enzymes in cancer cells and cancer 
models, and the selectivity and limitations of these agents will be 
covered in a subsequent section). 

In a subsequent, larger patient cohort, immunohistochemistry anal
ysis on a tissue microarray composed of 90 colorectal cancer and paired 
adjacent normal tissues further confirmed the increased expression of 
CBS in colorectal cancer tissues, with CBS mainly expressed in the colon 
cancer cells – as opposed to interstitial cells or tumor-infiltrating im
mune cells [50]. In another study, 6 primary colorectal tumor samples 
were analyzed by Western blotting for CBS expression; 1 of these 
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samples exhibited very high CBS levels, 2 samples medium levels, 1 
sample low levels and 1 sample undetectable levels [51]. This analysis – 
although very limited in terms of case number – is important because the 
samples analyzed for CBS expression were also implanted into nude 
mice, and their growth rate and responsiveness to the antiproliferative 
effect to in vivo pharmacological CBS inhibition showed a good corre
lation with CBS expression levels (see below). 

In a recent study, CBS expression (quantified by immunohisto
chemical analysis) was analyzed in a larger patient cohort; CBS protein 
levels in human colon cancer specimens closely correlated with the 
severity/tumor stage: more advanced tumors were found to express 
higher levels of CBS (Fig. 2D); in addition, higher CBS levels showed a 
positive correlation with higher expression of VEGF in the tumor tissue 
[52]. 

Similar to CBS protein, the degree of CBS mRNA expression in the 
clinical colon cancer materials is also higher than CBS expression in the 
surrounding tissue. Chen and colleagues have performed real-time PCR 
in 52 colon cancer tissues and paired adjacent normal colon tissues and 
found that the expression of CBS mRNA is higher in colon cancer tissues 
compared to the patient-matched healthy surrounding tissues in 

approximately 80% of the cases, while in 20% of the cases the opposite 
was seen. CBS mRNA expression was at least 2-fold higher in the tumor 
tissues than in the surrounding normal tissues in approximately 50% of 
the patients analyzed (Fig. 2E) [50]. Chen and colleagues have also 
re-analyzed the cancer mRNA databases of Gaedcke and colleagues 
(rectal adenocarcinoma, n = 65) [53] and Graudens and colleagues 
(colorectal carcinoma, n = 12–18) [54]. In the larger dataset of Gaedcke, 
CBS mRNA levels were higher in the tumor tissue than in the normal 
controls [50]. However, in a recent report by Silver and colleagues, 
using data curated from the GEPIA dataset, CBS mRNA levels were 
compared in normal colon (n = 349) versus colon adenocarcinoma 
(n = 275). In this comparison (which, however, did not compare tumor 
tissue with matching surrounding tissue, but, rather, compared two 
different sets of tissues), no significant difference in CBS mRNA levels 
was reported [55]. 

The regulation of CBS mRNA levels in cancer appears to be, at least in 
part, related to the methylation status of the CBS promoter, although the 
existing body of literature is conflicting. In one report, hypermethylation 
of the CBS promoter was reported in colon cancer clinical specimens; the 
degree of hypermethylation correlated with tumor stage, metastasis 

Fig. 2. CBS is upregulated in human colon cancer and correlates with worse clinical prognosis. A) Formalin-fixed paraffin-embedded sections of normal 
colonic mucosa, hyperplastic polyp and adenocarcinoma, stained with CBS antibodies showing a gradual increase in CBS expression corresponding to the severity of 
the disease. The panel was adapted from data published in Ref. [48]). B). CBS expression in human colon cancer biopsies compared to normal surrounding tissue. 
Representative western blots and summary of expression data are shown (mean ± SEM). Arbitrary relative densitometry units were normalized with β-actin using 
image analysis software. *p < 0.05 T (tumor) vs. N (normal surrounding tissue); n = 15. The panel was redrawn from data presented in Ref. [49]. C) Effect of the 
CBS/CSE inhibitor AOAA (1 mM) and the CSE inhibitor PAG (3 mM) on H2S production in homogenates of a colorectal cancer and patient-matched normal colonic 
tissue. Data are presented as mean ± SEM of 3 independent experiments. *p < 0.05 shows significant inhibition of H2S production. The panel was redrawn from data 
presented in Ref. [6]. D) Representative images of CBS immunohistochemical staining in different-stage tumor tissues (n = 90) in the microarray. Immunohisto
chemical score for CBS in different-stage colon tumor tissues in the microarray. (stage 1 = 28 cases; stage 2 = 28 cases; stage 3 = 21 cases; stage 4 = 13 cases). Data 
are presented as mean ± SEM of at least 3 independent experiments. *p < 0.05 shows significantly higher expression of CBS in tumors, compared to adjacent normal 
tissues. The panel was redrawn from data presented in Ref. [52]. E) CBS mRNA expression in 52 colon cancer tissues and paired adjacent normal colon tissues 
showing that CBS in tumor tissue is higher than in the surrounding normal tissue in the majority of the patients studied. The panel was redrawn from data presented 
in Ref. [50]. F) Survival curve showing the impact of CBS expression on overall survival in colon cancer from COAD dataset. p < 0.05 reflects higher survival rate in 
low-CBS-expressor patients. The panel was redrawn from data presented in Ref. [55]. G) Survival curve showing the impact of CBS expression on overall survival in 
colon cancer from TCGA-OV dataset. *p < 0.05 reflects higher survival rate in low-CBS-expressor patients. The panel was redrawn from data presented in Ref. [52]. 
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frequency, tumor recurrence rate and overall mortality [56]. In contrast, 
in another report, hypomethylation of the CBS promoter was reported; 
this was associated with the upregulation of CBS mRNA and protein in 
the tumors and was more pronounced in patients with low circulating 
folate levels than in patients with high folate levels [22]. In the same 
study, circulating tumor DNA was also analyzed for the methylation of 
the CBS promoter, and once again, DNA hypomethylation was detected, 
which was associated with worse clinical outcomes (increased recur
rence rates and lower survival) [22]. According to most reports, many 
cancers, including colorectal, are associated with a CpG island methyl
ator phenotype, which is characterized by aberrant, pervasive, and 
genome-wide DNA hypermethylation of CpG islands and subsequent 
global transcriptional alterations [57–60]. In this context, the hypo
methylation of the CBS promoter appears to be atypical. 

Taken together, it appears that measurements of CBS mRNA levels 
are less informative than direct CBS protein analysis to assess CBS 
expression in colon cancer, a finding which is likely related to patient 
and database heterogeneity, but may also be due to the fact that CBS 
levels are determined not only by mRNA levels but also at the level of 
stability/degradation (see above). Moreover, the role of CBS promoter 
methylation in the regulation of CBS expression in colon cancer remains 
to be further investigated. 

Do, then, intratumoral CBS levels correlate with various clinical 
parameters and with clinical outcomes in colorectal cancer? In colon 
adenocarcinoma, according to analysis of “The Cancer Genome Atlas 
Colon Adenocarcinoma Dataset” (TCGA COAD), where median gene 
expression was used to differentiate between n = 40 high and 41 low 
CBS mRNA expressing patients, high CBS mRNA in the primary tumor is 
associated with a significantly lower patient survival (p = 0.0128); 75% 
of the patients succumbed to the disease at a median of approx. 1200 vs. 
2000 days in the high and low CBS expressor groups, respectively 
(Fig. 2F) [55]. A more recent report also reported a similar difference, 

with patients expressing CBS mRNA at a lower level associated with 
better clinical outcomes (Fig. 2G) [52]. The best working hypothesis that 
can be formulated from the above data – as well as from the variety of 
preclinical data discussed in a subsequent section – is that in colon 
cancer, CBS mRNA and protein levels are increased in a significant 
proportion of patients: higher intratumoral CBS serves 
tumor-cell-supporting roles, which, in turn, leads to worse clinical 
outcomes. 

Ovarian cancer. The second form of cancer where the most clinical 
information is currently available with respect to CBS is ovarian cancer. 
Bhattacharyya and colleagues have analyzed 210 tissue microarrays 
constructed from primary epithelial ovarian cancers for CBS protein 
expression using immunohistochemical analysis. CBS expression was 
detected in the cytosol of primary ovarian tumors, particularly in serous 
carcinoma, the most common histologic variant. CBS expression was 
highest in ovarian cancers exhibiting serous histology and in higher 
stage and grade cancers (Fig. 3A and B). Nevertheless, CBS expression 
was also present in 35% of the early-stage tumors analyzed indicating 
that upregulation of CBS is a relatively early characteristic of serous 
ovarian cancers [7]. 

As opposed to the CBS protein data, the CBS mRNA data do not show 
consistent signs of upregulation in ovarian cancer. In a recent report by 
Silver and colleagues, data curated and downloaded from the GEPIA 
dataset, CBS mRNA levels were compared in normal ovary (n = 88) 
versus ovary serous cystadenocarcinoma (n = 275). In this comparison 
(which, similarly to the analysis related to colon carcinoma discussed 
earlier, did not compare tumor tissue with matching surrounding tissue, 
but, rather, compared two different sets of tissues), no difference in CBS 
mRNA was reported [56]. Chakraborty has published Kaplan-Meier 
overall survival curves in ovarian cancer patients stratified for low- 
and high CBS mRNA expression via analysis of the OvCa cases from The 
Cancer Genome Atlas (Gene Expression Omnibus) database [61]. The 

Fig. 3. CBS is upregulated in human ovarian cancer and correlates with worse clinical prognosis. 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. The panel was redrawn from data 
presented in Ref. [7]. B) CBS overexpression in the late stages and grades of ovarian cancer. The panel was redrawn from data presented in Ref. [7]. C) Survival curve 
showing the impact of CBS expression in ovarian cancer on overall survival from Atlas database (https://www.proteinatlas.org). The panel was redrawn from data 
presented in Ref. [61]. D) Survival curve showing the impact of CBS expression in ovarian serous cystic adenocarcinoma on overall survival from OV dataset. *p <
0.05 reflects higher survival rate in low-CBS-expressor patients. The panel was redrawn from data presented in Ref. [55]. 
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percent probability of survival was plotted vs. time since diagnosis in 
months. Higher CBS mRNA expression was associated with a trend to
wards worse survival (Fig. 3C); the difference was statistically signifi
cant (p < 0.05) in an analysis conducted by Silver and colleagues from 
another cancer mRNA database comparing 92 low-CBS mRNA expressor 
and 93 high-CBS mRNA expressor ovarian serous cyst adenocarcinoma 
patients (Fig. 3D) [55]. The data in the Human Protein Atlas also tended 
to be associated with better 5-year survival of low-CBS mRNA expressor 
ovarian cancer patients, compared to high CBS-expressors (Fig. 4A). 

Since preclinical data indicated that CBS-derived H2S stimulates the 
expression of mitofusin 2 (MFN2, a mitochondrial membrane protein 
that plays a central role in regulating mitochondrial fusion and cell 
metabolism) function, Chakraborty and colleagues cross-referenced CBS 
mRNA expression data with MFN2 mRNA expression, found a statisti
cally significant correlation [7]. 

Taken together, the clinical data in ovarian cancer (similar to colon 
cancer) predict a pathogenetic role of CBS expression. 

Breast cancer. In 2015, Sen and colleagues have conducted an 
immunohistochemical analysis of 60 commercially available human 
breast cancer tissue arrays for CBS expression [62]. Significantly higher 

CBS expression was observed in the breast cancer tissue compared with 
adjacent normal controls; CBS levels increased with the progression of 
the disease, with most pronounced CBS expression (up to 3-fold over 
healthy tissue) detected in the lymph node metastatic tissue (Fig. 5A). 
CBS expression was independent of the estrogen receptor, progesterone 
receptor, HER2 and p53 status [62]. The high CBS expression was also 
confirmed by Western blotting in a limited number (n = 5) of human 
breast cancer tissue homogenates (Fig. 5B); the tissue homogenates also 
produced high levels of the CBS biochemical product cystathionine 
(Fig. 5C): in fact, cystathionine was designated as an “oncometabolite” 
by the authors [63]. Analysis of in-depth quantitative proteomics data of 
45 human breast cancer tumors from the Oslo 2 study cohort was sub
sequently conducted by the group of Nagy in 2021 [64]. Elevated CBS 
protein levels were reported in the luminal, HER2-negative and “nor
mal-like” breast cancer subtypes, with a relatively rare subgroup of 
breast cancer, the basal-like cancer showing the highest CBS expression 
levels (Fig. 5D). CBS expression positively correlated with 
proliferation-related gene sets and negatively correlated with estrogen 
response–related genes [64]. 

CBS mRNA upregulation in human breast cancer clinical specimens 

Fig. 4. Patient survival rates, as a function of CBS mRNA levels in the primary tumor, in several types of cancer. A-T) Data were obtained from the Atlas 
database (https://www.proteinatlas.org). *p < 0.05, **p < 0.01, reflect significant differences in patient survival between the high- and low-CBS expressor groups. 
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was subsequently demonstrated in 2021 by two independent groups. 
The group of Gad has analyzed tumor biopsies from a cohort of 80 
Egyptian women, diagnosed with breast cancer [65]. Tumors from the 
patients showed significantly higher CBS mRNA levels than histologi
cally normal breast tissues isolated from the same mastectomy sample. 
The degree of CBS mRNA upregulation was comparable in the various 
subtypes of breast cancer (Luminal A, luminal B, HER2 enriched and 
TNBC) (Fig. 5D) [64]. Serum H2S levels – detected by a microplate based 
colorimetric method – were approximately 45% higher in breast cancer 
patients than in healthy gender and age matched controls [65]. When 
stratified by tumor proliferation index (ki-67), rapidly proliferating tu
mors expressed approximately 40-times higher CBS mRNA levels than 
slow-proliferating ones [65]. The study conducted by the group of Nagy 
– which has already demonstrated high CBS protein expression in breast 
cancer clinical specimens (see prior paragraph) – has also found a sig
nificant upregulation of CBS mRNA in several breast cancer clinical 
databases (Oslo 2, TCGA, NeoAva), with particularly high CBS mRNA 
levels in basal like breast cancer [64]. There was a good correlation 
between CBS mRNA and CBS protein expression in human breast cancer 
tissues [65], suggesting that the mechanism of CBS upregulation has a 
substantial transcriptional component in breast cancer cells. 

In contrast to the above data, in a recent report by Silver and col
leagues, data curated and downloaded from The Cancer Genome Atlas 
(TCGA), CBS mRNA levels did not find differences in mRNA expression 
between normal breast tissue (n = 291) versus breast cancer tissue 
(n = 1085) [55]. This comparison – similarly to the case in colon and 
ovarian cancer analysis from the same TCGA dataset where it failed to 
reveal differences – did not compare tumor tissue with matching 

surrounding tissue, but, rather, compared two different sets of tissues, in 
this case, with very different patient group size. We conclude that data 
derived from the TCGA dataset should be interpreted with caution, and 
studies using direct comparisons of tumor tissue and healthy sur
rounding tissue from matching subjects (and, when available, direct 
information on CBS protein, rather than mRNA) is significantly more 
informative, even when the analyzed patient group sizes are smaller. 

Do, then, intratumoral CBS levels correlate with various clinical 
parameters and clinical outcomes in breast cancer? According to anal
ysis of the “BRCA Dataset” from TCGA, where median gene expression 
was used to differentiate between n = 99 high and 99 low CBS mRNA 
expressing patients, a statistically non-significant trend was noted for 
worse clinical outcomes in invasive breast carcinoma patients with 
higher CBS mRNA expression (Fig. 5E) [55]. However, according to data 
in the Human Protein Atlas, high CBS mRNA expression tended to pre
dict worse survival probability (Fig. 4B). 

According to the analysis of Nagy’s group, CBS expression may affect 
treatment response–related behavior in breast cancer patients [64]. In 
samples from the NeoAva trial, patients with complete responses had 
higher CBS mRNA expression levels than noncomplete responders. CBS 
levels, in complete responders, and, to a lesser extent, also in non
complete responders, decreased significantly by 12 weeks of treatment 
and remained low at 25 weeks after treatment. One possible interpre
tation of these findings may be that breast cancer chemotherapy causes 
the downregulation or degradation of CBS in the tumor tissue. These 
data are in contrast to the analysis of gastric cancer patient outcomes by 
Zhao and colleagues [66] (discussed below), which found that low-CBS 
mRNA expressor gastric cancer patients respond better to adjuvant 

Fig. 5. CBS is upregulated in human breast cancer and correlates with worse clinical prognosis. A) Immunohistochemical staining of a tissue microarray of 60 
human breast cancer samples. Data are presented as mean ± SD of CBS staining. *p < 0.05 shows significantly higher tumoral CBS levels compared to normal tissue. 
The panel was redrawn from data presented in Ref. [62]. B) Representative western blot, detecting CBS in-patient derived breast cancer tissues and matched normal 
breast tissues (n = 5). The panel was redrawn from data presented in Ref. [63]. C) Cystathionine levels in patient derived breast tumor and normal breast tissues (n =
5). Data are represented as mean ± SEM from three independent experiments, *p < 0.05. The panel was redrawn from data presented in Ref. [63]. D) CBS over
expression in basal-like breast cancer. Correlation of CBS mRNA and protein levels in 45 tumors from the Oslo 2 cohort. The panel was redrawn from data presented 
in Ref. [64]. E) Survival curve showing the impact of CBS expression on overall survival in invasive breast carcinoma from the BRCA dataset showing a trend for 
better survival in low-CBS-expressing patients. The panel was redrawn from data presented in Ref. [55]. F) Survival curves showing the impact of CBS expression on 
overall survival in breast cancer from Atlas database (https://www.proteinatlas.org). *p < 0.05 shows significantly better survival in low-CBS-expressing patients. 
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chemotherapy than high-CBS mRNA expressors. 
Other cancers exhibiting increased CBS expression. In human 

samples of urothelial cell carcinoma of the bladder, increased CBS 
expression was reported by immunohistochemical analysis; moreover, 
the H2S producing ability of cancer tissue was 3-4-fold higher than the 
normal tissue. Higher-grade tumors showed higher CBS expression than 
low-grade tumors [67,68]. There are no peer-reviewed publications 
with respect to a potential correlation of CBS expression with clinical 
outcomes in urothelial cell carcinoma; according to the Human Protein 
Atlas (93 high and 313 low CBS expressors) low-CBS expressors show a 
trend for better clinical prognosis (p = 0.09) (Fig. 4C). 

In human non-small cell lung adenocarcinoma Western blotting 
analysis of the tumor tissue vs. the normal adjacent lung tissues (n = 20) 
showed significantly higher, approximately 5-fold more CBS protein in 
the tumor homogenates; these tissues also produced about 2-times more 
H2S than the surrounding normal tissue [69]. Increased CBS protein or 
mRNA levels have also been reported subsequently in two different lung 
cancer clinical specimen collections [70,71]. According to the Human 
Protein Atlas, no overall difference can be found in 5-year survival in 
lung cancer, when all forms of lung cancer are grouped together 
(Fig. 4D). However, interestingly, in lung adenocarcinomas, high CBS 
expression is associated with significantly lower 5-year survival (Fig. 4E) 
while in lung squamous cell carcinomas the opposite is the case 
(Fig. 4F). Thus – similar to the case of breast cancer – in lung cancer, the 
association of CBS with clinical outcomes shows significant subtype 
differences. 

Renal oncocytoma, renal urothelial carcinoma, and renal clear cell 
carcinoma clinical samples also showed increased CBS expression, as 
evidenced by immunohistochemical analysis [72,73]. In an earlier 
report, in renal clear cell carcinoma samples a clear increase in CBS 
expression was seen as a function of increasing tumor stage; Fuhrman IV 
samples had over 3-times more CBS than Fuhrman I stage samples [72]. 
However, in a subsequent report, CBS enzyme expression patterns in 
renal clear cell carcinoma versus normal tissue did not correlate with 
nuclear grade, stage, histological type or cancer recurrence/metastasis 
[73]. According to analysis of the renal clear cell adenocarcinoma; KIRC 
Dataset, the level of CBS expression does not affect clinical prognosis 
[55]. However, according to the data contained in the Human Protein 
Atlas Database, high CBS mRNA levels in renal cancer (when all sub
groups are analyzed together) is associated with significantly worse 
survival (p < 0.01) (Fig. 4G), and this difference is driven primarily by 
the most common subgroup, the renal clear cell carcinoma (Fig. 4H), but 
not by renal papillary cell carcinoma (Fig. 4I) or chromophobe carci
noma (Fig. 4J). 

CBS expression and H2S generation of tumor homogenates were also 
increased in oral cavity and esophageal squamous cell carcinomas 
[74–76], in various thyroid malignancies [77], in extrahepatic chol
angiocarcinoma and in gallbladder carcinomas [78,79]. Increased CBS 
expression was also reported in esophageal squamous cell carcinoma 
[79], biliary tract carcinoma [80] and multiple myeloma [81,82]. To our 
knowledge, no published studies reported any correlation of CBS 
expression with clinical outcomes in the above cancers, with the 
exception of squamous cell/adenosquamous carcinomas, where high 
CBS predicts worse survival [76]. According to the Human Protein Atlas, 
high CBS expression is associated with lower survival probability in 
thyroid cancer (Fig. 4K), pancreatic cancer (Fig. 4L), melanoma 
(Fig. 4M), and endometrial cancer (Fig. 4O), while in cervical cancer and 
prostate cancer, the opposite is the case: high CBS predicts better sur
vival (Fig. 4N, P). 

In gastric cancer, CBS mRNA and protein levels were found to be 
relatively low in clinical samples; nevertheless, in a limited analysis 
(n = 10), CBS in the gastric cancer homogenates appeared to be higher 
than in the surrounding healthy tissues [83]. Zhao and colleagues have 
analyzed a large patient cohort (GC cohort from the Cancer Genome 
Atlas) for CBS mRNA expression and clinical outcomes [66]. The study 
demonstrated that relatively higher CBS mRNA levels are associated 

with worse clinical outcomes and similar data are also contained in the 
Human Protein Atlas database (Fig. 4R). In addition, patients with 
higher CBS mRNA levels in their tumors respond worse to adjuvant 
chemotherapy than patients with low CBS expression [66]. Based on 
these findings it was concluded that CBS expression in the cancer tissues 
may be a marker to predict adjuvant chemotherapy responsiveness. 

Cancers exhibiting decreased CBS expression. Hepatic carcinoma 
appears to be one outlier from the above discussed, rather extensive list 
of carcinomas where CBS is upregulated, and this upregulation is 
frequently associated with worse clinical outcomes. The downregulation 
of CBS in liver cancer was first reported by Kim and colleagues in 2009. 
When comparing hepatocellular carcinoma tissues with corresponding 
non-cancerous hepatic tissues obtained from 120 patients who under
went curative hepatectomy for primary hepatocellular carcinoma, a 
significant downregulation of CBS mRNA was noted; the degree of CBS 
mRNA downregulation was more pronounced in higher-grade tumors, in 
patients with higher plasma alfa-fetoprotein level and in older patients 
[84]. Multivariate Cox regression analysis for overall survival among 
patients with low alfa-fetoprotein levels showed that the down
regulation of CBS expression predicts better overall survival; in fact, is 
appears to be a better predictor for overall survival than even tumor 
grade [84]. Similarly, in a large clinical database of clinical materials, 
CBS mRNA in hepatocellular carcinoma tissue (n = 369) was found to be 
lower than in healthy human tissues (n = 160) [55]. The 
stage-dependent downregulation of CBS in hepatocellular carcinoma 
was also demonstrated recently in a third, independent patient dataset 
[85]. In hepatocellular carcinoma – once again, in contrast to the other 
tumors discussed in the previous sections – high CBS mRNA expression is 
associated with better clinical outcomes, as shown by multiple inde
pendent analyses of large clinical datasets [55,80,86,87]. According to 
the Human Protein Atlas (264 high and 101 low CBS expressor patients), 
a marked difference can be found in 5-year survival in liver cancer, once 
again, high CBS predicting significantly better (p < 0.01) survival 
(Fig. 4S). Direct measurements of H2S generation in human liver cancer 
homogenates also confirmed that these tissues produce less H2S than the 
surrounding normal tissue [87]. The clinical findings and correlations in 
liver cancer (some of which are summarized in Fig. 6) are in striking 
contrast with the majority of findings in many other types of cancer 
(discussed above), where high CBS expression correlates with worse 
survival (see above) and where CBS inhibition or silencing exerts anti
cancer effects (see below). 

Another clear outlier tumor type – with respect to the role of CBS – is 
glioma. In this tumor type, a downregulation, rather than an upregula
tion of CBS expression has been reported in multiple studies using 
clinical materials or human cell lines. Among the various forms of gli
oma, patients with glioblastoma multiforme present the highest degree 
of CBS downregulation, compared to patients with other tumor types 
within the glioma family [55,88]. Preclinical studies show that in glioma 
– as opposed to the vast majority of cancers discussed in the previous 
paragraphs – it is the loss of CBS (as opposed to its upregulation) that 
plays tumor-supporting roles (see below). According to the Human 
Protein Atlas (64 high and 89 low CBS expressors), higher CBS expres
sion tends to predict better 2-year survival in glioma, but the difference 
in this small clinical data set is not statistically significant (Fig. 4T). 

The reason why the role of the CBS pathway in liver cancer and 
glioma is different from many other types of tumors is currently unclear. 
Nevertheless, it is important to keep in mind that the two organs with 
the highest physiological (baseline) CBS expression (and, consequently, 
H2S production) are the liver and the brain. (In the liver, CBS is a key 
effector of transsulfuration, and an essential enzyme in the degradation 
of homocysteine, while in the brain H2S plays key roles as a neuro
modulator and neuroprotectant [12].) Thus, it stands to reason that the 
role of CBS in the pathophysiology of cancers that strive in a high-
baseline-H2S environment is different from those that occur and develop 
on the background of low H2S levels in their environment. 
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4. CBS expression in various cancer cell lines 

A study from 2005, focusing on the expression profiling of “homo
cysteine junction enzymes” used the NCI60 panel of human cancer cell 
lines to assess the expression of CBS (as well as methionine synthase and 
methionine sulfoxide reductase) using Western blotting [89]. Expression 
of CBS in different cancer cell lines was quantified relative to its levels in 
HepG2 cells (which is a cell type, which expresses fairly high levels of 
CBS; see also below). Thus, it is not surprising that in many of the studied 
cell types, CBS expression was characterized, in relative terms, as “fairly 
low”; when considering all cancer cell lines studied, it was approxi
mately 50% of the levels detected in HepG2 cells. The only group of 
cancers where CBS was found to be higher than the HepG2 levels was the 
group of breast cancer lines. Relatively high CBS expression was also 

reported in the group of renal cancer lines, ovarian cancer lines, prostate 
cancer lines [89]. When the measured CBS protein expression data were 
compared with CBS mRNA levels – obtained from a microarray database 
at the NCI website –a good correlation was observed. The same study 
also attempted to correlate CBS expression with drug sensitivity – 
assessed by GI50 (50% growth inhibition level of effect, as specified by 
the NCI Developmental Therapeutics Program database), no correlations 
were noted. Likewise, the study did not find any correlation between 
CBS expression and the cells’ methionine dependence. 

While the above study was pioneering in its overall approach, it has 
several deficiencies: (a) first, it did not compare the expression levels of 
the cancer cells to non-transformed control cells and (b) it did not assess 
the functional consequence of CBS inhibition in the cancer cells. How
ever, many of the subsequent studies focusing on CBS expression in 

Fig. 6. CBS is downregulated in human hepatocellular carcinoma and correlates with better clinical prognosis. A, B) Relative CBS expression in hepato
cellular carcinoma tumor versus peritumor tissues from TCGA and GSE14520 database, respectively. Data are shown as mean ± SEM, *p < 0.05, **p < 0.01 showing 
better survival in high-CBS expressor patients. The panel was redrawn from data presented in Ref. [87]. C) Western blot analysis of CBS protein levels in 28 he
patocellular carcinoma tumor tissues and paired peritumor tissues. Data, shown as mean ± SEM, show a significant downregulation of CBS in hepatocellular car
cinoma **p < 0.01. The panel was redrawn from data presented in Ref. [87]. D) Survival curve showing the impact of CBS expression on overall survival in 
hepatocellular carcinoma. **p < 0.01 reflects better patient survival in high-CBS-expressing patients. The panel was redrawn from data presented in Ref. [84]. E) 
Survival curve showing the impact of CBS expression on overall survival in hepatocellular carcinoma from the LIHC dataset. *p < 0.05 reflects better patient survival 
in high-CBS-expressing patients. The panel was redrawn from data presented in Ref. [55]. F) Survival curve showing the impact of CBS expression on overall survival 
in hepatocellular carcinoma from Atlas database (https://www.proteinatlas.org). ***p < 0.001 reflects better patient survival in high-CBS-expressing patients. G) 
Survival curve showing the impact of CBS expression on overall survival in hepatocellular carcinoma from TCGA database. p < 0.05 reflects the patient survival 
statistics. The panel was redrawn from data presented in Ref. [87]. 
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Table 1 
Expression and role of CBS in various cancers.   

Colorectal cancer Ovarian 
cancer 

Breast cancer Urothelial 
cell 
carcinoma 
of bladder 

Lung adeno- 
carcinoma 

Renal cancers Oral and 
esophageal 
carcinoma 

Extrahepatic 
cholangio- 
carcinoma 

Gallbladder 
adenocarcinoma 

Gastric cancer Multiple 
myeloma 

Liver cancer Glioma, 
glioblastoma 

CBS protein 
expression in 
clinical tumor 
tissue relative 
to surrounding 
normal 

Higher Higher Higher Higher Higher Higher Higher Higher Higher Higher Not yet 
assessed 

Lower Lower 

Correlation of 
CBS protein 
expression in 
clinical tumor 
specimen with 
disease stage 

Correlation 
confirmed both in 
terms of colon 
cancer stage and 
also in terms of 
progression from 
polyp formation to 
colon 
adenocarcinoma 
formation 

Correlation 
confirmed 

Correlation 
confirmed for 
basal-like 
cancer 

Not yet 
assessed 

Not yet 
assessed 

Inconclusive 
data 

Not yet 
assessed 

Correlation 
confirmed 

Not yet assessed Not yet 
assessed 

Not yet 
assessed 

Not yet assessed Not yet assessed 

CBS mRNA 
expression in 
clinical tumor 
tissue relative 
to surrounding 
normal 

Higher Higher Higher Not yet 
assessed 

Higher Not yet 
assessed 

Not yet 
assessed 

Not yet 
assessed 

Not yet assessed Higher Higher Lower Lower 

Correlation of 
CBS mRNA 
expression in 
clinical tumor 
tissues with 
clinical 
prognosis 

Higher CBS mRNA 
is associated with 
worse clinical 
outcomes in 
several (but not 
all) published 
analyses 

Higher CBS 
mRNA is 
associated 
with worse 
clinical 
outcomes 

Higher CBS 
mRNA is 
associated 
with worse 
clinical 
outcomes 

Higher CBS 
mRNA tends 
to be 
associated 
with better 
clinical 
outcomes. 

Higher CBS 
mRNA is 
associated 
with worse 
clinical 
outcomes. 

Higher CBS 
mRNA is 
associated 
with worse 
clinical 
outcomes 
(especially in 
renal clear 
cell 
carcinoma) 

Not yet 
assessed 

Higher CBS 
mRNA is 
associated 
with worse 
clinical 
outcomes. 

Not yet assessed Higher CBS 
mRNA is 
associated with 
worse clinical 
outcomes and 
poorer 
chemotherapy 
responses 

Not yet 
assessed 

Higher CBS 
mRNA is 
associated with 
better clinical 
outcomes. 

Higher CBS 
mRNA tends to 
be associated 
with better 
clinical 
outcomes. 

Expression in 
human cancer 
cell lines 

High expression: 
HCT116, LoVo, 
HT-29, DLD-1, 
SW480, CTC- 
MCC-41 

High 
expression: 
OV202, 
SKOV3, 
A2780, 
A2780/CP-70, 
CP20, OV90, 
OVCAR3, 
OVCAR4, 
OVCAR5, 
OVCA429 

High 
expression: 
MDA-MB-231 
MDA-MB- 
435S, MDA- 
MB-468, 
MCF-7, 
Hs578T, 
Cal51, 
HCC1143 

High 
expression: 
RT4, 
SW780, 
5637, T24, 
EJ, UM-UC- 
3 

High 
expression in 
A549, H522, 
H1944, 95D, 
Calu-6 

Average 
expression: 
Caki-1, 786- 
O, 769-P is 
comparable 
to non- 
transformed 
cell controls 

Variable 
expression 
ranging from 
non- 
detectable to 
high: 
KYSE510, 
KYSE150, 
KYSE140, 
Eca109, 
EC9706, TE- 
13, KYSE70, 
KYSE450 

Not yet 
assessed 

Not yet assessed Average 
expression: 
BGC-823, SGC- 
7901 

Average/ 
low 
expression: 
U266 

Relatively high 
CBS expression: 
HepG2, SMMC- 
7721, BEL-7402, 
BEL-7404 

Relatively low 
CBS expression: 
U87-MG, hGBM 
23, hGBM 124, 
hGBM 3691, 
BT142, TS603, 
NCH1681 

(continued on next page) 
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various human cancer cell lines have been conducted with the above 
considerations in mind. In colon cancer cell lines, in 2013, CBS 
expression in various colon cancer cell lines was compared to the 
expression levels in a normal cell comparator. In this study, 
NCM356 cells were used, which were considered as a “non-transformed 
epithelial cell line”. Compared to NCM356 cells, several colon cancer 
cell lines (HCT116, LoVo, HT-29) exhibited higher CBS expression [6]. 
(Although the NCM356 cells, for a long time, were considered 
non-transformed, later Next Generation sequencing studies demon
strated the existence of a mutant TP53 gene in this cell line, and iden
tified additional functional mutations in the KRAS and APC genes, 
suggesting that this NCM356 cell line, in fact, exhibit the characteristics 
of a late adenoma [53].) Several independent studies have confirmed 
CBS protein expression in the above colon cancer lines, and extended the 
findings to additional colon cancer cell lines (e.g. DLD-1 and SW480) as 
well [27,38,49,51,52,90–100]. 

Alix-Panabières and colleagues compared the expression of various 
genes in CTC-MCC-41 cells, a colon cancer cell line isolated from the 
blood of a patient with colon cancer with the gene expression profile of 
HT-29 cells [100]. CTC-MCC-41 cells (a metastasis-competent cell line 
that exhibits intermediate epithelial-mesenchymal phenotype and stem 
cell–like properties) exhibited differential expression of multiple genes, 
including genes that regulate energy metabolism, DNA repair and 
stemness. The genes which exhibited higher expression in 
CTC-MCC-41 cells than in HT-29 cells also included CBS, which, there
fore, was classified as a “stemness gene” [100]. 

In ovarian cancer, OV202, SKOV3, A2780, A2780/CP-70, CP20, 
OV90 and OVCA429 cells are typically used for studies elucidating the 
role of CBS – without a healthy non-transformed cell comparator; all of 
these cells express high levels of CBS protein and generate H2S [7,61, 
101,102]. 

In breast cancer studies, human cell lines that have been used include 
the MDA-MB-231, MDA-MB-435S, MDA-MB-468, MCF-7, MCF-10A and 
Hs 578T lines (many of which are triple negative – i.e. lacking estrogen 
or progesterone receptors and HER2), and, more recently, two basal-like 
subtype breast cancer cell lines, Cal51 and HCC1143 [62–65,103–105]. 
In some studies, human mammary epithelial cells (HMEC) were also 
included as healthy control comparators. While these latter cells express 
low levels of CBS protein, most of the breast cancer cell lines (with the 
exception of MCF-10A) express high CBS levels; with particularly high 
CBS expression reported in the Cal51 and HCC1143 lines [62–65, 
103–105]. 

To demonstrate the increased expression of CBS in bladder urothelial 
cell carcinoma cell lines, RT4, SW780, 5637, EJ, T24 and UM-UC-3 cells 
were used; in some experiments SV-HUC-1 cells were employed as a 
non-transformed (and low CBS-expressor) comparator [67,68]. Most of 
these cells (except RT4 cells, which express relatively less CBS) showed 
significant CBS expression – higher levels than the non-transformed 
control cells. 

In lung cancer, the three published studies that examined the func
tional role of CBS, utilized the lung adenocarcinoma cell lines A549, 
H522 and H1944, or A549 and 95D cells, or Calu-6 cells, respectively; 
CBS expression in the cancer lines was significantly higher than CBS 
expression in the non-transformed lung epithelial cell line Beas2B 
comparator [69–71]. 

The only currently available study aimed to examine the role of CBS 
in renal carcinoma cell lines utilized Caki-1 (a Von Hippel-Lindau [VHL] 
tumor suppressor wild-type human renal cell carcinoma cell line), and 
two of its VHL-deficient subclones (786-O and 769-P). CBS expression 
and functional parameters in these cells were compared to the normal 
human renal epithelial cell line HK-2. Although all cells expressed CBS, 
the cancer cell lines did not express it to higher levels than the control 
comparator line [106]. 

Examples of other human cancer cell lines that exhibited high 
expression of CBS and have been used to study the functional role of CBS 
in other forms of cancer [67,76,80,81,103–113] are listed in Table 1. Ta
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Importantly, the various hepatoma and glioma lines studied in various in 
vitro studies and tumor-bearing mice xenograft models contain signifi
cant amounts of CBS, in some cases higher than the corresponding 
non-transformed cell control [106] – despite of the clinical data (see 
prior section) demonstrating that liver cancer and glioma tissues express 
lower levels of CBS than surrounding normal liver and brain tissue, 
respectively. In case of a few cell lines, the published reports are con
flicting; for instance, different groups reported high or low CBS 
expression in the BEL-7404 hepatoma cell line [108,109]. 

Regarding the potential role of CBS in prostate cancer the published 
information is minimal. There are some data comparing survival prob
abilities in high vs. low CBS expressor patients in the Human Protein 
Atlas (see above), but in peer-reviewed publications, the only available 
information relates to prostate cancer, where high CBS protein levels 
measured by Western blotting in two androgen-dependent prostate 
cancer lines (LNCaP cells and DU145 cells); lower, but detectable levels 
in BPH1 cells (a benign prostatic hyperplasia line), while CBS was not 
detected in the benign prostatic epithelial cell lines RWPE-1 and WPMY1 
[114,115]. Some of the above data suggest that the expression of CBS 
becomes higher with the progression of prostate cancer; however, the 
fact that CBS expression was low in PC-3 cells (a cell line derived from a 
metastasis of prostatic adenocarcinoma) does not fully support this 
notion [115]. 

The form(s) of CBS expressed in the various cancer cell lines has not 
been investigated extensively. In HCT116 cells, both the full-length and 
the proteolytically cleaved, constitutively active truncated form of the 
enzyme have been detected [38]. In many other reports, the Western 
blots published only show the canonical 63 kDa band, and it is unclear if 
the lower protein band was also present in the homogenate. Clearly, 
further work needs to be conducted to characterize the cleavage process 
(e.g. the enzymes involved, the relative specific activity of the two forms 
of CBS, and the stability and degradation of the two enzymes). The 
subcellular distribution of CBS has also not been explored in most 
published studies; there is some evidence that hypoxic conditions can 
induce CBS translocation into the mitochondria, and, indeed, in 
HCT116 cells and in A2780 cells, CBS was detected both in the cytosolic 
and mitochondrial fractions [6,7], but subcellular distribution of CBS in 
most studies published to date has not been studied. One rare exception 
is the study of Sen and colleagues, where, in human breast cancer cells, 
CBS was localized to the plasma membrane (in addition to its normal 
cytoplasmic localization), but not to the mitochondria [62]. Likewise, 
potential post-transcriptional modifications (e.g. SUMOylation) have 
not yet been investigated in cancer cell lines. Finally, the potential 
changes in the various co-factors and substrates of CBS remain to be 
explored in the future. 

The regulation of CBS expression in cancer cells, however, has been 
investigated in several studies. Already in the early 2000’s, Kraus and 
colleagues have suggested that increased cell proliferation, on its own, is 
a driver of CBS induction through a redox-sensitive mechanism [18]. 
However, clearly, high CBS expression has not been observed in all 
rapidly proliferating cell types studied, so proliferation, by itself, can not 
be the sole driving factor. Nevertheless, in some cases, a close correla
tion has been found between CBS upregulation and increased cell pro
liferation; for instance, in human colon cancer cell lines treated with 
increasing concentrations of the polyamine N12-diacetylspermine [98]. 
The potential role of hypoxia as a CBS-inducing or enhancing factor, has 
been explored by multiple investigators, and yielded variable results. In 
U87-MG glioma cells, hypoxia was identified as a marked inducer of CBS 
[19,88]. However, in renal cell carcinoma cells, and in Cal51 breast 
cancer cells, hypoxia did not have any marked effect on CBS expression 
[64,106]. In A549 lung cancer cells, chemical hypoxia (cobalt chloride 
treatment) caused a slight upregulation of CBS mRNA and protein levels 
[70]. Finally, in HepG2 cells, hypoxia was reported to induce an upre
gulation of CBS protein expression [116]. In the context of hypoxia and 
H2S biology it should be also mentioned that hypoxic conditions, on 
their own, are known to suppress the degradation of H2S to elevate H2S 

cell and tissue levels [3], and, therefore, hypoxia – even if the expression 
or activity of the various H2S-producing enzymes remain unchanged – is 
expected to enhance the biological effect of the H2S produced by the 
tumor cells. 

In various prostate cancer cells, there is conflicting evidence for an 
android-hormone-dependent regulation of CBS: in LNCaP cells, incu
bation with dihydrotestosterone was reported to upregulate, while in
cubation with testosterone was reported to downregulate CBS protein 
levels [114,115]. Interestingly, exogenous administration of a pharma
cological H2S donor compound was also reported to induce the upre
gulation of CBS protein in thyroid carcinoma cells in a bell-shaped 
fashion (i.e. only noted with intermediate concentrations of the donor) 
[117]; it is currently unclear if such a positive feedback cycle between 
H2S generation and CBS expression is physiologically relevant, and if so, 
if it is a general feature of cancer, or only relevant for specific cell types. 

Finally, a marked down-regulation of CBS occurs in glioma under 
conditions of high-fat diet [55]. The role of CBS in glioma is completely 
different from its role in many other cell types, in that it is 
cancer-suppressive, as opposed to cancer promoting (see above and 
below). In this context, the additional downregulation of CBS in glioma 
during obesity may be a potential mechanism by which obesity accel
erates the development of this type of cancer [55]. 

Sanokawa-Akakura and colleagues applied glucose deprivation, 
hypoxia and hydrogen peroxide treatment to various hepatoma and 
breast cancer cells to produce damage-recovered cells. These cells – 
which became resistant to subsequent injury – exhibited an upregulation 
of CBS; it appears that oxidative stress is the most significant factor 
which contributed to the upregulation of CBS in this experimental model 
[103,104]. When the cells assumed the damage-recovered phenotype, a 
variety of stemness-associated genes were upregulated in them. Simi
larly, an association between stemness and CBS upregulation was sug
gested by comparison of CTC-MCC-41 cells (a metastasis-competent 
circulating colon epithelial cell line) with less aggressive colon cancer 
lines [100]. Moreover, after exposing HepG2 cells to ionizing radiation, 
CBS upregulation has been demonstrated [110,116]. HCT116 cells, as 
they develop multidrug-resistance as a result of prolonged culturing in a 
5-fluorouracil-containing culture medium, also exhibit increased 
expression of CBS – together with the induction of various other en
zymes, including the drug-metabolizing cytochrome P450 enzymes 
CYP1A2 and CYP2A6 [93]. Similarly, doxorubicin-resistant MCF-7 cells 
exhibit significantly higher expression of CBS than normal MCF-7 cells 
[118]. Only some of these studies (discussed below) examined directly if 
there is a casual relationship between CBS upregulation, or H2S pro
duction and the increase in stemness in the surviving dedifferentiated 
and resistant cells. 

5. Effect of “forced CBS expression” on various cellular functions 
in the context of cancer biology 

One highly instructive way to investigate the functional role of CBS 
in cancer cells is to induce the over-expression of this enzyme in non- 
transformed cells that don’t normally express it, or express it only at 
low levels. One of the most comprehensive analyses, focusing on this 
approach, has been conducted in NCM356 cells, a low-CBS expressor, 
slowly proliferating human epithelial cell line, which – as mentioned 
earlier – according to Next Generation sequencing, does exhibit several 
mutations that make it resemble a late adenoma, rather than a ‘normal 
epithelial cell’. (In fact, no ‘cell line’ which can be propagated in cell 
culture conditions will completely resemble the character of freshly 
isolated primary cells.) NCM356 cells with forced overexpression of CBS 
produced increased amounts of H2S, and exhibited a faster proliferation 
rate than the parental control cell line, both in vitro [6,48] and in vivo 
when xenografted onto nude mice [48]. This increased proliferation 
could be suppressed by pharmacological inhibition of CBS [48]. The CBS 
overexpressor cells also exhibited increased migration and invasiveness, 
and colony formation in vitro. 
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Metabolomic profiling of the cells demonstrated the expected shifts 
in the transsulfuration pathway – including an increase in the CBS 
enzymatic byproduct lanthionine in vitro and in vivo [48,51] –, but also 
increased flux through both the pentose phosphate and glycolytic 
pathways. Accordingly, pharmacological inhibition of the pentose 
phosphate pathway suppressed the proliferation rate of these cells [48]. 
There was also a significant increase in the cellular respiration and 
bioenergetic parameters of these cells, indicating that CBS expression, 

on its own, can drive up the metabolism of colonic epithelial cells, in line 
of the well-established ability of cancer-cell-generated H2S to stimulate 
mitochondrial electron transport and ATP generation [47]. Part of the 
enhanced bioenergetics of the CBS-overexpressor cells may be related to 
their upregulated citrate synthase activity, enhanced lipid biosynthesis 
and induction of the hexose phosphate pathway [48]. 

Whole transcriptome RNA-seq revealed that forced expression of CBS 
in NCM356 cells induces the upregulation of 243 genes and the 

Fig. 7. CBS knockdown suppresses tumor growth and tumor angiogenesis in colon and ovarian cancer. Effects of CBS knockdown on colon cancer xenografts: 
A) tumor growth rate from shNT (nontargeting shRNA control) and CBS knockdown (shCBS) groups. Data are shown as mean ± SEM from n = 6 mice, *p < 0.05 
compared to shRNA control. The panel was redrawn from data presented in Ref. [6]. B) Photomicrographs of representative sections (10 μm) from shNT and shCBS 
xenografts showing CD31-positive blood vessels (brown). Arrows indicate larger vessels and bracket indicates areas of necrosis with shCBS xenograft. The panel was 
redrawn from data presented in Ref. [6]. C) CD31-positive blood vessel density quantification in HCT116 tumor xenografts. Data are shown as mean ± SEM from n =
6 mice, **p < 0.01 compared to shRNA control. The panel was redrawn from data presented in Ref. [6]. D) Average area of metastatic foci in liver sections from 
control, control + bevacizumab (control + Bev), CBS knockdown (CBS-KD), CBS knockdown + bevacizumab (CBS-KD + Bev) groups. Data are shown as mean ± SEM 
from n = 5 mice, *p < 0.05 vs. the control group, #p < 0.05 vs. the group of mice implanted with WT cells and treated with Bev. The panel was redrawn from data 
presented in Ref. [52]. E) Representative images of CD31 immunohistochemical staining in liver tissue sections from control, control + Bev, CBS-KD, CBS-KD + Bev 
groups. The panel was redrawn from data presented in Ref. [52]. F) CD31-positive blood vessel density quantification in liver tissue sections from control, control +
bevacizumab (control + Bev), CBS knockdown (CBS-KD), CBS knockdown + bevacizumab (CBS-KD + Bev) groups. Data are shown as mean ± SEM from n = 5 mice, 
*p < 0.05 vs. the control group. The panel was redrawn from data presented in Ref. [52]. Effect of CBS knockdown on chemoresistant ovarian cancer xenografts: G) 
tumor growth rate from Sc-siRNA, Sc-siRNA + cisplatin (Sc-siRNA + CIS), CBS siRNA, CBS siRNA + cisplatin (CBS siRNA + CIS) groups. Data are shown as mean ±
SD from n = 10 mice, *p < 0.05, **p < 0.01 compared to siRNA control, #p < 0.05 vs. the group of mice implanted with siRNA control cells and treated with 
cisplatin. The panel was redrawn from data presented in Ref. [7]. H) Representative images of CD31 immunohistochemical staining in tumor tissue sections from 
Sc-siRNA, Sc-siRNA + CIS, CBS siRNA, CBS siRNA + CIS groups. The panel was redrawn from data presented in Ref. [7]. I) CD31-positive blood vessel density 
quantification in tumor tissue sections from Sc-siRNA, Sc-siRNA + CIS, CBS siRNA, CBS siRNA + CIS groups. Data are shown as mean ± SD from n = 4 mice, **p <
0.01 compared to siRNA control. The panel was redrawn from data presented in Ref. [7]. Effects of CBS knockdown on basal-like breast cancer xenografts: J) tumor 
growth rate from Cal51 control and shCBS groups. Data are shown as mean ± SD from n = 8 mice, *p < 0.05, compared to control. The panel was redrawn from data 
presented in Ref. [64]. K) Representative images of CD31 immunohistochemical staining in tumor tissue sections from HCC1143 control and shCBS groups. The panel 
was redrawn from data presented in Ref. [64]. L) CD31-positive blood vessel density quantification in tumor tissue sections from HCC1143 control and shCBS groups. 
The values were determined by Image J analysis from the figures shown in K). Data are shown as mean ± SEM, **p < 0.01 compared to control. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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downregulation of 108 genes. GSEA gene family categorization revealed 
the regulation of many transcriptions factor genes (20 up- and 10 
downregulated), cytokines and growth factors (18 up and 3 down), 
protein kinases (7 up and 3 down), and oncogenes (ASPSCR1, PER1, 
PRDM16, HOXD11, CCND2 up while LCP1 and DDX10 down). The 
upregulated genes significantly overlapped with gene sets related to 
glycolysis, hypoxia, and a colon cancer cell phenotype including NF-κB, 
KRAS, and p53 signaling, apical junction gene set, and Wnt pathway 
genes. Other upregulated genes due to forced CBS overexpression have 
been shown to enhance hypoxia responses (PER1, APLN), promote cy
tokines, growth factors and inflammation-mediated responses (ETS2, 
GDF15, FGF19, S100A6, TNC, FGF11, TNSF15, KITLG, IGF2, TNFSF9, 
MDK, INHBB, SEMA6B, ADM, INHBE, VEGFA, ADM2, GDF15, APLN, 
FGF3), stimulate cell proliferation (CCND2, MAP3K5, PTK7, RPS6K2, 
E2F2, FGF19, MDK, KIT, JUNB, CXCR1, ELF3, FOS), promote cell 
migration and invasion (CDC42BPG, DDR1, ELF3, HOXD11, PTK7, KIT) 
and induce angiogenesis (ADM, ADM2, VEGFA, CXCR1, FOS) [48]. 
Finally, there was significant overlap with genes related to increased 
extracellular matrix (ECM) and ECM-related proteins, cell adhesion 
molecules, and epithelial-to-mesenchymal transition (EMT), suggesting 
that the presence of CBS, on its own may be able to shift cells into a 
migratory and invasive phenotype [48]. This latter property of CBS has 
been directly confirmed by the fact that CBS-overexpressor 
NCM356 cells exhibit increased invasive and migratory properties, and 
it is also supported by multiple lines of data that suggest that CBS 
silencing or CBS inhibition in cancer cells suppresses invasion and 
migration, and reverses EMT (discussed in the subsequent sections). 
Importantly, however, no secondary NCM356 cell loci (i.e. metastases) 
were found in the nude mice bearing xenografted CBS-overexpressor 
NCM356 cells – at least in the timeframe of the experiments conducted 
(up to 30 days) [51]. Thus, CBS overexpression, on its own, may not be 
sufficient to induce a metastatic tumor phenotype, although this ques
tion remains to be further investigated, for instance in longer-term 
models or using intracecal, as opposed to subcutaneous implantation 
of the cells. 

The other published studies utilizing CBS overexpression approaches 
mainly focused on functional parameters, such as cell proliferation. One 
study utilized BEAS-2B cells, a non-transformed human epithelial cell 
line; in these cells, CBS overexpression caused a slight increase in cell 
proliferation rate and increased the migration and invasion capacity of 
the cells [69]. Another study utilized BEL-7404 cells, a human hepatoma 
line, which – in contrast to most hepatoma cells studied, including 
HepG2 – exhibits very low CBS basal expression. In these cells, forced 
expression of CBS increased cell proliferation and migration, and pro
tected the cells from the antiproliferative effect of doxorubicin, and from 
the antiproliferative effect of the tyrosine kinase inhibitor chemother
apeutic agent sunitinib [109]. In ovarian cancer cells, forced CBS 
overexpression conferred resistance to erastin (a small molecule that 
induces ferroptosis – an iron-dependent, lipid peroxide-mediated cell 
death) [102]. These findings, taken together, indicate that CBS upre
gulation (at least in part via its enzymatic product H2S) can “reprogram” 
cancer cells into a multi-drug resistant phenotype. CBS overexpression 
also induced the upregulation of P-glycoprotein [109], a key effector in 
the development of multidrug resistance. This membrane protein (also 
termed multidrug resistance protein 1; MDR-1) exerts its effect by 
accelerating the extrusion of chemotherapeutic agents from cancer cells; 
in fact, the lower concentration of doxorubicin in CBS-overexpressor 
cells, when compared to wild-type cells, was confirmed by direct mea
surements [109]. (Indeed, there are several independent studies 
demonstrating or suggesting that H2S, on its own, is able to confer 
chemotherapeutic resistance to various organisms ranging from bacteria 
to cancer cells [119–121].) Additional changes in the 
CBS-overexpressing BEL-7404 cells included an increased STAT3 phos
phorylation and Akt activation, increased intracellular level of Bcl-2 and 
increased MMP-2 expression [109]. These effects – many of which have 
been previously demonstrated in cells exposed to various classes of H2S 

donors [114,122–130] – are likely contribute to the increased prolifer
ative, invasive, and drug-resistant character of the CBS overexpressor 
cells. 

Similar to the above-discussed studies, forced CBS expression into 
Eca109 cells (a human esophageal squamous carcinoma cell line with 
low basal expression of CBS) induced an increase in cell proliferation, 
migration and improved the viability of these cells; these effects were 
associated with – and may be mediated, at least in part by – the in
duction of SIRT1 and Hes1 and the suppression of Notch1 expression 
[76]. Moreover, in co-culture experiments, Eca109 cells with CBS 
overexpression stimulated more angiogenesis and lymphangiogenesis 
than the responses induced by wild-type Eca109 cells, an effect which 
occurred, at least in part, via the upregulation of VEGF protein expres
sion [76]. These findings are consistent with multiple sets of studies 
focusing on the pro-angiogenic role of H2S; it has been well established 
that (a) pharmacological H2S donators stimulate angiogenesis; (b) 
certain endogenous pro-angiogenic hormones, including VEGF, utilize 
the cellular biosynthesis of H2S to exert their pro-angiogenic action and 
(c) H2S can upregulate various elements of multiple angiogenic path
ways, including VEGF, VEGF receptor and several other pro-angiogenic 
factors and mediators [52,64,70,122–126,131–139]. 

Overexpression of CBS into MCF-10A cells (a human breast cancer 
cell line, which expresses relatively low levels of CBS under baseline 
conditions) conferred resistance against activated macrophage-induced 
cell killing in an in vitro co-culture experiment [62]. 

Finally, in two liver cancer cell lines that express low-to-medium 
levels of CBS (MHCC97H and Hepa1-6), forced overexpression of CBS 
was reported to suppress, rather than stimulate proliferation [87]. These 
findings are in contrast with the observations made in multiple other cell 
types but are clearly in line with the clinical data showing that in liver 
cancer (in contrast to most other forms of cancer), high CBS expression 
correlates with better outcomes (see above). 

Taken together, the above findings demonstrate that when CBS 
expression is “forced” into various cell types that are expressing it at low 
baseline levels, multiple transcriptional and posttranscriptional effects 
occur. In any case, the CBS-overexpressing cells assume a more highly 
metabolic, more proliferative, more invasive, more dedifferentiated/ 
stem-like state and chemotherapy- and immune-cell-resistant pheno
type. The CBS-induced cellular “reprogramming effects” most likely are 
mediated via its enzymatic product, H2S – although additional roles of 
CBS, for example via protein-protein interactions, may also play a role. 
Importantly, in many experiments, a “mirror-image” biological response 
(i.e. inhibition of cell proliferation and invasion, a suppression of 
cellular bioenergetics, etc.) can be obtained in high-CBS expressor tumor 
cells with CBS silencing or CBS inhibition (see subsequent sections). 
Importantly, however, the results obtained with CBS overexpression in 
with low-basal-CBS-expressor cells are markedly different from the results 
with cells that are expressing high baseline levels of CBS. In addition, liver 
cancer cells are a clear outlier: in these cells, CBS overexpression de
creases, rather than increases cell proliferation. 

In a recent paper a CBS-overexpressor subclone of the high-CBS 
expressor HT-29 cells (a rapidly proliferating human colon cancer cell 
line) has been created; these CBS-overexpressor cells, in fact, exhibited 
decreased cell viability, slower cell proliferation in vitro and slower tumor 
growth and less metastasis formation after xenografting into nude mice 
in vivo [99]. The phenotype of CBS-overexpressor HT-29 cells most likely 
reflects the bell-shaped (biphasic, hormetic) nature of H2S – elevation of 
H2S concentrations over and beyond an optimal range suppresses cell 
metabolism, impairs proliferation and can lead to cytotoxic effects [140, 
141]. (This topic will be discussed in further detail at the final section of 
the current article.) 

6. Effects of CBS silencing in cancer cells and tumor-bearing 
mouse models 

The most elegant and straight-forward way to elucidate the 
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functional role of CBS in cancer cells is to downregulate its levels via 
various transient and permanent silencing and knock-down approaches. 
There are some caveats to this approach, which are related to several 
issues: (a) First of all, the degree of CBS silencing, in many instances, is 
only partial (the degree of silencing efficiency depends on the technique 
used as well as the cell type). Thus, CBS may play a more significant role 
in the studied process that revealed by this approach. (b) Second, the 
absence of CBS protein does not equal to the lack of CBS catalytic ac
tivity – i.e. lack of CBS-derived H2S production; with CBS silencing/ 
knockdown, the ”scaffolding” roles of CBS – its role in various protein- 
protein interactions – is also eliminated. This may be one of the rea
sons why pharmacological CBS inhibition and CBS silencing/knock
down do not always produce the same cellular responses (see also 
below). (c) Third, CBS silencing/knockdown is a long-term process; time 
gives an opportunity to the cell to initiate various compensatory re
sponses, e.g. the upregulation of other H2S-generating enzymes. This 
possibility has not been investigated in most of the published studies. 

Even with the above caveats, studies using CBS silencing/knock
down approaches have revealed many important regulatory roles of CBS 
in various cancer cells. The first study that utilized a silencing approach 
to delineate the role of CBS in the proliferation of cancer cells was 
published in 2013 and used a lentiviral shRNA to produce a fairly robust 
(approx. 80%, as quantified by Western blotting) suppression of the CBS 
protein in these cells [6]. HCT116 cells with CBS silencing proliferated 
approximately 50% slower than wild-type cells, and exhibited a reduc
tion in their mitochondrial respiration and calculated aerobic ATP 
production, as well as in their glycolytic rate, suggesting that CBS (most 
likely via its product H2S) supports both the aerobic and the anaerobic 
bioenergetic pathways in these cells [6]. When subcutaneously 
implanted into nude mice, shCBS HCT116 cells exhibited an approxi
mately 50% slower growth rate than wild-type cells; peritumor angio
genesis (evidenced by CD31 staining) was also reduced [6] (Fig. 7A, B, 
7C). 

The above data, suggesting a proliferation-supportive, bioenergetic 
stimulatory and pro-angiogenic role of CBS and H2S in colon cancer, 
have subsequently been confirmed and extended in various colon cancer 
models. In 2022, using the CRISPR/Cas9 system to knock down CBS 
gene expression in SW480 and DLD1 colon cancer cell lines, the above 
findings have been confirmed and extended. Knocking down CBS in 
these cells suppressed their proliferation by approximately 30–40% and 
suppressed their migratory and invasive capacity by approximately 
50–80% [52]. In a dorsal skinfold model, xenografting of the colon 
cancer cells induced an angiogenic response, which was suppressed by 
approximately 50% after CBS silencing [52]. CBS silencing suppressed 
the expression of AP-1 mRNA and inhibited the expression of VEGF by 
regulating its promoter [52]. In a model of intrahepatic injection of 
tumor cells, CBS deficient SW480 cells produced approximately 70% 
less metastatic foci and nodules than wild-type controls; CBS deficiency 
also enhanced the effect of the angiogenesis inhibitor bevacizumab [52] 
(Fig. 7D, E, 7F). 

Additional effects of CBS silencing in colon cancer cells include an 
enhancement of their sensitivity to the cytotoxic action of 5-fluorouracil; 
the effect of CBS silencing was evident both in wild-type cells and in 
chemotherapy-resistant cells. This effect of CBS knockdown was asso
ciated with an increased expression of the micro-RNA miR-215-5p and a 
consequent decrease the expression of both epiregulin (EREG) and 
thymidylate synthetase (TYMS) [50]. Via these actions, CBS induces or 
enhances the EREG/EGFR pathway, which is considered an important 
effector of tumor progression and multidrug resistance in cancer [142]. 

In wild-type HCT116 cells, the allosteric CBS activator SAM stimu
lated cell proliferation and cellular bioenergetics at lower concentra
tions while it had exerted an inhibitory effect at higher concentrations. 
In CBS-silenced cells, these effects of SAM were markedly attenuated. 
These data (also confirmed by Western blot studies) indicate that in 
HCT116 cells, both a full-length and a truncated, constitutively active 
version of CBS co-exists; the former (but not the latter) is responsive to 

allosteric stimulation [38]. These data also indicate that when CBS ac
tivity (and consequent H2S generation) in cancer cells is raised beyond a 
certain “optimum-point”, the cells no longer benefit from it, and a 
cytotoxic effect and a suppression of cell proliferation occurs. This 
conclusion is consistent with the findings with CBS overexpression in 
HT-29 cells ([140], discussed above) and with the general concept of the 
bell-shaped H2S concentration-response (discussed in more detail 
below). 

Ovarian cancer is another cancer type, where multiple studies have 
been published using CBS silencing approaches, confirming multiple 
tumor-supportive roles of this enzyme. In the first report, Bhattacharyya 
and colleagues demonstrated that CBS silencing – using an efficient 
siRNA method, producing approximately 80% suppression of CBS pro
tein – in OV202, SKOV3, A2780 and A2780/CP-70 cells reduced the 
cells’ proliferative, migration and invasive capacity by 70–90%; CBS 
silencing also resulted in a 40–50% suppression of cellular O2 con
sumption and cell viability [7,101,102] and sensitized the cancer cells to 
the cytotoxic effect of the chemotherapeutic agent cisplatin [7] and the 
ferroptosis inducer erastin [102]. The underlying mechanisms include 
(a) a mitochondrial/bioenergetic effect; i.e. inhibition of mitochondrial 
respiration and of cellular ATP generation, similar to what has also been 
observed in colon cancer cells (see above) [7,61]; (b) inhibition of 
mitochondrial morphogenesis, leading to mitochondrial fragmentation, 
i.e. increased individual mitochondria numbers and overall smaller 
mitochondrial networks – [61]; (c) a pro-oxidant effect; depletion of 
cellular glutathione levels and increased cellular ROS generation [7,61, 
101]; and (d) a suppression of NF-κB activation, which likely affects 
multiple signalling pathways in the ovarian cancer cells [7]. The mito
chondrial fragmentation and the increased intracellular oxidative stress 
after CBS silencing are functionally interlinked: when CBS silencing 
increases oxidative stress, this leads to the degradation of mitofusin 2 
(MFN2 is a key regulator of mitochondrial morphogenesis) by the 
ubiquitin-proteasome system [61]. The functional role of suppressed 
NF-κB activation after CBS silencing remains to be directly confirmed in 
cancer cells but in immortalized human adipose-derived mesenchymal 
stem cells, CBS silencing has been shown to induce the suppression of 
various cytokine mRNAs [143], which is the expected consequence of 
the suppression of NF-κB. 

Part of the reason CBS plays a vital role in the bioenergetics of 
ovarian cancer cells is that it supports the metabolic transition of the 
cells into a lipid-dependent biochemical pathway via the induction of 
the lipogenic transcription factors SREBP1 and SREBP2 and the upre
gulation of several key enzymes involved in lipid synthesis (e.g. FASN 
and ACC1) [101] (The upregulation of FASN gene expression after CBS 
silencing was also observed in other models, e.g. in immortalized human 
adipose-derived mesenchymal stem cells [143].). The net result is that 
ovarian cancer cells enhance their lipid uptake and increase their lipid 
content and utilize the metabolism of these lipids to support their bio
energetics and their function; CBS silencing markedly suppresses all of 
these responses [101]. These roles of CBS are, at least in part, mediated 
by modulation of Sp1 activation: CBS silencing suppressed the nuclear 
translocation of this transcription factor [101]. Importantly, several 
studies – in experimental models other than cancer) – show that Sp1 is 
target of sulfhydration by H2S [133,144,145]. A potential working hy
pothesis is that in ovarian cancer CBS-derived H2S promotes Sp1 sulf
hydration, which, in turn, increases its stability and/or facilitates its 
nuclear translocation, which promotes the expression of various lipo
genic genes. 

The functional importance of CBS in ovarian cancer is also high
lighted by in vivo studies, demonstrating that silencing of CBS in a model 
of intraperitoneal administration of A2780/CP20 cells into mice mark
edly reduces tumor growth, tumor nodule numbers and the proliferative 
activity (assessed by Ki67 staining) and suppresses the tumor’s angio
genic potential (assessed by CD31 staining). In line with the in vitro 
studies showing a synergistic effect of CBS silencing with cisplatin (see 
above), a marked synergy of CBS silencing with cisplatin therapy was 
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observed [7] (Fig. 7G, H, 7I). 
Similar to colon and ovarian cancer cell lines, CBS silencing also 

exerts significant functional effects in various human breast cancer cell 
lines, although there are some significant differences in the published 
literature. In MCF7 and MDA-MB-468 cells, CBS silencing, on its own, 
did not affect proliferation rates or cell viability in vitro over 5 days in the 
studies of Sen and colleagues [62], while in the same cell line (MCF7) 
and a closely related one (MDA-MB-231), under slightly different 
experimental conditions, Youness and colleagues have observed an 
antiproliferative and anti-migratory effect of CBS silencing, as well as a 
lower colony-forming capacity in vitro [65]. Most recently, once again, 
antiproliferative effects and diminished cell viability were also observed 
after CBS silencing in the basal-like breast cancer cell lines Cal51 and 
HCC1143 [64]. All three groups working in the area of breast cancer and 
CBS agree, however, that CBS silencing markedly sensitizes breast 
cancer cells to the effect of various external cytotoxic/cytostatic in
terventions, including various pro-oxidative conditions such as exposure 
to 4-hydroxynonenal, a cytotoxic and genotoxic product of lipid per
oxidation [64], exposure to hydrogen peroxide, a cytotoxic oxidant 
[64], and the pharmacological depletion of intracellular glutathione 
[62,64]. Moreover, CBS depletion in various breast cancer cell lines 
sensitizes to the antiproliferative and cytotoxic effect of activated 
macrophages [62], activated NK cells [65] or activated T-cells [65] in 
various co-culture conditions. 

The relationship of CBS to the regulation of various intracellular 
redox processes has been investigated, in various breast cancer cell lines, 
to some extent, by Kawahara in 2017 [105], and subsequently, in sig
nificant detail, by Nagy’s group in 2021 [64]. Kawahara has demon
strated in MCF7, MDA-MB-468, and Hs 578T cells that CBS silencing 
suppresses intracellular glutathione levels, GSH/GSSG ratio, together 
with increased intracellular ROS generation [105]. These changes, at 
least in part, were attributed to the fact that CBS silencing decreases the 
expression of genes that promote GSH biosynthesis and regeneration 
such as Nrf2, G6PD, GCLC and GSR [105]. Subsequent studies, in Cal51 
and HCC1143 cells, however, have observed increased, rather than 
decreased intracellular GSH levels after CBS silencing, suggesting that 
the increased vulnerability of shCBS cells to oxidative stress is not due to 
impaired GSH levels. 

In Cal51 cells CBS knockdown sensitized to CySSCy deprivation–in
duced lipid peroxidation and cell death; when the cells were grown in 
reduced CySSCy-containing medium, shCBS cells became more sensitive 
to the cytotoxic effect of oxidative stress. Taken together, Cal51 and 
HCC1143 cells appear to have a “CySSCy-addicted” phenotype and in 
this regard the upregulated transsulfuration pathway in them serves to 
maintain their cysteine need [64]. A potential future anticancer 
approach that follows from these observations may be the “starving” of 
the cancer cells from their special cysteine “need”, either by inhibiting 
relevant intracellular pathways and/or by suppressing their ability to 
take up cysteine from the extracellular space (see also below). 

Importantly, in vivo, breast cancer cells with CBS silencing grow 
substantially slower than wild-type cells, as shown with the subcu
taneous implantation of MCF7 cells into nude mice where an approxi
mately 90% suppression of tumor growth was observed [62], or 
HCC1143 or Cal51 cells, where an approximately 60–80% suppression 
of tumor growth was observed, together with an enhancement of 
intratumor necrosis and an inhibition of peritumor angiogenesis 
(Fig. 7J, K, 7L) [64]. 

A similar role of CBS was also demonstrated, using various CBS 
silencing approaches, in A549 lung cancer cells where CBS silencing was 
found to suppress cancer cell proliferation, migration, and invasion; it 
also delayed the repair of mitochondrial DNA after oxidative cell injury 
and potentiated the cytotoxic effect of the anticancer therapeutic agent 
camptothecin [69]. 

Although from the analysis of clinical samples it is clear that in liver 
cancer tissues, CBS becomes downregulated, rather than upregulated, 
and in liver cancer high CBS predicts better, rather than worse outcomes 
(see above), in various in vitro and preclinical in vivo studies, the effect of 
CBS inhibition in various liver cancer models is not drastically different 
from the effects observed in the cancer types discussed earlier (colon, 
ovarian, breast and lung). This may be due to the fact that in liver cancer 
cell lines – even after some degree of CBS downregulation compared to 
healthy tissue – sufficient levels of CBS remain in these cells, which may 
provide tumor-cell-supporting roles, especially in an in vitro system 
where the cells are not grown on the background of a (basally high-CBS- 
expressor and high-H2S-producer) normal healthy liver tissue. The main 
findings in various liver cell lines with CBS silencing include variable 

Table 2 
Summary of the effects of various pharmacological CBS inhibitors in cancer models.  

CBS inhibitor compound Name hCBS IC50 Characteristics Effects in cancer models 

AOAA 8 μM PLP-dependent covalent inhibitor; inhibits multiple other enzymes as 
well 

Efficacy in a cellular model in 
vitro and in murine models in 
vivo 

AOAA methyl ester 
AOAA isopropyl ester 

YD0171YD0251 8 μM (with better 
cell uptake) 

After hydrolysis by esterases, it yields AOAA and exerts similar effects as 
AOAA at lower concentrations/doses. 

Efficacy in a cellular model in 
vitro and in murine models in 
vivo 

CH004 2 μM Competitive inhibitor, identified by HTS, has known or likely off-target 
effects 

Efficacy in a cellular model in 
vitro and in murine models in 
vivo 

Sikokianin C 3 μM Competitive inhibitor, identified by HTS, has known off-target effects, 
not druggable 

Efficacy in a cellular model in 
vitro and in a murine model in 
vivo 

Benserazide 30 μM PLP-dependent covalent inhibitor; known clinically used drug – may be 
a possible candidate for drug repurposing 

Efficacy in a cellular model in 
vitro and in murine models in 
vivo 

Disulfiram 1 μM (after 
conversion to 
CuDCC) 

Covalent inhibitor via copper; known clinically used drug with multiple 
MOA’s – may be a possible candidate for drug repurposing; currently in 
several cancer clinical trials (but the proposed mechanism of action that 
is unrelated to CBS) 

Efficacy in a cellular model in 
vitro and in murine models in 
vivo  

Various polyphenols [Multiple] 5–30 μM Multiple targets, most of them natural compounds No information 
NSC11041 
NSC67078 

4–10 μM Partially characterized compounds from various HTS campaigns; CBS 
selectivity and cell uptake insufficiently characterized 

No information  
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effects on proliferation, i.e. either pro- or antiproliferative and either 
cytotoxic or cytoprotective actions in various hepatoma cell lines [87, 
108,109]; inhibition of the expression of certain EMT/MET markers 
[110] and enhancement of the radiation-induced cell killing (reported in 
HepG2 cells) [110]. In Hep3B cells, – as opposed to many cell types 
discussed earlier – CBS silencing exerted no significant effect on any of 
the bioenergetic parameters (oxidative phosphorylation or glycolysis) 
[87]. Importantly, in vivo, in nude mice bearing subcutaneous Hep3B 
xenografts, silencing of CBS in these cells resulted in an increased tumor 
growth [87]. This increase was unrelated to any changes in peritumor 
angiogenesis, but were linked to the regulation of tumor-infiltrating 
immune cells (Tregs) [87] (see also below). These findings in hepa
toma cells, once again, are in contrast with the observations made in 
multiple other cell types but are clearly in line with the human clinical 
correlations showing that high CBS expression in liver cancer tissue, 
correlates with better prognosis (see above). 

Regarding other forms of cancer – e.g. various forms of renal or 
gastric carcinoma – where clinical data or pharmacological inhibitor 
studies indicate a role of the CBS pathway (see above and below), no 
published studies are available using CBS silencing approaches. The only 
exemption is esophageal squamous cell carcinoma, where the functional 
effect of CBS silencing has been examined using KYSE450 cells. In these 
cells, viability, proliferation and migration were suppressed in the 
absence of CBS, and the percentage of apoptotic cell proliferation 
increased. In in vitro tumor-endothelial cell co-culture studies, CBS 
silencing suppressed angiogenic and lymphangiogenic responses, at 
least in part via suppression of VEGF expression [76]. In vivo, when 
CBS-knockdown KYSE450 cells were injected subcutaneously into the 
right flank of nude mice, tumor growth was reduced by approximately 
70% and lymph node metastasis was also significantly suppressed [76]. 
With regards to the mode of action, in KYSE450 cells, the mechanism of 
CBS silencing was, at least in part, linked to the suppression of SIRT1 
induction, and to the stimulation of the Notch and Hes1 signalling 
pathways [76]. In many respects, CBS silencing produced an exact 
“mirror image” of the responses seen with CBS expression in a 
low-baseline CBS-expressor cell line Eca109 (see above). 

Similar to the clinical data where role of CBS in glioma represents an 
“outlier” (with high CBS expression correlating with better prognosis, 
see above), also in cell-based and animal-based studies, the role of CBS 
in glioma models is the exact opposite of what has been observed in 
many other cancer models. In U87-MG cells, CBS silencing increased 
(rather than decreased) cell proliferation and invasion in vitro and pro
moted (rather than suppressed) tumor growth in a xenograft model in 
vivo; these effects were associated with an increase (rather than decrease) 
of tumor angiogenesis [88]. The mechanism of action of CBS silencing in 

this experimental system/in this tumor type has not yet been fully 
characterized but they were found to be related, at least in part to in
creases in HIF2α expression, VEGF and angiopoietin 2 and 4 expression 
and anchorage-independent cell growth; there are also more recent 
studies confirming and extending these findings and showing that the 
growth of glioma is further enhanced under conditions of high-fat diet 
[55]. Clearly, the role of CBS in the pathophysiology of glioma/glio
blastoma is markedly different from all other cancers [55,88,113]. 

Finally – and in contrast to the multiple lines of additional studies 
showing the effect of CBS silencing and CBS inhibition in many forms of 
cancer – in a paper by Yamamoto and colleagues, in 2014, CBS silencing 
in HCT116 cells was found to increase, rather than decrease, prolifera
tion rate and tumor formation in metastatic tumors of the liver [146]. 
The reason for the discrepancy is currently unclear; in the subsequent 8 
years since this study was published the Yamamoto group, to our 
knowledge, has not followed up this isolated report and this study has 
not since been reproduced or confirmed by any other group. 

Some key studies demonstrating the functional effect of CBS 
silencing in various cancer cell lines are shown in Fig. 7. The vast ma
jority of the published literature using CBS silencing in multiple cancer 
models (except in hepatoma and glioma models) supports the notion 
that when CBS expression is high, cancer cells assume a hypermetabolic, 
hyperproliferative, hyperinvasive, dedifferentiated/stem-like pheno
type and they become resistant to oxidative stress, chemotherapy and 
immune cell mediated killing. This notion is also indirectly supported by 
CBS silencing studies conducted in non-transformed cells. For instance, 
when human dermal fibroblasts are placed in a 3D culture, a 
dedifferentiation-type reprogramming response takes place, which is 
driven, at least in part, by the upregulation of the pluripotency factors 
such as OCT4, and Nanog in these cells. Importantly, this dedifferenti
ation process has been functionally linked to the upregulation of CBS: 
CBS silencing suppressed the expression of OCT4, and Nanog [147]. 

Taken together, the body of literature describing the effects of CBS 
overexpression (previous section), CBS silencing (current section) and 
pharmacological inhibition (next section) supports the view that CBS is 
tumor-supportive factor. Thus – with the important exception of liver 
cancer and glioma – CBS, in many cancers, can be characterized a pre
clinically validated anticancer drug target. 

7. Pharmacological inhibition of CBS in cancer cells and cancer 
models 

When considering the translation of the CBS/H2S/cancer concept 
into future clinical, therapeutic applications, pharmacological CBS in
hibition becomes a crucial topic. CBS inhibition has been subject of 

Fig. 8. Pharmacological inhibition of CBS causes the regression of established tumors in tumor-bearing mouse models. A) Effect of CBS inhibitor (AOAA) in 
tumor growth rate of NCM356 cell line overexpressing CBS xenografts. Data are shown as mean ± SEM of n = 10 animals per group; *p < 0.05 shows significant 
difference between tumor size between the indicated two time points. The figure was redrawn from data presented in Ref. [48]. B) Effect of CBS inhibitor (YD0171) 
in tumor growth rate of HCT116 xenografts. Data are shown as mean ± SEM of n = 8 animals per group; *p < 0.05 shows significant difference between tumor size 
between the indicated two time points. The figure was redrawn from data presented in Ref. [155]. C) Effect of CBS inhibitor (AOAA) in tumor growth rate of A549 
xenografts. Data are shown as mean ± SEM of n = 5 animals per group; *p < 0.05 shows significant difference between tumor size between the indicated two time 
points. The figure was redrawn from data presented in Ref. [69]. 
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multiple recent reviews [3,12]; in the current section we will focus on 
those CBS inhibitors which have been tested in cancer models (Table 2). 

Although CBS is an enzyme that has been studied for many decades, 
pharmacological inhibitors of this enzyme remain to be improved: all of 
the currently known CBS inhibitors have some significant problems in 
terms of potency, selectivity, and/or cell permeability. While they are 
useful as experimental tools (with many caveats), they are not suitable 
for clinical translation. 

Aminooxyacetic acid. Aminooxyacetic acid (AOAA, also known as 
carboxymethoxyamine), is commonly referred to in the literature as a 
“CBS inhibitor” – and in some cases even as a “potent CBS inhibitor”. In 
fact, AOAA is an inhibitor of several (but not all) PLP-dependent en
zymes, including a second H2S-producing enzyme, CSE, as well as 
several different transaminases [12,148]. On the various non-CBS en
zymes, the inhibitory potency of AOAA is variable. The mammalian 
enzymes which are inhibited by AOAA with the highest potency 
(IC50 < 10 μM) are – in addition to CBS and CSE – (a) the various iso
forms of alanine transaminase (ALT, also known as glutamate pyruvate 
transaminase or GPT); (b) glutamate decarboxylase; and (c) GABA 
transaminase (GABA-T). The latter two enzymes are predominantly 
expressed in the CNS, and they are not considered significant actors in 
the pathobiology of most cancers. Thus, in the context of cancer biology, 
the principal secondary (or, in the context of H2S biology, “off-target”) 
effect of AOAA is inhibition of ALT/GPT. Indeed, silencing studies have 
demonstrated that several subtypes of these transaminases play signifi
cant bioenergetic and other regulatory roles in various cancer cells. In 
fact, in several cancer papers AOAA is referred to as a “GOT inhibitor” – 
or more specifically, an inhibitor of GOT2, an isoform with specific roles 
in cancer – or as an inhibitor of glutamic pyruvate transaminase 2 
(GPT2), another transaminase with significant cancer cell supporting 
functions [149–154]. 

Inhibition of CBS by AOAA is generally viewed as pharmacologically 
irreversible; it is based on the covalent interaction of AOAA with the PLP 
prosthetic group in the active site of CBS [12]. The off-target actions of 
AOAA have been extensively discussed recently [3,12,41,42]. Even 
though AOAA exhibits the above problems of selectivity, it remains a 
frequently used compound, due to the fact that the alternative phar
macological tools are rather limited, and due to the fact that it is, in fact, 
a fairly potent inhibitor of CBS (depending on the assay conditions its 
IC50 ranges between 1 and 10 μM). The multiple off-target effects of 
AOAA must be considered when interpreting the anticancer effects of 
this compound. 

In many of the studies discussed in the previous section that 
employed CBS silencing approaches, AOAA has also been used to 
confirm and extend the findings. In colon cancer cells, AOAA phe
nocopied the effect of CBS silencing in terms of inhibition of cell pro
liferation, suppression of mitochondrial electron transport and ATP 
generation, and suppression of cancer cell invasion and tumor angio
genesis [6,50]. In addition – and in line with multiple studies demon
strating a similar effect of CBS silencing – AOAA was found to enhance 
the cytotoxic effect of 5-fluorouracil in several different human colon 
cancer cell lines in vitro [50]. AOAA also exerted effects in HCT116 cells 
that are consistent with inhibition of EMT [97], but in this cell type, it 
has been not assessed if CBS silencing exerts similar effects. However, in 
lung cancer cell lines, both CBS silencing and AOAA were found to exert 
comparable effects in terms of inhibition of EMT (see below). 

AOAA, in some experiments, especially at higher concentrations, 
exerts direct cytotoxic (apoptosis-inducing) effects to cancer cells – 
which may be due to the combination of inhibition of H2S biosynthesis, 
as well as additional inhibitory effects on various transaminases, as well 
as possible non-specific toxic effects of the compound at higher con
centrations [6,7,95]. In most studies, however, AOAA did not have 
major effects on the distribution of the cells in various phases of the cell 
cycle – AOAA definitely does not induce the type of cell cycle arrest that 
is characteristic to many chemotherapeutic drugs [6,50,51,155]. 
Importantly – and in contrast to the effect of CBS silencing – AOAA does 

not, however, appear to be particularly effective in reversing the ac
quired resistance of cancer cells to chemotherapeutic agents [50,93]. 

In vivo, AOAA was also found to suppress the growth and metastatic 
capacity of xenografted human colon cancer cell lines [6]. AOAA 
treatment of nude mice bearing NCM356 cells with CBS overexpression 
resulted in the regression of the tumor growth (Fig. 8A) [48]. AOAA also 
suppressed the growth of patient-derived colon cancer xenografts, and 
this effect was independent of the patients’ KRAS status [51,155,156]. 
Importantly, AOAA potentiated the inhibitory effect of 5-fluorouracil in 
a colon cancer-bearing nude mouse model [50]. Moreover, role of 
CBS-derived H2S in the promotion of peritumor angiogenesis – as 
demonstrated using CBS silencing and CBS overexpressor approaches 
(see above) – has also been confirmed in multiple studies using AOAA 
[6,50]. 

In cell-based studies, and especially in studies with tumor-bearing 
mice, one of the problems with AOAA is its limited cell uptake, which 
necessitates the use of high micromolar, in some cases low millimolar 
concentrations of this compound in cancer cells. By creating ester pro
drugs of AOAA, more potent compounds, such as the AOAA ethyl ester 
YD0171 and the AOAA isopropyl ester YD0251 have been created and 
tested in models of colon cancer [51,155]. These compounds exert more 
potent anticancer effects than AOAA, but – since after cleavage by es
terases, they generate AOAA intracellularly – the prodrug approach 
cannot solve the selectivity or specificity issues of AOAA itself. Never
theless, using one of these prodrug molecules, the regression of estab
lished colon cancer tumors has been demonstrated in a nude mouse 
model (Fig. 8B) [155]. The efficacy of another one of these prodrug 
molecules (YD0251) has also been demonstrated that high-CBS expres
sor PDTX-bearing nude mice [51]. 

AOAA has also been extensively utilized in ovarian cancer models, 
mostly to confirm and extend the findings obtained with CBS silencing. 
In various human ovarian cancer cell lines, AOAA phenocopied the ef
fects of CBS silencing in terms of suppression of cell proliferation, 
migration, invasion and metabolism [7,101,102]. AOAA also phe
nocopied many of the signalling and gene expression alterations that 
were noted with CBS silencing [101,102]. 

In breast cancer studies, most of the recent literature utilizes CBS 
silencing, rather than CBS inhibitors. However, already a report from 
2008 has reported the inhibitory effect of AOAA on the growth of human 
breast cancer cells in a murine model [149]. 

Similar to colon and ovarian cancer cell lines, AOAA also phe
nocopied many of the CBS silencing effects in various human lung 
cancer cell lines, including the antiproliferative effects, the suppression 
of mitochondrial activity and the inhibitory effect on mitochondrial 
DNA repair [69,70]. Using AOAA, the mechanism underlying this latter 
response has been identified: it relates to a mechanism by which 
CBS-derived H2S, via sulfhydration of the mitochondrial DNA repair 
enzyme EXOG, which, after sulfhydration, is more effective in catalyzing 
the formation of a mitochondrial DNA repair complex consisting of 
EXOG, APE1, PolG and Lig3 [69]. In various lung cancer cell lines in 
vitro, as well as in a tumor-bearing mouse model in vivo, AOAA not only 
exerted antiproliferative effects but also potentiated the anticancer ef
fect of irinotecan, oxaliplatin and camptothecin [69]. In A549 lung 
cancer cells AOAA also phenocopied the effect of CBS silencing in its 
ability to decrease vimentin expression, indicating an inhibitory effect 
against epithelial-to-mesenchymal transition [70]. Importantly, treat
ment of mice bearing A549 xenografts with AOAA markedly suppressed 
tumor growth [69,70]; moreover, delayed treatment with this agent 
resulted in tumor growth arrest/regression [69] (Fig. 8C); so far, tumor 
regression in response to CBS inhibition has only been reported in this 
model and in some of the colon cancer models discussed in other par
agraphs of the current section. 

Similar to CBS silencing (see above), AOAA has also been shown to 
act as a radiosensitizer in various cancer cells in vitro [116,157]. Addi
tional effects of AOAA in various cancer cells include inhibition of cell 
proliferation, suppression of cell viability and inhibition of tumor 
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growth [82,108,112,158–161]. However, in several of the studies cited 
here, the mode of action of AOAA has been attributed to mechanisms 
other than CBS inhibition: most commonly to inhibition transaminases, 
glutaminolysis and/or the inhibition of the malate-aspartate shuttle. 

In line with the clinical observations in liver cancer and in line with 
studies of CBS silencing in various liver cancer cell models, in several 
liver cancer cell lines, AOAA was found to enhance cell proliferation in 
vitro; it also stimulated tumor growth in vivo [87]. We would like to 
reiterate that the pathomechanistic role of CBS in liver cancer is mark
edly different from its role in multiple other tumor models and this 
distinction is supported not only by genetic but also by pharmacological 
experiments. 

Hydroxylamine. Another, non-selective compound which inhibits 
CBS (as well as a variety of additional enzymes) is hydroxylamine. From 
the 1950’s, in the cancer literature, many reports can be found showing 
its anticancer effects in various models [162–165], but the mechanism of 
its action is difficult to determine. Fortunately, nowadays this compound 
is only very rarely being used experimentally; there are only one pub
lished study, in renal cancer cell lines where it has been discussed in the 
context of CBS and cancer [106]. 

Benserazide. Various screening campaigns have been conducted to 
determine if any of the clinically used drugs have a secondary, CBS 
inhibitory property, which may be, in turn, used in the context of drug 
repurposing. These efforts have identified benserazide, which is one 
component of a clinically used two-component anti-Parkinson drug. The 
mode of benserazide’s action, in the clinical context, is inhibition of 
DOPA decarboxylase (which is also a PLP-dependent enzyme). Benser
azide inhibits CBS through a covalent inhibition via PLP that is similar to 
the action of AOAA [166,167]. Its potential anticancer effects have not 
been characterized extensively, but in one study it has been shown a 
partial inhibitory effect on colon cancer cell growth in mice at high doses 
(up to 600 mg/kg/day in mice) – even though the proposed mechanism 
of its action was attributed to hexokinase inhibition in this report [168]. 
Recently, benserazide has also been characterized as a pharmacological 
inhibitor of pyruvate kinase (PKM2); and in this role, it has been tested 
in melanoma models, where it reduced cell proliferation, migration, and 
invasion in the concentration range of 10–50 μM and inhibited tumor 
growth in melanoma-bearing nude mice in the dose range of 
40–80 mg/kg/day [169]. Benserazide appears to be fairly well tolerated 
in vivo in the above animal studies, even at the high doses used. Prior 
observations, demonstrating that benserazide increases circulating ho
mocysteine levels in experimental animals and in patients [170–172], 
suggests that the compound does, indeed, exert a CBS inhibitory effect in 
vivo. Nevertheless, it is unclear whether clinical repurposing is a viable 
translational option for this compound. 

Disulfiram. Another clinically used drug which exhibits CBS inhib
itory effects – both in cell-based systems and in vivo – is disulfiram. This 
compound has been originally identified as a CBS inhibitor in a yeast- 
based screen in the context of a CBS/Down syndrome project, and, 
indeed, treatment of Down syndrome mice with this compound yielded 
neurobehavioral responses that phenocopied the functional effect of CBS 
silencing in this model [173]. The mechanism of its CBS inhibitory effect 
involves its reduction to diethyldithiocarbamate (which is considered 
the major metabolite of disulfiram), followed by the chelation of intra
cellular copper (II) and the “delivery” of copper to the CBS molecule, 
resulting in an inhibitory effect [96]. (In fact, on a molar basis copper 
(II) ions are probably the most potent known inhibitors of CBS, with an 
IC50 of approximately 300 nM [167,174,175]). Disulfiram has been 
shown to exert anticancer effects in various preclinical models, and 
several targets have been proposed to explain this effect [176–179]. In 
fact, disulfiram (alone, or in various combinations, including a combi
nation with copper) is currently in several clinical cancer trials 
[176–179]. Thus, it is possible that disulfiram may be ultimately 
repurposed for cancer therapy, although the extent to which a CBS 
inhibitory effect contribute to its clinical anticancer action remains 
unclear. 

CH004. CH004 (3-benzyl-1,6-dimethylpyrimido(5,4-e)(1,2,4) 
triazine-5,7(1H,6H)- dione or 3-benzyl-toxoflavin) was first introduced 
into the scientific literature in 2018 through a paper by Wang and col
leagues [111] who have reported it as a CBS inhibitor with high potency 
(IC50: 1 μM in human enzyme) and some selectivity for CBS over CSE 
[111]. This paper refers back to an earlier report, a high-throughput 
screen conducted in 2013 by Zhou and colleagues, which identified 
several novel classes of CBS inhibitors [180]. However, in this latter 
paper, only the core structure of CH-004 (i.e. 1,6-dimethylpyrimido(5, 
4-e)(1,2,4) triazine-5,7(1H,6H)-dione) has been reported; this com
pound (also known as toxoflavin or NSC67078) also inhibits 
CBS-derived H2S generation in the single μM IC50 range [167,180]. 
However, the first mention of both of these compounds (toxoflavin and 
its 3-benzyl derivative), appears in the patent literature, with its priority 
dating back to 2008, in the context of CBS-derived H2S overproduction 
in Down syndrome [181]. 

Toxoflavin is, in fact, a natural compound; it is the prosthetic group 
of a yellow pigment formed by Burkholderia gladioli. Closer look at the 
pharmacological action of toxoflavin (and, likely, its derivative 
including CH004) reveals several problematic issues. First of all, toxo
flavin not only inhibits CBS-derived H2S signals, but, with almost com
parable potency, it also inhibits H2S signals from chemical H2S 
generators (“H2S donors”) suggesting a combined CBS inhibitory and 
H2S decomposing/scavenging mode of action [167]. Second, toxoflavin 
is known to have several molecular targets unrelated to CBS or H2S, 
including inhibition of sirtuins, inhibition of KDM4A (lysine demethy
lase 4A), inhibition of the protein-protein interaction between T cell 
factor 4 (Tcf4) and β-catenin, inhibition of protein disulfide isomerase, 
inhibition of tyrosyl-DNA phosphodiesterase II, as well as a significant 
redox activity that can yield the generation of various pro-oxidant spe
cies in biological systems [182–189]. Third, toxoflavin – most likely due 
to the combination of the above actions – is a known cytotoxic com
pound, which inhibits the mitochondrial electron transport chain, sup
presses cell respiration and exerts antiproliferative and cytotoxic effects 
in various cell types including several cancer cell lines [111,167, 
182–189]. Thus, there is no doubt that toxoflavin and CH004, are, 
indeed “anticancer compounds”. However, these anticancer effects – for 
instance as reported in HepG2 cells in the study of Wang and colleagues 
[111] – are likely to involve several mechanisms in addition to CBS 
inhibition. Nevertheless, the anticancer effect of CH004 was tested in 
several cell lines that express high levels of CBS protein (HepG2, 
HEK293T, Huh7, H22, Panc-28, HCT116, and MDA-MB-231) [111,167]. 
In all cases, the molecule inhibited cell proliferation with IC50 values in 
the 10–20 μM range. In the same concentration range, cellular H2S 
generation was inhibited as well. In HEK293T cells after CBS silencing 
was achieved using an siRNA approach, the pharmacological action of 
CH004 diminished but was not absent, once again, reinforcing the idea 
that the “toxoflavin class” of compounds have multiple cellular and 
molecular targets. 

Sikokianin C. The CBS inhibitory effect of several different flavo
noids emerged from various small molecule screening campaigns 
seeking to identify novel CBS inhibitors [166,180,190]. The CBS 
inhibitory effect of Sikokianin C, a natural biflavonoid compound 
(originally isolated from the roots of Wikstroemia indica), was first re
ported by Niu and colleagues who have identified it through a 
high-throughput screening, employing a fluorescent thiol to capture the 
CBS-catalyzed production of methanethiol from the artificial substrate 
methylcysteine [191]. In a subsequent report, Niu and colleagues fol
lowed up on the pharmacological effects of sikokianin C in biochemical 
models (molecular docking with CBS) and in cell-based and animal 
models of colon cancer [92]. The molecular docking highlighted five 
amino acid residues in CBS (His203, Tyr308, Tyr223, Asn194 and 
Thr193) which interact with the molecule via hydrogen bonds. 

Follow-up studies demonstrated the inhibitory effect of sikokianin C 
on the proliferation of the human colon cancer line HT29 cells in vitro 
and the suppression of HT29 growth in tumor-bearing mice in vivo [52, 
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92]. Its antiproliferative effect was attenuated (but was not abolished) 
after siRNA-mediated CBS silencing in HT29 cells [92]. In a murine 
model of liver metastasis of colon cancer cells, sikokianin C enhanced 
the antitumor effect of the VEGF-A inhibitor bevacizumab [52]. These 
data suggest that – similar to the case of CH004 – the mode of sikokianin 
C’s action involves multiple mechanisms in addition to the inhibition of 
CBS. In fact, sikokianin C is known to have several pharmacological 
effects including antimalarial effects, anti-inflammatory effects, and an 
inhibitory effect on the expression of the inducible nitric oxide synthase 
[192–194]. 

8. Potential roles of host CBS in cancer 

CBS is expressed in many mammalian cells and tissues. As mentioned 
earlier, the brain and the liver contain particularly high levels of CBS, 
and, according to our working hypothesis (see above) the fact that CBS 
has a markedly different functional role in liver cancer and glioma than 
in most other cancer types may be related to the fact that these cancers 
are developing on the background of particularly high CBS/H2S envi
ronment. CBS is also present in many other organ systems (e.g. kidney, 
lung, gastrointestinal system, cardiovascular system) and – perhaps 
most importantly for the purpose of the current article – various immune 
cells [12,195]. Moreover, part of the intestinal microbiome consists of 
H2S-producing bacteria, which produce H2S by several different en
zymes, including a bacterial CBS-equivalent [196–199]; although much 
of the H2S generated in the intestinal system becomes neutralized by the 
intestinal epithelial cells, some of it crosses into the circulation and 
contributes to the systemic H2S levels [199,200]. Thus, cancer cells – in 
addition to their internally generated H2S – are also exposed to 
“external” H2S – produced by various cell types in the cancer microen
vironment and/or delivered to them via the blood supply – which may, 
in turn, regulate their function via a variety of mechanisms. 

CBS and carcinogenesis. From the standpoint of intestinal carcino
genesis, there are multiple lines of emerging data that a dysregulation of 
H2S homeostasis in the intestinal microbiome may contribute to the 
pathogenesis of colitis, which, in turn, may contribute to the patho
genesis of intestinal polyp formation and carcinogenesis. This field of 
research is covered in recent review articles [198–202]. As far as the 
host (mammalian) CBS and carcinogenesis goes, the body of literature is 
minimal. There is some clinical correlative indication that single 
nucleotide polymorphisms in CBS shows an association with post
menopausal breast cancer incidence [203]. Moreover, individuals who 
are heterozygotes for 68-basepair insertion in the exon 8 coding region 
of CBS are associated with a reduced colorectal cancer risk [204,205]. In 
animal studies, the results are conflicting. In a model of 
azoxymethane-induced aberrant crypt foci formation in mice, CBS het
erozygous (CBS+/-) mice developed approximately 50% less foci than 
wild-type control mice [48]. In contrast, in model of 
diethylnitrosamine-induced liver cancer in mice, only the CBS hetero
zygous (CBS+/-) mice developed micro-tumor lesions after 4 months 
(1/3 of the animals), while none of the wild-type controls have devel
oped lesions [87]. In light of the contrasting role of CBS in other aspects 
of colon cancer vs. liver cancer (see above), the discrepancy between 
these two sets of findings is not particularly surprising. Nevertheless, the 
underlying molecular mechanisms remain uncharacterized. When taken 
together, the body of data regarding the role of host CBS and carcino
genesis is minimal and remains to be explored in the future. 

CBS and tumor immunity. CBS is expressed in various immune cells 
and has been shown to affect immune cell development and differenti
ation in multiple ways [195,206]. H2S, at low concentrations, can in
creases T cell activation, and IL-2 production, while T cell activation and 
proliferation is significantly inhibited when CBS expression is sup
pressed by siRNA. H2S also increases the capacity of T cells to create 
immunological synapses [207–209]. Interestingly, CBS expression is 
markedly increased during T-cell activation [210]. Moreover, when 
Treg cells are polarized to Th1, Th2 or Th17, Treg cells from CBS− /- mice 

tend to be directed into the Th1 and Th17, but not Th2 lineage [211, 
212]. 

T regulatory cells (Tregs, which are known to play an especially 
important role in immunological homeostasis, self-tolerance and anti
tumor responses) also express high levels of CBS; inhibition of CBS in 
mice decreases the relative proportion of FoxP3+ Tregs, indicating that 
CBS plays a role in the T cell polarization and/or Treg maintenance 
[211,212]. CBS knockout mice have fewer Tregs, and the reduction of 
Tregs cells is linked to immune cell infiltration and higher autoantibody 
production [211,212]. Elevation of intracellular H2S levels in T cells 
(achieved by CSE overexpression) was recently shown to enhance the 
antitumor effect of these cells in various model systems in vivo: impor
tantly, administration of CSE-overexpressing CD8+ T cells to 
melanoma-bearing mice suppressed tumor growth and improved sur
vival to a greater extent than infusion of wild-type CD8+ T cells [213]. 
Interestingly, this effect was not attributed to increased proliferation or 
higher antitumor cytotoxicity of these T cells, but likely to be related to 
an altered metabolic milieu of these cells [213]. 

Although the roles of H2S and CBS in various immune cell subsets are 
incompletely understood, one would predict that CBS deficiency or CBS 
inhibition may influence several components of antitumor immunity 
and may affect the growth of tumors in vivo. However, the data pub
lished in this regard are very limited. The only publication which 
directly examines the role of the host CBS in tumor-bearing mice is a 
recent study by Zhou and colleagues who have compared the growth of 
human hepatoma xenografts in wild-type vs. CBS ± mice and reported 
that tumor growth is increased in the CBS ± mice; this is associated with 
an increased infiltration of Tregs into the tumor tissue [87]. These data 
indicate that host CBS, in this model, has a tumor-suppressive role. It 
should be pointed out, nevertheless, that the above study focused on the 
pathogenesis of liver cancer, and, in terms of the role of CBS, this form of 
cancer is a clear outlier compared to most other forms of cancer studied 
(see above). Thus, the role of host CBS in other forms of cancer (e.g. 
colon cancer, ovarian cancer, breast cancer, lung cancer etc.) remains to 
be investigated in the future. One problem that is likely to arise during 
the course of future studies that when using immunocompetent models 
(fully immunocompetent mice bearing murine tumors), the relative 
contribution of the various H2S-producing enzymes in murine tumors 
will be often different from the relative contribution of these enzymes in 
human cancers (see also below). 

9. Roles of CSE and 3-MST in cancer; interactions with CBS 

As already mentioned in the Introduction, mammalian cells produce 
H2S from three principal enzymes, CBS, CSE and 3-MST. The current 
review’s focus is CBS. Nevertheless, there are multiple lines of data that 
CSE and 3-MST can also play tumor-supporting roles in various forms of 
cancer. There are also examples where CSE and 3-MST may exert ad
ditive or cooperative roles with CBS to support the bioenergetic and 
proliferative function of various cancer cells. The following section 
provides a brief summary of these findings – with CBS used as a refer
ence point and comparator. 

CSE. The clinical correlations with respect to intratumor CSE 
expression and patient outcomes are less prominent than in the case of 
CBS. Silver and colleagues have not reported any differences in clinical 
outcomes between high and low CSE expressors in most cancers (colon, 
ovarian, breast, lung, kidney, pancreas), while in liver cancer – similar to 
CBS – high CSE expression was associated with better survival [55]. In 
clinical colon and ovarian cancer specimens, most studies have not 
noticed higher CSE expression than in normal surrounding tissue and 
CSE inhibition or silencing was not found to exert significant functional 
effects [6,7,49,102], except in one study in SW480 human colon cancer 
cells, where CSE inhibition or CSE silencing exerted a partial, but sta
tistically significant inhibitory effect on cancer growth and suppressed 
the development of EMT [214]. 

In breast cancer, lung cancer, renal cancer, oral cancer, bladder 
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cancer and to a smaller extent in gastric cancer, however, higher CSE 
expression was noted in the tumor tissue relative to the surrounding 
tissue [62–65,67,69,70,73,75,83]. Examples of cancers that show CSE 
overexpression include bladder, melanoma, papillary thyroid cancer, 
testicular cancer and prostate cancer [68,215–219]. Silencing or phar
macological inhibition of CSE has been shown to exert antiproliferative 
or cytotoxic effects in some of these cancers; in several cases the efficacy 
of CBS inhibition was less than the efficacy of CSE inhibition [64,70,106, 
107,112,215–219]. However, in melanoma and in prostate cancer CSE 
(and not CBS) appears to be the primary driver [215]. In addition, 
several lines of recently emerging data underline the importance of CSE 
in various aspects of breast cancer biology including growth, metastasis 
and the development of multidrug resistance [220–225]. Finally, recent 
studies demonstrate the inhibitory effect of CSE inhibition and/or 
silencing in models of Ewing sarcoma [226] and glioma [227]. 

In studies utilizing HepG2 liver cancer cells subjected to irradiation it 
was demonstrated that as the cells that recover from irradiation and 
undergo EMT, CSE is significantly upregulated and appears to have a 
more important functional role than CBS; CSE inhibition enhances ra
diation responses and suppresses tumor growth [110,228]. Importantly, 
Nagy’s group demonstrated in basal-like breast cancer cell models that 
after CBS silencing, the residual CSE activity is able to support the 
growth and proliferation of the cancer cells to some extent: the most 
pronounced anticancer response was achieved through the combination 
of CBS silencing and pharmacological CSE inhibition [64]. 

From the body of data presented above, it appears that inhibition of 

CSE may be a potential therapeutic direction in several forms of cancers, 
perhaps breast cancer being the most supported one. One important fact, 
however, should be re-emphasized in the context of CSE inhibition and 
cancer: the pharmacological tools used to inhibit this enzyme are, for 
most part, relatively weak in terms of potency and selectivity. Moreover 
– as discussed above – AOAA is a combined inhibitor of CBS and CSE [3, 
148] and this should be kept in mind when interpreting the antitumor 
efficacy of this compound. Other CBS inhibitors (e.g. CH004) are also 
only semi-selective to CBS over CSE [111]. In addition, the selectivity of 
I157172 and I194496, which are claimed as a novel CSE inhibitors 
[222–224] remains to be assessed on the other H2S producing enzymes 
CBS and 3-MST and their effects in cancer models remain to be tested in 
the future. 

3-MST. 3-MST is a constitutive cytoplasmic and mitochondrial 
enzyme, which is highly expressed in most parenchymal cells under 
physiological conditions, and is not subject to significant transcriptional 
or posttranscriptional regulation [3,5,229–232]. It produces H2S, but it 
is also a key mammalian source of polysulfides (H2Sn), a class of reactive 
species that have significantly different signalling and regulatory roles 
than H2S [232]. 3-MST can be localized in most tumor cells and tumor 
tissues [233,234]. As far as primary tumor tissues, it has been detected 
in human brain gliomas, where its expression tended to decrease with 
higher grades of the malignancy [235]. Accordingly, 
glioblastoma-bearing ipsilateral hemispheres contain greater amounts 
of H2Sn than the glioblastoma-free control hemispheres [236]. In human 
melanoma specimens, the expression of 3-MST was detectable in 

Fig. 9. Roles of H2S in the stimulation of cellular bioenergetics in cancer cells. H2S can serve as a direct electron donor into the mitochondrial electron transport 
chain at the level of Complex II via SQR (Pathway #1), but also, at low concentrations, it can serve as an electron donor at Complex IV (Pathway #2). H2S can 
inhibit mitochondrial cAMP phosphodiesterases (as PDE2A), and thereby stimulate intramitochondrial cAMP-dependent protein kinases, which can phosphorylate 
and thus further activate the electron transport chain (Pathway #3). In addition, H2S can sulfhydrate LDH-A, resulting in its activation (Pathway #4). H2S can also 
directly stimulate the activity of ATP synthase via the sulfhydration of specific cysteines (Pathway #5). H2S can regulate mitochondrial dynamics (fusion/fission) to 
maintain the mitochondrial pool in its most effective state (Pathway #6). H2S can also increase mitochondrial mass via the stimulation of mitochondrial biogenesis 
(Pathway #7). Additional mechanisms underlying mitochondrial “stabilization” may be simply related to the general antioxidant role of H2S (Pathway #8). 
Another mitochondrial protective mechanism is related to the stimulation of mitochondrial DNA repair (Pathway #12). H2S may also support the cancer cell 
metabolism via the stimulation of glycolysis, in part through GAPDH and PKM2 sulfhydration and their consequent activation (Pathway #9). H2S may also stimulate 
the uptake of glucose and its utilization (Pathway #10), and lipid uptake and its utilization (Pathway #11) into the cells. 
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25–50% of the sections analyzed [216]. 3-MST was also detected in 
human colon cancer resections [49], in human lung carcinoma re
sections, human bladder urothelial cell carcinoma resections, human 
oral squamous cell carcinoma resections and in oral adenoid cystic 
carcinoma resections [49,67,69,75,237]; in some instances its levels 
were significantly higher or tended to be higher than its levels in the 
surrounding normal tissues. Paired analysis of colon cancer specimen 
3-MST expression suggests that there may be a subgroup of colon cancer 
patients where colon cancer 3-MST levels are substantially higher than 
surrounding tissue 3-MST [49], but this possibility remains to be further 
assessed in larger datasets. In contrast to all of these tumors, in liver 
cancer (similar to the downregulation of CBS, discussed above), mRNA 
and protein expression of 3-MST was significantly downregulated when 
compared to their paired nontumor counterparts [238]. 

No differences in clinical outcomes have been reported between high 
and low 3-MST expressors in most cancers (ovarian, breast, lung, kidney 
and pancreas cancers and melanoma) [55]. However, in colon cancer, 
high 3-MST expression – similar to high CBS expression – was associated 
with worse survival [55]. In contrast, in liver cancer – once again, 
similar to the case with CBS – high 3-MST expression was associated 
with better prognosis [238]. 

Similar to most primary tumor tissues, 3-MST is also highly 
expressed in various human and murine tumor cell lines, including 
several different colon cancer lines, lung cancer lines and others [49,97, 
234–244]. Interestingly, in several murine colon cancer lines, H2S 
generation is primarily driven by 3-MST, with CBS only playing a sec
ondary role [241,242]. 3-MST expression (similar to CBS expression) is 

significantly increased when cancer cell lines assume 
multidrug-resistant and/or exhibit stem-like properties, for instance 
during recovery from a stressful/cytotoxic stimulus [93,104]. As far as 
the functional role of 3-MST in cancer cells, in most models, it plays 
tumor-supporting roles similar to those described for CBS: stimulation of 
cellular bioenergetics, maintenance of cell proliferation and viability, 
promotion of EMT [49,97,234–244] and perhaps a pro-angiogenic role 
in the tumor microenvironment [238,245]. Its activity relies on the 
catalytic activity of cysteine aminotransferase (CAT), which produces its 
substrate, 3-mercaptopyruvate [246,247]. Similar to the 
tumor-supportive role of CBS, which is fairly uniform except for glioma 
and liver cancer, also for 3-MST, a notable exception is liver cancer, 
where 3-MST silencing has been demonstrated to stimulate, rather than 
suppress cell proliferation and tumor growth [238]. 

The field of 3-MST biology has been substantially held back by the 
limited number of potent and selective 3-MST inhibitors. In addition, so 
far, no studies have investigated a potential cooperative relationship 
between the 3-MST system and CBS or CSE. Also, there are currently no 
published studies on the role of the 3-MST in carcinogenesis, nor has 3- 
MST been examined with respect to the immune aspects of tumor 
biology. 

10. Role of CBS in cancer: an integrated concept 

Taken together, for the majority of cancers where the role of CBS has 
been investigated (with the exception of liver cancer and glioma, which 
will be discussed separately), an integrated concept will be presented in 

Fig. 10. The various roles of H2S in the stimulation of cells signaling in cancer cells. H2S can stimulate the PI3K/Akt pathway through: (a) stimulation of Akt 
via induction of the phosphorylation of its active site (Ser493) (probably via the activation of intermediary kinases); (b) inhibition of Phosphatase and Tensin 
homolog (PTEN) - an essential counterregulatory enzyme of the PI3K pathway - via sulfhydration of Cys124 or Cys71 and (c) inhibition of the activity of PTP1B 
(another counterregulatory enzyme in the PI3K pathway) via sulfhydration at Cys215 (Pathway #1). All of these actions result in increased PIP3 levels. H2S can 
stimulate ERK1/2 pathway through: ERK1/2 phosphorylation; RAF phosphorylation that, in turn, can phosphorylate MEK1; sulfhydration of MEK1 (at Cys341). 
MEK1 activation, in turn, leads to the phosphorylation of ERK1/2 and translocation of ERK1/2 into the nucleus to stimulate ERK1/2 mediated downstream signaling; 
KATP channels opening and PKC activation resulting in downstream ERK1/2 activation (Pathway #2). H2S can stimulate mTOR pathway through: mTOR phos
phorylation; AMPK phosphorylation via sulfhydration of liver kinase B1 (LKB1) leading to phosphorylation at Ser428 and/or to the activation of calcium/calmodulin- 
activated protein kinase 2 (CaMKK2), the phosphorylate AMPK can, in turn, phosphorylate mTOR resulting in downstream mTOR activation (Pathway #3). The 
PI3K/Akt, ERK1/2 and mTOR pathways activation result in the activation of both proliferative and cytoprotective downstream pathways. 
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the subsequent paragraphs. This concept is based, in part, on experi
mental data involving CBS overexpression or CBS silencing, and, in some 
part, on experimental data using various pharmacological agents, such 
as CBS inhibitors – which, as, discussed above, must be interpreted with 
caution. In some cases the concept will also utilize data that were 
generated in experimental models or cell types other than cancer, and in 
other cases it will also be extended to incorporate data generated with 
external pharmacological H2S donors, which also must be interpreted 
with caution due to the well-known bell-shaped pharmacological char
acter of H2S. 

Overall, it appears that many cancer cells upregulate the production 
of H2S and benefit from it. In many cancers, the increase in H2S is due to 
the increased expression of CBS – in some cases in combination with the 
other H2S- or H2Sn-generating enzymes CSE and 3-MST. The mechanism 
(s) underlying the upregulation of CBS may be transcriptional, i.e. 
related to increased CBS mRNA expression and transcription, as well as 
post-transcriptional, i.e. decreased CBS degradation. The factors driving 
these events may be functional (i.e. hypoxia or oxidative stress), but 
various hormonal, receptor-mediated mechanisms may also contribute. 
It is likely that CBS upregulation is influenced by interactions of the 
cancer cells with the tumor microenvironment, although these mecha
nisms remain to be explored. The upregulation of CBS is generally 
further increased in more advanced cancers – i.e. as the cancer cells 
assume multi-drug resistant, stem-like and metastasis-prone 
phenotypes. 

The “purpose” (in the evolutionary sense) of a H2S and polysulfide- 
rich cellular environment is to help the cancer cells thrive by induc
tion of an internal functional ‘remodelling’ of the cell (e.g. metabolic and 
signalling processes) and an external functional ‘remodelling’ of the 
tumor microenvironment (e.g. by promoting tumor angiogenesis). H2S 
can also help the cancer cell to withstand the hostile environment 
created by the host immune system and/or by chemotherapeutic agents. 
Given the evolutionarily conserved roles of H2S that can be traced back 
to several billions of years, the creation of a H2S-rich environment by the 
cancer cell may be viewed as another example of a “regressive step” that 
may, in part, recreate certain aspects of the primordial environment and 
the associated biochemical mechanisms [248,249]. In this respect, the 
fact that many of the regulatory roles of H2S in cancer cells relate to 
various bioenergetic and mitochondrial functions may be related to the 
fact that mitochondria have a bacterial evolutionary origin, and bacteria 
(both present-day and ancestral) utilize fundamental biochemical 
mechanisms that involve H2S. H2S production by cancer cells may also 
be conceptually viewed as an attempt to mobilize yet another 
biochemical mechanism that may support its aggressive growth and 
invasion “needs” in the short- and mid-term – even at the price of po
tential longer-term disadvantages. 

H2S, as a diffusible, multifunctional autocrine and paracrine medi
ator and modulator, is an ideal “vehicle” to serve as a metabolic and 
signalling “reprogrammer”. Through its interactions with multiple 
cellular targets (metal centers, proteins, other diffusible/reactive spe
cies), it can simultaneously affect a wide range of essential processes in 
the cancer cell. The pluripotent nature of the action of H2S is well 
illustrated in the studies where the effect of CBS overexpression has been 
evaluated on various transcriptomic and metabolomic parameters (see 
above). It is likely that a significant part of these actions is related to 
protein sulfhydration; in various cell types it has been established that 
thousands of proteins are subject to H2S/polysulfide-mediated post
transcriptional modifications (sulfhydration) [250–255]. However, 
“cancer cell sulfhydromes” remain to be comprehensively defined in the 
future. 

H2S reprograms cancer cell metabolism and stimulates cellular 
bioenergetics. What, then, are the main bioenergetic benefits that cancer 
cell can gain from boosting their H2S/polysulfide levels? First of all, H2S 
can stimulate, perhaps maximize, the cancer cell’s cellular bioenergetic 
capacity, to meet the high ATP demand of its rapid proliferation, 
growth, and movement (migration, invasion, metastasis, etc.). These 

effects can involve both aerobic and anaerobic energetic pathways. 
Although the “Warburg hypothesis” (i.e. the concept that cancer cells 
switch to glycolysis instead of oxidative phosphorylation) remains a 
popular concept, the reality is that most cancer cells maximize their ATP 
generation by upregulating both anaerobic (i.e. glycolysis) and aerobic 
(mitochondrial electron transport, ATP generation) processes; they also 
expand on the utilization of nutrient sources (in addition to glucose, 
glutamine, aspartate and others; at least in part by inducing the upre
gulation of transporters that support the uptake of various ‘fuels’ from 
the extracellular space (“opportunistic modes of nutrient acquisition”) 
through reprogramming the intracellular metabolic pathways that 
support various metabolic interconversions [256–259]. 

H2S can, indeed, support many of the above processes in cancer cells. 
For instance, H2S can serve as a direct electron donor into the mito
chondrial electron transport chain; primarily at the level of Complex II 
via SQR (Fig. 9, Pathway #1) [40–42,243,260], but also, at low con
centrations, it can serve as an electron donor at Complex IV (Fig. 9, 
Pathway #2) [261–264] – in stark contrast to its (perhaps better-known) 
inhibitory effect on Complex IV at higher (toxicological) concentrations 
[41,42,262,263]. This latter, inhibitory action not relevant in the 
context of cancer cell biochemistry but it is relevant in the context of H2S 
intoxications and in certain CNS diseases, e.g. Down syndrome and 
ETHE1 deficiency [3,49]. The stimulatory actions of H2S on mitochon
drial electron transport cannot support mitochondrial ATP generation in 
the complete absence of the ‘regular’ electron donors, but H2S can bal
ance and maximize the flow of electrons, especially under conditions 
where the flux of electrons from the traditional Krebs-cycle-derived 
electron donors is submaximal [41,42,243,260]. Additionally, H2S can 
inhibit mitochondrial cAMP phosphodiesterases (as PDE2A), and 
thereby stimulate intramitochondrial cAMP-dependent protein kinases, 
which can phosphorylate and thus further activate the electron transport 
chain (Fig. 9, Pathway #3) [265]. In addition, H2S can sulfhydrate 
LDH-A, resulting in its activation (Fig. 9, Pathway #4) [91,266]. Acti
vation of LDH-A (which is primary cytosolic), increases cytosolic lactate, 
followed by an increased flux of lactate into the mitochondria through 
the intracellular lactate shuttle, providing additional support to mito
chondrial electron transport and ATP generation [91]. Moreover, H2S 
can also directly stimulate the activity of ATP synthase via the sulfhy
dration of specific cysteines [267,268] (Fig. 9, Pathway #5). 

In addition, H2S can regulate mitochondrial dynamics (fusion/ 
fission) to maintain the mitochondrial pool in its most effective state. 
Part of these mitochondrial regulatory roles occur via specific regulatory 
actions (e.g. via effects on mitofusin) [61,269]; others are related to 
other signalling pathways, e.g. the Drp1/ERK1/2 signaling pathway 
[270] (Fig. 9, Pathway #6). 

H2S can also increase mitochondrial mass via the stimulation of 
mitochondrial biogenesis [271–274] (Fig. 9, Pathway #7), although the 
experimental data supporting these actions are typically not derived 
from cancer biology studies and such actions remain to be directly 
assessed for cancer cells. H2S can enhance the binding of IRF-1 at the 
Dnmta promoter, leading to a suppression of its expression, which leads 
to demethylation of TFAM promoter leading to increased expression of 
TFAM and mitochondrial biogenesis [271]. Other mechanisms by which 
H2S can stimulate mitochondrial biogenesis involve the AMPK pathway 
as well as PGC-1α and PPRC signaling [125,272]. 

Additional mechanisms underlying mitochondrial “stabilization” 
may be simply related to the general antioxidant role of H2S (Fig. 9, 
Pathway #8), which – as demonstrated in several cell types, both 
transformed and non-transformed – also helps to maintain mitochon
drial functions [275–280]. The underlying mechanisms may be direct 
redox reactions between H2S and various reactive species, although 
these reactions typically have fairly slow reaction rates; additional 
antioxidant responses may the consequences of Nrf2 and p66Shc acti
vation and secondary upregulation of various intracellular antioxidant 
systems. (These mechanisms are further discussed in the next para
graphs in the context of cytoprotective roles of H2S). Some of the 
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above-listed mechanisms have been demonstrated in cancer cells; others 
have been shown in other biological systems, and yet others in reduc
tionist biochemical assays only. Nevertheless, the end result, which is 
that CBS silencing or CBS inhibition suppresses mitochondrial electron 
transport and mitochondrial ATP generation, has been clearly shown in 
multiple cancer cells (best characterized, so far, in colon cancer cells and 
ovarian cancer cells) [6,7,61,101,241]. Another mitochondrial protec
tive mechanism is related to the stimulation of mitochondrial DNA 
repair (see below for further discussion) (Fig. 9, Pathway #12). Mito
chondrial DNA integrity would be expected to maintain proper regula
tion of mitochondrial proteins, including key electron transport chain 
protein components encoded locally within the mitochondrial DNA, 
which, ultimately, would help mitochondrial function and cellular 
bioenergetics. 

H2S may also support the cancer cell metabolism via the stimulation 
of glycolysis (Fig. 9, Pathway #9). Indeed, in a variety of experimental 
models, H2S donation has been shown to increase glycolytic activity of 
the cells [103,281–284]; also in several cancer cells, CBS inhibition 
and/or CBS silencing was shown to suppress glycolytic activity [6,7]. 
The underlying mechanisms are likely multiple. First of all, H2S can 
sulfhydrate and activate GAPDH, a key glycolytic enzyme [281]. Sec
ond, aerobic glycolysis can be stimulated via a H2S-induced reductive 
shift in the mitochondrial NAD+/NADH pool [283]. A third, recently 
suggested mechanism may be a H2S-mediated metabolic switch related 
to the sulfhydration of PKM2 (an alternatively spliced form of pyruvate 
kinase), which enhances aerobic glycolysis and is known to provide 
tumor growth advantage [253]. 

H2S may also stimulate the uptake of glucose into the cells [137,266, 
280] (Fig. 9, Pathway #10), - and possibly the uptake of other metabolic 

fuels, as well. H2S in cancer cells may also stimulate metabolic functions 
via modulating the activity of various Krebs cycle enzymes, leading to 
the activation of the cycle and the increased supply of electron donors 
into the mitochondria. Indeed, multiple studies demonstrate that H2S, 
either via transcriptional actions, and/or via posttranscriptional mech
anisms (sulfhydration) can regulate a variety of pathways including 
central carbon metabolism, amino acid biosynthesis and interconver
sion, lipid and steroid biosynthesis and metabolism and others [253, 
285,286]. These actions occur via actions on a variety of enzymes 
including pyruvate kinases 1 and 2, isocitrate dehydrogenase, oxoglu
tarate dehydrogenase, succinate dehydrogenase, pyruvate dehydroge
nase, aconitase 1, phosphoglycerate mutase 1, TP53 induced glycolysis 
regulatory phosphatase, UDP-GlcNAc:betaGal beta-1,3-N-acetylgluco
saminyltransferase 2, carbohydrate sulfotransferase 4 and many others 
[253,285,286]. One prominent example by which CBS reprograms 
metabolism – discussed in an earlier section – occurs via the upregula
tion of lipid uptake and lipid utilization in ovarian cancer [101] (Fig. 9, 
Pathway #11). 

The various roles of H2S in the stimulation of cellular bioenergetics in 
cancer cells are summarized in Fig. 9. The translational consequence of the 
above mechanisms is that by inhibiting CBS (or, more broadly, H2S genera
tion) the ‘energy charge’ of the cancer cells may be lowered, which, in turn, 
will suppress cell growth, proliferation and may sensitize the cells to 
chemotherapeutic agents or immune-cell-mediated attack. 

H2S can stimulate proliferative cell signalling. According to the 
classical ‘cancer hallmark’ concept, one of the hallmarks of cancer cells 
is that they stimulate their own growth and proliferation independently 
from external signals (e.g. various growth factors). This switch from 
external-signal-dependent to intrinsic/perpetual proliferative signaling 

Fig. 11. Various roles of H2S as a cytoprotective factor in cancer cells. H2S can lead to the upregulation of various antioxidant systems. H2S can stimulate Nrf2/ 
ARE pathway through: sulfhydration of Keap1 (at Cys151), that in turn, undergoes a conformational change which leads to the dissociation of Nrf2 from the Keap1- 
Cul3-RBX1 E3 ligase complex. Subsequently, the free Nrf2 translocates into the nucleus to induce a global change in gene expression, which includes the upregulation 
of a host of antioxidant genes and enzyme systems. H2S can stimulate PI3K/Akt, ERK1/2 and mTOR pathways, already discussed in Fig. 10. H2S can stimulate NF-kB 
pathway through: sulfhydration of NF-kB at Cys38. H2S can stimulate HSP90 pathway. The activation of these pathways confers general cytoprotection and cancer 
cell resistance to chemotherapeutic agents induced cytotoxicity. However, in the context of chemotherapeutic agents, additional, more specific mechanisms may also 
be involved in the protection provided by H2S. H2S can stimulate STAT3/Akt/Bcl-2 pathway through Akt activation. H2S can also promote the upregulation of P- 
glycoprotein (P-gp) and thymidylate synthetase (TYMS). 

K. Ascenção and C. Szabo                                                                                                                                                                                                                    



Redox Biology 53 (2022) 102331

26

is often the consequence of key oncogenic mutations of the cancer cell 
that induce specific growth suppressor pathways and/or delete various 
tumor suppressors. Classical pathways that are considered essential for 
cancer cell proliferation include the PI3K/Akt, the Ras/Erk, and the 
mTOR pathways [287–291]. 

With respect to the PI3K/Akt pathway, multiple studies demonstrate 
that administration of exogenous H2S to various cell types can stimulate 
this pathway [292–299]; the role of this mechanism has been exten
sively investigated, for instance in the context of H2S-induced vascular 
regulation [122,124,126,135]. As reviewed previously [135], 

Fig. 12. The various roles of H2S in the stimulation of EMT in cancer cells. H2S can stimulate Wnt/β-catenin pathway through: Sp3 transcription factor 
upregulation that, in turn, upregulate ACLY. ACLY interacts with β-catenin and may block β-catenin ubiquitination leading to its accumulation in the cytoplasm 
which, in turn, also translocates into the nucleus. In the nucleus, β-catenin binds to LEF and activates Twist1 and Snail1 transcription factors. H2S can stimulate PI3K/ 
Akt pathway, which upregulates HIF1α, or induces Snail1 transcription factors expression through NF-κB. H2S can also stimulate the MEK/ERK pathway, leading to 
the activation of the transcription factor AP1. H2S can stimulate TGFβ pathway through: Smad2/3 activation, which, in turn, activates the transcription factor Snail1. 
H2S can stimulate p38MAPK pathway, either by activation of the upstream kinases MKKx which consequently phosphorylate p38MAPK or by the autophosphor
ylation of p38MAPK. Under hypoxic conditions H2S can induce HIF-1α expression and further up-regulate VEGFA and the transcription factor Twist1. Some of these 
pathways are interconnected and can be activated at the same time. Possible crosstalks between these pathways are indicated by brown arrows. The bell-shaped 
effect H2S should be emphasized in the above processes, meaning that these pathways can be upregulated during EMT in cancer cells, however this process can 
be reverted if additional H2S is added to the cells or if the H2S biosynthesis is inhibited in cancer cells. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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H2S-induced Akt activation is not a direct effect of H2S on PI3K, but may 
be related to (a) stimulation of Akt via stimulation of the phosphory
lation of its activating site (Ser493) (probably via the activation of 
intermediary kinases); (b) inhibition of Phosphatase and Tensin homo
log (PTEN) - an essential counterregulatory enzyme of the PI3K pathway 
- via sulfhydration of Cys124 or Cys71 and (c) inhibition of the activity 
of PTP1B (another counterregulatory enzyme in the PI3K pathway) via 
sulfhydration at Cys215 (Fig. 10, Pathway #1). All of these actions result 
in increased PIP3 levels. When PI3K/Akt is activated, the result is the 
activation of both proliferative and cytoprotective downstream path
ways [287–291]. Exogenous H2S or polysulfide administration can, 
indeed, stimulate the Akt pathway in cancer cells – as shown, for 
instance in colon cancer cells [90] and neuroblastoma cells [298,299], 
multiple myeloma cells [128], hepatocellular carcinoma cells [129,300] 
and thyroid carcinoma cells [117]. Whether endogenously produced, 
CBS-derived H2S contributes to the stimulation of the PI3K/Akt 
pathway, is less clear and may be cell-type dependent. In HCT116 colon 
cancer cells, Akt phosphorylation was unaffected by treatment of the 
cells with AOAA under certain conditions [49]. Under other experi
mental conditions in the same cell type, AOAA decreased total Akt1 (but 
not Akt2) levels, but increased the phosphorylated proportion [97]. 
However, in MCF7 and MDA-MB-231 breast cancer cells Akt phos
phorylation was suppressed by CBS silencing [65]. 

With respect to the Erk and mTOR pathways, once again, multiple 
studies demonstrate that administration of exogenous H2S to various cell 
types, including cancer cells, can activate these pathways – primarily via 
stimulation of Erk1/2 phosphorylation and via enhancement of AMPK 
phosphorylation, respectively (Fig. 10, Pathway #2 and #3) [90,117, 
129,270,272,297,300,301]. The activation of this pathway by H2S is 
initiated by sulfhydration of MEK1 (at Cys341), which, in turn, leads to 

the phosphorylation of ERK1/2 and translocation of ERK1/2 into the 
nucleus to stimulate ERK1/2 mediated downstream signalling. ERK1/2 
can also be activated through KATP channels opening and PKC activation 
[292]. The typical biphasic H2S concentration-response is also relevant 
in this context; for instance, in mammary epithelial cells, low concen
trations of exogenously administered H2S stimulated mTOR phosphor
ylation and activated the mTOR pathway (thereby increasing cell 
proliferation), while at higher concentrations, the opposite effects were 
found [302]. The mechanism by which H2S stimulates AMPK phos
phorylation may be related, at least in part, to the sulfhydration of liver 
kinase B1 (LKB1) leading to phosphorylation at Ser428 and/or to the 
activation of calcium/calmodulin-activated protein kinase 2 (CaMKK2) 
(Fig. 10, Pathway #3) [303,304]. The body of information regarding the 
capacity of endogenous H2S to regulate these pathways in cancer cells 
remains to be further investigated. 

Many additional signalling pathways have been shown to be 
modulated by H2S in various experimental systems in vitro and in vivo in 
a cell-type and context-dependent manner [1–3,305,306]. CBS over
expression in various cancer cell types has been also demonstrated to 
activate a variety of signalling pathways (see above), although the 
functional consequence of many of them remains to be further deter
mined. Signalling pathways with relevance to cytoprotection, cancer 
cell stemness and regulation of the EMT/MET transitions will be dis
cussed in subsequent sections. Taken together, it is likely that H2S 
contributes to the induction of various signalling pathways in cancer 
cells in a cell-type and context-dependent fashion, thereby potentially 
conferring a more proliferative and invasive phenotype to the cells, as 
well as protecting them from various external noxious stimuli aimed at 
their elimination (e.g. the immune system and chemotherapeutic 
agents). 

Fig. 13. Various roles of H2S in the stimulation of angiogenesis. H2S can stimulate intracellular Ca2+ mobilization in endothelial cells, which stimulates eNOS via 
the calcium-calmodulin system. H2S can activate PI3K/Akt pathway resulting in eNOS activation through phosphorylation at Ser1177. H2S can also induce a direct 
posttranslational modification of eNOS via sulfhydration on Cys443. This action, in turn, can further activate and stabilizes eNOS by promoting its dimerization. H2S 
can also stimulate the expression of eNOS mRNA, increasing eNOS protein levels. Further downstream, NO produced by eNOS binds to soluble guanylate cyclase 
(sGC) and induces the formation of cGMP. H2S can inhibit PDE, suppressing the degradation of cGMP and increasing cGMP levels enhancing the activation of its 
downstream protein kinase, PKG. H2S can open KATP channels on the endothelial cell membrane. H2S can upregulate VEGF and its receptor through HI–F1α 
upregulation but also through Flt induction. H2S can stimulate angiopoietin/tie system, possibly via the upregulation of Ang1, Ang2 and Tie. H2S can also stimulate 
various endothelial cell receptors with pro-angiogenic roles, including VEGFR, CXCR1 and VCAM. 
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The various roles of H2S in the stimulation of cells signalling in 
cancer cells are summarized in Fig. 10. The translational consequence of 
the above mechanisms is that by inhibiting CBS (or, more broadly, H2S 
generation), the growth and proliferation of the cancer cells may be inhibited. 

H2S serves as a cytoprotective factor in cancer cells. As already 
discussed, elevated intracellular H2S levels can act as antioxidants to 
protect the mitochondria. This protection, in fact, extends to other 
cellular compartments as well; thus, the upregulation of CBS and the 
elevation of cellular H2S levels can be viewed as an attempt by the 
cancer cell to create a ‘general, primordial cytoprotective shield’. 
Indeed, the origins of the ability of H2S to protect organisms from 
various forms can be traced back to the bacterial kingdom; H2S pro
duction in bacteria serves as a generic mechanism to protect against 
antibiotic-mediated killing, as well as against immune-cell-mediated 
elimination [119–121,307–311]. Likewise – although the quantified 
reaction rate constants between H2S and various oxygen-derived reac
tive species are fairly low [312–314] – a large number of studies, con
ducted in various mammalian cell types, demonstrate that H2S 
supplementation can protect various mammalian cells from oxidative 
and nitrosative stress [41,42,315–327]. In addition to the direct anti
oxidant/cytoprotective effects, H2S can lead to the upregulation of 
various antioxidant systems; for instance via the induction of the 
Nrf2/ARE pathway [14,102,125]. The underlying molecular mechanism 
include the H2S-mediated sulfhydration of Keap1 (at Cys151) [328]. 
Keap1, in turn, undergoes a conformational change which leads to the 
dissociation of Nrf2 from the Keap1-Cul3-RBX1 E3 ligase complex. 
Subsequently, the free Nrf2 translocates into the nucleus to induce a 
global change in gene expression, which includes the upregulation of a 
host of antioxidant genes and enzyme systems [329]. Several other 
H2S-activated cytoprotective pathways have also been implicated, 
including Akt, ERK, AMPK/mTOR and others. Cytoprotective effects 
may also be the consequence of some of the pathways discussed in the 
previous section (the PI3K/Akt pathway, the Erk pathway and the mTOR 
pathway). In addition, H2S upregulation in cancer cells may also induce 
the upregulation of the NF-κB pathway via sulfhydration at Cys-38; the 
activation of this pathway can also confer cytoprotective effects to the 
cells [7,48,330]. Moreover, H2S may also upregulate various heat-shock 
protein pathways in cancer cells; this process can also confer cytopro
tective effects [7,48]. 

In the context of the mechanisms discussed above, it is not surprising 
that CBS upregulation can protect the cancer cell from the anticancer 

effects of various chemotherapeutic agents, from radiation-induced cell 
killing – as well as from immune-cell-mediated elimination (see below) – 
since many of the underlying processes are linked to the generation of 
various reactive species (e.g. superoxide, hypochlorous acid, hydrogen 
peroxide, hydroxyl radical, etc.) [331–338]. However, in the context of 
chemotherapeutic agents, additional, more specific mechanisms may 
also be involved in the protection provided by H2S. As discussed in prior 
sections, CBS-derived H2S can, for instance, induce the 
STAT3/Akt/Bcl-2 pathway [109]; via promoting Akt activation (and, 
possibly, via additional signalling pathways) H2S can also promote the 
upregulation of P-glycoprotein (P-gp) [109] as well as of epiregulin 
(EREG) and thymidylate synthetase (TYMS) [50] – all of which can 
confer specific chemotherapeutic resistance. 

The various roles of H2S as a cytoprotective factor in cancer cells are 
summarized in Fig. 11. The translational consequence of the above mech
anisms is that by inhibiting CBS (or, more broadly, H2S generation) the 
cancer cells can be sensitized to the cytotoxic effect of various chemothera
peutic agents or to radiation therapy. 

H2S stimulates DNA repair in cancer cells. Although the earliest 
publications in relation to H2S and DNA integrity have suggested that 
H2S is a genotoxic agent [339–341], now it is clear that these studies 
have utilized high exogenous concentrations of H2S, and they are only 
relevant in a toxicological context. In the physiological context, how
ever, the role of H2S in regulating DNA integrity is markedly different, 
and H2S can, in fact, promote various pathways of DNA repair, both in 
the nuclear DNA and in the mitochondrial DNA. With respect to nuclear 
DNA repair, the underlying mechanisms may include the activation of 
ataxia telangiectasia-mutated and Rad3-related (ATR) serine/threonine 
kinase as well as the regulation of MEK1, PARP1 and ATM [325, 
342–344]. (Please note that these mechanisms have been characterized 
in a variety of cell types, not only in cancer cells, and the H2S used was 
often exogenously provided and not endogenously produced.) 

With respect to mitochondrial DNA repair (as discussed above), the 
mechanism involves sulfhydration of EXOG and the promotion of the 
formation of a mitochondrial DNA repair complex [69] and the induc
tion of DNA methyltransferase 3A [271]. Whether these mechanisms 
apply to cancer cells remains to be determined in future studies. 
Nevertheless, we can hypothesize that one of the roles of CBS upregu
lation in cancer may be to promote DNA repair of the cancer cell. In this 
respect, stimulation of DNA repair can be viewed as one sub-category of 
the broadly discussed cytoprotective role of H2S in the cancer cell. 

Fig. 14. Various tumor-supporting roles of H2S in high-CBS-expressing tumors; expected effects of CBS inhibition on these processes. Please note that these 
mechanisms are not present simultaneously and do not apply to all cancer types. 
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The translational consequence of the above mechanisms is that by 
inhibiting CBS (or, more broadly, H2S generation), the cancer cells can 
be sensitized to DNA-damaging agents (e.g. certain chemotherapeutic 
agents or radiation). 

H2S stimulates epithelial-to-mesenchymal transition (EMT). In 
epithelial cancers (e.g. colon adenocarcinoma, squamous cell carci
noma, basal cell carcinoma, most ovarian cancers), the progression from 
normal (epithelial) to transformed (mesenchymal) state is termed EMT. 
In this process, epithelial cells lose their cell-to-cell adhesion capacity 
and gain mesenchymal characteristics. Via EMT, the cells develop 
increased migratory capabilities and gain a higher invasive and meta
static potential [345–348]. EMT is also closely associated with ‘tumor 
budding’, a process whereby isolated single cancer cells or small clusters 
of cancer cells appear at the invasive tumor front [349,350]. EMT is 
typically detected by its markers, e.g. increased N-cadherin expression 
and loss of membranous E-cadherin. The reversal of EMT is MET (i.e. 
mesenchymal-to-epithelial transition); pharmacological induction of 
MET has significant experimental therapeutic potential [351,352]. 
While the EMT/MET transitions are regulated by multiple signalling 
events, one key regulator is the Wnt/β-catenin signaling pathway. 
β-catenin is constitutively bound to a multiprotein “destruction com
plex”, whose fate is to be degraded by the proteasome. In the presence of 
Wnt ligands such as Wnt3, the formation of the destruction complex is 
prevented, followed by the β-catenin translocation in the nucleus, where 
it stimulates the expression of genes, such as Snail1 and Twist1, involved 
in cell proliferation, migration and invasion [346–359]. 

The role of H2S in the regulation of EMT has been investigated in 
several models, including lung fibrosis (another disease condition where 
EMT/MET transitions are pathophysiologically relevant) and in various 
forms of cancer. The effect of exogenously administered H2S appears to 
be context-dependent; in some models (e.g. cultured lung epithelial 
cells, renal tubular epithelial cells or cultured breast cancer cells chal
lenged with TGFβ), H2S suppresses this process [353–359]. However, 
more importantly, endogenously produced H2S appears to have a different 
role. Indeed, forced expression of CBS into human colon epithelial cells 
is sufficient to upregulate several elements of this pathway, at least on 
the level of mRNA [48]. Moreover, multiple studies demonstrate that 
inhibition of H2S biogenesis – either by CSE or CBS silencing [70,110, 
214,228] or by CBS or 3-MST inhibition [97] – in fact, suppresses the 
process of EMT: for instance in a model of radiation induced EMT in 
hepatocellular carcinoma [110,228], and in non-small cell lung cancer 
cells [70] and in cultured human colon cancer cells in vitro [97]. 

The stimulatory effect of endogenously produced H2S on the Wnt/ 
β-catenin signaling pathway has also been demonstrated in experimental 
models other than cancer, for instance during the differentiation of 
human periodontal ligament cells [360] and in mesenchymal stem cells 
[361]; in the latter cell type, endogenous, CBS-derived H2S maintains 
calcium influx, which, in turn, induces PKC phosphorylation, which, in 
turns, stimulates the Wnt/β-catenin signaling pathway. The pathways 
affected by endogenously produced H2S in the process of EMT promo
tion in colon cancer cells include the induction of the Sp3 transcription 
factor, a subsequent induction of ACLY mRNA transcription and ACLY 
protein expression and a consequent interaction of ACLY with β-catenin 
to block β-catenin ubiquitination leading to its accumulation in the 
cytoplasm. In turn, β-catenin translocates into the nucleus and activates 
Twist1 and Snail1 transcription factors to induce the ‘classical’ pathway 
of EMT [97]. Another pathway of EMT, stimulated by endogenous H2S 
generation in lung cancer cells, involves the PI3K/Akt pathway, which 
upregulates HIF1α, thereby inducing or maintaining EMT [70]. In irra
diated hepatic carcinoma cells – similar to colon cancer cells – CBS (or, 
more prominently CSE) appears to promote the induction of Snail1 to 
induce or maintain EMT [110]. 

The various roles of H2S in the stimulation of EMT in cancer cells are 
summarized in Fig. 12. The translational consequence of the above mech
anisms is that by inhibiting CBS (or, more broadly, H2S generation), a 
pharmacological MET induction may be facilitated or achieved, which would 

be expected to reduce the metastatic potential of the cancer cells. 
H2S promotes dedifferentiation and maintains cancer cell stemness. 

As discussed in the previous sections, the development of stem-like 
properties of cancer cells (e.g. after surviving a non-lethal insult, such 
as irradiation, oxidative stress, hypoxia or chemotherapeutic agents) 
often coincides with the upregulation of H2S-producing enzymes, and an 
increase in H2S biogenesis [100,103,104,147]. CBS, via its product H2S, 
in fact, may be a factor that contributes to the transition of the cells into 
the stem-like state, either by promoting the induction of specific stem
ness genes – as shown, for the wnt pathway, for the stemness gene 
CXCR4 and for various pluripotency genes, e.g. OCT4 and NANOG in 
various experimental systems in vitro [70,97,130,147,360–363] –, 
and/or perhaps it serves as a cytoprotective mediator (as discussed in an 
earlier section), which helps with the maintenance and ultimate selec
tion of stress-resistant cancer cell clones. The induction of OCT4 by H2S 
may be related to the induction of STAT3 [109,220,221]. The upregu
lation of intracellular NAD + levels by H2S may be an additional mech
anism, which can affect both stemness/pluripotency genes and cell 
viability/survival. The underlying mechanisms may either be related to 
the induction by H2S of NAMPT (a key enzyme recovering NAD+ from 
nicotinamide and generating most of the NAD+ cellular pools) and/or 
via the regulation of various sirtuin systems [103,104,147,364,365]. 

The translational consequence of the above mechanisms is that by 
inhibiting CBS (or, more broadly, H2S generation), cancer stem cells 
may be sensitized to elimination by chemotherapeutic agents or by the 
immune system. 

H2S promotes tumor angiogenesis. The role of H2S in the promotion 
of angiogenesis in the cardiovascular system has been subject to multiple 
recent reviews [3,132,134,135] and will not be discussed here in detail. 
What is important for the current article is that endogenously produced 
H2S, generated by CBS (on its own, or in combination with CSE or 
3-MST) acts as a promoter of tumor angiogenesis. This is well established 
by various in vitro studies (e.g. cancer cell/endothelial cell co-cultures) 
[6,7,52,64,76,106] and by in vivo studies demonstrating that 
tumor-bearing mice subjected to implantation of various tumor cell lines 
develop less peri- and intratumor vasculature when the H2S-producing 
ability of the implanted tumor cells is suppressed (Fig. 7) [6,52,64,70, 
101]. The signalling mechanisms by which H2S promotes angiogenesis 
are multiple and are summarized in Fig. 13. One of the key mechanisms 
is calcium mobilization, which, in turn, can activate various 
pro-angiogenic signalling pathways, including the activation of eNOS 
and the production of NO [124,132,135]. Another mechanism relates to 
the ability of H2S to open KATP channels on the endothelial cell mem
brane; another mechanism involves a cooperative interaction between 
H2S and NO whereby H2S upregulates eNOS, directly activates eNOS via 
sulfhydration, dimerization and stabilization and also activates the 
eNOS system via Akt activation and phosphorylation [124,132,135]. An 
additional pro-angiogenic mechanism may involve the cooperative 
interaction between H2S and eNOS-derived NO in the activation of 
cGMP signalling; in this system NO serves as the primary activator of this 
system, while H2S prolongs the action of cGMP by inhibiting cGMP 
phosphodiesterase [126,132,135]. Further mechanisms may include the 
upregulation of VEGF and its receptor [2,48,64,70,76,122–126, 
131–139] and the consequent activation of this system (possibly, in part, 
also via Flt induction [64]), the induction of the angiopoietin/tie system, 
possibly via the upregulation of Ang1 and Ang2 system [64] as well as 
though the upregulation of Tie [64] and, possibly, the induction of the 
adrenomedullin system [48] and the induction of various additional 
endothelial cell receptors with pro-angiogenic functions (CXCR1, 
VCAM1) [48,64]. Finally, a further mechanism may be simply related to 
the fact that tumors are often hypoxic, and hypoxia prolongs the bio
logical half-life of H2S, which, in turn, may be more effective in exerting 
its various pro-angiogenic actions. Please note that some of these 
mechanisms have been demonstrated in reductionist models that did not 
utilize cancer cells. In particular, the cooperative interaction between 
the NO and the H2S pathway – which appears to be important in the 
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context of physiological angiogenesis – remains to be explored in the 
future in the specific context of tumor angiogenesis. 

Although the underlying mechanisms are incompletely understood, 
it has been observed in multiple studies that tumors transplanted into 
various host animals develop less peri- and intratumor vasculature if 
CBS in the tumor has been silenced [6,7,52,64,70] (Fig. 7). The trans
lational consequence of the above mechanisms is that by inhibiting CBS (or, 
more broadly, H2S generation), the growing tumor tissue may be deprived of 
its blood vessel network, which would be expected to be therapeutically 
relevant. 

H2S may protect the tumor cell from immune-mediated elimination. 
The question whether tumor-cell-derived H2S may protect against 
immune-activation mediated elimination is a very important one. Based 
on the ‘generic’ cytoprotective effect of H2S (see above), such a role is 
expected. However, to date, only a very limited number of studies have 
directly investigated this matter; in co-cultures of breast cancer cells and 
activated macrophages, CBS silencing in the breast cancer cells mark
edly accelerated the killing efficiency of the macrophages [62] and in 
co-cultures of breast cancer cells with activated NK cells [65] or acti
vated T-cells [65], a similar enhancement was demonstrated. As dis
cussed in a previous section, the role of the host H2S production (in the 
tumor microenvironment in general and especially in the host immune 
cells) in the antitumor immune responses remains to be further 
explored. 

The translational consequence of the above mechanisms would be 
very important. Inhibiting CBS – or, more broadly, inhibition of H2S 
generation in the tumor cells – may be a way to enhance the efficacy of 
the host’s immune response in eliminating tumor cells – either basally, 
or perhaps in conjunction with immunostimulatory therapies. 

All of the above roles of CBS/H2S in cancer, and the expected effects 
of CBS inhibition are summarized in Fig. 14. It should be emphasized that 
the above mechanisms do not apply to liver cancer and glioma, where the role 
of CBS/H2S is markedly different – it acts as a tumor suppressor, rather than 
a tumor promoter. Also, the mechanisms discussed in the current section 
are not operative simultaneously in all cancer cells. Rather, they 
represent possible mechanisms, the relative contribution of which is 
likely be dependent on the type and stage of cancer. 

11. The path to clinical translation 

The need for a selective, potent, clinically useful CBS inhibitor. 
Given the fact that CBS inhibition has been shown to beneficially affect 
multiple hallmarks of cancer (Fig. 14), the clinical translation of this 
concept is warranted for several forms of cancer – with colon cancer, 
ovarian cancer, lung cancer and certain subtypes of breast cancer being 
the most supported by clinical correlations and preclinical data. In 
contrast, based on the majority of published data, CBS inhibition is 
contraindicated in liver cancer and glioma (Table 1). 

Inhibition of CBS, in a clinical setting, would require a potent and 
selective pharmacological inhibitor suitable for human use. As discussed 
earlier, none of the inhibitors used in the preclinical studies have the 
necessary selectivity and potency for clinical translation, and the 
potentially repurposable compounds (e.g. disulfiram and benserazide) 
are less than optimal, due to their low potency, limited selectivity and 
less than ideal therapeutic index. Thus, the best approach, to identify 
new CBS inhibitors would require the discovery of new CBS inhibitory 
scaffolds, either through physical screening or through in silico ap
proaches. A competitive inhibitor of CBS that would prevent the binding 
of its substrates and would suppress H2S generation, would probably be 
an ideal small molecule for cancer therapy; covalent inhibitors at the 
PLP site (similar to the mode of AOAA’s action) may also be clinically 
translatable, although such molecules may also inhibit other PLP- 
dependent enzymes, which may, in turn, could lead to various side 
effects. 

Although selective targeting of a CBS inhibitor to the tumor cells, in 
theory, would be ideal, such approaches are beyond the current state-of- 
the art. What, then, would be the side effects of a systemically admin
istered CBS inhibitor in a cancer patient? Given the central role of CBS in 
transsulfuration, the main side effect of a CBS inhibitor would be the 
inhibition of homocysteine degradation, i.e. an increase in circulating 
homocysteine levels. Homocysteine is considered a reactive, cytotoxic 
molecule, which is particularly deleterious to the integrity of the 
vascular endothelium [366,367]; hyperhomocysteinemia is viewed as a 
cardiovascular risk factor, primarily for thrombotic vascular disease and 
atherosclerosis [368–372]. However, the topic is complicated. First of 
all, a temporary elevation in homocysteine (e.g. in conjunction with a 

Fig. 15. The bell-shaped concentration-response 
of H2S in cancer. H2S in the low-to-medium con
centration range serves signaling functions, stimu
lates cellular bioenergetics, exerts cytoprotective 
effects, while high concentrations of H2S are gener
ally cytotoxic. High-CBS-expressor cancer cells 
upregulate their H2S generation so that they are near 
the top of the bell-shaped H2S concentration- 
response curve, so that they best benefit from the 
supporting actions of H2S. This is beneficial for the 
cancer cell, but detrimental to the tumor-bearing 
host. Arrow #1: Inhibition of CBS-mediated H2S 
production in cancer cells can “take away” the 
stimulatory effects of H2S on cellular signaling and 
bioenergetics and can suppress cancer cell prolifer
ation; this intervention, on its own, is typically not 
directly cytotoxic. However, CBS inhibition can 
synergize with the effect of chemotherapeutic agents 
(Arrow #2). Addition of lower concentrations of H2S 
to cancer cells may, in some conditions, induce a 
further proliferative or cytoprotective effect, by 
moving the cells to the “top” of the H2S 
concentration-response curve (Arrow #3), but 
donation of H2S, at higher concentrations, moves the 

curve to the right, where the suppressive bioenergetic and cytotoxic effects of H2S prevail (Arrow #4).   
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3-month cancer therapy) would not carry the same risk as a year-long or 
life-long hyperhomocysteinemia. Second, the correlation of cardiovas
cular risk with increased plasma homocysteine levels is not a linear one; 
slight-to-median elevations do not carry a substantial additional risk 
[369]. Third, the causal link between elevated homocysteine levels and 
the cardiovascular adverse events has been put into question by the 
results of recent trials, where homocysteine-lowering therapy did not 
produce the expected reduction in cardiovascular adverse events, 
especially in the mild-to-moderate hyperhomocysteinemia group, sug
gesting that – in this group of patients – homocysteine may only be a 
marker, rather than an active contributor to cardiovascular disease 
[373]. 

Thus, the question that would need to be addressed is the following: 
how severe increase in homocysteine can be expected with a thera
peutically efficacious dosing of a CBS inhibitor in a cancer patient? One 
way to answer this question is through preclinical studies. The majority 
of the publications utilizing various CBS inhibitors in cancer models 
have not measured circulating homocysteine levels. However, in a 
mouse model, the AOAA prodrug YD0171, at the therapeutically effi
cacious dose where it produced a >80% suppression of HCT116 colon 
cancer growth, induced a 36% elevation of plasma homocysteine [155]. 
If a similar increase would occur in patients, this would be considered a 
mild elevation (unlikely to be associated with increased cardiovascular 
risk). Mice that lack CBS (homozygote CBS− /- animals) exhibit signifi
cant elevations in circulating homocysteine levels (up to 500 μM); these 
animals also exhibit severe developmental and functional defects and 
early lethality [374–377]. However, CBS ± mice are clinically healthy 
and don’t exhibit marked plasma homocysteine levels (<20 μM) 
[374–377]. With a partial normalization of circulating homocysteine 
levels (when levels remain in the range of 80–100 μM), achieved by CBS 
enzyme therapy of CBS− /- mice, normal development and phenotype can 
be readily achieved [377]. 

Additional potential side effects of systemic CBS inhibition may also 
include the loss of systemic (circulating, vascular or intra-tissue) H2S, 
which has various cytoprotective and anti-inflammatory roles as well as 
a vasodilatory effect [3]. However, these roles of H2S are likely 
compensated, at least in part, by the remaining presence of the other two 
H2S-producing enzymes, CSE and 3-MST. Also – although H2S is 
considered a physiological vasodilator – there is no strong indication, 
based on studies in isolated vascular preparations or measurements of 
blood pressure in CBS deficient mice [378–384] that CBS inhibition 
would produce a clinically significant hypertensive side effect. 

Taken together, we do not believe that a modest, temporary inhibi
tion of CBS – along with a temporary reduction in circulating H2S levels 
and a temporary elevation of homocysteine levels – during a course of 
anticancer therapy will be a factor that could limit the clinical trans
lation of the CBS inhibition concept. On the other hand, measurement of 
plasma homocysteine levels may be used as a marker to confirm “target 
engagement”. 

In light of the role of additional H2S generating enzymes, CSE and 3- 
MST in various cancers (including those cancers where CBS appears to 
be the primary driver), the question arises as to whether it may be 
desirable (and feasible) to seek simultaneous inhibition of multiple H2S 
producing enzymes. Based on the stand-alone effect of CBS silencing or 
the effect of the various CBS inhibitors (even with each having its own 
sets of caveats), inhibition of CBS, on its own, is likely to exert significant 
effects. If one seeks to target several of the H2S-producing enzymes 
together, a PLP-interaction-based CBS/CSE inhibitor (similar to AOAA) 
may be a possibility – although the risk of such a compound may be an 
inhibition of additional PLP-dependent enzymes. Since 3-MST has a 
markedly different structure and enzymatic mechanism, a combined 
CBS/3-MST inhibitor would be a very challenging medicinal chemistry 
task. 

Another ‘broader’ approach to inhibit cancer cell H2S generation 
may be based on the restriction of the cancer cell of its substrates, 
cysteine and homocysteine, by blocking the respective uptake mecha
nisms such as the cystine/glutamate antiporter system Xc (xCT) 
[385–389], and/or by producing the degradation of circulating sub
strates, by systemically administering an extracellular enzyme that uti
lizes these substrates [390–392]. All of these approaches have been 
assessed preclinically; in each case there is evidence for their preclinical 
efficacy, but each of these approaches would also come with their own 
significant set of challenges, which are discussed elsewhere [385–392]. 

The need for a biomarker of cancer cell CBS activation. Any future 
therapeutic modality based on CBS would be more efficacious if it was 
applied in a personalized manner. This notion is supported by recent 
data indicate that in patient-derived xenografts, CBS inhibition is 
significantly more efficacious in suppressing the growth of the tumors 
when the tumors contain high levels of CBS [51]. How, then, could one 
prospectively select “likely responder” high-CBS-expressor patients? Of 
course, the direct way to assess this matter is to quantify CBS expression 
in the primary tumor tissue after surgical resection; this quantification 
can be performed, for instance, by Western blotting or by immunohis
tochemistry. Naturally, this approach, can only guide postoperative (i.e. 
adjuvant) therapy, e.g. to suppress tumor relapse. If one wishes to pro
spectively identify high-CBS-expressors, a biomarker-based approach 
would need to be developed. H2S is a gaseous mediator, which is present 
in the circulation and exits the body, in part, via the exhaled air [393]; 
indeed, exhaled H2S measurements have been attempted to be used as 
disease markers, most commonly of various pulmonary diseases 
[394–396]. Interestingly, various animal species – from dogs to ants – 
can be ‘trained’ to recognize cancer patients [397–400]; it is likely that 
the volatile biomarkers in the patient’s exhaled breath or urine include 
H2S; olfactory receptors are extremely highly sensitive to H2S (in the 
parts per billion range). In fact, there are several studies showing that 
cancer patients exhale higher levels of H2S than healthy controls [394, 
401]. Detection methods based on this principle (“artificial noses” 
[402–404]) are in various stages of development. The exhaled 
breath-based approach, however, could not distinguish between H2S 
produced in the airways vs. systemically produced H2S which is upre
gulated during various inflammatory conditions [405,406] vs. H2S 
generated by the tumor tissue. Nor could this approach identify the 
enzymatic source of the H2S detected. 

Thiosulfate is one of the principal stable metabolites of H2S – it can 
be detected in the circulation, and it is excreted via the urine [407,408]. 
This metabolite is easier to quantify than exhaled H2S, but, once again, 
any disease that induces the upregulation of any of the H2S-producing 
enzymes would be expected to increase its levels. Currently, there is no 
clear indication that urinary thiosulfate is elevated in cancer; an early 
report indicated that this may be the case in prostate cancer [409], but 
the preliminary findings could not be confirmed in a subsequent 
multicenter study [410]. 

Increased H2S production in vivo may also be detected by various bio- 
imaging approaches – e.g. using various chemiluminescent probes 
[411–414] or using 99mTc-labeled gluconate or alpha-hydroxy acids 
[415,416]; one of these probes, in fact, shows that systemic treatment of 
HCT116-bearing mice with the allosteric CBS activator SAM increases 
the H2S signal in the tumor tissue [414]. These methods are currently 
only in preclinical stage and are not readily implementable in clinical 
trials. 

If one looks for specific and non-invasive ways to identify CBS 
expression or activity in cancer patients, several biochemical and several 
molecular possibilities can be considered. On the biochemical side, 
measurement of various side-products of CBS enzymatic activity, such as 
lanthionine or cystathionine may be possible. Both of these mediators 
have been proposed as potential cancer biomarkers; cystathionine levels 
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as well as lanthionine levels were found to be elevated in the superna
tant of high-CBS-expressor cancer cells [51,63]. Increased lanthionine 
levels could be measured in the urine of mice bearing 
CBS-overexpressing epithelial cell tumors, compared to normal epithe
lial cells which express CBS only at low levels [51]. However, so far, no 
attempts have been made to measure these markers in the circulation of 
cancer patients. 

Yet another potential approach may be to detect CBS-related markers 
in the circulating tumor cells or the circulating tumor DNA of cancer 
patients. There is some evidence that circulating tumor cells may express 
higher levels of CBS than resident ones [100], and also, generally, 
circulating cells (which have undergone EMT and/or stemness genes) 
are likely to be higher CBS-expressors, based on the data demonstrating 
that CBS expression increases as cancer cells undergo dedifferentiation 
(see above). However, the expression of CBS in circulating tumor cells 
has not yet been investigated in clinical studies. A related approach may 
be the assessment of the CBS promoter’s methylation status in circu
lating cell-free tumor DNA (cfDNA), in light of the fact the methylation 
of the CBS promoter regulates the expression of CBS [20–26]. However – 
as discussed earlier – the clinical data published so far are conflicting 
with respect to the role of hypo-vs hypermethylation of this promoter in 
various forms cancer [22,56]. Thus, additional basic research, followed 
by clinical translation, remains to be conducted to expand the body of 
knowledge in this direction. The isolation of circulating tumor cells, and 
the separation of various cell populations (e.g. stem cells) as well as the 
isolation of circulating tumor DNA now feasible in clinical settings; 
multiple studies suggest its predictive potential in terms of clinical 
prognosis [e.g. Refs. [417–425]. Thus, a similar detection of CBS is not 
beyond the realms of possibilities. Obviously, direct detection of CBS 
protein in circulating tumor cells would be a more direct approach than 
studying the CBS promoter, given the fact that CBS levels are regulated 
at multiple levels (transcriptionally and post-transcriptionally), and it is 
currently not known, how tight is the correlation between CBS promoter 
activation in the circulation vs. CBS protein levels in the tumor tissue. 

The concept of H2S donation. The bell-shaped character of H2S in 
the modulation of cancer cell viability is summarized in Fig. 15. As 
discussed in the previous pages, by inhibiting CBS (or, more generally, 
H2S production in tumor cells), we deprive the cancer cell from an 
endogenous tumor-promoting, cytoprotective and pro-angiogenic 
factor. 

However, at higher concentrations, H2S becomes a cytotoxic mole
cule, which can reduce the viability (or kill) various cell types, including 
cancer cells. Consequently – in parallel with the development of the 
anticancer concept based on inhibition of H2S biosynthesis discussed in 
the current article – an entirely different concept, based on the anti
cancer effect of H2S donation – has also been advanced. The existence of 
this distinct body of literature – which is often confusing for scientists 
entering the field of H2S biology – does not invalidate the concepts and 
ideas discussed in the current article, but highlights an entirely different 
mechanism and therapeutic opportunity. The data supporting this 
concept – as well as the challenges related to this approach – e.g. the 
selective targeting of H2S donors to the tumors in vivo, as opposed to the 
surrounding normal tissues – are discussed in separate review articles 
[140,141,426–431] and will not be covered, in detail, in the current 
review. 

Conclusions and outlook. Taken together, the preclinical and clin
ical data presented in the current article support the view that CBS plays 
a significant pathogenetic role in multiple forms of cancer. Clinical 
correlations and the various in vitro and in vivo studies support the view 
that pharmacological inhibition of CBS may exert antitumor effects in a 
clinical setting, and supports the concept of further basic, as well as 
clinical/translational work in this area. The cancers currently best 
supported by consistent bodies of data are colon (or colorectal) cancer, 
ovarian cancer, and certain forms of breast and lung cancer – while the 
role of CBS in several other cancers (e.g. liver cancer and glioma) is 
markedly different, and in the therapy of these cancers CBS inhibition is 

unlikely to be a useful approach (in fact, the opposite approach, i.e. 
upregulation or induction of CBS or H2S donation may be considered). 

Based on the role of CBS in cancer cells, and based on the multiple 
lines of data demonstrating the link of this enzyme to stemness, EMT and 
multidrug resistance, one possible translational direction may be com
bination therapy with chemotherapeutic agents, in various (curative, 
palliative or preventative, i.e. neoadjuvant or adjuvant) settings to 
enhance chemotherapeutic efficacy and/or to prevent cancer relapse. 
We predict that CBS inhibitors, when given to patients in reasonable 
durations, would be well tolerated, with safety profiles likely superior to 
the profile of standard chemotherapeutic agents. There is no indication 
in the literature to suggest that CBS inhibitors would exacerbate the side 
effects of chemotherapeutic agents – although this topic remains to be 
further investigated. Taken together, we hope that the current article 
will serve as a reference point and possible guide for the future clinical 
translation of the CBS inhibitor concept. 
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[38] K. Módis, C. Coletta, A. Asimakopoulou, B. Szczesny, C. Chao, 
A. Papapetropoulos, M.R. Hellmich, C. Szabo, Effect of S-adenosyl-L-methionine 
(SAM), an allosteric activator of cystathionine-β-synthase (CBS) on colorectal 
cancer cell proliferation and bioenergetics in vitro, Nitric Oxide 41 (2014) 
146–156. 

[39] T. Panagaki, L. Lozano-Montes, L. Janickova, K. Zuhra, M.P. Szabo, T. Majtan, 
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cystathionine-gamma-lyase and 3-mercaptopyruvate sulfurtransferase in human 
neoplastic cell lines, Amino Acids 41 (2011) 151–158. 
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A. Ahmad, A. Papapetropoulos, C. Szabo, Regulation of vascular tone, 
angiogenesis and cellular bioenergetics by the 3-mercaptopyruvate 
sulfurtransferase/H2S pathway: functional impairment by hyperglycemia and 
restoration by DL-alpha-lipoic acid, Mol. Med. 21 (2015) 1–14. 

[279] Z.Z. Xie, M.M. Shi, L. Xie, Z.Y. Wu, G. Li, F. Hua, J.S. Bian, Sulfhydration of 
p66Shc at cysteine59 mediates the antioxidant effect of hydrogen sulfide, 
Antioxidants Redox Signal. 21 (2014) 2531–2542. 

[280] H. Zhang, Y. Huang, S. Chen, C. Tang, G. Wang, J. Du, H. Jin, Hydrogen sulfide 
regulates insulin secretion and insulin resistance in diabetes mellitus, a new 
promising target for diabetes mellitus treatment? A review, J. Adv. Res. 27 (2021) 
19–30. 

[281] A.K. Mustafa, M.M. Gadalla, N. Sen, S. Kim, W. Mu, S.K. Gazi, R.K. Barrow, 
G. Yang, R. Wang, S.H. Snyder, H2S signals through protein S-sulfhydration, Sci. 
Signal. 2 (2009) ra72. 

[282] E.T. Wondimu, Q. Zhang, Z. Jin, M. Fu, R. Torregrossa, M. Whiteman, G. Yang, 
L. Wu, R. Wang, Effect of hydrogen sulfide on glycolysis-based energy production 
in mouse erythrocytes, J. Cell. Physiol. 237 (2022) 763–773. 

[283] V. Vitvitsky, R. Kumar, M. Libiad, A. Maebius, A.P. Landry, R. Banerjee, The 
mitochondrial NADH pool is involved in hydrogen sulfide signaling and 
stimulation of aerobic glycolysis, J. Biol. Chem. 296 (2021), 100736. 

[284] R. Parsanathan, S.K. Jain, Hydrogen sulfide increases glutathione biosynthesis, 
and glucose uptake and utilisation in C2C12 mouse myotubes, Free Radic. Res. 52 
(2018) 288–303. 

[285] M. Libiad, V. Vitvitsky, T. Bostelaar, D.W. Bak, H.J. Lee, N. Sakamoto, E. Fearon, 
C.A. Lyssiotis, E. Weerapana, R. Banerjee, Hydrogen sulfide perturbs 
mitochondrial bioenergetics and triggers metabolic reprogramming in colon cells, 
J. Biol. Chem. 294 (2019) 12077–12090. 

[286] Q. Sun, H. Zhong, Y. Yue, F. Xiong, L. Chen, X. Peng, P. Chen, C. Wan, Z. Yao, 
Y. Zeng, Endogenous hydrogen sulfide promotes human preimplantation 
embryonic development by regulating metabolism related gene expression, Nitric 
Oxide 120 (2022) 9–15. 

[287] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144 
(2011) 646–674. 

[288] E. Rad, J.T. Murray, A.R. Tee, Oncogenic signalling through mechanistic target of 
rapamycin (mTOR): a driver of metabolic transformation and cancer progression, 
Cancers (Basel) 10 (2018) 5. 

[289] G. Hoxhaj, B.D. Manning, The PI3K-AKT network at the interface of oncogenic 
signalling and cancer metabolism, Nat. Rev. Cancer 20 (2020) 74–88. 

[290] Z. Zou, T. Tao, H. Li, X. Zhu, mTOR signaling pathway and mTOR inhibitors in 
cancer: progress and challenges, Cell Biosci. 10 (2020) 31. 

[291] K.W. Hon, S.A. Zainal Abidin, I. Othman, R. Naidu, The crosstalk between 
signaling pathways and cancer metabolism in colorectal cancer, Front. 
Pharmacol. 12 (2021), 768861. 

[292] Y. Hu, X. Chen, T.T. Pan, K.L. Neo, S.W. Lee, E.S. Khin, P.K. Moore, J.S. Bian, 
Cardioprotection induced by hydrogen sulfide preconditioning involves 
activation of ERK and PI3K/Akt pathways, Pflügers Archiv 455 (2008) 607–616. 

[293] P. Manna, S.K. Jain, Hydrogen sulfide and L-cysteine increase 
phosphatidylinositol 3,4,5-trisphosphate (PIP3) and glucose utilization by 
inhibiting phosphatase and tensin homolog (PTEN) protein and activating 
phosphoinositide 3-kinase (PI3K)/serine/threonine protein kinase (AKT)/protein 
kinase Czeta/lambda (PKCzeta/lambda) in 3T3l1 adipocytes, J. Biol. Chem. 286 
(2011) 39848–39859. 

[294] H. Li, Y. Wang, C. Wei, S. Bai, Y. Zhao, H. Li, B. Wu, R. Wang, L. Wu, C. Xu, 
Mediation of exogenous hydrogen sulfide in recovery of ischemic post- 
conditioning-induced cardioprotection via down-regulating oxidative stress and 
up-regulating PI3K/Akt/GSK-3beta pathway in isolated aging rat hearts, Cell 
Biosci. 5 (2015) 11. 

[295] X.L. He, N. Yan, X.S. Chen, Y.W. Qi, Y. Yan, Z. Cai, Hydrogen sulfide down- 
regulates BACE1 and PS1 via activating PI3K/Akt pathway in the brain of APP/ 
PS1 transgenic mouse, Pharmacol. Rep. 68 (2016) 975–982. 

[296] D. Xu, H. Jin, J. Wen, J. Chen, D. Chen, N. Cai, Y. Wang, J. Wang, Y. Chen, 
X. Zhang, X. Wang, Hydrogen sulfide protects against endoplasmic reticulum 
stress and mitochondrial injury in nucleus pulposus cells and ameliorates 
intervertebral disc degeneration, Pharmacol. Res. 117 (2017) 357–369. 

[297] J. Ma, D. Du, J. Liu, L. Guo, Y. Li, A. Chen, T. Ye, Hydrogen sulphide promotes 
osteoclastogenesis by inhibiting autophagy through the PI3K/AKT/mTOR 
pathway, J. Drug Target. 28 (2020) 176–185. 

[298] S. Koike, Y. Ogasawara, N. Shibuya, H. Kimura, K. Ishii, Polysulfide exerts a 
protective effect against cytotoxicity caused by t-buthylhydroperoxide through 
Nrf2 signaling in neuroblastoma cells, FEBS Lett. 587 (2013) 3548–3555. 

[299] H. Zhang, Y. Gao, F.L. Zhao, P.F. Qiao, Y. Yan, Hydrogen sulfide-induced 
processing of the amyloid precursor protein in SH-SY5Y human neuroblastoma 
cells involves the PI3-K/Akt signaling pathway, Cell. Mol. Neurobiol. 35 (2015) 
265–272. 

[300] S.S. Wang, Y.H. Chen, N. Chen, L.J. Wang, D.X. Chen, H.L. Weng, S. Dooley, H. 
G. Ding, Hydrogen sulfide promotes autophagy of hepatocellular carcinoma cells 
through the PI3K/Akt/mTOR signaling pathway, Cell Death Dis. 8 (2017) e2688. 

[301] Q. Cao, L. Zhang, G. Yang, C. Xu, R. Wang, Butyrate-stimulated H2S production in 
colon cancer cells, Antioxid, Redox Signal 12 (2010) 1101–1109. 

[302] J. Zhang, J. Ye, C. Yuan, Q. Fu, F. Zhang, X. Zhu, L. Wang, P. Gao, G. Shu, 
Q. Jiang, S. Wang, Exogenous H2S exerts biphasic effects on porcine mammary 
epithelial cells proliferation through PI3K/Akt-mTOR signaling pathway, J. Cell. 
Physiol. 233 (2018) 7071–7081. 

[303] C. Cui, J. Fan, Q. Zeng, J. Cai, Y. Chen, Z. Chen, W. Wang, S.Y. Li, Q. Cui, J. Yang, 
C. Tang, G. Xu, J. Cai, B. Geng, CD4+ T-cell endogenous cystathionine γ lyase- 
hydrogen sulfide attenuates hypertension by sulfhydrating liver kinase B1 to 
promote T regulatory cell differentiation and proliferation, Circulation 142 
(2020) 1752–1769. 

[304] X. Zhou, Y. Cao, G. Ao, L. Hu, H. Liu, J. Wu, X. Wang, M. Jin, S. Zheng, X. Zhen, N. 
J. Alkayed, J. Jia, J. Cheng, CaMKKβ-dependent activation of AMP-activated 
protein kinase is critical to suppressive effects of hydrogen sulfide on 
neuroinflammation, Antioxidants Redox Signal. 21 (2014) 1741–1758. 

[305] L. Li, P. Rose, P.K. Moore, Hydrogen sulfide and cell signaling, Annu. Rev. 
Pharmacol. Toxicol. 51 (2011) 169–187. 
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M. Karck, C. Szabó, Cardioprotective effects of hydrogen sulfide, Nitric Oxide 25 
(2011) 201–210. 

[317] X.B. Dong, C.T. Yang, D.D. Zheng, L.Q. Mo, X.Y. Wang, A.P. Lan, F. Hu, P.X. Chen, 
J.Q. Feng, M.F. Zhang, X.X. Liao, Inhibition of ROS-activated ERK1/2 pathway 
contributes to the protection of H2S against chemical hypoxia-induced injury in 
H9c2 cells, Mol. Cell. Biochem. 362 (2012) 149–157. 

[318] Y.D. Wen, H. Wang, S.H. Kho, S. Rinkiko, X. Sheng, H.M. Shen, Y.Z. Zhu, 
Hydrogen sulfide protects HUVECs against hydrogen peroxide induced 
mitochondrial dysfunction and oxidative stress, PLoS One 8 (2013), e53147. 
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