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Abstract

Recent data show that colon cancer cells selectively overexpress cystathionine-B-synthase (CBS),
which produces hydrogen sulfide (H,S), to maintain cellular bioenergetics, support tumor growth
and stimulate angiogenesis and vasorelaxation in the tumor microenvironment. The purpose of the
current study was to investigate the effect of the allosteric CBS activator S-adenosyl-L-methionine
(SAM) on the proliferation and bioenergetics of the CBS-expressing colon cancer cell line
HCT116. The non-transformed, non-tumorigenic colon epithelial cell line NCM356 was used as
control. For assessment of cell proliferation, the XxCELLigence system was used. Bioenergetic
function was measured by Extracellular Flux Analysis. Experiments using human recombinant
CBS or HCT116 homogenates complemented the cell-based studies. SAM markedly enhanced
CBS-mediated H,S production in vitro, especially when a combination of cysteine and
homocysteine was used as substrates. Addition of SAM (0.1 — 3 mM) to HCT116 cells induced a
concentration-dependent increase H,S production. SAM exerted time-and concentration-
dependent modulatory effects on cell proliferation. At 0.1-1 mM SAM increased HCT116
proliferation between 0-12 h, while the highest SAM concentration (3 mM) inhibited
proliferation. Over a longer time period (12-24 h), only the lowest concentration of SAM used
(0.1 mM) stimulated cell proliferation; higher SAM concentrations produced a concentration-
dependent inhibition. The short-term stimulatory effects of SAM were attenuated by the CBS
inhibitor aminooxyacetic acid (AOAA) or by stable silencing of CBS. In contrast, the inhibitory
effects of SAM on cell proliferation was unaffected by CBS inhibition or CBS silencing. In
contrast to HCT116 cells, the lower rate of proliferation of the low-CBS expressor NCM356 cells
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was unaffected by SAM. Short-term (1h) exposure of HCT116 cells to SAM induced a
concentration-dependent increase in oxygen consumption and bioenergetic function at 0.1-1 mM,
while 3 mM was inhibitory. Longer-term (72h) exposure of HCT116 cells to all concentrations of
SAM tested suppressed mitochondrial oxygen consumption rate, cellular ATP content and cell
viability. The stimulatory effect of SAM on bioenergetics was attenuated in cells with stable CBS
silencing, while the inhibitory effects were unaffected. In NCM356 cells SAM exerted smaller
effects on cellular bioenergetics than in HCT116 cells. We have also observed a downregulation
of CBS in response to prolonged exposure of SAM both in HCT116 and NCM356 cells. Taken
together, the results demonstrate that H,S production in HCT116 cells is stimulated by the
allosteric CBS activator, SAM. At low-to intermediate levels and early time periods the resulting
H,S serves as an endogenous cancer cell growth and bioenergetic factor. In contrast, the inhibition
of cell proliferation and bioenergetic function by SAM does not appear to relate to adverse
autocrine effects of H,S resulting from CBS over-stimulation but, rather to CBS-independent
pharmacological effects.
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Introduction

Hydrogen sulfide (H»S) is an important signaling molecule involved in the regulation of
vascular tone, angiogenesis and cellular bioenergetics [1-5]. With respect to its vascular
effects, multiple pathways have been identified, including activation (opening) of
potassium-dependent ATP (Katp) channels, and activation of cyclic GMP-dependent
signaling via inhibition of phosphodiesterases [6—9]. Recent data show that H,S, at low
physiological concentrations, serves as a physiological electron donor and inorganic source
of energy in mammalian cells. Via these mechanisms, HoS supports mitochondrial electron
transport and ATP generation [10-12].

Emerging data indicate that H,S plays an important role in the regulation of tumor cell
biology. We have recently demonstrated that cystathionine-p-synthase (CBS), one of the
H,S-producing enzymes, is abundantly expressed in human colon cancer cell lines and in
human colon cancer tissue specimens, resulting in increased H»S production [13]. CBS-
derived H,Sstimulates tumor cell bioenergetics, proliferation, migration and invasion.
Moreover, by a paracrine action on peritumor/intratumor vascular endothelial cells, H,S
promotes tumor angiogenesis [13]. Pharmacological inhibition or stable lentiviral-mediated
silencing of CBS resulted in attenuated cellular energetic responses, suppressed cell
proliferation and invasion in vitro, and inhibited tumor growth in vivo [13]. A follow-up
paper by Bhattacharyya and colleagues [14] confirmed our findings related to bioenergetics,
proliferation and intracellular localization of CBS in ovarian cancer cells and extended these
observations to demonstrate that the downregulation/inhibition of CBS sensitizes the cancer
cells to cisplatin. A substantial portion of CBS is localized to the mitochondria of the cancer
cell, in stark contrast to non-transformed cells, where the low levels of CBS are
predominantly cytosolic [13,14]. The intracellular levels and the mitochondrial translocation
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of CBS are regulated, at least in part, by proteolytic processes including the Lon protease
[15,16]. In summary, the above-mentioned studies in colorectal and ovarian cancer cells
[13,14], coupled with additional lines of evidence demonstrating the high expression of CBS
in prostate cancer cells [17] and enhanced production of HS in tumor-bearing experimental
animals and cancer patients [18-21] suggest that cancer cell-derived H5S serves as an
autocrine stimulator of tumor growth.

The purpose of the current study was to investigate the effect of the allosteric CBS activator
S-adenosyl-L-methionine (SAM) on the proliferation and bioenergetics of the CBS-
expressing colon cancer cell line HCT116. The non-tumorigenic colon epithelial cell line
NCM356, which expresses low levels of CBS relative to HCT116 cells [13], was used as a
control. We reasoned that, in accordance with the well-known bell-shaped character of the
H,S dose-response curve (where low concentrations of H,S exert proliferative and positive
bioenergetic effects, while high concentrations of H,S are inhibitory) SAM treatment would
induce bell-shaped proliferative and bioenergetic responses in HCT116 cells. We further
hypothesized that, if the cellular responses to SAM were primarily mediated by CBS
activation and consequent H,S production, then the pharmacological responses to SAM
would be more pronounced in HCT116 cells, when compared either to the responses of
HCT116 cells with stable CBS silencing, or to NCM356 cells.

Material and methods

Materials

Cell culture

Aminooxyacetic acid (AOAA), antimycin A, 7-azido-4-methylcoumarin, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), Coomassie blue R-250, S-(5’-adenosyl)-L-
methionine chloride dihydrochloride (SAM), d-aminolevulinic acid (d-ALA), N,N-
dimethyl-p-phenylendiamine-sulfate (DPD), 2-deoxyglucose, glutathione (GSH),
homocysteine, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT),
iron(111) chloride (FeCls3), lactic acid, L-cysteine, N-methylphenazonium methyl sulfate
(PMS), nicotinamide adenine dinucleotide (NAD™), oligomycin, pyridoxal-5-phosphate
(PLP), rotenone, sodium hydrosulfide hydrate (NaSH), zinc acetate (ZnAc) and
trichloroacetic acid (TCA) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

The human colorectal carcinoma cell line, HCT116 (ATCC, Manassas, VA) was cultured in
McCoy’s 5A media and NCM356 cells, a non-tumorigenic colon epithelial cell line derived
from the normal margin of a rectal cancer specimen, (Incell Corporation, San Antonio, TX)
was cultured in DMEM media containing 1 g/l glucose. The culture medium were
supplemented with 10% FBS, 100 1U/ml penicillin, and 100 mg/ml streptomycin and cells
were grown in a 37 °C, 5% CO, atmosphere.

ShRNA-mediated silencing of CBS

HCT116 cells were transduced with a lentiviral vector containing sShRNA sequences
targeting CBS (SHCLNV, clone TRCN0000045359) as previously described [13]. A non-
targeting control ShRNA sequence (shCTL) was used to control for off-target effects
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(SHCO002V, MISSION shRNA, Sigma-Aldrich; St. Louis, MO). HCT116 cells were infected
at a MOI of 3 with hexadimethrine bromide (8 ug/ml). Transduced cells were selected and
maintained in McCoy’s 5A media supplemented with 10% FBS and puromycin (2 pg/ml).
CBS silencing resulted in an approximately 50% inhibition of CBS expression, as
determined by Western blotting [13].

Recombinant human CBS protein expression and purification

The expression and purification of human CBS was performed as described previously [26].
Briefly, E. Coli BL21(DE3) Codon Plus cells (Stratagene, La Jolla, CA, USA) containing
the expression vector pGEX-Kg/GST-CBS were grown at 37 °C and 180 rpm in Luria—
Bertani (LB) broth medium containing 100 ug/ml ampicillin to an absorption of 0.6-0.8 at
600 nm. Protein expression was induced by addition of 0.1 mM IPTG (isopropyl-b-D-
thiogalactopyranoside) and cells were further incubated at 30 °C overnight. The bacteria
were harvested and sonicated in lysis buffer PBS (140 mM NaCl, 2.7 mM KCI, 10 mM
NayHPO4,1.8 mM KH,POy4, pH 7.8) containing a protease inhibitors cocktail (Sigma). The
protein lysate was loaded onto a GSTrap FF 1 ml affinity column (Amersham Biosciences)
and the GST-CBS recombinant protein was eluted with the elution buffer (50 mM Tris—HCI,
10 mM reduced glutathione, pH 8.0) and then dialyzed and concentrated in 10 mM sodium
phosphate buffer (pH 8.2) and DTT (1 mM).

Measurement of H,S production by recombinant CBS

The measurement of H,S production by recombinant CBS enzyme was performed as
described [26]. Briefly, each test consisted of a 100 pl reaction mixture in 50 mM sodium
phosphate buffer pH 8.2 containing 1 pg of the purified human CBS enzyme, 0.01 mM
pyridoxal-5’-phosphate (PLP), 10 mM L-cysteine in the absence or presence of 0.5 mM
homocysteine. SAM (1 mM) was added to the reaction 15 min before the addition of L-
cysteine to the solution. The reaction was initiated by transferring the Eppendorf tubes from
ice to a 37°C shaking water bath. After 60 minutes of incubation at 37 °C, the reaction was
terminated by adding 1% ZnAc followed by 10% trichloroacetic acid. Subsequently, N,N-
dimethylphenylendiamine sulfate (20 mM in 7.2 M HCI) and FeCl3 (30 mM in 1.2 M HCI)
were added and the optical absorbance of the solutions was measured at 650 nm. All
samples were assayed in triplicate and H,S concentration was calculated against a
calibration curve of standard NaHS solutions.

Detection of H,S production in HCT116 cell homogenates and live HCT116 cells

Proliferating HCT116 cells were washed twice with ice-cold PBS, scraped from flasks using
ice-cold PBS, and centrifuged 700xg for 10 min at 4 °C. The cell pellet was lysed using non-
denaturating lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 1% Triton
X-100) on ice for 1h followed by centrifugation at 20,0009 for 5 min at 4 °C to sediment un-
lysed cells. The protein concentration was determined with DC Protein Assay (BioRad) with
bovine serum albumin (Thermo Scientific) as a standard. The reaction mixture contained:
300 micrograms of protein cell extract, 100 mM Tris HCI pH 8.0, 50 uM PLP, 10 mM L-
cysteine, 0.5 mM L-homocysteine, increasing concentration of SAM and 10 uM of the
fluorescent H,S probe 7-azido-4-methylcoumarin [27]. After incubation for 2 h at 37 °C the
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fluorescence of H,S specific probe was measured using SpectraMax M2 (Molecular
Devices) microplate reader using ex=365, em=450nm. Preliminary assays were carried out
to ensure the linearity of fluorescence with respect to amount of protein extracts. Standard
curve for H,S was generated by addition of NaHS to the fluorescent assay medium.

For detecting the effect of SAM on H5S production in live cells, 30,000 HCT116 or
NCM356 cells were seeded in Lab-Tek Il chamber coverglass system (Nalgen Nunc
International) and incubated at 37 °C and 10% CO, humidified incubator overnight. The
cells were loaded with the fluorescent H,S probe 7-azido-4-methylcoumarin [27] at 10 uM
final concentration for 30 min. Various concentrations of SAM were added to the cells and
cells were further incubated for 1 hour. Cells were washed three times with PBS and dye’s
specific fluorescence was visualized using Nikon eclipse 80i inverted microscope with
Photometric CoolSNAP HQ2 camera and NIS-Elements BR 3.10 software.

Western blotting

Western blotting for CBS was performed as described [13]. Cells were washed with ice-cold
phosphate-buffered saline (PBS, pH 7.4) and were lysed in 110 pl/well denaturing loading
buffer (20 mM Tris-HCI pH=6.8, 2% SDS, 10% glycerol, 6 M urea, 100 mg/ml
bromophenol blue, 200 mM B-mercaptoethanol), sonicated and boiled. Lysates (25 ug
protein/10 pl/well) were resolved on 4-12% NuPage Bis—Tris acrylamide gels (Invitrogen
Carlsbad, CA, USA) and transferred to PVDF membranes. Membranes were blocked in 10%
non-fat dried milk or Starting BlockTM T20 (TBS) blocking buffer (Fischer Scientific,
Pittsburgh, PA, USA). Then membranes were probed overnight with anti-CBS antibody
(1:1000, Abnova, Walnut, CA, USA). On the following day, anti-rabbit-horseradish
peroxidase conjugate antibody (HRP, 1:3000, Cell Signaling, Danvers, MA, USA) was
applied and enhanced chemiluminescent substrate (ECL, Pierce) was used to detect the
signal by high sensitivity films (Amersham Hyperfilm ECL). To normalize signals,
membranes were re-probed with a HRP conjugated antibody against actin (anti-actin HRP
linked, 1:2000, Santa Cruz Biotechnology Inc., Dallas, TX). CBS was detected at 60 and 45
kDa. B-actin was determined at 43 kDa.

Proliferation assays in vitro

For assessment of cell proliferation, the XCELLigence system (Roche) was used, as
described [13]. Briefly, HCT116 or NCM356 cells were cultured until approximately 70%
confluence in complete cell culture media. Cells were then detached by Trypsin-EDTA and
re-suspended in fresh culture media at a concentration of 30,000 cells/ml. 200 pl of cell
suspension was added to each well (6,000 cells/well) of a E-plate 96, a specially designed
96-well microtiter plate containing interdigitated microelectrodes to non-invasively monitor
the cell proliferation by measuring the relative change in the electrical impedance of the cell
monolayer, a unitless parameter named cell index (ClI).

Bioenergetic analysis in cultured cells

The XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) was used to
measure bioenergetic function as previously described [12,13,28]. Oxygen consumption rate
(OCR) after oligomycin (1.5 pg/ml) was used to assess ATP production rate and OCR after
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the addition of FCCP (0.5 uM) to assess maximal mitochondrial respiratory capacity. 2-
deoxyglucose (100 mM) was used to estimate cellular glycolytic dependency and antimycin
A (2 pg/ml) and rotenone (2 uM) were used to inhibit the flux of electrons through complex
Il and I, to detect residual non-mitochondrial oxygen consumption rate, which is mainly
attributed to cytosolic oxidases.

Measurement of cellular ATP levels

LDH assay

Statistics

Results

ATP concentration was determined in NCM356 and HCT116 cell cultures using a
commercially available kit (CellTiter-Glo® Luminescent Cell Viability Assay, Promega,
Madison, WI, USA). The luminescent signal was recorded for 1 s utilizing the multimode
reader SpectraMax M2 (Molecular Devices Corp., Sunnyvale, CA). Serial dilutions of ATP
were used as calibration standards.

Lactate dehydrogenase (LDH) release was used to detect cytotoxicity/cell death, as
described [29]. Briefly, 30 pl of cell culture supernatant was mixed with 100 pl freshly
prepared LDH assay reagent to reach final concentrations of 85 mM lactic acid, 1040 mM
nicotinamide adenine dinucleotide (NAD™), 224 mM N-methylphenazonium methyl sulfate
(PMS), 528 mM 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride
(INT) and 200 mM Tris (pH 8.2). The changes in absorbance were read kinetically at 492
nm for 15 min (kinetic LDH assay) on a monochromator-based reader (Powerwave HT,
Biotek) at 37 °C. The changes in absorbance were read kinetically at 492 nm for 15 min.
LDH activity values are shown as Vmax for kinetic assays in mOD/min.

Data are shown as means + standard error of the mean (SEM). Student’s t tests, one-way and
two-way ANOVA with Tukey’s post hoc test were used to detect differences between
groups; *p < 0.05 and **p < 0.01 represent statistically significant variance versus control.
All statistical calculations were performed using Graphpad Prism 5 analysis software.

Full-length and truncated CBS are abundantly expressed in HCT116 cells

The human colon adenocarcinoma cell line HCT116 showed a marked increase of the CBS
expression levels, as compared to the control non-malignant normal mucosa cell line
NCM356 (Figure 1). In addition to the native (60 kDa) band, the presence of a truncated 45
kDa CBS isoform was also noted (Figure 1).

SAM enhances the activity of recombinant CBS in vitro

Incubation of human recombinant CBS with SAM (1 mM) caused a significant enhancement
of H,S production, in the presence of L-cysteine (10 mM) and with the combination of L-
cysteine (10 mM) and L-homocysteine (0.5 mM) (Figure 2a). When L-cysteine was added to
CBS in the absence of SAM, a minor degree of H,S production was noted, while in the
combined presence of SAM and L-cysteine, a low but detectable amount of H,S production
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was observed. In the presence of L-cysteine and L-homocysteine, CBS produced
significantly higher amounts of H,S than with L-cysteine alone; in these latter conditions,
once again, SAM caused a significant enhancement of H,S production. Overall, in the
presence of SAM, in all of the experimental conditions tested, H,S production was markedly
higher than in its absence (17.3 + 3.6 versus 47.2 = 0.8) (Figure 2a).

SAM significantly enhances H»S production in HCT116 cells

Incubation of HCT116 cell homogenates with SAM (0.1 — 3 mM) in the combined presence
of L-cysteine (10 mM) and L-homocysteine (0.5 mM) caused a concentration- dependent,
marked enhancement of H,S production (Figure 2b). The increase in HoS production was
also visualized by fluorescent live cell imaging (Figure 3). SAM (3 mM) induced a marked
increase in the H,S signal of HCT116 cells, while it only induced a slighter increase in the
low-CBS-expressing NCM356 cells. Both the basal and the SAM-stimulated fluorescent
signal was attenuated by the CBS inhibitor aminooxyacetic acid (AOAA, 1 mM) (Figure 3).

Effects of SAM on the proliferation rate of HCT116 and NCM356 cells

Addition of SAM (0.1 — 1 mM) to HCT116 cells induced a concentration-dependent
increase in cell proliferation between 0-12 hours, (Figures 4a, 4c, 5a, 5¢). After a more
prolonged time period (between 12—24 hours), intermediate to high concentrations of SAM
(0.3-3 mM) induced cell death/suppression of cell proliferation (Figures 4a, 4c, 5a, 5¢).
NCM356 cells (which express low levels of CBS) proliferated at a slower rate compared to
HCT116 with the growth being almost undetectable when seeded at the same density of
30,000 cells/ml. A cell titration experiment identified in 100,000 cells/ml the ideal initial
density of the NCM356 monolayer, which resulted basal growth rates comparable to
HCT116 and permitted further testing of the effect of SAM (Figure 4e). SAM failed to show
any stimulatory effect on NCM356 cell proliferation in the early phase (0-12h) (Figures 4f,
4g) but maintained its toxic profile in the late phase (12-24h) (Figures 4f, 4h).

Modulation of the pharmacological effects of SAM on cell proliferation after CBS silencing

Pharmacological inhibition of CBS by AOAA or its stable silencing with a lentiviral vector
attenuated HCT116 cell proliferation (Figures 4, 5). Under these conditions, SAM failed to
exert significant effects on cell proliferation: both the stimulation of the cell proliferation
seen in wild-type cells between 0.1-1 mM SAM, and the relative inhibition of cell
proliferation at 3 mM SAM (compared to the response seen at 1 mM SAM) were absent.

Effects of SAM on the cellular bioenergetics of HCT116 and NCM356 cells

Acute exposure of SAM at low concentrations (0.1 — 1 mM) stimulated the mitochondrial
oxygen consumption rate (OCR) and bioenergetic functions of HCT116 cells in a dose-
dependent fashion. In contrast, in NCM356 cells SAM resulted in a significantly lower
degree of stimulation of the oxygen consumption rate and of the other bioenergetic
parameters, when compared to the response seen in HCT116 cells (Figure 6).

Longer-term exposure to SAM (0.3 — 1 mM for 72 hours) became cytotoxic in both cell
lines (HCT116 and NCM356); this was evidenced by a significant suppression of
mitochondrial respiration and cellular ATP content and a concomitant increase in LDH
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release (Figure 7). These effects tended to be more pronounced in HCT116 cells than in
NCM356 cells. The lowest concentration of SAM used (0.1 mM) caused a slight
suppression of cell respiration and viability in the HCT116 cells, but not in the NCM356
cells (Figure 7).

Modulation of the pharmacological effects of SAM on cellular bioenergetics after CBS

silencing

Stable silencing of CBS by a lentiviral vector attenuated the stimulatory effect of
intermediate concentrations of SAM on HCT116 bioenergetics. The highest concentration of
SAM tested (3 mM) inhibited cellular bioenergetics both in sham-silenced and CBS-silenced
HCT116 cells (Figure 8).

Effect of SAM on CBS expression in HCT116 and NCM356 cells

We have also tested whether exposure of the cells to SAM affects the expression of CBS at
72 hours of incubation. The results demonstrated that the expression of CBS in HCT116
cells is attenuated at highest concentrations used (1 and 3 mM) (Figure 1). SAM also
induced CBS downregulation in the NCM356 cells (Figure 1).

Discussion

The main findings of the current study can be summarized as follows: (a) Using in vitro
assays and human recombinant CBS, SAM markedly enhances H,S production, especially
when a combination of cysteine and homocysteine are used as substrates; (b) Addition of
SAM (0.1 -1 mM) to HCT116 cells (a human colon cancer cell line, which exhibit high
expression levels of CBS) concentration-dependently stimulates H,S production, but
induces bell-shaped functional responses: lower concentrations and shorter incubation times
stimulate proliferation, while higher concentrations/longer times inhibit it; (c) A similar,
biphasic, concentration and time-dependent effect can also be observed on the bioenergetic
responses of HCT116 cells; (d) Lower concentrations/shorter exposures to SAM stimulate
the viability/energetics of HCT116 cells (e) Long-term incubation of the cells with SAM
causes decreases the viability of HCT116 cells; (f) The stimulatory, but not the inhibitory
effects of SAM are attenuated by CBS inhibition/CBS silencing; (g) The stimulatory effects
of SAM on proliferation and bioenergetics are smaller in NCM356 cells (which express low
levels of CBS) than in HCT116 cells. However the proliferation-inhibiting and cytotoxic
effects of higher concentrations/longer exposures of SAM are comparable in NCM356 cells
and in HCT116 cells; (h) Long-term incubation of the cells with SAM causes a
downregulation of CBS both in HCT116 and NCM356 cells.

S-adenosyl-L-methionine (SAM, also termed AdoMet or AdoMetionine) was originally
identified as a key intracellular regulator, an essential substrate facilitating the transfer of
methyl groups (an effector of “transmethylation™). It is synthesized from methionine and
ATP by methionine adenosyltransferase. Proteins, lipids and nucleic acids can all accept
methyl groups from SAM. As reviewed by Lu and Mato [30], SAM serves important
physiological roles as a broad regulator of cellular functions, especially in cell division, cell
death, transcription, genetic stability, oxidant/antioxidant balance and polyamine
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homeostasis. It is also used therapeutically in humans as a nutritional supplement, and in
some countries as a drug or nutraceutical agent for a variety of diseases ranging from
osteoarthritis to liver injury [31-33].

In addition to regulating transmethylation reactions, SAM plays important roles in
regulating transsulfuration reactions. Transsulfuration is traditionally viewed as a series of
reactions whereby homocysteine is converted to cysteine (the rate-limiting precursor for
GSH synthesis) via a two-step enzymatic process catalyzed by CBS and cystathionine vy-
lyase (CSE). These two enzymes are now recognized as key contributors to the biosynthesis
of H,S via a series of additional reactions that are collectively termed ‘alternative
transsulfyration pathways’ [34—-36]. SAM is a typical allosteric enzyme activator, that binds
to the regulatory domain of CBS, which contains a hydrophobic tandem repeat of “CBS
domains,” which is a secondary structure motif that is known to bind various adenine
nucleotides and is believed to play a role in energy sensing. Upon binding, CBS undergoes a
conformational change, resulting in a more open state of the active site of the enzyme,
including a more accessible form of its prosthetic group, PLP, resulting in a 2-3 fold
increase in its catalytic reaction velocity [23,25,37,38]. The relative contribution of CSE and
CBS-mediated reactions to cellular H,S production, and the modulation of these reactions
by SAM has been characterized by Banerjee and colleagues [35]. One of the conclusions of
their study was that CBS contributes to cellular H,S generation primarily when it is
sufficiently activated by SAM. The same authors have also noted that CBS produces much
higher levels of H,S from cysteine+homocysteine than from cysteine alone [35]. These
findings are in agreement with our current results (Figure 2a) showing that in the presence of
cysteine+homocysteine both basal, and SAM-stimulated H,S production by human
recombinant CBS is markedly higher than in the presence of cysteine alone. Although we
have not conducted in vivo experiments with SAM, it is noteworthy that Jensen and
colleagues have observed [39] in mice that ethionine (2-amino-4-(ethylthio)butyric acid, a
methionine analog, which is converted to SAM in vivo [40]) induces a 3-fold increase in
circulating H»S levels. These findings confirm the in vivo relevance of the activation of CBS
by SAM, but also suggest that, even though cells contain substantial physiological amounts
of SAM, CBS is not fully activated in vivo under physiological conditions.

The functional CBS enzyme is a tetramer of identical 60kDa units [38]. However, it can
undergo proteolytic truncation to yield a 45kDa active form [41,42]. The 45kDa form is
“hyperactive”, but cannot be further activated by SAM [42]. In addition to the predominant
60kDa form, we have found a smaller 45-kDa band in our cell homogenates (both in
HCT116 and NCM356 cells) (Figure 1). Hence, our findings - also in line with data from
Jensen and colleagues [39] reporting that native, cell-based CBS is more responsive to SAM
than recombinant CBS - predicted that the cell types used in the present study remain
functionally responsive to SAM. Therefore, after confirming the in vitro effect of SAM on
H,S production by CBS, we proceeded to test the effect of SAM in colon cancer cells on
two selected H,S-dependent cellular responses: cell proliferation and cellular bioenergetics.

With respect to cell proliferation, several lines of previous studies have already
demonstrated that addition of exogenous H,S donors, or increasing endogenous HyS
production by incubating the cells with substrates of H,S-producing enzymes can increase
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cell division and proliferation [2,13,43-46]. With respect to bioenergetics, several sets of
studies demonstrated that addition of exogenous H»S donors, or increasing endogenous H,S
production can increase mitochondrial function and cellular bioenergetics, in part via direct
electron donation, and in part via inhibition of mitochondrial phosphodiesterases [10-13,47].
Given the bell-shaped pharmacological character of H,S in many biological processes
(where low concentrations can be proliferative, antioxidant, cytoprotective and stimulatory
on bioenergetics, while high concentrations can be antiproliferative, pro-oxidant, cytotoxic
and inhibitory on bioenergetics) (reviewed in [48]), we hypothesized that a lower-level,
optimal degree activation of CBS-dependent H,S production will stimulate proliferation,
while higher levels of H,S may become inhibitory. Indeed, the results demonstrated the
same: SAM, at low concentrations (below 1 mM) and at earlier time points (0-12 hours)
tended to enhance proliferation in HCT116 cells, whereas higher concentrations (3 mM)
and/or longer incubation times (12—-24 hours) became inhibitory. The proliferation-
stimulating effects of SAM were more prominent in HCT116 cells (which show high
expression of CBS) than in NCM356 cells, which show low levels of CBS expression. This
latter observation, coupled with the findings that the stimulatory effects of SAM are reduced
in cells with CBS silencing or in the presence of the CBS inhibitor AOAA are consistent
with the hypothesis that a significant portion of the stimulatory proliferative and
bioenergetic effects of SAM seen in the current study are, in fact, related to intracellular
H,S, and its downstream effects. In this context, it is also noteworthy that earlier studies
found that intracellular SAM levels are highest during the proliferative phase of various cells
[49] while recent studies demonstrated that depletion of endogenous SAM levels leads to a
suppression of cell proliferation [50]. These findings are consistent with the hypothesis that
SAM, at low/endogenous levels serves as a pro-proliferative, rather than antiproliferative
molecule. However, the suppression of cell viability noted with long-term/higher
concentrations of SAM (both in NCM356 and HCT116 cells) indicates that SAM also exerts
cytotoxic effects in colon cancer cells via mechanisms unrelated to its CBS activating effect.
In fact, SAM is known to regulate a variety of reactions in the cell, including the formation
of powerful oxidizing agents (i.e. 5’-deoxyadenosyl radicals), the regulation of intracellular
polyamine levels as well as the expression of a multitude of proteins, etc. [30,51]. These
processes, directly or indirectly, may all contribute to processes that lead to a loss of cell
viability in the presence of high concentrations of SAM. Some of these effects may also be
responsible for the downregulation of CBS observed after long-term exposure to SAM.

SAM has been previously implicated as a negative regulator of tumor cell proliferation by
affecting a variety of pathways including DNA methylation and polyamine biosynthesis
[52-56]. What relevance, if any, do the current findings have to the anticancer effects of
SAM? First of all, based on several sets of emerging data discussed in the Introduction
section, endogenously produced CBS emerges as an endogenous tumor cell bioenergetic and
tumor cell proliferation-producing factor. However, as mentioned above, we also know that
elevation of cellular H,S levels beyond a certain level can turn into adverse (growth-
inhibitory, cytotoxic) responses. Based on our in vitro findings - which, of course, represent
a simple reductionist model of tumor biology - we conclude that low concentrations/short
exposures to SAM, via stimulation of cellular H,S production, may not have antitumor
effects (or, paradoxically, they may even be stimulatory for tumor cell growth and
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energetics), while longer exposures/higher concentrations may be, indeed of antitumor
potential.

The current concentrations of SAM where the inhibition of proliferation of HCT116 cells
was noted (1-3 mM), in fact, are comparable with the concentration range of SAM used in
prior studies: the antiproliferative effects were typically reported at 1-10 mM [54,56]. When
designing the experiments shown in the current report, one of the questions we wished to
determine was whether that the antiproliferative effects of SAM are related to an ‘over-
stimulation’ of CBS, followed by an elevation of intracellular H,S to cytotoxic levels.
However, several findings speak against this possibility. (a) In CBS silenced cells the SAM-
induced suppression of the proliferation is maintained. (b) Long-term exposure to SAM
indiscriminately suppresses the proliferation and bioenergetics of both the high-CBS-
expressing HCT116 cells and the low-CBS-expressing NCM356 cells (b). Long-term
exposure to SAM results in a comparable degree of CBS downregulation in both cell types
studied. The above findings are more consistent with the conclusion that the long-term
growth inhibitory/antitumor effects of SAM involve CBS-independent mechanisms, as
opposed to our original working model consisting of the ‘SAM-mediated CBS/H»S
‘overstimulation’. Because the inhibitory effects of SAM on proliferation and bioenergetics
are not specific to HCT116 cells, and do not depend on CBS, we speculate that the
specificity of SAM as an anticancer agent may be limited.
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Figure 1. CBS is highly expressed in colon cancer cells and is downregulated by SAM
Representative Western blot analysis of CBS expression in cultured NCM356 (left lanes)

and HCT116 (right lanes) cells. Please note the high level of expression of a native (65 kDa)
band and lower level of expression of an additional, lower intensity band at 45 kDa. The
Western blot analysis was done at 72 hours after culturing in the presence of either vehicle
or the indicated concentrations of SAM. A blot representative of three independent

determinations is shown.
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Figure 2. SAM significantly enhances the activity of CBS in vitro.
(A) The effect of SAM (1 mM) is shown on H,S production by the recombinant human CBS

enzyme, as detected by the methylene blue method, in the presence of either L-cysteine (10
mM) or the combination of L-cysteine (10 mM) and L-homocysteine (0.5 mM). Data
represent mean=SEM of n=3 experiments; **p<0.01 shows a significant enhancement of
H>,S production by SAM. (B) The effect of SAM (0.1-3 mM) is shown on H,S production
in HCT116 cell homogenates, as detected by a fluorescent H,S method, in the presence of
the combination of L-cysteine (10 mM) and L-homocysteine (0.5 mM). Data represent mean
+SEM of n=3 experiments; **p<0.01 shows a significant enhancement of H,S production
by SAM.
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Figure 3. Visualization of the SAM-mediated increase in H»S production in HCT116 and
NCM356 cells
Cells were treated with SAM (3 mM) in the absence or presence of AOAA (1 mM) for 1

hour and intracellular H,S was detected using the AzMC fluorescent probe. Note the
increase in H,S signal in response to SAM treatment, and the inhibition of both basal and
SAM-stimulated H,S production by AOAA. The figures shown are representative of three
independent experiments that were run in duplicates for each end-point.
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Figure 4. Dual effect of SAM on the proliferation of colon cancer cells (HCT116) and normal
mucosa cells (NCM356)

Colon cancer cell proliferation was monitored over a period of 24 hours (A and B). Results
are also expressed as the area under the curve of the Cell Index (CI) over time (C and D).
Short-time exposure (12 hours) to SAM (0.1-1 mM) significantly increased HCT116 cell
proliferation rate in a concentration-dependent manner, but tended to decline as the
concentration of SAM was further increased to 3 mM (A and C) (*p<0.05 vs corresponding
vehicle). The stimulatory effect of SAM on HCT116 cell proliferation was abolished by
AOAA (1 mM) (B and C). Long-term exposure (12 to 24 hours) of HCT 116 cells to
relatively high concentrations of SAM caused a drop of the CI values, indicating inhibition
of cell proliferation/cell death (#p<0.05 vs corresponding vehicle). Please also note that
AOAA treatment reduced the basal HCT116 cell proliferation (C and D). NCM356 cells
(which express relatively low CBS protein levels) grow at considerably slower rate
compared to the HCT116 cells, showing almost no growth when seeded at the density of
30,000 cells/ml. A cell titration experiment (E) confirmed that the CI values depend on the
density of the cell monolayer. The density of 100,000 cells/ml was then selected for further
testing. Addition of SAM had no significant effect on NCM356 cell proliferation in the early
phase (0-12 hours) indicating that the stimulatory effect of SAM is preferential for colon
cancer cells which express high CBS levels (F and G). On the other hand, longer time
exposure to SAM induced a concentration-dependent decrease in NCM356 cell proliferation
(E) (#p<0.05 vsvehicle). Data represent mean+SEM of at least n=4.
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Figure 5. Stable silencing of CBS in HCT116 cells abolishes the stimulatory effect of SAM on cell
proliferation
The effect of SAM on cell proliferation (0-24h) is shown in sham-silenced (shCTL) and

CBS-silenced (shCBS) HCT116 cells in the presence of vehicle or low (0.3 mM),
intermediate (1 mM) and high (3 mM) concentrations of SAM. (A and B). Results were also
expressed as the area under the curve Cl/time (C and D). *p<0.05 indicates significant
stimulatory effects of low concentration of SAM (0.3 mM) on proliferation in non-targeted
cells while #p<0.05 indicates significant inhibitory effect of long-term exposure to a high
concentration of SAM (3 mM) on proliferation. Please note that shCBS cells proliferate
slower than sham-silenced cells, and their proliferation rate is largely unaffected by SAM.
Data represent mean+SEM of n=6.
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Figure 6. Short-term exposure to SAM stimulates mitochondrial bioenergetics in HCT116 cells
Extracellular Flux Analysis experiments assessing the effect of acute (1 h) exposure of (A)

NCM356 or (B) HCT116 cells to SAM (0.1-3 mM). Panel (C) shows the mean+SEM of the
increment in the FCCP-induced OCR in both cell types; #p<0.05 indicates significant
differences between the responses of the NCM356 and the HCT116 cells. Data represent
mean+SEM of n=9.
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Figure 7. Long-term exposure to SAM suppresses oxygen consumption and cell viability, both in
HCT116 and NCM356 cells
Data represent the effect of 72 hours of incubation with SAM (0.1, 0.3 or 1 mM) on various

parameters of cell respiration (A—C), LDH release, an index of cell death (D) and cellular
ATP content (E). *,** indicates significant effects of SAM in NCM356 cells (p<0.05 and
p<0.01, respectively), while ### indicates significant effects of SAM in HCT116 cells
(p<0.05 and p<0.01, respectively). Data represent mean+SEM of n=9.
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Figure 8. Stable silencing of CBS in HCT116 cells abolishes the short-term stimulatory effect of

SAM on cellular bioenergetics

Oxygen consumption rate responses are shown in sham-silenced and CBS-silenced HCT116
cells in the presence of vehicle, and low (0.3 mM) and high (3 mM) concentrations of SAM
at 1 hour. *p<0.05 indicates significant stimulatory effects of low concentration of SAM
(0.3 mM) on cellular bioenergetics in wild-type cells, while ### indicates significant
inhibitory effect of SAM (0.3, 3 mM) on bioenergetics in cells with stable CBS silencing
(p<0.05 and p<0.01, respectively). Please note that SAM no longer induces an increase in
bioenergetics in shCBS cells. Data represent mean+SEM of n=9.
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