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A B S T R A C T   

Ulcerative colitis (UC) is characterized by widespread relapsing inflammation of the colonic mucosa. Colitis- 
associated cancer (CAC) is one of the most serious complications of a prolonged history of UC. Hydrogen sul
fide (H2S) has emerged as an important physiological mediator of gastrointestinal homeostasis, limiting mucosal 
inflammation and promoting tissue healing in response to injury. Inhibition of cystathionine-γ-lyase (CSE)- 
dependent H2S production in animal models of UC has been shown to exacerbate colitis and delay tissue repair. It 
is unknown whether CSE plays a role in CAC, or the downregulation of CSE expression and/or activity promotes 
CAC development. 

In humans, we observed a significant decrease in CSE expression in colonic biopsies from patients with UC. Using 
the dextran sodium sulfate (DSS) model of epithelium injury-induced colitis and global CSE KO mouse strain, we 
demonstrated that CSE is critical in limiting mucosal inflammation and stimulating epithelial cell proliferation in 
response to injury. In vitro studies showed that CSE activity stimulates epithelial cell proliferation, basal and 
cytokine-stimulated cell migration, as well as cytokine regulation of transepithelial permeability. In the azoxy
methane (AOM)/DSS model of CAC, the loss of CSE expression accelerated both the development and progression of 
CAC. The increased tumor multiplicity and severity of CAC observed in CSE-KO mice were associated with reduced 
levels of mucosal IL-10 expression and increased levels of IL-6. Restoring CSE expression in bone marrow (BM) cells 
of CSE-KO mice through reciprocal BM transplantation raised mucosal IL-10 expression, decreased IL-6 level, and 
reduced the number of aberrant crypt foci and tumors in AOM/DSS-treated mice. 

These studies demonstrate that CSE expression in BM cells plays a critical role in suppressing CAC in mice. 
Furthermore, the data suggest that the inhibitory effects of CSE on the development of CAC are due, in part, to 
the modulation of mucosal pro-and anti-inflammatory cytokine expression.  
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1. Introduction 

Colon cancer is one of the most severe complications of chronic in
flammatory bowel diseases (IBD), particularly in long-duration ulcera
tive colitis (UC). The cumulative probability of developing colitis- 
associated cancer (CAC) ranges from 2% for patients with a 10-year 
history of UC to 18% for those with symptoms for 30 years or more 
[1]. The incidence is four to ten times greater than sporadic colon 
cancer, and the average age of onset is 20 years earlier [2–4]. Once 
formed, CAC often progresses rapidly and is resistant to most current 
therapeutic regimens, resulting in high mortality [5]. Addressing this 
significant health challenge with novel treatment strategies requires a 
better understanding of the basic cellular and molecular mechanisms 
mediating CAC development. 

It is well-known that chronic inflammation predisposes one to the 
development of cancer [6,7]. In inflammatory bowel diseases (IBD), 
such as UC, repetitive cycles of acute inflammation coupled with 
insufficient resolution, create a pro-neoplastic milieu characterized by 
excessive tissue damage, dysregulated healing, and abnormal epithelial 
cell proliferation, suggesting that CAC arises from a failure of the normal 
physiological mechanisms mediating intestinal immune homeostasis 
and tissue repair [8]. 

The gasotransmitter hydrogen sulfide (H2S), has emerged as an 
important mediator of gastrointestinal (GI) homeostasis, functioning to 
limit mucosal inflammation and promote healing in response to 
epithelial injury [9–16]. A major source of endogenous H2S in 
mammalian cells is the transsulfuration pathway (TSP) enzymes: cys
tathionine-β-synthase (CBS) and cystathionine-γ-lyase (CSE). CBS is the 
rate-limiting enzyme in the TSP, converting homocysteine, derived from 
the methionine cycle, to cystathionine, which in turn, is converted to 
L-cysteine by CSE. Both, pyridoxal 5′-phosphate (vitamin B6)-dependent 
enzymes use L-cysteine and other TSP intermediates as substrates to 
produce H2S through various elimination and condensation reactions 
[17,18]. 

Experimental animal models have revealed a critical role for TSP 
enzymes and H2S in reestablishing gastrointestinal mucosal integrity 
following an inflammatory insult [19–23]. Wallace et al. reported a 
significant increase in H2S production in rat colon tissue homogenates 
after initiating hapten-induced acute colitis with trinitrobenzene sul
fonic acid (TNBS) [23]. Hirata et al. showed a time-dependent induction 

of colonic H2S production, as well as increased expression of both CSE 
and CBS mRNA following dextran sodium sulfate (DSS)-induced acute 
mucosal injury [21]. Moreover, Flannigan et al. reported increased 
levels of H2S production specifically at sites of mucosal ulcerations in a 
rat model of chronic dinitrobenzene sulfonic acid (DNBS)-induced co
litis [20]. Importantly, inhibiting the induction of TSP-dependent H2S 
production in these experimental models with enzyme-selective phar
macological inhibitors, vitamin B6 deficient diet, or targeted TSP 
enzyme deletion exacerbated the clinical and histological indices of 
colitis, increased plasma homocysteine levels (i.e., hyper
homocysteinemia), and delayed mucosal healing [19–23], suggesting 
that downregulation of TSP activity could lead to a chronic inflamma
tory state, and thus, an increased risk of CAC. 

This supposition is supported, in part, by human clinical studies 
showing that patients with IBD are more likely to have hyper
homocysteinemia [24–28]. Approximately 28% of IBD patients showed 
increased plasma level of homocysteine compared to 3–10% of patients 
without IBD. In a meta-analysis of 28 clinical studies, Oussalah et al. 
determined that the risk of hyperhomocysteinemia was significantly 
higher in patients with IBD than in the general population (odds ratio =
4.65, 95% Cl, 3.04–7.09; p < 0.0001) [25]. Additionally, Chen et al. 
have recently documented significantly lower levels of CBS protein 
expression in surgically resected colon specimens from UC patients, 
compared to biopsies of histologically normal colon mucosal, suggesting 
downregulation of TPS activity in these patients [29]. Finally, hyper
homocysteinemia is also associated with an increased risk of developing 
both adenomatous polyps and CRC [30,31]. Together these studies 
suggest a potential mechanistic link between downregulated TSP ac
tivity, chronic inflammation, and colon carcinogenesis. 

This study aimed to determine whether decreased TSP activity, 
specifically loss of CSE, could alter the pathogenesis of experimental 
CAC. Using the mutagen azoxymethane (AOM) in combination with the 
DSS model of injury-induced colitis in mice, we demonstrate that loss of 
CSE expression in bone marrow (BM)-derived cells, alters the balance of 
mucosal IL-6 and IL-10 expression and accelerates the development and 
progression of CAC. Using a normal human colonic epithelial cell line, 
we show that CSE activity and H2S regulate key cellular processes 
involved in both colonic epithelium restitution and proliferation, pro
cesses critical for the normal tissue repair and maintenance of mucosa 
integrity. Together our findings suggest that CAC may result from a 
failure of the normal physiological mechanisms mediating intestinal 
immune homeostasis and tissue repair regulated by CSE and H2S. 

2. Materials and methods 

Chemicals. The H2S donor GYY4137 (GYY), DL-propargylglycine 
(PAG), azoxymethane (AOM), hydrocortisone, insulin, transferrin, L- 
cysteine, pyridoxal phosphate (PLP), bovine serum albumin (BSA), and 
sodium selenite were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Dextran sulfate sodium salt (DSS) MW ca 40,000 was purchased from 
Alfa Aesar (Haverhill, MA, USA). 

Human Tissue. Colon mucosal samples were obtained from patient 
biopsies and discarded tissue from colorectal resections in compliance 
with protocols approved by the University of Texas Medical Branch 
Institutional Review Board (IRB). Vulnerable populations (e.g., age less 
than 18) were not included in the study. 

Mice. The CSE gene knockout (CSE-KO) mouse is an inbred strain 
(C57BL/J6; 129SvEv) developed by Dr. Rui Wang. The gene deletion 
was achieved by replacing 5.5 kb of exons 1–3 with a 1.8 kb neomycin 
resistance gene cassette, as previously described [32]. The CSE deficient 
mice exhibited increased plasma levels of homocysteine and reduced 
levels of cysteine and H2S compared to WT animals. The CSE-KO and 
B6129F2 hybrid wild-type (WT) control mice (Jackson Laboratory, Bar 
Harbor, ME, USA) were co-housed in a non-sterile, temper
ature-controlled environment under a 12-h day/night light cycle and 
maintained on a diet of standard rodent chow and regular drinking 

Abbreviations: 

ACF Aberrant Crypt Foci 
AOM azoxymethane 
BM Bone Marrow 
CAC Colitis-Associated Cancer 
CRC Colorectal Cancer 
CBS Cystathionine-β-synthase 
CSE Cystathionine-γ-lyase 
DSS Dextran Sulfate Sodium salt 
GI Gastrointestinal 
HCEC Human Colon Epithelial Cell 
H2S Hydrogen Sulfide 
IBD Inflammatory Bowel Disease 
KO Knock-out 
PAG DL-propargylglycine 
TEER Trans-Epithelial Electrical Resistance 
TNBS Trinitrobenzene Sulfonic Acid 
TSP Transsulfuration Pathway 
UC Ulcerative Colitis  

K.K. Thanki et al.                                                                                                                                                                                                                               



Redox Biology 55 (2022) 102417

3

water ad libitum. All experiments were performed under an Institutional 
Animal Care and Use Committee (IACUC) approved protocols at the 
University of Texas Medical Branch. 

Human Colon Epithelial Cell Line. The human colon epithelial cell 
(HCEC) line was provided by Dr. Jerry Shay, University of Texas 
Southwestern, Dallas, TX. The HCECs were derived from a histologically 
normal colonic tissue biopsied from a patient undergoing routine colo
noscopy screening. The cells were immortalized with ectopic expression 
of cyclin-dependent kinase 4 (CDK4) and human telomerase reverse 
transcriptase (hTERT) [33]. To maintain a stable normal karyotype (i.e., 
46, XY), HCECs were continuously cultured in Primaria flasks (BD Bio
sciences, San Jose, CA, USA) in high-glucose Dulbecco’s Modified Eagle 
Media (DMEM, Sigma-Aldrich) supplemented with 2% Cosmic Calf 
Serum (Hyclone, GE Healthcare Bio-Sciences, Pittsburg, PA, USA), EGF 
(25 ng/ml) (PeproTech Inc, Rocky Hill, NJ, USA) hydrocortisone (1 
μg/ml), insulin (10 μg/ml), transferrin (2 μg/ml), sodium selenite (5 
nM), gentamicin sulfate (50 μg/ml) (Gemini Bio-Products, West Sacra
mento, CA, USA), and under a humidified atmosphere of 2% oxygen/5% 
carbon dioxide at 37 ◦C. 

Acute Colitis Model. To induce acute experimental colitis, we used 
DSS, a chemical colitogen that causes inflammation by disrupting the 
colonic epithelium barrier allowing luminal bacteria and associated 
antigens to penetrate the underlying tissue [34]. CSE-KO and WT mice 
[matched for age (10–12 weeks) and sex] were given 2% (w/v) DSS in 
their drinking water for 7 days. To inhibit CSE activity in WT mice, 
animals were injected daily with PAG (10 mg/kg, 100 μL IP) or the 
equivalent volume of sterile PBS. On day 8, mice were anesthetized with 
ketamine/xylazine [80 mg/kg/10 mg/kg, intraperitoneal (IP) injec
tion], euthanized by cervical dislocation, and tissues collected for 
analyses. 

Colitis-associated Cancer (CAC) Model. To induce CAC, we treated 
mice with a combination of azoxymethane (AOM) and DSS. AOM is a 
carcinogen that causes O6-methylguanine adducts in DNA, leading to 
G→A transitions and tumorigenesis in the distal colon of experimental 
animals. On Day 0, all mice received a single IP injection of AOM [10 
mg/kg in phosphate buffered saline (PBS)] and were then separated into 
age- and sex-matched groups of 10 mice each to receive 1, 2, or 3 cycles 
of DSS-induced colitis. Each cycle of colitis involved 7 days of exposure 
to DSS (2%, w/v) dissolved in the drinking water, followed by 14 days of 
regular water. On Day 21, 42, 63, and 80 colons were collected for 
analyses. 

Tissue Processing. The colons were cut open longitudinally, spread 
out on a glass slide to reveal the mucosal surface, washed with PBS and 
photographed with a high-definition camera. For colons harvested on 
days 42, 63, and 80, tumors were identified at 4× magnification using a 
dissection microscope. For colons collected on day 21, the tissue was 
fixed in 10% formalin (24 h), transferred to 70% ethanol, and stained 
with 0.05% methylene blue dye. After flattening the tissue between a 
slide and glass coverslip, aberrant crypt foci (ACF) and/or microscopic 
tumors were counted at 200X and 40× magnification, respectively. The 
percentage of tumor area per colon (i.e., tumor burden) was calculated 
using the formula: [(sum of the area of all individual tumors ÷ total area 
of the colon) x 100]. Areas were measured using ImageJ software [35]. 
Colon tissues were also prepared for histological inflammation scoring 
and immunohistochemical analyses using the Swiss roll technique [36]. 
Finally, tissue protein homogenates and total RNA extracts were pre
pared from colon mucosal scrapings, snap-frozen in liquid nitrogen, and 
used either for TPS enzyme activity assays (i.e., H2S production), 
Western blotting or Reverse Transcription-quantitative Polymerase 
Chain Reaction (RT-qRCR) assays. 

Inflammatory Score. Formalin-fixed paraffin-embedded colon Swiss 
rolls were sectioned (5 μm), deparaffinized in three changes of xylene for 
5 min each, rehydrated, and stained with hematoxylin and eosin (H&E). 
The H&E-stained tissue sections were examined in their entirety under 
low (40X) and high (100X & 200×) magnifications and scored for 
inflammation using a five-category, nine-point system modified from 

Geboes et al., 2000 [37]. Scoring was performed independently by 3 
investigators (K⋅K.T, P.J, I⋅V⋅P) blinded to the identity of the groups. 

H2S Measurements. H2S levels were determined using 7-azido-4- 
methylcoumarin (AzMC), a fluorescent probe (Adipogen-Chemodex, 
San Diego, CA). Colonic mucosal scrapings or cell pellets were lysed in a 
solution containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 
and supplemented with protease and phosphatase inhibitors. Protein 
concentrations of lysates were determined with Pierce BCA Protein 
Assay reagents. To measure enzyme-produced H2S, protein extracts 
(200 μg/ml) were incubated with L-cysteine (10 mM), PLP (0.005 mM), 
and AzMC (0.01 mM) at 37 ◦C for 1 h. The fluorescence signal was 
measured using a SpectraMax M2 (Molecular Devices, San Jose, CA, 
USA) microplate reader (excitation λ = 365, emission λ = 450 nm). 

Proliferation Assay. HCECs were plated in 6 well plates (104 cells/ 
well) and incubated at 37 ◦C for 12, 24, 48, 72, or 96 h. Cell number was 
assessed at each time point using a Z-Series Coulter Cell Counter 
(Beckman-Coulter Biotechnology, Brea, CA, USA), as previously 
described [38]. CSE enzyme activity was inhibited by treating cultures 
every second day with PAG dissolved in PBS. Control cultures were 
treated on the same schedule with an equivalent volume of PBS 
(vehicle). 

Migration Assay. HCECs suspended in DMEM containing 0.1% 
bovine serum albumin (BSA) were seeded (105 cells/well) into the upper 
chambers of 8-μm transwells (Corning, Tewksbury, MA). The bottom 
chambers contained 0.6 ml of NIH3T3 fibroblast-conditioned medium. 
For cytokine-stimulated migration experiments, the cytokine (i.e., TNF- 
α or IL-10) was added at the same final concentration to both the top and 
bottom chambers of the transwell. Cell migration was quantified 
following incubation periods of 6, 12, or 18 h at 37 ◦C (5% CO2). Cells 
that migrated through the transwell membrane were fixed with meth
anol and then stained with 0.1% crystal violet [38]. Stained cells were 
counted in a minimum of five non-overlapping fields at 200× magnifi
cation for each transwell insert by 4 investigators (K⋅K.T, C. Philips, E.J. 
H, S.D.) blinded to the identity of the groups. 

Measurement of Trans-Epithelial Electrical Resistance (TEER). 
HCECs were grown in 24-well ThinCert™ transwell plates (Greiner Bio- 
One, Monroe, NC, USA), coated with type 1 collagen for 6 days or until 
the TEER measurements reached ~400 Ohms (Ω). Cultures were pre
treated for 2 h with PAG (3 mM) followed by TNF-α (1 or 10 ng/ml) or 
sterile PBS (vehicle control). TEER was measured using an EVOM2™ 
Voltohmmeter (World Precision Instruments, Sarasota, FL, USA) every 2 
h for the first 10 h and then at 18 and 24 h after the addition of TNF-α. 

Immunohistochemical Staining. Formalin-fixed paraffin-embedded 
colon sections (5 μm) were deparaffinized in xylene and rehydrated 
through a step-gradient of ethanol solutions. Antigen retrieval was 
performed by incubating the sections in 0.01 M citrate buffer (pH 6.0) 
for 20 min at 98 ◦C, followed by 20 min at room temperature (RT) in the 
same solution. Endogenous peroxidase activity was inhibited with 3% 
H2O2 (in deionized water) at RT for 15 min. For Ki67 staining, tissue 
sections were blocked for 10 min with Background Sniper (Biocare 
Medical, Pacheco, CA, USA), incubated with rat monoclonal Ki67 anti
body (1:250 dilution, eBioscience, San Diego, CA, USA) overnight at 
4 ◦C, followed by a goat anti-rat (Invitrogen, Carlsbad, CA, USA) sec
ondary antibody for 1 h at RT. For CSE immunostaining, tissue sections 
were blocked for 30 min with 5% goat serum (Vector Laboratories, 
Burlingame, CA, USA), incubated with rabbit polyclonal CSE antibody 
(1:150 dilution, Proteintech, Rosemont, IL, USA) for 1 h at RT, and then 
a goat anti-rabbit (Vector Laboratories) secondary antibody for 1 h at 
RT. The non-specific background binding of each primary antibody was 
determined by immunostaining a serially cut tissue section with an 
isotype-matched immunoglobulin control at the same dilution as the 
primary antibody. Immunostaining was detected with 3,3′-dia
minobenzidine (DAB). Images were captured using an Olympus BX51 
microscope following dehydration of the stained sections through a step- 
gradient of ethanol solutions and finally, xylene. 

Western Blotting. Protein extracts for immunoblots were prepared 

K.K. Thanki et al.                                                                                                                                                                                                                               



Redox Biology 55 (2022) 102417

4

by homogenizing mucosal scrapings (1 mg wet weight tissue per ml) or 
cell pellets with either a Dounce glass-on-glass homogenizer (tissue) or a 
polypropylene pestle (cells) in a solution containing 50 mM Tris-HCl, pH 
8.0 and 1% NP-40 (v/v) supplemented with protease and phosphatase 
inhibitors (Protease and Phosphatase Inhibitor Mini Tablets, Thermo
Fisher). The protein concentrations of samples were quantified using the 
Pierce BCA Protein Assay (ThermoFisher) and bovine serum albumin 
(BSA) as a standard. Proteins were resolved on 4–12% Bis-Tris gradient 
gels (Invitrogen) and transferred to PVDF membranes using a Pierce 
Power Blotter. Membranes were blocked with StartingBlock™ blocking 
buffer and then incubated overnight at 4 ◦C with a primary antibody 
either to CSE (Proteintech, Cat.# 12217-1-AP) or CBS (Proteintech, Cat. 
# 14787-1-AP). Membranes were washed three times with Tris-buffered 
saline containing 1% Tween detergent (TBST) and incubated for 1 h at 
RT with a horseradish peroxidase-conjugated secondary antibody. 
Enhanced chemiluminescent substrate (Thermo Fisher) was used to 
detect the signal in a camera-based chemiluminescence detection system 
(Alpha Innotech MultiImage II Alphaimager HP, ProteinSimple, San 
Jose, CA). Immunostaining for GAPDH or β-actin was used to normalize 
protein expression levels. Densitometry was performed using ImageJ 
software. 

Bone Marrow (BM) Transplant. Reciprocal BM cell transplants were 
performed between CSE-KO and WT mice. Bone marrow cells were 
isolated from the femurs and tibias of donor mice (age 5–7 weeks) and 
injected (2 × 106 in 100 μL) into the retroorbital sinus of recipient mice 
(age 10–12 weeks) exposed to a lethal dose of radiation (10 Gy) using a 
cesium (Cs-137) source. All recipient mice were pretreated with anti
biotics for 5 days prior to irradiation, kept in sterile cages, and given 
antibiotics for two weeks following exposure to irradiation. Colitis- 
associated carcinogenesis was induced as described above. Colon tis
sue was harvested on day 21 post AOM injection. This experiment was 
repeated 4 times. For each repeat, a set (n = 2) of control WT and CSE- 
KO mice were irradiated but not transplanted to ensure lethality of the 
radiation exposure. 

Reverse Transcription-quantitative Polymerase Chain Reaction (RT- 
qPCR) Assay. Total RNA was extracted from HCEC or colon mucosal 
scrapings using RNAqueous™ (Life Technologies) and quantified using a 
NanoDrop ND-1000. Quality was assessed by visualization of 18S and 28S 
RNA bands using an Agilent BioAnalyzer 2100; electropherograms were 
used to calculate the 28S/18S ratio and the RNA integrity number. Reverse 
transcription to cDNA was performed using the Applied Biosystems cDNA 
synthesis kit (Foster City, CA). The appropriate assays-on-demand™ gene 
expression FAM™ labeled primer/probe mix was purchased from Thermo 
Fisher Scientific. The following primer sequences were used to amplify 
human IL-6 (forward AGTGAGGAACAAGCCAGAGCTG and reverse 
GGCATTTGTGGTTGGGTCAG), mouse IL-6 (forward TAGTCCTTCC
TACCCCAATTTCC and reverse TTGGTCCTTAGCCACTCCTTC), human IL- 
10 (forward ACAAGAGCAAGGCCGTGG and reverse GAA
GATGTCAAACTCACTCATGGC), mouse IL-10 (forward GCTCTTACT
GACTGGCATGAG and reverse CGCAGCTCTAGGAGCATGTG) human CSE 
(forward − ATGTTGTAATGGGCCTGGTGTC and reverse AATCAA
TAGGAGATGGAACTGCTCC), and human TNF-α (forward 
TTCTCCTTCCTGATCGTGGC and reverse TGATTAGAGAGAGGTCCC- 
TGGG). FastStart Universal Probe Master mix (Roche Diagnostic USA, 
Indianapolis, IN) was used to prepare a PCR mix according to the manu
facturer’s instruction. The reactions were carried out in a 20 μL final vol
ume using a BioRad Q5 real-time PCR machine according to the following 
protocol: 2 min at 50 ◦C, 10 min at 95 ◦C (1 cycle) and 15 s at 95 ◦C and 1 
min at 60 ◦C (40 cycles). The threshold cycle (CT) value for each gene was 
normalized to a housekeeping gene (e.g., 18S RNA, GAPDH, β-actin or 
cyclophilin); relative expression levels were calculated using n-fold change 
= 2− ΔΔCT, where ΔΔCT = ΔCT (target sample) - ΔCT (control sample). 

Statistical Analyses. Statistical analyzes were performed using 
GraphPad Prism 9 (GraphPad Software, La Jolla, CA). Data are 
expressed as the mean ± standard error of mean (SEM) unless otherwise 
indicated. Normal distribution of data was determined using either the 

Shapiro-Wilk test or D’Agostino & Pearson test. To analyze normally 
distributed data, we used either an unpaired t-test (two-tailed), one-way 
ANOVA or 2-way ANOVA, with either Tukey or Šidák multiple com
parison post-hoc tests. For analyses of non-parametric data, we either 
used the Mann-Whitney test (two-tailed) or Kruskal-Wallis test, with 
Dunn’s multiple comparison post-hoc test. All in vitro experiments had a 
minimum of 3 technical repeats per condition and each experiment was 
independently repeated a minimum of 3 times. All animal experiments 
contained 10 mice per group and were repeated a minimum of 3 times. 

3. Results 

CSE expression is downregulated in human UC specimens. A 
growing body of clinical evidence suggests that TSP activity may be 
reduced in patients with IBD [24–29]. To expand on this emerging data, 
we assessed the relative expression levels of CSE and CBS in biopsy 
specimens from both healthy individuals undergoing routine screening 
colonoscopies and from patients with UC. We did not find a significant 
difference in CBS protein levels between UC specimens and histologi
cally normal colon tissue (Fig. 1A&B). However, we did detect re
ductions of both CSE mRNA (34% decrease, p < 0.05) (Fig. 1C) and 
protein levels (49% decrease, p < 0.005) in UC specimens relative to 
healthy control samples (Fig. 1D&E). Immunohistochemical staining of 
formalin-fixed paraffin-embedded tissues sections confirmed an overall 
lower level of CSE protein expression in the UC specimens (Fig. 1F&G) 
with reductions noted in both the colonic epithelial cells (Fig. 1G, EpCs) 
and within cells of the loose connective tissue of the mucosal lamina 
propria (Fig. 1G, LP). 

Effects of CSE gene deletion on DSS-induced colitis. Given the 
observation of reduced expression of CSE in human UC specimens, we 
used a mouse bearing a homozygous CSE gene deletion (CSE-KO) [32] to 
first confirm the function of CSE in acute colitis, and then to assess its 
role in chronic colitis-associated carcinogenesis. Western blotting 
confirmed no immunoreactive protein corresponding to CSE (~45 kDa) 
in protein homogenates from the colonic mucosa of CSE-KO mice, 
whereas it was readily detectable in the colons of WT mice (Fig. 2A). In 
contrast to our patient data, CBS protein levels were significantly higher 
in the colons of CSE-KO mice, compared to WT animals (Fig. 2A). The 
reason for increased CBS expression in CSE-KO mice is unknown. 
However, it may be a compensatory feedback response to the reduced 
CSE-mediated cysteine synthesis. Zhu et al. have recently reported that 
expression of both CBS and CSE are induced in cysteine deprived cells in 
culture through a mechanism involving the general control non
depressible 2 (GCN2) and activating transcription factor 4 (ATF4) 
signaling pathway [39]. 

We next evaluated how inhibition or loss of CSE affected the course 
of acute DSS-induced colitis. Both WT and CSE-KO mice showed a sig
nificant reduction in body weight following DSS treatment (Fig. 2B). 
Treatment with the CSE inhibitor PAG caused additional weight loss in 
DSS-treated WT mice compared to either untreated mice or animals 
treated with only DSS. The reduction in body weight of WT mice treated 
with both DSS and PAG was similar in scale to that of CSE-KO animals 
treated with DSS (i.e.,~15% weight reduction) (Fig. 2B). 

Loss of CSE prevents injury-induced increases in mucosal H2S 
production and exacerbates inflammation. Following 7 days of DSS- 
induced injury, WT mice exhibited an approximately 2-fold increase in 
mucosal H2S production compared to untreated animals (Fig. 2C, WT +
DSS vs. untreated WT; p < 0.0001), and the increase in H2S production 
was partially inhibited in mice simultaneously receiving DSS in their 
drinking water and PAG injections (Fig. 2C, WT + DSS + PAG vs. WT +
DSS; p < 0.0001). In contrast to the untreated WT mice, mucosal ho
mogenates from untreated CSE-KO mice exhibited a significantly lower 
basal level of H2S synthesis (Fig. 2C, WT vs. CSE-KO; p = 0.0315), 
despite having a higher level of CBS expression (Fig. 2A) and failed to 
show induction of H2S production in response to DSS-induced injury 
(Fig. 2C). As expected, PAG had no effect on either basal or DSS-induced 
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colonic H2S production in CSE-KO animals (Fig. 2C). Together these 
findings confirm that CSE is an important source of injury-induced H2S 
production in the mouse colon. 

Consistent with an anti-inflammatory function for H2S, DSS-treated 
CSE-KO mice exhibited more severe mucosal inflammation than simi
larly treated WT mice (Fig. 2D, CSE-KO + DSS vs. WT + DSS, p =
0.0002). Furthermore, simultaneous treatment with DSS and a slow- 
release H2S donor [GYY4137 (GYY), 100 mg/kg, IP injection, daily] 
reduced colitis scores in both WT and CSE-KO mice (Fig. 2D, WT + DSS 
vs. WT + DSS + GYY; p = 0.0034, CSE-KO + DSS vs. CSE-KO + DSS +
GYY; p < 0.0001), corroborating previous studies showing that exoge
nous H2S donors can reduce the severity of acute inflammation [13,20]. 

Loss of CSE inhibits injury-induced epithelial cell proliferation. 
Colon epithelial cell proliferation was assessed by immunostaining 
formalin-fixed paraffin-embedded mouse tissue sections for the nuclear 
antigen Ki67 before and after a 7-day exposure to DSS drinking water. 
Colons from untreated WT and CSE-KO mice exhibited similar numbers 
of Ki67 positive epithelial cells per colonic crypt (Fig. 2E, WT Control vs. 
CSE-KO Control; p > 0.99). However, following DSS treatment, only WT 
mice showed a significant increase in the number of Ki67-positive 
epithelial cell nuclei per crypt when compared either to untreated WT 
animals (Fig. 2E, WT + DSS vs. WT Control; p = 0.0015) or DSS-treated 
CSE-KO mice (Fig. 2E&F, WT + DSS vs. CSE-KO + DSS; p = 0.0255), 
suggesting that CSE activity is necessary to promote colonic epithelial 

cell proliferation in response to injury in vivo. 
CSE promotes human colon epithelial cell (HCEC) proliferation in 

vitro. To examine whether CSE regulates cell proliferation in a cell- 
autonomous manner, we treated normal human colonic epithelial cells 
(HCECs) in culture with different concentrations of PAG (Fig. 3A) or 
transfected them with a siRNA targeting CSE (Fig. 3B). Treatment with 
PAG caused a dose-dependent decrease in the rate of HCEC proliferation 
when compared to vehicle (PBS)-treated control cultures (Fig. 3A). 
Similarly, transfection of HCEC with a CSE-targeting siRNA significantly 
slowed down cell proliferation by 72 h compared to cells transfected 
with a non-targeting (NT) control siRNA (Fig. 3B). 

CSE activity promotes both basal and cytokine stimulated HCEC 
migration. Tumor necrosing factor-α (TNF-α) and interleukin (IL)-10 
play important physiological roles in restoring mucosal integrity 
following injury, in part, by stimulating epithelium restitution; a two- 
step process involving the breakdown of inter-epithelial cell-to-cell 
junctional complexes and induction of a migratory phenotype to facili
tate wound closure [40–42]. Using transwell migration assays, we first 
assessed whether CSE activity and/or expression was required for basal 
chemotactic migration toward NIH3T3 fibroblast-conditioned culture 
medium. Pretreating the cells either with 1.5 mM or 3.0 mM PAG 
reduced HCEC migration toward the conditioned medium by an average 
of 41%, compared to PBS (vehicle)-treated control cultures (Fig. 4A). 
Similarly, transfecting HCECs with CSE-targeting siRNA sequences 

Fig. 1. Mucosal biopsy specimens from patients with ulcerative colitis (UC) show reduced CSE expression. A) Representative Western blot comparing CBS 
protein expression in colon mucosa biopsies from patients with ulcerative colitis (UC) and healthy individuals (Normal). B) Results of densitometric analysis of CBS 
expression in UC (n = 8) and normal (n = 8) mucosal specimens. C) Reverse Transcription-quantitative Polymerase Chain Reaction (RT-qPCR) assay comparing CSE 
mRNA levels in mucosal biopsies from normal and patients with UC. D) Representative Western blot comparing CSE protein levels in colon mucosa biopsies from 
healthy and UC patients. E) Results of densitometric analysis of CSE expression in UC (n = 14) and normal (n = 14) mucosal specimens. Statistical analyses of data in 
panels B, C, and E: D’Agostino & Pearson Normality test, Unpair t-test, two-tailed, error bars represent standard deviation, p values shown. F&G) Immunohisto
chemical staining for CSE protein (brown) using formalin-fixed paraffin-embedded tissue sections (5 μm thickness) from representative healthy and UC biopsy 
specimens. The sections were counterstained with hematoxylin (purple) to reveal tissue architecture. Non-specific antibody binding was determined by immuno
staining serial tissue sections with an isotype-matched rabbit immunoglobulin (IgG) at the same concentration (2 ng/μL) as the primary rabbit anti-CSE antibody. 
Images were taken at 40X (F) and 200× (G) magnification (EpCs: epithelial cells; LP: lamina propria). (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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significantly inhibited migration, compared to cells transfected with a 
NT siRNA (Fig. 4B). 

Next, to determine whether TNF-α and IL-10 regulate HCEC migra
tion in a CSE-dependent manner, cell cultures were first pretreated 
either with PBS (vehicle control) or PAG (3 mM) for 1 h, then 

disassociated and seeded into the top chambers of transwells with or 
without TNF-α (10 ng/ml) or IL-10 (1 ng/ml) and incubated for an 
additional 12 h. The bottom chamber of the transwell contained NIH3T3 
fibroblast-conditioned medium with or without the same concentrations 
of cytokine. TNF-α stimulated a 1.6-fold increase in HCEC migration 

Fig. 2. Loss of CSE expression exacerbates acute inflammation and reduces epithelial proliferation. A) Densitometric analyses of western blots comparing CSE 
and CBS protein levels in colonic mucosa scrapings from CSE-KO (n = 9) and WT (n = 9) mice. (D’Agostino & Pearson Normality test, Unpaired t-test, two-tailed, bars 
represent mean ± SD, p values shown). B) Effects of dextran sulfate sodium salt (DSS) exposure (7 days) and DL-progargylglycine (PAG) treatment on mouse body 
weight, and C) colonic mucosa H2S production. D) Effects of DSS and the exogenous H2S donor GYY4137 (GYY) on colon inflammation. Statistical analyses of data in 
panels B-D: Shapiro-Wilk Normality test, one-way ANOVA, Tukey multiple comparisons, p values shown. E) Quantification of Ki67-positive cell nuclei per colonic 
crypt from WT and CSE-KO mice following exposure to DSS drinking water for 7 days (Two-way ANOVA, Tukey multiple comparisons). F) Representative images of 
colon tissue sections from DSS-treated WT and DSS-treated CSE-KO mice immunostained for the proliferation antigen Ki67 (brown) (200× magnification). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. CSE regulates the proliferation of human colonic epithelial cells in culture. A) Dose-dependent inhibitory effects of PAG on Human Colon Epithelial Cell 
(HCEC) proliferation. B) Western blot showing effects of CSE-targeting siRNAs on protein expression at 72 and 96 h post siRNA transfection. C) Effect of siRNA- 
mediated downregulation of CSE on HCEC proliferation (siCSE-3 sense: 5-‘CUAUGUAUUCUGCAACAAATT-3’; antisense: 5′-UUUGUUGCAGAAUACAUAGAA-3′, 
Ambion Life Technologies, ThermoFisher Scientific, USA). Statistical analyses of data in panels A and B: Two-way ANOVA, Šídák’s multiple comparisons, p 
values shown. 
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toward fibroblast conditioned medium, compared to vehicle-treated 
control cultures (Fig. 4C). Pretreating cells with PAG inhibited both 
basal and TNF-α-stimulated HCEC migration (Fig. 4C). Similarly, IL-10 
treatment also enhanced HCEC migration toward the fibroblast- 
conditioned medium, an effect that was blocked by pretreating the 
cells with PAG (Fig. 4D). 

CSE activity is required for TNF-α regulation of transepithelial 
permeability. To assess the role of CSE in regulating inter-epithelial cell 
junctional complex permeability, monolayer cultures of HCECs were 
pretreated for 2 h with PAG or PBS (vehicle) and then stimulated with 
TNF-α (1 ng/ml and 10 ng/ml). Changes in transepithelial electrical 
resistance (TEER) were measured at 2-, 4-, 6-, 20-, and 24-h time-points 
(Fig. 4E). TNF-α (1 ng/ml) caused a significant decrease in TEER by 2 h, 
which persisted until the end of the experiment (Fig. 4E Vehicle vs. TNF- 
α; *p < 0.0001). Pretreating the cultures with PAG (3 mM) had no effect 
on TEER when compared to PBS-treated control cultures. However, PAG 
completely blocked the TNF-α-induced increase in trans-epithelial 
permeability (Fig. 4E), suggesting that TNF-α regulation of inter- 
epithelial junctional complexes requires CSE activity (i.e., CSE- 
dependent H2S production). Similar results were observed in cultured 
treated with 10 ng/ml TNF-α (data not shown). To test the effects of H2S 
on TEER, we treated HCEC monolayer with GYY (0.4 mM) alone and in 
combination with TNF-α. When used alone, GYY mimicked the effects of 
TNF-α, causing a significant increase in transepithelial permeability by 
2 h that persisted over the 24-h time course (Fig. 4E, Vehicle vs. GYY; *p 
< 0.0001). PAG pretreatment only partially inhibited the decrease in 
TEER induced by the H2S donor (Fig. 4E, PAG + GYY vs. GYY, †p <
0.01). Importantly, when GYY was combined with TNF-α, it prevented 
the inhibitory effects of PAG on TNF-α-regulated TEER (Fig. 4E, PAG +
TNF-α vs. PAG + TNF-α & GYY, ‡p < 0.0001), supporting the hypothesis 
that CSE-produced H2S mediates TNF-α regulation of transepithelial 
permeability in the colon. Together these studies validate, in vitro, that 
CSE activity and H2S regulate key cellular processes involved in both 

colonic epithelium restitution and proliferation; cellular processes were 
found to be critical to the normal repair and maintenance of mucosa 
integrity. 

Loss of CSE activity accelerates the development of CAC. Having 
confirmed the importance of CSE activity in regulating colonic inflam
mation and injury repair response, we next assessed the effects of CSE 
gene deletion on the development and progression of CAC. CSE-KO and 
WT control animals were given a single injection of the mutagen 
azoxymethane [AOM (10 mg/kg)] on day zero and then divided into 
groups of 10 mice each to receive up to 3 cycles of DSS-induced colitis 
(Fig. 5A). Colons (from the ileocecal valve to the anus) were harvested at 
the end of each DSS cycle as well as on day 80 post-AOM injection 
(Fig. 5A). Each colon was cut longitudinally to reveal the mucosal sur
face and digitally imaged. Because day 21 tumors were microscopic, we 
first fixed the tissues and stained them with methylene blue. Small tu
mors and large aberrant crypt foci (ACF) were counted at 40× magni
fication. To quantify tumor burden on days 42, 63, and 80, the 
percentage of total tumor area was calculated by dividing the sum of the 
areas of all visible tumors by the total area of the colon using ImageJ 
software. An example of a digital image and analysis is shown in Fig. 5B. 
Compared to WT mice, CSE-KO mice had more small tumors/ACF on day 
21 than WT mice (Fig. 5C) and significantly greater tumor burden at 
days 42 and 63 (Fig. 5D). However, by day 80 the tumor burdens of 
surviving WT and CSE KO mice were not significantly different (Fig 5C; 
p < 0.3232), suggesting that the protective role of CSE is more pro
nounced at the early stage of CAC development. 

CSE-KO mice exhibit reduced survival and more advanced disease. 
Loss of CSE expression had a significant negative impact on survival. We 
observed an approximately 25% increase in mortality of CSE-KO mice 
compared to WT animals between days 50 and 63 [Fig. 6A, *p < 0.05, 
Log-rank (Mantel-Cox) test]. The loss of mice in the CSE-KO group 
during this time interval may also be a reason why we did not observe a 
significant difference in tumor burden between these groups at Day 80. 

Fig. 4. CSE regulates cellular processes involved 
in epithelium restitution. A) Effect of PAG- 
mediated CSE inhibition on basal HCEC migration. 
B) Effects of siRNA-mediated downregulation of CSE 
expression on basal HCEC migration (siCSE-1 sense: 
5′-GCAUCUGAAUUUGGAUUAA-3’; anti-sense: 5′- 
UUAAUCCAAAUUCAGAUGC-3′, Ambion Life Tech
nologies, ThermoFisher Scientific, USA). C) Effects of 
PAG-mediated CSE inhibition on basal and TNF- 
α-stimulated (10 ng/ml) HCEC migration. D) Effects 
of PAG-mediated CSE inhibition on basal and IL-10- 
stimulated (10 ng/ml) HCEC migration. Statistical 
analyses of data in panel A–D: Shapiro-Wilk 
Normality test, one-way ANOVA, Tukey multiple 
comparisons, p values shown). E) Effects of PAG (3 
mM) on GYY (0.4 mM) and TNF-α (1 ng/ml) regula
tion of TEER. Gray band between time − 2 and 0 h 
indicates the time-period of PAG pretreatment. TNF-α 
and/or GYY was added to cultures at time = 0 (doted- 
line). Statistical analysis of data in panel E: 2-way 
ANOVA, Tukey multiple comparison test, *p <

0.0001 [Vehicle vs. TNF-α or GYY], †p < 0.01 [PAG 
+ GYY vs. GYY], ‡p < 0.0001 [PAG or PAG + TNF-α 
vs. PAG vs. PAG + GYY or PAG + TNF-α & GYY].   
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Necropsies revealed that most deaths of CSE-KO mice, between days 50 
and 63, were due to tumor-associated bowel obstruction. In contrast, all 
deaths (~10%) of WT mice and the early deaths (≤20 days) of CSE-KO 
mice were due to complications from colitis, not tumor burden. 

Histological evaluations of tumors from both WT and CSE-KO colons 
revealed a spectrum of pathological abnormalities, including epithelial 
hyperplasia, low-grade adenomatous polyps, high-grade adenomas, and 
invasive carcinoma (Fig. 6B). A comparison of the relative frequencies of 

Fig. 5. Loss of CSE accelerates the development of CAC in AOM/DSS-treated mice. A) Timeline of the AOM/DSS colitis-associated carcinogenesis experiment. 
Mice received up to three exposures (cycles) of drinking water containing DSS. Arrows indicate when mice received an injection of the mutagen azoxymethane 
(AOM) and the days when colon tissue was harvested to assess tumor burden. B) Example images of a CSE-KO colon harvested on day 63. Asterisks on the top image 
indicate individual tumors. The percentage of tumor burden (area) was calculated by dividing the sum of the areas of all the individual tumors (outlined in black in 
the bottom image) by the area of the total colon (also outlined in black) using Image J software. C&D) Box and Whisker plots comparing the effects of AOM and DSS 
treatment of WT and CSE-KO mice on tumor number at Day 21 C) and tumor burden (i.e., % Tumor Area/Colon) at Days 42, 63, and 80 D) (Mann-Whitney test, two- 
tailed, exact p values shown, +: mean). 

Fig. 6. CSE-KO mice treated with AOM and DSS 
exhibit reduced survival and more severe CAC 
than WT mice. A) Effect of AOM/DSS treatment on 
WT and CSE-KO mouse survival [Log-rank (Mantel- 
Cox) test, *p = 0.0284) (n = 10 per group X 3 
experimental repeats). B) Hematoxylin and Eosin 
(H&E) stained mouse colon tissue, prepared using the 
Swiss roll technique, showing examples of the 
different histological categories of tumors observed in 
AOM/DSS treated mice at Day 80 (Top row: 40×
magnification, Bottom row: 100X). C) A comparison of 
the relative frequencies of each category of lesion 
observed in the colons of AOM/DSS-treated WT and 
CSE-KO mice. Data are expressed as the percentage of 
colons within each group with a specific type of lesion 
(n = 6 surviving mice per group X 3 experimental 
repeats). D) Example of a metastatic colon tumor in 
the liver of an AOM/DSS-treated CSE-KO mouse 
(200× magnification). H&E-stained image of the liver 
metastasis (left) and an adjacent serial cut section 
(right) with immunohistochemical staining for the 
colon cancer cell marker Cytokeratin 20 [CK20 (red- 
brown color), Hematoxylin (blue color)]. (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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each type of lesion in the colons of WT and CSE-KO mice at day 80 
revealed that CSE-KO mice exhibited a more advanced disease (Fig. 6C). 
All surviving CSE-KO mice had tumors, with 75% exhibiting invasive 
adenocarcinoma (Fig. 6C), including one mouse that also developed 
liver metastasis (Fig. 6D). Immunostaining of liver sections with the 
colon cancer cell marker Cytokeratin 20 (CK20) confirmed that the liver 
lesions were colon cancer metastases (Fig. 6D). By comparison, 30% of 
the colons from AOM/DSS-treated WT mice showed no tumors at day 
80, 20% exhibited only hyperplastic polyps or low-grade adenomas, and 
50% of the WT colons contained high-grade adenomatous polyps 
(Fig. 6C). None of the AOM/DSS-treated WT mice developed invasive 
adenocarcinoma within the time-period of the experiment (Fig. 6C), 
demonstrating that CSE expression slows down CAC initiation and 
progression in this model. 

Reestablishing CSE expression in the BM of CSE-KO mice sup
presses the development of CAC. BM-derived cells play a crucial role in 
tissue repair, particularly in the context of chronic inflammation or se
vere injury [43–46]. To assess the role of CSE activity from BM-derived 
cells in the development of CAC, we produced 2 groups of chimeric 
animals by transplanting WT BM (i.e., CSE-expressing BM cells) into 
lethally irradiated CSE-KO mice and CSE-KO BM into irradiated WT 
mice. These mice were compared to two control groups that were iso
grafts (i.e., transplantation of tissue between two genetically identical 
mice) of BM from donor WT mice transplanted into WT recipient mice, 
and CSE-KO BM transplanted into CSE-KO mice. The AOM/DSS model of 
CAC was initiated 4 weeks after BM transplantation (i.e., 2 weeks after 
ending antibiotic treatments to allow repopulation of the colonic 
microbiome). All mice received 1 injection of AOM (10 mg/kg) followed 
by 7 days of 2% DSS drinking water and an additional 14 days of normal 
water. On day 21, colons were harvested and stained with methylene 
blue to quantify ACF and small tumors. Additionally, mucosal scrapings 
were collected for RNA preparations and cytokine detection by 

RT-qPCR. Our decision to harvest tissue after one cycle of AOM/DSS was 
based on our data showing a significant difference in tumor multiplicity 
between WT and CSE-KO mice at day 21 (Fig. 5C) and by recent reports 
in the literature showing that the BM reacts quickly to mucosal injury 
(within 1 day). Furthermore, the transition from an inflammatory 
response to mucosa proliferation at the site of injury is completed in 
approximately 3 weeks [45,47]. Thus, this time frame allows the 
observation of CAC initiation (i.e., ACF formation) as well as early tumor 
progression (i.e., tumor growth). ACF and small tumors were counted in 
each methylene blue-stained colon at 200X and 40× magnification, 
respectively, by four different observers (M.M, E.J.H, F.A-A, S.D.) blin
ded to the identity of the specimens. Representative images of an ACF at 
200X and tumor at 40X are shown (Fig. 7A). 

Similarly, to data shown in Fig. 5, isografted CSE-KO mice developed 
significantly more ACF and tumors than isografted WT animals (Fig. 7B, 
CSE-KO (BM) to CSE-KO vs. WT (BM) to WT, ***p < 0.001). On average, 
isografted CSE-KO mice developed 19.5 ACF (SD ± 14.9) and 8.5 tumors 
(SD ± 3.9) by Day 21, whereas WT mice developed only 6.5 ACF (SD ±
3.6) and 2.2 small tumors (SD ± 2.1) per colon over the same time 
period (Fig. 7B&C). Allografting CSE-KO animals with CSE-expressing 
BM cells from WT mice significantly reduced the numbers of both ACF 
and tumors. The chimeric CSE-KO mice exhibited less than half the 
number of ACF (8.8 ± 8.1 vs. 19.5 ± 14.9) and approximately one-third 
of the number of tumors (2.9 ± 2.6 vs. 8.5 ± 3.9) found in the isografted 
CSE-KO animals (Fig. 7B&C). The average numbers of ACF and tumors 
observed in the chimeric CSE-KO mice were not significantly different 
from the numbers observed in the isografted WT group (Fig. 7B&C, WT 
(BM) to CSE-KO vs. WT (BM) to WT, p = 0.76 and p > 0.99, respec
tively), demonstrating the suppressive function of CSE-expressing BM 
cells on the development of CAC. This conclusion was supported by the 
observation that WT mice transplanted with CSE-KO BM showed a sig
nificant increase in the number of ACF (Fig. 7B, p < 0.05). However, we 

Fig. 7. CSE-expressing bone marrow cells suppress CAC development in CSE-KO mice. A) Example images of a single methylene-blue stained aberrant crypt focus 
(ACF) at 200× magnification and a small tumor at 40X. B) Box and Whisker plot comparing the effects of reciprocal bone marrow (BM) transplants on AOM/DSS- 
induced Aberrant Crypt Foci (ACF) formation (D’Agostino & Pearson Normality test, Brown-Forsythe and Welch ANOVA, *p < 0.05, ***p < 0.001, + : mean). C) Box 
and Whisker plot comparing the effects of reciprocal bone marrow (BM) transplants on AOM/DSS-induced tumor formation (Kruskal-Wallis test, Dunn’s multiple 
comparisons test, ****p < 0.0001, +: mean). Effects of BM transplant on recipient mouse colonic mucosa IL-10 (D) and IL-6 (E) mRNA expression (Shapiro-Wilk 
Normality test, one-way ANOVA, Tukey’s multiple comparison test, p values shown). (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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were surprised to see that despite the increase in ACF, the numbers of 
small tumors in the chimeric WT mice were not statistically different 
from the numbers seen in the WT isograft animals (Fig. 7C, p > 0.99), 
indicating that tumor progression (i.e., growth) was inhibited, despite 
that increase in neoplastic transformation. 

CSE-expressing BM cells regulate the mucosal expression of IL-10 
and IL-6 in AOM/DSS-treated mice. The cytokines IL-10 and IL-6 are 
key mediators linking inflammation to carcinogenesis. Generally, IL-10 
functions to suppress inflammation and thus inhibits the development of 
CAC [48], whereas IL-6 enhances colitis and promotes both initiation 
and progression of colon cancer [49–51]. Additionally, H2S has been 
shown to exert its anti-inflammatory effects, in part, by increasing IL-10 
expression and downregulating IL-6 in various models of acute tissue 
injury and inflammation [52–54]. 

To assess the effects of CSE-expressing BM cells on colonic IL-10 and 
IL-6 mRNA expression, total RNA was isolated from the mucosal 
scrapings of AOM/DSS-treated mice. Quantitative RT-PCR assays 
revealed that IL-10 mRNA levels were significantly higher in the mucosa 
of isografted WT mice than isografted CSE-KO animals (Fig. 7D, WT to 
WT vs. KO to KO, p = 0.004). The opposite was seen for IL-6 mRNA; 
AOM/DSS treated isografted WT mice exhibited significantly lower 
levels of IL-6 message at the time of tissue harvest compared to iso
grafted CSE-KO animals (Fig. 7E, WT to WT vs. KO to KO, p = 0.0056). 
Reestablishing CSE-expressing cells in the BM of chimeric CSE-KO mice 
increased mucosal expression of IL-10 (Fig. 7D, WT to KO vs. KO to KO, 
p = 0.0027) and suppressed levels of IL-6 mRNA (Fig. 7E, WT to KO vs. 
KO to KO, p = 0.0033). In contrast, the levels of IL-10 and IL-6 mRNA 
expression in AOM/DSS-treated chimeric WT mice were like those 
observed in the mucosa of isografted CSE-KO mice, with relatively low 
levels of IL-10 mRNA (Fig. 7D, WT to KO vs. KO to KO) and elevated 
levels of IL-6 (Fig. 7E, WT to KO vs. KO to KO). Together these data 
demonstrate that CSE-expressing BM cells are required to increase the 
mucosal expression of IL-10 mRNA and suppress colonic IL-6 levels in 
AOM/DSS-treated mice. 

4. Discussion 

This study was motivated by a growing body of experimental and 
clinical data suggesting that downregulation of TSP activity may play a 
role in the pathogenesis of CAC, a subtype of colorectal cancer (CRC) 
that is most frequently observed in patients with an extended history of 
unresolved IBD, particularly UC [55]. The data presented herein 
demonstrate that: 1) the TSP enzyme CSE is reduced in colonic biopsies 
from patients with UC, 2) loss of CSE expression exacerbates 
DSS-induced colitis in mice, 3) CSE stimulates normal human colon 
epithelial cell migration, proliferation, and transepithelial permeability, 
4) CSE inhibits mucosal expression of IL-6 and stimulates IL-10 
expression, and 5) loss of CSE in bone marrow-derived cells acceler
ates development and progression of colon cancer in the AOM/DSS 
mouse model of CAC. 

Clinical studies have identified a significant positive association 
between hyperhomocysteinemia, IBD and colon cancer [24–31]. Ho
mocysteine is a non-protein-forming sulfur amino acid that is generated 
by the demethylation of methionine. It is metabolized by either the TSP 
enzymes to produce cysteine or methylene tetrahydrofolate reductase 
(MTHFR), a key enzyme in the methionine remethylation pathway [56]. 
An elevated level of plasma homocysteine can be caused by mutations in 
these enzymes that play a key role in regulating circulating homocys
teine levels. Mutations in MTHFR have only been identified in a subset of 
IBD patients suggesting that decreased TSP activity may also be involved 
IBD associated hyperhomocysteinemia. Recently, Chen and colleagues 
reported downregulation of the TSP enzyme CBS in colon specimens 
from UC patients compared to healthy control samples [29]. In our 
assessment comparing a similar number of UC biopsy specimens and 
normal controls, CBS protein levels trended lower in UC, but the dif
ference did not reach significance. However, we clearly demonstrated 

that CSE is significantly downregulated in UC. 
It is widely accepted that chronic inflammation of the gastrointes

tinal tract results in impaired physiological processes regulating im
mune homeostasis and tissue repair [57]. Our data generated with 
human colonic epithelial cells suggest that CSE plays a critical role in 
epithelial repair and regeneration and thus, its loss and/or decreased 
activity likely contributes to the pathogenesis of UC. Previously the 
importance of CBS in the maintenance of the epithelial barrier, and in 
the response to IBD relevant injury has been reported in cultured colon 
cancer cells [29]. Using the non-malignant, normal karyotype HCEC 
line, we demonstrated that CSE regulates colon epithelial cell prolifer
ation, both basal and cytokine-stimulated epithelial cell migration and 
transepithelial permeability. 

Using the AOM/DSS mouse model of CAC, we showed that loss of 
CSE expression accelerated the development of CAC and promoted 
disease progression, as indicated by the increased frequency of invasive 
carcinoma and metastasis in CSE-KO mice compared to WT animals. 
Additionally, reciprocal BM transplantation experiments established 
that CSE, specifically expressed by BM-derived cells, exerted a tumor 
suppressor function since WT BM cells (i.e., CSE-expressing BM cells) 
transplanted into CSE-KO mice were sufficient to dramatically reduce 
colitis-associated tumor formation. However, it remains to be deter
mined which subset of BM-derived cells is most affected by the reduction 
of CSE in UC and subsequent initiation of CAC. 

The BM functions as a reservoir of stem and progenitor cells, 
including mesenchymal stem cells, hematopoietic stem cells, and 
endothelial progenitor cells, limiting inflammation at the site of injury 
and initiating the cellular processes of proliferation, migration, and 
differentiation critical to restoring tissue integrity and homeostasis [44, 
46]. A recent study using Helicobacter hepaticus induced colitis demon
strated that chronic oral administration of the H2S donor DATS reduced 
colon inflammation by limiting the recruitment of granulocytic 
myeloid-derived suppressor cells [58]. Also, H2S showed to promote the 
resolution of inflammation by inducing neutrophil apoptosis [59] and 
driving the differentiation of macrophages towards the 
anti-inflammatory “M2” phenotype [60]. In addition, our key finding 
that tumor growth was inhibited in the WT chimeric mice, could be 
partially explained by the lack of CSE-expressing endothelial progenitor 
cells (EPCs) from the CSE KO BM inhibiting tumor angiogenesis, a 
critical step in tumor development and progression. Supporting this 
interpretation, Lui and colleagues have shown that siRNA-mediated 
downregulation of CSE in BM-derived EPCs inhibited angiogenesis and 
wound healing in an animal model of type 2 diabetes [61]. Proof of this 
mechanism in the AOM/DSS model of CAC will require selectively 
downregulating CSE in BM-derived EPCs. 

Our study also provides evidence that the lack of CSE in BM-derived 
cells affects the balance of IL-6 and IL-10 expression in the colonic 
mucosa. These cytokines are important physiological regulators of 
inflammation in the gastrointestinal tract, and their dysregulation re
sults in chronic inflammation and cancer. Indeed, an increased level of 
the pro-inflammatory cytokine IL-6 has been detected in the serum and 
tissue biopsies of patients with UC and colon cancer, correlating with the 
severity of disease in UC and poor survival prognosis in colon cancer 
[62–64]. Also, elevated IL-6 and soluble IL-6 receptor levels have been 
documented in experimental animal models of colitis and CAC, where 
persistent IL-6 signaling has been shown to exacerbate inflammation 
and promote carcinogenesis and disease progression [65–68]. 
Conversely, genome-wide association studies have revealed strong links 
between mutations that reduce IL-10 expression and/or secretion and 
the development of IBD [69–73], while IL-10 receptor signaling pro
motes the resolution of mucosal inflammation by regulating immune 
homeostasis, which in turn inhibits inflammation-associated carcino
genesis [74,75]. 

Additionally, the function of CSE and CBS in UC and CAC are most 
likely not redundant since CSE-KO mice exhibit an upregulation of CBS 
expression, compared to WT animals (data not shown). However, the 
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increased CBS expression in CSE-KO mice was insufficient to increase 
mucosal H2S-production in response to DSS-induced epithelium injury 
or reduce mucosa inflammation. Interestingly, the upregulation of CBS 
has been shown by us and others to be among the factors contributing to 
the development of sporadic CRC [76,77]. 

In 2013, our group was the first that reported the aberrant upregu
lation of CBS in human CRC specimens and colon cancer-derived cell 
lines and demonstrated that inhibition of CBS expression and/or activity 
had anti-tumor effects. Following this discovery, we found that CBS 
expression was increased in human adenomatous polyps and that 
experimental upregulation of CBS in a premalignant colonic epithelial 
cell line (NCM356) caused extensive metabolic reprogramming and in
duction of an invasive tumorigenic phenotype [38]. Therefore, based on 
these findings, we speculate that an enhanced CBS activity may 
contribute to driving colon carcinogenesis and tumor progression via 
metabolic alterations. It is also worth noting that the pathogenetic 
mechanisms underlying CAC development and sporadic CRC have sig
nificant similarities and major differences [6]. For instance, during CAC 
development, multiple areas of the colon are involved, whereas 
dysplasia in CRC is focal. CAC has been preceded by chronic inflam
mation of the colon for years, which phenomenon does not exist in 
sporadic CRC development. Regarding oncogenic gene mutations, there 
are remarkable similarities in sporadic CRC and CAC (e.g., KRAS acti
vation) [78]. However, while loss of function mutations in the tumor 
suppressor gene APC is an early event driving carcinogenesis in sporadic 
CRC, it appears much later and less frequently in CAC [79]. In contrast, 
while loss of function mutations in p53 have been found to be the most 
dominant oncogenic driving force in CAC in over 80% of patients, it is 
much less significant in sporadic CRC with less than 50% prevalence 
[80]. Differences between the roles of CSE and CBS in CAC and CRC may 
stem from the distinct patterns of cancer-driving mutations occurring in 
the genomes of these cancer cells. Considering all the above-mentioned 
reports and several studies from other research groups detailing the role 
of CSE or CBS in colitis [19–23], we speculate that CSE has a major role 
in regulating and modulating inflammation and tumor initiation in the 
presence of chronic inflammation of the colon. Further studies are 
needed to define the functional differences between these TSP enzymes, 
CSE and CBS, with respect to the development and progression of CAC 
and sporadic CRC. 

In conclusion, for the first time, we provide a comprehensive report 
suggesting a critical role of the key enzyme CSE in the TSP metabolic 
pathway as a possible new player in the protection against UC and CAC 
development. Our data demonstrate that reduced endogenous CSE level 
within both epithelial and BM-derived cells is likely to be involved in the 
development of CAC. Our data also suggest that compensating for the 
lack of CSE by an exogenous H2S donor can be an attractive avenue for 
developing novel, non-invasive CAC prophylactic strategies, as well as 
assessing CSE expression and/or activity can be used to predict CAC risk 
in patients with UC. 
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