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Abstract: Cystathionine β synthase (CBS) is a hydrogen sulfide producing enzyme that 

catalyzes the first step of the transsulfuration pathway converting homocysteine to 

cystathionine. CBS and the subsequent production of H2S are selectively upregulated in 

human colon cancer compared to patient matched normal margin mucosa. CBS produced 

H2S enhances cancer cell bioenergetics, tumor growth, proliferation, and angiogenesis. 

This dissertation focuses on whether the CBS/H2S axis plays a role in colorectal 

carcinogenesis. Here, we report CBS expression upregulation begins in premalignant 

colonic specimens. Additionally, forced upregulation of CBS in an adenoma-like colonic 

epithelial cell line (NCM356) is sufficient to induce increased NCM356 cell bioenergetics, 

proliferation, invasion through Matrigel, resistance to anoikis, and CBS-dependent 

tumorigenesis in immunocompromised mice. CBS expression enhances cell bioenergetics 

and regulates cell metabolism, by inducing a metabolic reprogramming (anabolic 

metabolism) that is characterized by increased anaerobic glycolysis, pentose phosphate 
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pathway signaling, lactate production, and ROS production. CBS upregulation induced 

broad changes in the NCM356 cell transcriptome with over 350 differentially expressed 

genes. These genes overlapped significantly with gene sets related to glycolysis, hypoxia, 

and a colon cancer cell phenotype, including genes regulated by NF-κB, KRAS, p53, and 

Wnt signaling, genes downregulated after E-cadherin knockdown, and genes related to 

increased extracellular matrix, cell adhesion, and epithelial-to-mesenchymal transition. 

Taken together, these results establish that activation of the CBS/H2S axis promotes colon 

carcinogenesis. 
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CHAPTER 1 BACKGROUND 

1.1 INTRODUCTION  

In the United States, colorectal cancer (CRC) is the third most common cancer type 

and the second leading cause of cancer death.2 Amongst Americans colon cancer 

incidences are decreasing, however cancer recurrence is still a substantial concern. The 

exact etiology of CRC is unknown; however, there are several known contributing factors. 

The development of CRC is influenced by dietary factors (diets rich in fat and animal 

protein), genetic susceptibility, and chronic inflammation (ulcerative colitis).3 The 

objective of this dissertation was to establish that CBS/H2S has a role in the promotion of 

colon carcinogenesis.  

Cystathionine β synthase is a hydrogen sulfide producing enzyme that catalyzes the 

first step of the transsulfuration pathway converting homocysteine to cystathionine. CBS 

and the subsequent production of H2S are selectively upregulated in human colon cancer 

compared to patient matched normal margin mucosa. CBS produced H2S enhances cancer 

cell bioenergetics, tumor growth, proliferation, and angiogenesis.4 Although the role of 

CBS in colon cancer has been firmly established there are still several unanswered research 

questions. The first of which is determining when in the adenoma to carcinoma sequence 

CBS upregulation occurs. Also, the transsulfuration pathway has a vital role in 

homocysteine metabolism and cysteine production but it is unknown if CBS upregulation 

affects cellular metabolism in a broader sense.  Lastly, it is unknown the molecular 

mechanism of upregulation of CBS in colon cancer. Based on the existing literature and 

our preliminary data, we hypothesized that CBS has a role in promoting colon 
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carcinogenesis and reprogramming cell metabolism; and its expression is regulated by 

changes in protein stability.  

Herein, we show that CBS expression is upregulated as early as premalignant 

intestinal polyps. Additionally, forced upregulation of CBS in a premalignant cell line 

resulted in enhanced proliferation, invasion, resistance to anoikis, and CBS dependent 

tumorigenesis. In addition, the loss of CBS gene resulted in a reduction of mutagen induced 

aberrant crypt foci. Furthermore, CBS upregulation induced metabolic and gene expression 

profile changes similar to malignant colon cancer cells. Altered metabolic pathways 

included glycolysis, pentose phosphate pathway, and lipogenesis. Transcriptomic changes 

were in genes associated with glycolysis, hypoxia, and cell migration/invasion. Finally, we 

determined that CBS expression is regulated, in part, through a hypoxia dependent 

mechanism. Together these results, suggest that upregulation of CBS in a premalignant cell 

was sufficient to induce the metabolic reprograming and cellular phenotype characteristic 

of invasive cancer. 

Within the first chapter of this dissertation, I will provide an extensive review of 

the existing literature concerning the biological role of CBS in cancer progression and the 

known molecular mechanisms that regulate of CBS expression.    

 

1.2 HYDROGEN SULFIDE INTRODUCTION 

Hydrogen sulfide is a water-soluble, colorless, and flammable gas; and is most 

commonly known as a toxin and environmental hazard.  However, recent information has 

emerged that hydrogen sulfide belongs to a family of gasotransmitters, or labile biological 

mediators,  which include carbon monoxide (CO) and nitric oxide (NO). Hydrogen sulfide 
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is synthesized by three enzymes cystathionine gamma-lyase (CSE), cystathionine beta-

synthase (CBS) and 3-mercaptopyruate sulfurtransferase (3-MST).  Hydrogen sulfide 

mediates numerous biological functions and is involved in various physiological and 

pathological functions.  

1.3 THE REVERSE TRANSSULFURATION PATHWAY AND  HYDROGEN SULFIDE 

PRODUCTION  

In mammalian cells, H2S is produced endogenously via both enzymatic and non-

enzymatic pathways. This dissertation will only focus on the enzymatic pathways. 

Hydrogen sulfide is produced from L-cysteine and homocysteine by the three major 

hydrogen sulfide producing enzymes cystathionine gamma-lyase (CSE), cystathionine 

beta-synthase (CBS) (both are pyridoxal-5’- phosphate-dependent enzymes), and 3-MST.  

In mammals CSE and CBS are involved in the reverse transsulfuration pathway, which 

links the methionine cycle to the glutathione pathway.5 Glutathione is a major regulator of 

intracellular redox state.6 In cancer, glutathione plays both a protective and pathogenic 

roles as elevated levels can confer resistance to chemotherapeutic drugs. 7 

The reverse transsulfuration pathway occurs in both fungi and vertebrates while the 

transsulfuration pathway mainly occurs in bacteria and plants. In mammals, the reverse 

transsulfuration pathway is responsible for synthesizing cysteine from methionine. This is 

believed to be the primary pathway for endogenous cysteine synthesis. Additionally, this 

pathway serves to remove toxic intermediates such as homocysteine. Studies have shown 

that elevated levels of homocysteine are linked to arterial plaque formation and the 

development of heart disease.8 
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1.4 CYSTATHIONINE Β SYNTHASE (CBS)  

The human CBS gene is located in the sub-telomeric region of band 21q22.3 of 

chromosome 21.10  Full-length CBS exists as a homotetramer consisting of 63kda 

subunits.11 Each monomer of CBS binds to two substrates, homocysteine and serine. CBS 

utilizes pyridoxal–phosphate (PLP) and heme as its cofactors. CBS contains a binding site 

for both PLP and heme in its NH2 terminal. Heme functions as a redox sensor and deletion 

of this binding domain results in CBS having an insensitivity to oxidative stress. 12The 

catalytic region of CBS is located in the PLP binding domain. The -COOH terminal of 

CBS is the regulatory domain and acts in an autoinhibitory role. S-adenosyl-L-methionine 

is an allosteric activator of CBS and binds to the –COOH domain causing a conformational 

change. Deletion of the –COOH domain results in constitutive activation of CBS.13 

Illustration 1H2S is produced by numerous enzymatic reactions Reproduced with permission from 

Cayman Chemical 
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(Illustration 2) CBS converts homocysteine to cystathionine and hydrolyzes L-cysteine to 

equal amounts of serine and hydrogen sulfide while CSE converts cystathionine to L-

cysteine-producing pyruvate, NH3, and hydrogen sulfide. Those tissues that cannot perform 

the reverse transsulfuration pathway require exogenous sources of cysteine. (Illustration 

1)  According to Rosado et al,  “deficiencies in the transsulfuration pathway can induce the 

generation of reactive oxygen species, homocysteine accumulation, synthesis of pro-

inflammatory molecules, and ultimately contribute to tumor development.” 9  CBS is 

highly expressed in the liver14, and brain; specifically the hippocampus and cerebellum 

where it may be involved as an endogenous neuromodulator in associate learning 

processes.15 CBS expression is three times higher in individuals with Down’s syndrome 

(Trisomy 21) and localizes in astrocytes and senile plaques in brains of DS patients with 

Alzheimer’s disease. 16  CBS expression is relatively low or absent in tissues such as the 

spleen, testes, respiratory system, cardiovascular system, and adrenal glands.15  

1.5  REGULATION OF CYSTATHIONINE Β SYNTHASE 

The CBS promoter consists of two regions denoted as 1a and 1b, the latter being 

the major promoter. The major CBS promoter 1b is regulated synergistically by 

interactions between specificity factor 1 (Sp1), specificity factor 3 (Sp3), and nuclear factor 

Y (NF-Y). However, fibroblasts deficient in Sp1 and expressing of Sp3 and NF-Y are 

negative of CBS activity.17 These interactions are highly regulated; binding of Sp1/ Sp3 to 

the CBS 1b promoter is controlled by the phosphorylation state of Sp-1/3, and the cellular 

distribution of NF-Y.18   CBS activity is maximal in proliferating cells and expression can 

be induced by serum, basic fibroblast growth factor or downregulated by nutrient depletion, 

contact inhibition, and induction of differentiation.17  In both rat hepatoma cells and HepG2 

cells, CBS enzyme expression can also be regulated by glucocorticoids and this effect can 

be inhibited by insulin treatment, which also decreases promoter activity. 14In neonatal 
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colonic inflammation, CBS expression is enhanced through toll-like receptor 4 (TLR-4) 

agonist, lipopolysaccharide (LPS) while the pharmacological inhibition of NF-kB subunit 

p65 significantly decreased CBS expression. 19In human glioblastoma cells (U87-MG) 

CBS mRNA and protein expression was increased in hypoxic cells and can be inhibited by 

shRNA targeting hypoxia-inducible factor in vitro, and similar results were observed in 

rats exposed to hypobaric hypoxia in vivo with the pharmacological inhibition of HIF using 

the drug digoxin.20 Due to CBS containing a prosthetic heme group, the protein has an 

oxygen sensitive accumulation and degradation. 21 Ischemia/ hypoxia induce a significant 

increase in both protein and mRNA expression of CBS and result in accumulation of the 

enzyme in the mitochondria of liver cells. In addition, it was determined that Lon protease 

rapidly degrades mitochondrial CBS through the targeting of the oxygenated heme groups 

in CBS. 22 

 

Illustration 2 The Modular Domain Structure of Human CBS. Miles E, Kraus J. Biol.Chem. Cystathionine Beta-

Synthase: Structure, Function, Regulation, and location of Homocystinuria causing mutations. 2004; 279: 29871-

298724 

1.5 Colorectal Cancer Overview 

Cancer is a disease characterized by uncontrolled growth of abnormal cells. Various 

factors contribute to the development of cancer; some of which are genetic, environmental, 
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or even infectious organisms. There are several treatment options for cancer such as 

surgery, radiation, chemotherapy, and targeted therapy.  However, mortality dramatically 

increases if cancer is detected at a later stage and has spread to distant sites, or metastasizes.  

In the United States, cancer is the second leading cause of death and is a significant public 

health problem worldwide.  

Colorectal cancer is third most commonly diagnosed cancer amongst men and 

women in the United States. 3Colorectal Cancer (CRC) affects 5% of the United States 

population and is the second leading cause of cancer mortality in both males and females.  

In the United States, there are an estimated 135,430 individuals to be diagnosed with CRC 

in 2017. There are various detection methods available; those over the age of 50 are advised 

to screen as routine care. Individuals who have a family history of colon cancer or polyps 

and those with inflammatory bowel disease are at a higher risk of developing CRC. The 

highest incidence rates of CRC are observed in industrialized nations such as North 

America, Australia, and Western Europe.  

1.5.1 Colon Carcinogenesis  

Mortality occurs as colorectal adenomas progress to malignancy and 

migrate/invade into the abdominal cavity and lymph vessels, which result in metastasis to 

distant sites. The majority of CRC begins as benign polyps within in the mucosa of the 

large intestines. The majority of polyps (hyperplastic) remain benign. However, polyps 

(adenomatous) with tubular or villus characteristics have a higher chance of becoming 

cancerous. Polyps (benign) grow slowly (e.g., decades), and the chance of developing 

cancer is relatively low, however, as the size of the polyp increases so does the risk of 

developing cancer. In these early stages of initiation, adenomas can easily be removed by 

colonoscopy. Thirty percent of colorectal adenomas develop in the ascending (right) colon, 

twenty-five in the sigmoid colon, twenty percent in the rectum, fifteen percent in the 

descending (left) colon, and ten percent in the transverse colon. Up to 90% of colorectal 
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cancers are known to arise from adenomas, termed the adenoma to carcinoma sequence. 23  

The genetic progression from polyp to cancer in CRC is well defined.  Carcinogenesis is a 

multistep process characterized by genetic alteration in oncogenes and tumor suppressor 

genes and somatic alterations. There are very distinct genetic mutations that lead to 

inactivation or promotion of tumor-suppressing or promoting genes. In colorectal 

carcinogenesis, the most frequently occurring alterations occur in APC, SMAD4, p53, 

Kras, and the mismatch repair genes. 23 Changes in APC are most often inactivating 

mutations, which occur in up to 80% of adenomas and carcinomas. These mutations can 

lead to truncation of the APC, therefore, affecting its ability to degrade beta-catenin. Higher 

nuclear and cytoplasmic beta-catenin levels can cause deregulation of the Wnt/APC 

pathway. Kras mutations occur in approximately 40% of colorectal adenomas and 

carcinomas. Substitution mutations occur most often in codons 12, 13, and 61; this affects 

enzymatic function resulting in excessive signaling in the Ras/Raf/MEK/ERK pathway. 

Deletion mutations of the SMAD4 gene occur in up to 60% of cancers. The SMAD protein 

is responsible for signal transduction in the beta transforming growth factor inhibitory 

pathway. Deletion mutations result in excessive signaling and autonomous cell growth.23  

 

1.6 Biological Effects of H2S Relevant to Cancer Biology 

 As tumor cells develop, they acquire certain capabilities that enable survival, 

growth, and malignancy. Hanahan and Weinberg define these capabilities as the 

“Hallmarks of Cancer”, they include “self-sufficiency in growth signals, insensitivity to 

growth-inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), 

limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis, 

reprogramming of energy metabolism, and evading immune destruction”.24 CBS has not 

been as extensively studied as H2S and for that reason in this section, I will attempt to 
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provide a literature review of cellular and physiological functions of transsulfuration 

enzymes and the H2S that they produce that are relevant to pathobiology of cancers, 

including cancers of the colon and rectum..  

Hydrogen sulfide, similarly to other gasotransmitters has a biphasic dose 

response. At lower concentrations, (micro molar) hydrogen sulfide has cytoprotective 

effects such as bioenergetic stimulation, promotion of cell proliferation, and down 

regulation of inflammatory response. However, higher concentrations of hydrogen sulfide 

result in cytotoxic effects such as mitochondrial inhibition, caspase activation, and 

oxidative stress. 

  The cytoprotective effects of hydrogen sulfide can be attributed to its role in 

neutralizing reactive oxygen species and up regulating endogenous antioxidant systems 

such as N-acetylcysteine and glutathione. Hydrogen sulfide also up regulates several 

cytoprotective and anti-inflammatory genes including heme oxygenase 1 (HO-1).  In a 

study evaluating the role of cystathionine gamma-lyase in hepatic failure, it was determined 

that CSE-deficient mice display reduced contents of liver glutathione and higher sensitivity 

to oxidative stress. These results suggest that hydrogen sulfide producing enzymes have a 

role in the maintenance of antioxidant properties.25   
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Illustration 3 H2S has effects throughout the body. Reproduced with permission from Cayman Chemical 

 

1.6.1 Vasorelaxant Effects  

One of the primary biological effects of hydrogen sulfide is vasodilation; this is 

mediated through various pathways. One of these pathways is mediated through a 

synergistic relationship with NO. Using cloned CSE gene from rat livers, it was determined 

that NO regulated both CSE activity and expression, leading to increased production of 

hydrogen sulfide from vascular smooth muscle cells. Hydrogen Sulfide then induces 

vasorelaxation by activation of KATP channels.26   To further investigate the role of 

hydrogen sulfide in vasorelaxation CSE-deficient mice were developed. CSE-/- mice 

display a  progressive age-dependent hypertension and diminished endothelial 

vasorelaxation, which was not observed in wild-type mice. These effects can be reversed 

by an intravenous bolus injection of NaHS, which resulted in a dose-dependent decrease 

in systolic blood pressure in  CSE -/- mice. 27 
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1.6.2 Angiogenesis 

H2S has several effects on endothelial cells (EC); it has been published that 

hydrogen sulfide donors increase cell proliferation, adhesion, and migration in EC due to 

activation of PI3K/AKT. 28 Similarly, a study investigating the role of endogenous and 

exogenous hydrogen sulfide on wound healing and neovascularization have determined 

that H2S stimulates endothelial cell angiogenic potential through a KAtp channel/ MAPK 

pathway. 29 Lastly, in a rat model of ischemic hind limb, hydrogen sulfide treatment 

resulted in increased capillary density, collateral vessel growth, and regional tissue blood 

flow compared with controls. This was due to increased VEGF expression and 

phosphorylation of AKT in neighboring vascular endothelial cells. 30 

 

1.6.3 Apoptosis  

Apoptosis or programmed cell death is a tightly regulated process.31 It has been 

published that hydrogen sulfide has both pro- and anti-apoptotic effects. H2S inhibits 

apoptosis in neurons to reduce the severity of neurodegenerative diseases. In a model of 

rotenone-induced apoptosis, hydrogen sulfide inhibited apoptosis by inhibiting p38 and 

JNK/MAPK phosphorylation.32 Additionally,  in a study evaluating the role of hydrogen 

sulfide mediated inhibition of phytochemical agent β-phenyethyl isothiocyanate (PEITC) 

induced apoptosis, H2S prevented apoptosis in HCT116 cells suggesting that H2S may have 

a protective effect against toxic agents in the GI tract. 33 

1.6.4 Inflammation  

Hydrogen sulfide has both pro-inflammatory and anti-inflammatory effects.  

Hydrogen sulfide limits the development of inflammation by inducing apoptotic death of 

polymorphonuclear cells 34 and has an anti-proliferative effect on T lymphocytes. 35In a rat 

hind paw model, hydrogen sulfide donors have been shown to inhibit edema and leukocyte 
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infiltration. 36Additionally, hydrogen sulfide donors, prevent inflammation associated 

reduction of mucosal blood flow and increase pro-inflammatory cytokines.  

 There is also evidence that hydrogen sulfide has a pro-inflammatory effect such as 

in LPS induced hypotension which results in increased CSE activity. 37Also, other studies 

have shown that there is an abnormal synthesis of hydrogen sulfide in septic shock. 38These 

studies suggest that endogenous H2S could elicit an inflammatory response and H2S 

production could be inhibited pharmacologically to remediate inflammation. In conclusion, 

H2S elicits several effects that have relevance to cancer biology and its role in 

carcinogenesis should be further evaluated.  

 

1.7 CBS Produced H2S in Colon Cancer  

Recently there have been multiple studies evaluating the role of hydrogen sulfide 

in various cancers39. Szabo et al. determined that the hydrogen sulfide producing enzyme 

CBS was selectively upregulated in human colon cancer specimens compared to patient-

matched samples. Additionally, the expression of the two other hydrogen sulfide producing 

enzymes CSE and 3-MST were not altered.  Also, CBS expression was upregulated in 

established colon cancer cells lines. They subsequently evaluated the functional role of H2S 

and CBS in colon cancer. By first evaluating the cellular localization of CBS they 

determined that CBS was not only a cytoplasmic enzyme but could translocate to the 

mitochondria, which could explain its mitochondrial bioenergetic stimulatory effects. 

Next, they investigated the role of CBS derived H2S in cell proliferation and migration with 

the use of pharmacological and genetic inhibitors of CBS. Also, the inhibition of CBS 

resulted in decreased cell migration, invasion, proliferation, and a significant decrease in 

tumor xenograft growth and angiogenesis.40 In a study completed by Cai et al. the effect of 
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H2S on cell proliferation in human colon cancer was evaluated. They demonstrated that the 

administration of exogenous H2S increased cell proliferation through an AKT/ ERK-

mediated mechanism. Additionally, H2S induced proliferation can be blunted by 

AKT/ERK blockade. H2S treatment decreased the number of cells in G0-G1 phase and 

alternatively increased the number of cells in S phase by decreasing p21 (Waf1/Cip1).41 

Furthermore, treatment of HCT116 cells with the CBS inhibitor, AOAA resulted in 

decreased metastatic spread from the cecum to the liver in an orthotopic xenograft model. 

Additionally, the use of oxaliplatin combination with AOAA synergizes to further decrease 

liver metastases in the same model.42 A later study evaluated the role of a methyl ester 

derivative of AOAA, YD0171. This study determined that the inhibition of CBS with 

YD0171 resulted in suppressed mitochondrial respiration and glycolytic function. YD0171 

also altered cancer cell proliferation by inducing G0/G1 arrest.43 Together these studies 

establish the role of CBS/H2S in colon cancer, however to date it has not been evaluated if 

aberrant CBS expression can affect neoplastic transformation.  
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1.8 Objectives and Aims 

Colorectal Cancer (CRC) was estimated to cause 49,000 deaths in the United States 

alone in the year of 2016. The majority of these deaths were due to local and distant 

metastatic spread. Currently, there is not any successful therapeutics to treat advanced 

colorectal cancer, and there is a need for the development of novel targets. Our group has 

previously determined that cystathionine beta-synthase is selectively upregulated in colon 

cancer compared to the normal mucosa. Additionally, CBS is responsible for increased cell 

proliferation, migration, and invasion in cancer cells. However, it is unknown if CBS has 

a role in colon carcinogenesis and the mechanism that leads to CBS upregulation in CRC.  

My central hypothesis is that CBS overexpression due to the hypoxic conditions in the 

tumor microenvironment promotes carcinogenesis by inducing metabolic 

reprogramming and transcriptomal alterations in the colonic epithelium. Therefore, 

the specific aims of my dissertation will include:  

 

Aim 1: To determine the effects of CBS upregulation on cell proliferation and 

tumorigenicity in premalignant colonic cells. (Chapter 2)  

Aim 2:  To determine if CBS activates an invasive and migratory phenotype in 

premalignant colonic cells and characterize the mechanism. (Chapter 3) 

Aim 3: To characterize the role of CBS in inducing reprogramming of energy 

metabolism in colon cancer. (Chapter 4) 

Aim 4: Determine the mechanism that leads to upregulation of CBS in colon cancer. 

(Chapter 5) 



 

16 

  



 

17 

 

This portion Dissertation is modified in part from: 

Upregulation of Cystathionine-β-synthase in Colonic Epithelia Reprograms 

Metabolism and Promotes Carcinogenesis 

Ches’Nique M. Phillips*,1, John R. Zatarain*,1, Michael E. Nicholls1, Craig Porter1,  

Steve G. Widen3, Ketan Thanki1, Paul Johnson1, Muhammad U. Jawad1, Mary P. Moyer6,  

James W. Randall1, Judith L. Hellmich1, Manjit Maskey1, Siumin Qiu4,  

Thomas G. Wood3,5, Nadiya Druzhyna2, Bartosz Szczesny2, 

Katica Módis1,2, Csaba Szabo2,5, Celia Chao,1,5, Mark R. Hellmich#,1,5 

Departments of 1Surgery, 2Anesthesiology, 3Molecular Biology and Biochemistry,  

4Surgical Pathology, and the 5Institute for Translational Sciences,  

University of Texas Medical Branch, Galveston, Texas, USA 

6InCell Corporation LLC, San Antonio, Texas, USA 

 

This research was originally published in Cancer Research 

 

 

© 2017 American Association for Cancer Research  
  



 

18 

 

Chapter 2: Effects of CBS upregulation on Cell Proliferation in 

Premalignant Colonic Cells 
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2.1 INTRODUCTION  

For cancer cells to obtain limitless replicative potential, they must first acquire the 

capability of growth signal autonomy, insensitivity to antigrowth signals, and resistance to 

apoptosis44. Normal cells are dependent on tightly controlled mitogenic growth signals to 

move into an active proliferative state45. Conversely, tumor cells have a decreased 

dependency on exogenous growth stimulation and are capable of producing their own 

growth signals. In addition to producing growth factors, cancer cells can either overexpress 

or constitutively activate various tyrosine kinases and change extracellular matrix receptors 

to support pro-growth signaling46. However, to maintain proliferation cancer cells must 

acquire the ability to evade anti-proliferative signaling and apoptosis. This is accomplished 

through changes in the cell cycle and successive accumulation of mutations in tumor 

suppressors and oncogenes47.  

Our group has previously published that CBS is selectively upregulated in colon 

cancer compared to the normal mucosa40. These studies also determined that CBS and 

tumor-derived hydrogen sulfide have a role in colon cancer proliferation, migration, 

invasion, and bioenergetics; further suggesting that CBS is a novel anticancer drug target. 

Others have reported increased expression of CBS in prostate, bladder, ovarian, and breast 

cancer compared to that of normal tissue.  

   However, there has not been a study that has evaluated if CBS has a functional role 

in the development of colon carcinogenesis.  The goal of this aim is to assess the effects of 

CBS expression on proliferation and tumorigenicity in a premalignant colonic cell line.  
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2.2 MATERIALS AND METHODS11 

2.2.1 Cell lines 

HCT116 colon cancer cell line (ATCC; Manassas, VA) and NCM356 cells (Incell 

Corporation, LLC; San Antonio, TX) were cultured in McCoy’s 5A, or high glucose DMEM 

(Sigma-Aldrich) supplemented with 10% FBS, respectively. The NCM356 parental cells 

were transduced with lentiviral particles (cat # LPP-Z0797-Lv103-050, GeneCopoeia; 

Rockville MD) containing an N-eGFP-tagged CBS cDNA (NM_000071.2) or the empty 

vector (Cat #LPP-EGFP-Lv103-050), respectively, according to the manufacturer protocol, 

and cultured in high glucose DMEM with 10% FBS and puromycin (2 µg/ml) to maintain 

selection. 

2.2.2Western blots 

Western blotting protocols used were based on previously published methods, any 

differences are listed below. 48 Equal amounts of protein were separated on 10% Tris-

Glycine gels (Invitrogen) and transferred to PVDF membranes using Pierce Power Blotter. 

Membranes were blocked with 5% low-fat milk in Tris-buffered saline and 0.02% Tween 

20 (TBST) and then probed overnight at 4oC with 1° antibodies anti-CBS (1:1000) or anti- 

CSE (1:1000) (Proteintech). Membranes were washed three times with TBST and incubated 

with anti-rabbit horseradish peroxidase conjugated 2° antibody at 1:10000 (Santa Cruz). 

Signal was detected using chemiluminescent substrate. Protein content was normalized with 

                                                 
1 1 Phillips CM, Zatarain JR et al, Upregulation of Cystathionine-β-synthase in Colonic Epithelia 

Reprograms Metabolism and Promotes Carcinogenesis. Cancer Research, November 1 2017 

(77) (21) 5741-5754; DOI: 10.1158/0008-5472.CAN-16-3480, used with permission.  
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anti-β actin antibody (Sigma) (1:5000); densitometry was performed using Image J 

Software. 

 

2.2.3 Immunohistochemical staining 

IHC protocol were modified from published methods, any differences between the 

methods have been listed. Formalin-fixed paraffin-embedded tissue sections (4 μm) were 

deparaffinized in xylene and rehydrated through a graded series of ethanol solutions. 

Antigen retrieval was performed in 0.01 mol/L citrate buffer (pH 6.0) by microwave oven 

for 10 min at 98°C to 100°C. Endogenous peroxidase activity was inhibited with 3% H2O2 

(in methanol) for 30 min at room temperature (RT).49,50 Tissue sections were blocked for 30 

min with 5% goat serum (Vector Laboratories) and incubated with a CBS antibody (1:150 

dilution, Proteintech, #14787-1-AP) for 1 h RT, then a goat anti-rabbit 2° antibody (Vector 

Laboratories) for 1 h RT. Positive staining was visualized with DAB (3,3’-

diaminobenzidine) (Vector Laboratories) and counterstained with hematoxylin. Slides were 

dehydrated by immersing in three alcohol baths for 5 min, cleared in two xylene baths, and 

then application of coverslip. Images were captured at 200X and 400X magnification using 

an Olympus BX51 microscope. 

2.2.4 H2S Measurements using AzMC Fluorescent Probe 

H2S levels were determined using a 7-Azido-4-Methylcoumarin (AzMC) 

fluorescent probe (Sigma-Aldrich, # L511455). Cells were lysed using non-denaturing lysis 

buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 1% Triton X-100). The protein 

concentration was determined with DC Protein Assay (BioRad) with bovine serum albumin 
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(BSA, Thermo Scientific) as a standard. Cell extracts, each containing 150 μg of total 

protein, reacted with D, L-homocysteine (2 mM); L-cysteine (2 mM); PLP (0.005 mM) and 

AzMC (0.01 mM). Fluorescence of the AzMC was measured using SpectraMax M2 

(Molecular Devices) microplate reader (excitation λ=365, emission λ=450 nm). Inhibition 

of CBS-produced H2S was carried out in the presence of 50 mM aminooxyacetic acid 

(AOAA). 

2.2.5 Proliferation assay 

NCM 356 cells were seeded in triplicates in 6 well plates (1x106 cells/well) in 

DMEM media supplemented with 5% FBS and incubated at 37C. Proliferation rates were 

detected using Coulter Cell Counter (Z-Series, Beckman-Coulter Life Sciences) 24, 48, 72, 

96 h after plating. At harvest, cell culture media was removed and centrifuged to collect 

floating cells; adherent cells were collected using trypsin; Cell suspensions (floating and 

attached cells pooled, 100 μL) were pipetted into vials containing 9.9 mL of Isotone and 

were counted. Oxythiamine and XF-11 (10 M each, Selleck Chemicals) were added to 

the culture media every other day. Control cultures were treated with an equal volume of 

phosphate buffered saline (PBS). 

2.2.6 NCM356 cell subcutaneous xenograft studies 

The Institutional Animal Care and Use Committee at the University of Texas 

Medical Branch approved all animal studies. Athymic nude mice (Invigo Indianapolis, IN) 

were used for the in vivo studies (5 males and 5 females per group). Mice (6-10 wks.) were 

injected S.C. in the dorsum with NCM356 vector or CBS overexpressing cells (2x106). Mice 

were monitored daily, and body weight measured once/week. Tumor diameters were 
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measured transcutaneously using a caliper 2-3 times per week for the duration of the 

experiment. Tumor volumes were calculated using the formula: V = (π/6) LxWxD. Graphs 

and statistical analyses (2-way ANOVA) were performed using GraphPad Prism version 7 

(GraphPad Software, La Jolla, CA). 

 

2.2.7 Mutagen-induced Aberrant Crypt Foci (ACF) 

 CBS heterozygous mice (CBS+/-) and wild type (CBS+/+) controls were treated with the 

mutagen AOM at a dose of 10mg/kg via intraperitoneal injection once per week for 5 

weeks. At the end of 18 weeks, the colon from each animal was harvested, transected 

longitudinally, flattened on a glass microscope slide, fixed in 10% paraformaldehyde for 

24 h and then transferred to 70% ethanol. To aid visualization of ACF, the colons were 

stained with 0.05% methylene blue. The number of ACF per colon were determined by 3 

different observers counting independently and blinded to the identity of the individual 

slides.  

2.2.8 Statistical Analysis 

Data were analyzed using GraphPad Prism, version 5.04 (GraphPad Software, San Diego, 

California). Data was calculated and expressed as mean ± standard deviation for all groups. 

Non-parametric Kruskal-Wallis and Mann-Whitney-U-test were used to determine p-

values for the significance of differences between groups. P-values of ≤0.05 were 

considered significant. 
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2.3 RESULTS 

2.3.1 CBS expression is up-regulated in colonic polyps 

Using immunoblots, CBS expression was evaluated in protein extracts from patient 

biopsies of normal, tubular adenoma, and carcinoma in situ. In two of the three normal 

specimens analyzed, CBS expression was considerably lower than both the tubular 

adenoma and the carcinoma in situ samples. (Figure 1A-B) Similarly, to previously 

published results, CSE showed minimal variation in the provided specimens. 40Similar 

results were obtained with immunohistochemical staining as normal and hyperplastic 

polyps had very faint CBS staining in cells near the basal lamina. Tubular adenoma 

specimens exhibited more diffuse cytoplasmic staining with more intense staining near 

mucin pools. Additionally, adenocarcinoma had significantly more staining than normal 

mucosal throughout the cytoplasm and basal lamina. (Figure 1C-G) This gradient increase 

in CBS expression that parallels with colon carcinogenesis progression suggests that CBS 

might have a functional role in colon cancer development. 

 

 

 

 

 

 



 

25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 CBS expression is up-regulated in colonic polyps. A) Western blot 

of protein extracts from patient biopsy specimens probed for CBS and CSE. 

Three biopsies were obtained two tubular adenomas and one carcinoma in 

situ. Patient-matched normal were also included. B) Densitometry analysis 

of Western blot results, bar graph is the mean expression level of CBS. 

Formalin-fixed paraffin embedded sections of C) normal colonic mucosa D) 

hyperplastic polyp E) tubular adenoma F) adenocarcinoma G) normal 

mucosa immediately adjacent to adenocarcinoma were stained with an 

antibody to CBS (1:150 dilution) and counterstained with hematoxylin. 

Reproduced with permission1. 
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Based on these results we decided to evaluate the potential functional role of CBS 

in colon carcinogenesis. For these experiments, we used a premalignant colonic mucosa 

cell line NCM356. This cell line is derived from the normal wide margin resection of a 

patient with rectal adenocarcinoma. NCM356 cells do not grow in soft agar (a model to 

evaluate anchorage-dependent growth) and are non-tumorigenic in xenograft models. 

NCM356 cells express colonic markers such as cytokeratin and villin. Importantly for our 

research, these cells express low CBS protein levels comparable to that observed in the 

normal colonic mucosa. We then selected NCM356 cells as our model to determine if CBS 

upregulation has a role in the progression of adenoma to a more invasive carcinoma 

phenotype. A lentiviral expression vector (pReceiver-Lv103, GeneCopoeia™) containing 

a full-length CBS cDNA (NM_000071.2) with an in-frame N-terminal green fluorescent 

protein (GFP) tag under control of a CMV promoter was used to forcibly express CBS in 

NCM356 cells. GFP tagged fusion protein resulted in a ~90kDa protein which allowed for 

differentiation of the recombinant protein from the endogenous enzyme. The CBS protein 

expression was evaluated by western blot seen in (Figure 2). Recombinant CBS vector 

resulted in significant increase in both endogenous and GFP tagged CBS compared to that 

of vector and parental cells. As seen in Figure 2C, CSE expression was not significantly 

altered in CBS overexpressing cells.  
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Figure 2 Characterization of CBS forced overexpression in NCM356 cell. A) Representative 

Western blot comparing expression of recombinant and endogenous CBS expression in non-

transduced NCM356 cells (Parental), NCM356 cells containing empty GFP vector (Vector), or 

NCM356 cells transduced with GFP vector containing CBS cDNA at a multiplicity of infection 

(MOI) of 5 (CBS1) and 15 (CBS2).Protein was normalized to Beta-actin. B)  Densitometry 

analysis of Western blots. The bar graph shows a comparison of the mean ± SEM (n=4 blots) of 

total CBS expressed [i.e., the sum of recombinant (90 kDa band) + endogenous (61 kDa band)] in 

each cell line. The ratio of total CBS to β-actin was determined for each cell line for each blot 

and, then the ratio for each cell line was normalized to the total CBS in the CBS2 cells across 

blots. C) Representative Western blot and D) Densitometry analyses comparing expression of 

CSE in the different NCM356 cell lines. The level of glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used to control for protein loading and transfer. Reproduced with permission1 

 

2.3.2 CBS overexpression alters NCM356 cell and causes increased flux through the 

reverse transsulfuration pathway and production of H2S 

In addition to measuring CBS protein expression, we functionally evaluated the 

recombinant CBS protein. Using Global metabolic profiling (Metabolon, Durham, NC), 

we determined that CBS overexpression increased flux through the reverse transsulfuration 
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pathway resulting in a decrease in S-adenosyl homocysteine, a significant increase in both 

homocysteine and cystathionine, and cysteine levels were not significantly changed in CBS 

overexpressing cells (Figure 3). These results are expected as CBS catalyzes the first step 

of the transsulfuration pathway, and converts homocysteine to cystathionine. CBS is also 

responsible for alternative reactions, which involve the condensation of cysteine with 

homocysteine to form cystathionine and hydrogen sulfide (H2S). 51

 

Figure 3 CBS overexpression increased flux through the reverse transsulfuration pathway. P-

values were determined with Welch’s two-sample t-test. Reproduced with permission1 
 

As a surrogate for CBS activity, we assessed H2S production; using the fluorescent 

probe 7-Azido-4-methyl coumarin (AzMC) we quantified cellular H2S levels. In CBS 

overexpressing cells, basal H2S levels were increased by four-fold compared to non-target 

vector cells. Increases in H2S were significantly decreased with the addition of 

aminooxyacetic acid (AOAA), a pharmacological inhibitor of PLP-dependent enzymes, by 

~10 fold in CBS overexpressing cells.  (Figure 4) 
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Figure 4 Recombinant CBS results in increased Hydrogen Sulfide Production. Right) 7-Azido-4-

Methylcoumarin fluorescent images show increased levels of CBS-dependent H2S. Left) 

Quantification of 7-Azido-4-Methylcoumarin fluorescents data (error bars are mean ± S.E.M, 

N=3) Cells were treated with aminooxyacetic acid (AOAA) or phosphate buffered saline (PBS).  

Reproduced with permission1 

  

 

Figure 5 CBS overexpression Enhances NCM356 cell growth.   A) A comparison of the growth rates 

of non-transduced NCM356 cells (Parental), vector transduced NCM356 cells (Vector), and 

NCM356 cell overexpressing CBS (CBS2) (* p ≤0.05, CBS2 vs. Parental or Vector). B) A 

comparison of the growth rates of Parental, CBS2 and HCT116 colon cancer cells (* p ≤ 0.05 

HCT116 or CBS2 v. Parental; † p ≤ 0.05 HCT116 vs. CBS2). Data show the change in mean cell 

number (Log2) ± SEM per well over time. Reproduced with permission1 
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2.3.4 NCM356 cells overexpressing CBS exhibit an increased rate of proliferation  

A previous study has determined that exogenously administered H2S can increase 

cell proliferation in tumorigenic colonic cell lines due to an AKT driven mechanism. 52We 

wanted to characterize the effects of endogenous CBS expression on normal colonic cell 

proliferation. To test this, we used a cell counting proliferation assay over a total of four 

days comparing NCM356 parental, vector and CBS overexpressing cells (CBS2).  In this 

experiment, we determined that CBS overexpressing cells have a doubling time that was 

approximately 1.3 times faster than control cells.  Colon cancer cell line HCT116   had a 

doubling time that was 1.4 times faster than CBS overexpressing cells and 1.9 times faster 

than parental cells. (Figure 5)  

2.3.5 Overexpression of CBS enhances NCM356 cell tumorigenicity 

Based on the results from our in vitro studies, we decided to further examine the 

effects of CBS in colon cancer progression by using tumor xenograft models. Our first 

experiment was to test tumorigenicity. To evaluate the consequences of CBS upregulation 

on NCM356 cell tumorigenicity, we subcutaneously injected 106   CBS2 or vector control 

cells into the dorsal flanks of athymic nude mice.  Tumors were detected in mice injected 

with CBS overexpressing cells (CBS2) by day 48 and by day 60 tumors were a mean 

volume of 400mm compared to vector control mice, which had tumors of 50mm for the 

duration of the experiment. (Figure 6A) In the next experiment, we evaluated the effect of 

varying levels of CBS expression on tumor growth.  We subcutaneously injected 2x106 

cells of either parental (control), CBS1 (Multiplicity of infection 5), CBS2 (Multiplicity of 

infection 15). By day 35, significantly larger tumors were observed in mice injected with 
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either CBS1 CBS2 cells compared to parental cells. By days 37 and 40, the tumors in the 

CBS2 group were significantly larger than tumors in the CBS1 group (Figure 6B).  

Together this data demonstrates that not only does CBS induce tumor formation but also 

that CBS-dependent tumor formation size is dependent on CBS protein expression level. 

Next, we evaluated if pharmacological inhibition of CBS activity would reduce tumor size. 

In this model, mice treated with daily AOAA (9mg/kg) had a significant reduction in tumor 

size and when AOAA treatment was withdrawn tumor growth resumed. (Figure 6C)   

 
Figure 6 CBS overexpression Increases NCM356 tumorigenicity in vivo. A) Comparison of the 

tumorigenicity of CBS2 cells to vector-transduce control cells (**p<0.01,CBS vs. Vector). 106 

cells were injected subcutaneously into athymic nude mice. Tumor size was measured with a 

caliper and volume calculated using the equation V= (π/6) LxWxD. B) Comparison of different 

levels of CBS expression of NCM356 tumor growth rates (*p<0.01 CBS1 vs. Parental; 

**p<0.001 CBS2 vs. Parental; †p<0.05 CBS2 vs. CBS1). Two-way ANOVA with Tukey’s 

multiple comparisons test were performed using Prism 7 (GraphPad Software, Inc. La Jolla, CA). 

C) Effect of AOAA on CBS tumor growth. Reproduced with permission1 

 

2.3.6 Loss of a CBS allele reduces the number of mutagen-induced aberrant crypt 

foci (ACF)  

To further, assess the hypothesis that CBS plays a role in promoting colon 

carcinogenesis, we evaluated the effect of CBS gene-dosage on azoxymethane (AOM)-

induced aberrant crypt foci (ACF) formation in mice. This model differs from the tumor 

xenograft model as it is a sporadic CRC model, that recapitulates the early phases of cancer 
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and can be used to evaluate the effect of CBS gene expression on sensitivity to colon 

carcinogens.53  In the literature, aberrant crypt foci have been described as precursor lesions 

to colorectal adenomas which can be induced by both genotoxic and non-genotoxic 

carcinogens.54 In this experiment, CBS heterozygous mice (CBS+/-) and wild-type (CBS+/+) 

controls were treated with the mutagen AOM at a dose of 10 mg/kg via intraperitoneal 

injection once per week for five weeks. At the termination of the study (18 weeks), mice 

were sacrificed,  colons were harvested, fixed and stained with 0.05% methylene blue. 

Aberrant crypts appear as clusters of abnormally large, elevated crypts, with dilated 

openings.55 We determined the loss of one allele of CBS reduced the number of AOM-

induced ACF by approximately 50% compared to wild-type controls (Fig 7). 

 

Figure 7 Loss of CBS allele results in diminished Aberrant Crypt Foci Development. Effect of 

CBS gene dosage on azoxymethane (AOM)-induce aberrant crypt foci (ACF) formation in CBS 

heterozygous (CBS+/-) and wild type (CBS+/+) control mice. Left Panel) Methylene blue stained 

ACF. Right Panel) Quantification of ACF per colon [Mann-Whitney test (unpaired, 

nonparametric, two tailed) was performed using Prism 7 software]. Reproduced with permission1 
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2.4 DISCUSSION  

In this aim, we determined that CBS expression upregulation begins in 

premalignant colonic specimens.  From this observation we presumed that CBS had a 

functional role in colon cancer promotion or transformation.  To evaluate this, we forcibly 

overexpressed CBS in a noninvasive premalignant cell line, NCM356. We confirmed CBS 

expression and activity of the recombinant CBS protein. Using NCM356 cells transduced 

with recombinant CBS, we were able to evaluate the effects of CBS on colonic cell 

proliferation.  Previous studies have shown that either pharmacological (AOAA) or genetic 

inhibition of CBS in cancer cells resulted in decreased proliferation. However, this is the 

first study to show that CBS expression alone is sufficient to enhance proliferation in a 

premalignant cell line. Enhanced proliferation in CBS2 cells could be mediated through a 

PI3K/Akt dependent mechanism. PI3K/Akt signaling pathway is crucial in cell growth and 

is commonly dysregulated in colon cancer. Hydrogen sulfide inhibits PTEN through S-

sulfhydration and increases Akt and p21 activity, both of which are known to promote 

cellular proliferation and oncogenicity.56-58   Lastly using an in vivo mouse xenograft model 

we confirmed that overexpression of CBS in NCM356 cell resulted in a significant increase 

in tumor formation compare to vector transduced cells. To validate that this was not due to 

off-target results mice were treated with CBS inhibitor, AOAA. Interestingly, by 

comparing tumor size formation in CBS1 versus CBS2 cells we determined that CBS/H2S 

expression levels have a direct effect on tumor size and development.  This should be 

further evaluated in patient specimens as CBS/ H2S expression levels may have a direct 

correlation to staging or prognosis in colon cancer.   Additionally, loss of one CBS allele 
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decreased the number of mutagen-induced ACF formation. This data suggests that 

increased gene expression of CBS results in enhanced susceptibility to development of 

AOM-induced precancerous lesions in the colon. Further studies should evaluate if CBS 

affects the activation of the Wnt signaling pathway or the nuclear localization of β catenin, 

both of which correlate to tumorigenesis. Finally, we should also assess if there are changes 

in stem cell markers and inflammatory cytokines in CBS (+/-) compared to CBS (+/+) mice to 

delineate the mechanism of CBS induced ACF. Together this data supports the hypothesis 

that CBS is involved in colorectal carcinogenesis as CBS expression induces several 

hallmarks of cancer.   
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Chapter 3 

3.1 INTRODUCTION  

Malignancy in cancer is defined by the capability of cells to invade into adjacent 

tissue and spread to distant sites. Metastatic cancer is the cause of over 90% of cancer 

deaths59. Metastasis is a complex and multistep process that involves 1) cells migrating 

through the basement membrane 2) intravasation into the tumor vasculature 3) survival in 

the circulation 4) arrest in the capillaries 5) extravasation into the parenchyma 6) survival 

in the distant site and the formation of micro/macro metastases60. To migrate epithelial 

cells have to undergo a reversible process termed epithelial-mesenchymal transition 

(EMT). This process allows the normally non-motile tightly adhered epithelial cells to 

become polarized and acquire a mesenchymal phenotype61. After enhancing motility, cells 

must acquire invasive characteristics; this is usually due to upregulation of matrix 

metalloproteinases.62 Once in the circulation cells must develop anoikis resistance, cell-

detachment-induced apoptosis. When circulating cells reach distant sites, they become 

entrapped in small capillaries and must extravasate back into the tissue. The surviving cells 

must then adapt to the new tissue to proliferate.   

In this aim, we evaluated the effect of CBS expression on the initial phases of the 

metastatic cascade using in vitro models. We propose that CBS overexpression can induce 

an invasive and migratory phenotype in a pre-malignant cell line through an AKT 

dependent mechanism.  
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3.2 MATERIALS AND METHODS1 

3.2.1 Cell lines 

HCT116 colon cancer cell line (ATCC; Manassas, VA) and NCM356 cells (Incell 

Corporation, LLC; San Antonio, TX) were cultured in McCoy’s 5A, or high glucose 

DMEM (Sigma-Aldrich) supplemented with 10% FBS, respectively. The NCM356 

parental cells were transduced with lentiviral particles (cat # LPP-Z0797-Lv103-050, 

GeneCopoeia; Rockville MD) containing a N-eGFP-tagged CBS cDNA (NM_000071.2) 

or the empty vector (Cat #LPP-EGFP-Lv103-050), respectively, according to the 

manufacturer protocol, and cultured in high glucose DMEM with 10% FBS and puromycin 

(2 µg/ml) to maintain selection. 

3.2.2 Migration/Invasion assay 

NCM356 parental cells, Vector, and CBS2 cells were detached with 0.25% trypsin-

EDTA and 105 cells resuspended in serum-free DMEM/0.1% BSA were seeded onto the 

upper chambers of 8µ-thick inserts (Corning, Tewksbury, MA). The inserts were uncoated 

(migration assay) or coated with 70 μL of diluted Matrigel Basement Membrane Matrix 

(50 μg/ml) (BD Biosciences) (invasion assay). The bottom chamber contained 600 μL of 

NIH 3T3 fibroblast conditioned media. Cells were incubated at 37C for 24 or 48 h for 

migration and invasion, respectively. After incubation, the migrated cells were fixed with 

methanol and then stained with 0.1% crystal violet. Each experiment was performed in 

triplicate. 
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2 

To evaluate the effect of Akt and mTORC inhibition cells were treated with 

LY294002, an inhibitor of phosphoinositide 3-kinases (PI3Ks) and mTOR inhibitor 

Rapamycin.  

 

Illustration 4 Cell Invasion Protocol 

3.3.3 Soft agar assay 

Low melting point agarose (0.8%) (Thermo Fisher Scientific, # 16520-050) in growth 

medium (high glucose DMEM supplemented with 10% FBS) was applied to 12 well plates 

(1 ml/well) to form the base layer. Cells (5 x 103 cells/well) were suspended in 0.4% agar 

in growth medium and applied to the top of the base layer. Cell cultures were fed every 4 

days either with growth medium (1 ml) alone or growth medium supplemented either with 

the CBS inhibitor AOAA or with 600 μM of the H2S donor, GYY4137 (Sigma-Aldrich, # 

C13408, #SML0100, respectively). Plates were incubated for 3 weeks. Cell colonies 

stained with 0.005% crystal violet and counted at 400X magnification. 

 

                                                 
2 1 Phillips CM, Zatarain JR et al, Upregulation of Cystathionine-β-synthase in Colonic Epithelia 

Reprograms Metabolism and Promotes Carcinogenesis. Cancer Research, November 1 2017 

(77) (21) 5741-5754; DOI: 10.1158/0008-5472.CAN-16-3480, used with permission.  
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3.3 RESULTS 

3.3.1 Overexpression of CBS enhances NCM356 cell migration, invasion, and 

anchorage-dependent growth 

Cell migration and invasion are necessary processes in various situations such as 

development, wound healing, and immune cell trafficking. However, in cancer aberrant 

cell migration and invasion contribute to metastasis formation, which is significant since 

90% of deaths from solid tumors are due to the development of metastasis. Metastasis is a 

complex multistep process, but it is always associated with initial tissue invasion at the 

primary tumor site.  Cell migration is defined as the directed movement of cells on a 

substrate and can be analyzed in vitro with the Transwell chamber assay. While cell 

invasion is defined by cells moving through three dimensional (3D) matrices, which 

usually involves a restructuring of the 3D environment and can be modeled in vitro with 

transwell invasion assay using a basement membrane matrix such as Matrigel™. 63To 

assess the role of CBS in colonic cell migration and invasion Transwell assays were used. 

CBS overexpressing cells showed a 3-fold increase in both migration and invasion 

compared to vector control cells. Which was comparable to the migratory rate of the 

metastatic cell line HCT116.  (Figure 8) Additionally, both migration and invasion were 

inhibited in CBS2 and HCT116 cells when treated with AOAA.  Therefore, these results 

indicate that the enhanced migratiory and invasive phenotype were due to a CBS dependent 

mechanism.  
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Figure 8 CBS up regulation increases invasive and migratory capacity in NCM356 cells. A) 

Summary of migration data (n=4). B) Summary of invasion data (* p<0.001 vs. Vector + PBS, 

Vector + AOAA, CBS2 + AOAA or HCT116 +AOAA). Statistical analyses (one-way ANOVA 

with Tukey’s multiple comparison test) were performed using Prism 7 software. Reproduced with 

permission1 
 

To characterize the anchorage-independent ability of CBS-overexpressing cells we 

used the colony formation assay. In this assay, normal cells undergo anoikis or a 

specialized form of apoptosis due to lack of attachment to extracellular matrix. Conversely, 

transformed cells can survive and proliferate independently of a substrate.  64 In this 

experiment, colonies were only observed in CBS overexpressing cells, which had an 

average of six colonies present in these cultures. (Figure 11) Next, we evaluated if 

hydrogen sulfide had a role in colony formation by treating NCM parental and vector 

control cells with exogenous H2S. We determined that cells treated with the slow release 

H2S donor, GYY4137, had a noticeable increase in colony formation and size. (Figure 9 

B, D)   These results confirm our hypothesis that hydrogen sulfide could inhibit anoikis 

induced apoptosis possibly through the “inhibition of caspase-3 cleavage and p38 MAP 

kinase phosphorylation”.65 
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Together these experiments suggest that CBS/H2S expression is sufficient to induce 

a migratory and invasive phenotype in a pre-malignant cell line. Our next approach was to 

evaluate the mechanism by which CBS induces cell migration and invasion. GSEA 

pathway analyses determined that CBS upregulation is associated with changes in multiple 

protein kinases, cytokines, and growth factors. One gene of particular interest was the 

Figure 9  Both CBS overexpression and exogenous H2S enhance NCM356 anchorage-independent 

growth.  A) Images from soft agar colony-forming assay plates following staining with crystal violet (scale 

bar = 100 um). CBS2, vector-transduced control cells and parental NCM356 were cultured for three weeks 

in soft agar with 1 mM aminooxyacetic acid (AOAA) or phosphate buffer saline (PBS). B) Images from soft 

agar colony-forming assay plates of parental and vector NCM356 cells treated with the H2S donor 

GYY4137.C,D)  Quantification of the effects of GYY4137 treatment on anchorage-independent growth 

(*p<0.05). For all soft agar experiments, 8 non-overlapping HPFs were counted per well at 400X 

magnification. Statistical analyses (one-way ANOVA with Tukey’s multiple comparison test) were 

performed using Prism 7 software. Reproduced with permission1 
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ligand for the receptor-type protein-tyrosine kinase KIT.   This ligand has a role in the 

regulation of cell survival, proliferation, and migration. This is mediated in part by the 

activation/phosphorylation of PIK3R1, regulatory subunit of phosphatidylinositol 3-kinase 

and the subsequent activation of AKT.  

The PI3K/Akt/mTOR signaling pathways have been well studied in various cancer 

types. Additionally, this pathway is involved in multiple cellular functions such as cell 

proliferation, differentiation, intracellular trafficking, and cell migration all of which are 

involved in cancer progression.66 mTOR is present in two structurally and functionally 

distinct protein complexes, mTORC1 and mTORC2. While mTORC1 regulates diverse 

cellular processes including protein synthesis, ribosome biogenesis, transcription, and 

autophagy, mTORC2 regulates AGC kinases, including AKT and PKC, by 

phosphorylating their HM sites. MTORC2 also phosphorylates Turn Motifs of AKT and 

PKC, but this phosphorylation is independent of growth factor regulation.67 (Illustration 

5) The cellular activities that mTORC2 regulates include actin cytoskeleton reorganization 

and cell migration. Extracellular stimuli including growth factors, G protein-coupled 

receptor ligands, and cytokines stimulate AKT and PKC HM phosphorylation. 68It has been 

shown that targeting mTORC2 might be valuable in tumors with high levels of activated 

Akt.  
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Illustration 5 Proposed mechanism of CBS association with the PI3K/Akt/mTOR pathway. 

 

The purpose of these experiments was to investigate if AKT or mammalian target 

of rapamycin (mTOR) play a role in CBS-induced migration/invasion of normal human 

colonic epithelial cells.   

To begin, I measured AKT activation at the mTORC2 dependent site in NCM 

vector, CBS overexpressing, and HCT116 cells using western blotting with an anti-

phospho-AKT Serine 473 antibody. As seen in figure 10,   NCM vector cells had 

significantly lower levels of activated AKT compared to CBS2 and HCT116 cells.  

Enhanced activation of Akt occurs quite often in cancer, and in CBS overexpressing cells 

Akt activation was comparable (not statistically different) than the metastatic cancer cell 

line HCT116.   
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Figure 10 CBS overexpression Increases Akt Phosphorylation. Densitometric Analysis of 

Activation of AKT in NCM Vector, CBS, and HCT116 cells. Cells were treated with either 

saline, AOAA (1mM), or LY294 (10uM) for 24 hours. Statistical analyses (one-way ANOVA 

with Tukey’s multiple comparison ***p<0.001) were performed using Prism 7 software. 

 

 

 

Next, we evaluated the role of AKT in CBS induced migration and invasion using 

standard transwell assays. Cells were pretreated with either vehicle,  LY294002 (Broad 

spectrum inhibitor of PI3K), or AOAA (CBS inhibitor) then allowed to migrate (24 hrs) or 

invade (48hrs). These experiments determined that LY294002 significantly decreased the 

migration/invasion of CBS2 and HCT116 cells, while vector cells did not have a significant 

change in migration or invasion when treated with LY294002. (Figure 11)  This data 

suggested to there being a connection between CBS-induced migration and AKT 

activation.  
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Figure 11 CBS induces cell migration and invasion via the PI3K/Akt signaling pathway.  

NCM356 vector and CBS MOI15cells were treated with the CBS inhibitor (AOAA) and Akt 

inhibitor (LY294002), Transwell assays were used to measure cell migration and invasion. We 

found that both LY294002 and AOAA significantly suppressed CBS-induced cell migration and 

invasion. Data are represented as mean ± SD ***: p<0.001, ns: p>0.05, non significant.  

Statistical analyses (one-way ANOVA with Tukey’s multiple comparison test) were performed 

using Prism 7 software. 
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Finally, several pathways can lead to AKT activation we decide to evaluate the role of an 

upstream kinase mTOR.  Since we previously determined that CBS inhibition can regulate 

activation of AKT at the mTOR specific site. We again employed Transwell migration 

assays to evaluate the effect of inhibition of the mTOR pathway on CBS induced migration. 

NCM vector and CBS overexpressing cells were both treated with rapamycin (20nM).  

Treatment with rapamycin resulted in a significant decrease in CBS overexpressing cells 

migration and in vector cells; there was not a significant decrease in cell migration.  (Figure 

12) 

3.4 DISCUSSION   

Figure 12 Blocking  mTOR signaling largely abolishes the promoting effect of CBS on  migration of 

normal colonic epithelial cells. NCM356 vector and CBS MOI15 cells were treated with rapamycin 

(20nM). The invasion and migration abilities of cells were determined by Transwell assays. Right) 

Quantification of average number of migrated cells/field representative images Left) Representative 

images of migrated cells. Data are represented as mean ± SD ***: p<0.001, ns: p>0.05, non 

significant. Statistical analyses (one-way ANOVA with Tukey’s multiple comparison test) were 

performed using Prism 7 software. 
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Previous studies have assessed how genetic and pharmacological inhibition of CBS 

in multiple cancer types affects cell motility. With our experiments, we determined that 

CBS has a potential role in inducing cell migration, invasion, and anchorage-independent 

survival in nonmalignant cells. It is known that H2S can regulate migration through Akt 

activation. To determine whether PI3K/Akt signaling was involved in CBS induced 

migration we first evaluated if CBS overexpression correlated with increased Akt 

activation.  Using western blots for phospho-Akt we determined that CBS overexpression 

causes enhanced Ser-473 AKT phosphorylation, the activation site of Akt known to be 

regulated by the kinase mTORC2. To assess if CBS mediates migration and invasion 

through Akt/mTOR signaling LY294002 (Akt inhibitor) and Rapamycin (mTOR inhibitor) 

were used in Transwell assays. We determined that both LY294002 and Rapamycin 

blocked the stimulatory effect of CBS on migration and invasion. In conclusion, our results 

suggest that the PI3K/Akt/mTOR pathway plays a crucial role in CBS induced colon cancer 

cell invasion.  

 Together this suggests that CBS might have a role in regulating metastasis 

formation. In the future, this can be evaluated using an in vivo orthotopic mouse model of 

colon cancer. This assay consists of injecting either a vector control or CBS2 cell 

suspension into the cecal wall of a mouse. The advantage of this model over subcutaneous 

tumor models is that cancer cells grow in their natural locations and will interact with the 

microenvironment. Additionally, this model can represent the entire metastatic cascade, 

unlike the tail vein injection model. 69 
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Chapter 4 

4.1 INTRODUCTION  

To sustain proliferative signaling cancer cells must alter their energy metabolism 

to support growth and division. In normal cells under aerobic conditions, glucose is 

processed to pyruvate by glycolysis in the cytosol and finally to carbon dioxide in the 

mitochondria. However, in cancer cells there is an increased uptake of glucose and 

glycolysis is preferred resulting in increased production of lactate and minimal amounts of 

pyruvate are shuttled to the mitochondria for oxidative phosphorylation. This phenomenon 

known as the Warburg Effect was first discovered by Otto Warburg over 90 years ago and 

has since been extensively studied and is now considered a hallmark of cancer. Contrary 

to Warburg’s original findings it recently it has been determined that increased glycolytic 

function in cancer cells is not due to abnormally functioning mitochondria.  Altered 

metabolism or reprogramming of energy metabolism confers many benefits to cancer cells. 

Increased aerobic glycolysis results in the diversion of glycolytic intermediates into 

pathways that generate amino acids which facilitate the biosynthesis of the macromolecules 

and organelles required for assembling new cells.  

Pavlova and Thompson further subdivide these alterations in cancer cell 

metabolism to “(1) deregulated uptake of glucose and amino acids, (2) use of opportunistic 

modes of nutrient acquisition, (3) use of glycolysis/TCA cycle intermediates for 

biosynthesis and NADPH production, (4) increased demand for nitrogen, (5) alterations in 

metabolite-driven gene regulation, and (6) metabolic interactions with the 

microenvironment”.70 Each one of these changes are crucial in the adaptation that cancer 



 

50 

cells must undergo to increase their survival.  The purpose of this aim was to study the 

metabolic consequence of increased CBS expression in a premalignant colonic cell line. 

4.2 MATERIALS AND METHODS1 

4.2.1 Cell respiration analysis in NCM356 cell line 

Cells were trypsinized, resuspended in 2 ml DMEM (0.5x106 cells/ml), and 

transferred to an Oxygraph-O2K respirometer chamber (Oroboros Instruments, Innsbruck, 

Austria). The temperature was maintained at 37°C, and O2 was set at a range of 200-

450 μM to not limit cell respiration. Baseline respiratory flux was used to determine 

routine respiration; oligomycin (20 µM; Santa Cruz, # sc-201551A) was used to inhibit 

ATP synthase and leak rate, and carbonyl cyanide m-chlorophenylhydrazone (CCCP; 5 

µM, Sigma #C-2759) was infused into the oxygraph chamber to determine the uncoupled 

state. Cell O2 consumption rates were calculated using DatLab software version 6 

(Oroboros Instruments). Reserve respiratory capacity was calculated as the difference 

between uncoupled and routine respiration.  

4.2.2Metabolomic profiling 

Global metabolic profiles were performed by Metabolon, Inc. (Durham, NC) 71,72. The 

samples were extracted and prepared per Metabolon’s standard solvent extraction method. 

Technical replicates (n=4) were normalized by protein content (Bradford analysis). The 

extract was divided into four fractions: two for analysis by two separate reverse phase 

(RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for 
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analysis by RP/UPLC-MS/MS with negative ion mode ESI, and 3one for analysis by 

HILIC/UPLC-MS/MS with negative ion mode ESI. Following log transformation and 

imputation with minimum observed values for each compound, Welch’s two-sample t-tests 

identified biochemicals that differed significantly between the two groups. A total of 85 

named biochemicals were identified at a cutoff of p≤0.05 (Table 3).  

4.2.3 NGS run quality assessment 

Quality was evaluated by Illumina’s internal assessment of each run. Overall run 

quality per lane, per cycle, were reported. After demultiplexing the samples, FASTQC 

(http://www.bioinformatics.bbsrc.ac.UK/projects/Fastqc) is used to provide per sample 

information on-base percentage distribution per cycle, GC content across the run, percents 

uncalled bases and duplication of sequences.  

4.2.4 RNA-Seq analysis 

The alignment of NGS sequence reads was performed using the Spliced 

Transcript Alignment to a Reference (STAR) program version 2.4.2a, using default 

parameters 73. We used the human hg19 assembly as a reference; differential expression 

between the two cell lines was evaluated using the Cufflinks/Cuffdiff software, v2.2.1. 

Gene ontology, pathway analyses, and enrichment of transcription factors within the gene 

lists of interest were performed using the Gene Set Enrichment Analysis (GSEA; 

http://www.broadinstitute.org/gsea/index.jsp) using gene sets MSigDBv5.1 and Enrichr 

74,75. Full gene list was deposited at GEOarchive, GSE91000. 

Single nucleotide polymorphism (SNP) analysis and mutation detection 

                                                 
3 1 Phillips CM, Zatarain JR et al, Upregulation of Cystathionine-β-synthase in Colonic Epithelia 

Reprograms Metabolism and Promotes Carcinogenesis. Cancer Research, 2017, used with 

permission.  
 

http://www.bioinformatics.bbsrc.ac.uk/projects/Fastqc
http://www.broadinstitute.org/gsea/index.jsp
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The Broad Institute GATK Best Practices workflow for SNP and indel calling on 

RNAseq data was used to identify variants in the NCM356 cell line 

(https://software.broadinstitute.org/gatk/best-practices). Genes known to be involved in 

carcinogenesis in the NCM cells lines were compared to those described in the COSMIC 

database (http://cancer.sanger.ac.uk/cosmic).  

4.3 RESULTS 

We began our study by first evaluating the mitochondrial function of CBS 

overexpressing cells. Using high-resolution respirometry, we determined that CBS 

overexpressing cells have a significant increase in both maximum uncoupled respiration 

rate and reserve respiratory capacity. (Figure 13) Additionally, Citrate synthase (enzyme 

in the first step of the citric acid cycle) activity was also increased in CBS overexpressing 

cells, which suggested that CBS overexpression results in an adaptive elevation in the 

mitochondrial protein content. (Figure 13 C) 

 
Figure 13 CBS Enhances Cellular Bioenergetics. Baseline respiratory flux was used to determine 

routine respiration (Basal), oligomycin (20 μM) was used to inhibit ATP synthase, and so that 

leak respiration could be recorded, and the proton ionophore carbonyl cyanide 

chlorophenylhydrazone (CCCP, 5 μM) was used to determine maximal uncoupled respiration. B) 

Reserve Respiratory Capacity was calculated as the difference between uncoupled and routine 

respiration (* p = 0.0049, Student t-test). C) Citrate synthase assay comparing CBS 

overexpressing NCM356 cells (CBS2) to vector and parental NCM356 controls (*p<0.01). 

Statistical analyses (one- or two-way ANOVA with Tukey’s multiple comparison test) were 

performed using Prism 7 (Graphpad Software, Inc. La Jolla, CA). Reproduced with permission1 

https://software.broadinstitute.org/gatk/best-practices
http://cancer.sanger.ac.uk/cosmic
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Next, we evaluated if CBS contributes to metabolic reprogramming by analyzing 

metabolomics changes in CBS overexpressing cells. The metabolomics profiling identified 

85 metabolites that were differentially expressed (65 increased and 20 decreased) at a 

significance of p≤0.05 (Welch’s Two-Sample t-Test). Altered metabolites clustered into 

carbohydrate metabolism, specifically glycolysis and pyruvate metabolism, nucleotide 

sugars and the pentose phosphate pathway; lipid biosynthesis, primarily phospholipids, 

sphingolipids, and bile acids; cofactors and vitamins including nicotinate and nicotinamide 

metabolism, riboflavin and vitamin B6 metabolism; and dipeptide production. 

(Summarized in Illustration 6, Full list in Table 3)1  Similar to malignant and highly 

proliferative cells, CBS upregulation, results in a high rate of anabolic metabolism. Cancer 

cells support cell proliferation by taking up large amounts of glucose and glutamine,  to 

fuel the TCA cycle and oxidative phosphorylation (OXPHOS), as well as the pentose 

phosphate pathway (nucleotide synthesis), and the synthesis of amino acids (proteins), and 

lipids to generate sufficient levels of cellular components. 76  Therefore, CBS up regulation 

may potentially reprogram cell metabolism to enhance cell survival and drive disease 

progression.  
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CBS overexpression Results in Enhanced Aerobic Glycolysis and Pentose Phosphate 

Pathway signaling  

 
A cell must increase the import of nutrients specifically glucose and glutamine to fulfill the 

biosynthetic demand of proliferation. We evaluated glucose levels in CBS overexpressing 

cells and determined that there was not a significant change in cellular glucose levels 

between vector and CBS2 cells. (Figure 14) However, transcriptomic pathway analysis 

showed a significant upregulation of genes associated with insulin growth factor-2 (IGF-

Illustration 6CBS Overexpression Induces Changes in Cellular Metabolism 
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2) and ASPSCR1 (Alveolar Soft-part Sarcoma Chromosome Region, Candidate 1), both 

of which promotes cellular glucose uptake via glucose transporter type 4 translocation to 

the plasma membrane. (Summarized in Table 4) Increased glucose consumption can be 

used as a carbon source for anabolic processes needed to support cell proliferation.  In 

tumorigenesis the utilization of PPP is frequently elevated; this is usually due to mutant 

p53’s inability to inhibit PPP by directly binding and inactivating PPP enzyme glucose-6-

phosphate dehydrogenase (G6PD). In CBS overexpressing cells, we observed a significant 

increase in the PPP metabolite 6- phosphogluconate. Lastly, we evaluated the effect of CBS 

on glycolysis; we found that CBS overexpression resulted in increased conversion of 

pyruvate to lactate. (Figure 14) Elevated glucose metabolism causes a decrease in the pH 

of the microenvironment due to lactate secretion.  Acidosis in cancer has been shown to 

enhance invasion 

and remodel the 

tumor stroma, 

which could be a 

potential inducer 

of CBS induced 

invasion.  

  

Sub Pathway Biochemical Name
NCM356+

CBS
p-value

glucose 1.08 0.4051

glucose 6-phosphate 0.89 0.1659

fructose-6-phosphate 1.09 0.4159

Isobar: fructose 1,6-diphosphate, 

glucose 1,6-diphosphate, myo-inositol 

1,4 or 1,3-diphosphate

1.18 0.1949

2,3-diphosphoglycerate 1

dihydroxyacetone phosphate (DHAP) 1

3-phosphoglycerate 1.22 0.1139

phosphoenolpyruvate (PEP) 1.6 0.0539

pyruvate 1.12 0.1168

lactate 1.35 0.0029

glycerate 1.72 0.0105

6-phosphogluconate 1.43 0.0025

ribose 1-phosphate 1.23 0.0266

5-phosphoribosyl diphosphate (PRPP) 0.91 0.6746

sedoheptulose-7-phosphate 1.15 0.1388

Pentose Phosphate 

Pathw ay

Glycolysis, Gluconeogenesis, and Pyruvate Metabolism

Table 1Metabolomic Profiling of NCM356 Vector and CBS2 cells 
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Data from Metabolomics profiling suggests that CBS overexpression also affects 

the pentose phosphate pathway (PPP) and glycolytic pathways. (Table 1)  This change is 

significant because glycolysis and PPP coordinate glucose flux and cellular biogenesis of 

macromolecules for energy production. Higher levels of glycolysis and PPP are present in 

many cancer types. It has been determined that shunting through the PPP contributes to 

tumor growth and survival. 77 

 

 

 

 

Figure 14 CBS overexpression results in Increased Aerobic Glycolysis. P-values were determined with 

Welch’s two-sample t-test. 
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Based on this knowledge, we decided to test the sensitivity of NCM cell proliferation to 

the following inhibitors:  transketolase inhibitor oxythiamine, lactate dehydrogenase 

inhibitor FX-11, glycolytic inhibitor 2-DG, pentose phosphate inhibitor 6-AN, and the 

glutathione inhibitor DL-buthionine-(S, R)-sulfoximine BSO. Treatment with the pentose 

phosphate inhibitor, oxythiamine resulted in a significant inhibition of cell proliferation in 

CBS overexpressing (up to 90% at day 5) but had little effect on vector cells. Similar results 

were observed in (6-AN) treated cells which resulted in a 74% reduction in cell 

proliferation compared to 45% in vector cells.  Inhibition of the lactate dehydrogenase with 

FX-11 only reduced CBS overexpressing growth rate (~25%).  (Figure 15) This minimal 

reduction of proliferation could be due to the role of H2S in stimulating glycolysis 

independently of lactate dehydrogenase (LDHA). It has been established that H2S enhances 

the catalytic activity of LDHA and LDHB through S-sulfhydration of Cys163 resulting in 

increased total cellular lactate levels. However genetic silencing of LDHA does not 

attenuate H2S induced glycolysis.78  Together these results suggest that the enhanced 

growth rate observed in CBS overexpressing cells is due to increased use of glycolysis and 

the pentose phosphate pathway.   
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Figure 16 Inhibition of Glycolysis and the Pentose Phosphate Pathway Reduces CBS Induced 

Proliferation. A) Effects of the transketolase inhibitor, oxythiamine, and B) the lactate 

dehydrogenase inhibitor, FX-11 on CBS-dependent NCM356 cell growth (* p<0.05, CBS2 vs. 

Vector, Vector + oxythiamine (Oxyth) or FX-11, or CBS2 + Oxyth or FX-11; two-way ANOVA 

with Tukey’s multiple comparison test, ns = not significant). Reproduced with permission 

Figure 15  Growth rates of NCM Vector and CBS2 cells are Sensitive to Inhibition of 

Glycolysis and G6PD. A) Comparison of the effects of BSO (buthionine sulfoximine, 100 μM), 

2-DG (2-deoxyglucose 5 mM) and 6-AN (6-Aminonicotinamide 100 μM) on growth rates of 

CBS2 cells. B) Comparison of the effects of BSO, 2-DG, and 6-AN on growth rates of vector-

transduced NCM356 cells (Statistical significance was calculated using Two-way ANOVA 

with Tukey’s multiple comparison test). Reproduced with permission1 
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CBS Overexpression results in Increased ROS Generation  

The glycolytic shift in cancer cells is associated with increased reactive oxygen 

species (ROS) production. ROS promotes several aspects of tumor development and 

progression such as cell proliferation, motility, and metastasis. ROS signaling is also 

responsible for regulating downstream targets such as MAPK and PI3K signaling cascades.  

Using the methyl ester form of the fluorescent probe for Reactive Oxygen Species (ROS), 

2’,7’-dichlorofluorescein diacetate (DCFDA), we determined that the CBS2 cells also 

produced approximately a 25% increase in ROS. (Figure 17)  

 

 

 

 

 
Figure 17: CBS overexpression results in increased ROS.  Comparison of basal concentration of 

reactive oxygen species between CBS2 and vector control cells using 2’,7’-dichlorofluorescin 

diacetate (DCFDA). Statistical significance was calculated using Student-t-test and Prism 7 

software. Reproduced with permission1 
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Figure 18 CBS overexpression does not alter cellular GSH levels. A) gamma-glutamylcysteine 

(precursor of GSH), B) reduced glutathione, and C) oxidized glutathione. P-values were 

determined with Welch’s two-sample t-test. Reproduced with permission1 

 

 
 

Overexpression of CBS impacts the gene expression profile of NCM356 cells 

Intracellular ROS levels induce DNA damage; continuous exposure to ROS results 

in mutations and tumorigenesis. In non-transformed cells, this damage results in apoptosis, 

but in cells, with p53 mutations, this leads to adaptation and proliferation. 79 Based on this 

information we decided to evaluate if CBS induced ROS resulted in  single nucleotide 

polymorphisms (SNP) and mutations in NCM356 cells. NCM356 cells although derived 

from the normal wide margin have mutations in APC, KRAS, and TP53 genes. SNP 

analysis identified mutations known in the adenoma-to-carcinoma sequence such as KRAS 

mutation (G12V), the tumor suppressor gene p53 (P72R) and the APC gene (Q1338*). We 

believe that the presence of these mutations are crucial; as we are unsure if these 

experiments were repeated in a normal colonic cell with wild-type p53 if neoplastic 

transformation would occur.  
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  Whole transcriptome RNA sequencing (RNA-Seq) was used to compare the mRNA 

expression profiles of CBS over-expressing NCM356 cells to vector-transduced controls. 

At a q-value (false discovery rate-adjusted p-value) of < 0.01, 351 differentially expressed 

genes (243 genes upregulated and 108 downregulated) were identified in the CBS2 cells. 

Gene Set Enrichment Analysis (GSEA) (27) gene family categorization shows a prevalence 

of transcriptions factors (20 upregulated and 10 downregulated genes), cytokine and 

growth factors (18 up and 3 down), protein kinases (7 up and 3 down), and oncogenes (5 

up and 2 down). GSEA gene set overlap analyses (Table 4) compares our genes of interest 

to 8 major Molecular Signature Database gene sets (MSigDBv 5.1) which include 

Hallmark gene sets, Curated gene sets. Finally, there was significant overlap with genes 

related to increased extracellular matrix (ECM) and ECM related proteins, cell adhesion 

molecules, and epithelial to mesenchymal transition, consistent with a migratory and 

invasive phenotype (Table 4).  

To adapt to enhanced ROS levels cancer cells are known to increase levels of 

antioxidant proteins to detoxify from ROS. First, we evaluated the effect of CBS on 

glutathione (GSH) levels. We determined that CBS expression does not affect GSH levels 

as seen in Figure 18. We proposed that this was due to the glutathione precursor, cysteine 

being converted into H2S. CBS is capable of a condensation reaction of two molecules of 

cysteine to produce H2S and lanthionine, a stable side product of H2S metabolism.80 

Metabolite analyses showed CBS2 cells had a 12-fold increase (p<0.01) (Table 3) of 

lanthionine compared to vector cells.  However, there was evidence of increased 

glutathione metabolism (i.e., increased levels of ophthalmate) in the CBS2 cell when 

compared to vector controls. Ophthalmate is an indicator of glutathione depletion, and it 
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has been proposed as a biomarker for oxidative stress. Metabolite analyses showed the 

levels of ophthalmate increased in CBS2 cells 1.44-fold (p<0.01) (Table 3).  These results 

are contradictory to what is observed in ovarian cancer as CBS silencing in A2780 cells 

(ovarian cancer cell line) resulted in an increase in ROS and a reduction of cellular GSH 

levels.81  

Although we did not see an elevation in GSH, we evaluated alternative antioxidant 

pathways. The nuclear factor erythroid 2–related factor 2 (Nrf2) is a regulator of cellular 

resistance to oxidants, and its transcriptional activity has been evaluated in colon cancer 

and ulcerative colitis. Yang et al. demonstrated that H2S donors S-sulfhydrate (cysteine 

posttranslational modification) the repressor of Nrf2, Kelch-like ECH- associated protein 

1 (Keap 1) at cysteine 151, inducing Keap 1/ Nrf2 dissociation allowing for Nrf2 nuclear 

translocation, and stimulation of mRNA expression of Nrf2 downstream targets.82 

Similarly, Hourihan et al. found that Nrf2 regulates the expression of H2S producing 

enzymes CSE and CBS and the degradation of H2S through sulfide quinone oxidoreductase 

(sqrd1). 83 Based on this information, we measured Nrf2 transcriptional activity using an 

ARE-Luc reporter assay. Vector control and CBS2 cells were co-transfected with ARE-

Luc and CMV-RL using Lipofectamine 2000. ARE-Luc was used to measure Nrf2 activity, 

and CBM-RL is used to normalize transfection efficiency. In our assay, there was not an 

observable difference in Nrf2 transcriptional activity in CBS2 cells compared to vector 

cells. However, the downstream target of Nrf2, heme oxygenase-1 (HO-1) which is 

induced by oxidative stress and is thought to be protective was increased in CBS2 cells 

based on western blot (Figure 19). These results suggest that CBS/H
2
S has a potential  role 
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in the regulation of HO-1 expression through a Nrf2 independent mechanism in colon cells, 

and could be a potential approach for H2S to exert its cytoprotective effects.84 

 

 

Figure 19 CBS regulates HO-1 expression through a Nrf2 independent manner.  Transfected cells 

maintained in DMEM, high glucose, 10% FBS medium until 48 h after transfection. A) Data is 

expressed as the normalized ratio of ARE-Luc to CBM-RL from three independent experiments. 

B) Western blot analysis was performed to determine the effect of CBS overexpression on the 

downstream target of Nrf2, HO-1. The NCM-vector, and CBS2 cell lines as well as HCEC, a 

normal colonocyte cell line, were compared. An antibody to β-actin was used to verify the equal 

loading and transfer of proteins. Reproduced with permission1 

 

 

4.4 DISCUSSION 

In agreeance with other studies, the data in this aim suggests that CBS 

overexpression contributes to cellular bioenergetics by significantly enhancing 

mitochondrial function (resulting in increases in both maximum uncoupled respiration rate 

and reserve respiratory capacity).78 Desler et al. defines “reserve respiratory capacity as the 



 

64 

difference between ATP produced by oxidative phosphorylation at basal and  maximal 

respiratory activity.”85 Having an increased reserve respiratory capacity will allow for 

changes in energy requirements or demand, therefore, increasing viability. 86 Enhanced 

bioenergetics could be one contributing factor to CBS induced proliferation in colonic 

cells. 

Metabolic reprogramming is now considered an emerging hallmark of cancer 

cells.24  Using metabolomics analysis, we determined that CBS induced a shift to anabolic 

metabolism. Next, evaluated the functional consequences of CBS induced metabolic 

reprogramming on cell proliferation. We determined that CBS induced proliferation is 

dependent upon enhanced glycolysis and PPP signaling as cells treated with either lactate 

dehydrogenase inhibitor (FX-11), glycolytic inhibitor (2-DG), or 6-A resulted in decreased 

proliferative rates in CBS2 cells.  Additionally, we determined that CBS induced 

proliferation is not due to enhanced glutathione production as the glutathione inhibitor DL-

buthionine-(S, R)-sulfoximine (BSO) reduces proliferation in both Vector and CBS2 cells.   

These results suggest that CBS might cause a proliferative advantage by inducing aerobic 

glycolysis, which is commonly seen in cancer cells. In this study we established for the 

first time a possible connection between CBS expression and altered cell metabolism 

leading to enhanced proliferation. 

Cancer cells that express the glycolytic phenotype are known to maintain high 

nontoxic oxidative stress.87 Next, we evaluated the effects of CBS on reactive oxygen 

species production and determined that CBS expression results in a 25% increase in ROS 

compared to vector control cells. It is known that ROS can be generated by  mutations in 
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oncogenes, mitochondrial mutations, tumor suppressor loss, aberrant metabolism, and 

hypoxia.  

CBS upregulation induced extensive changes in the NCM356 cell transcriptome 

with over 350 differentially expressed genes. These genes overlapped significantly with 

gene sets related to glycolysis, hypoxia, and a colon cancer cell phenotype, including genes 

regulated by NF-кB, KRAS, p53, and Wnt signaling, genes downregulated after E-cadherin 

knockdown, and genes related to increased extracellular matrix, cell adhesion, and 

epithelial-to-mesenchymal transition.1  These changes may be due to the cytotoxic nature 

of H2S, which as documented by Attene-Ramos et al. “in predisposing genetic backgrounds 

may lead to genomic instability or the cumulative mutations found in adenomatous polyps 

leading to colorectal cancer”. 88 We hypothesize that the transcriptomic changes induced 

by CBS overexpression observed in NCM356 cells heavily relies on the presence of pre-

existing mutations in the APC, KRAS, and TP53 genes.  

Finally, we evaluated the transcriptional activity of Nrf2, a ROS scavenger, and the 

expression of its downstream target HO-1. Our data suggests that CBS has a role in 

regulating HO-1 expression in the colon. Furthermore, Yin et al. demonstrated that HO-1 

expression is upregulated in polyps and colorectal cancer resulting in decreased 

chemosensitivity of colon cells.89 Further studies are needed to evaluate if CBS 

overexpression confers chemoresistance in colon cancer.  In conclusion, CBS expression 

enhances cell bioenergetics and regulates cell metabolism, by inducing a metabolic 

reprogramming (anabolic metabolism) that is characterized by increased glycolysis, lactate 

production, and ROS production. 
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Chapter 5: Determine the Mechanism of CBS Upregulation in Colon 

Cancer 
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Chapter 5  

5.1 INTRODUCTION  

Increased expression of CBS elicits numerous effects on epithelial cells such as 

enhanced proliferation, migration, invasion, and altered metabolic profile. However, the 

molecular mechanism leading to the upregulation of CBS in colorectal cancer is unknown. 

CBS is a PLP dependent enzyme that has a complex domain structure and regulatory 

mechanism. CBS activity can be modulated by its allosteric activator, S-adenosyl-L-

methionine (AdoMet) resulting in a 3-fold increase in activity 90. Mutations in the CBS 

gene can result in mRNA or enzyme instability, or binding inhibition with PLP, heme, or 

AdoMet. Two promoter regions can transcriptionally regulate human CBS. The major 

promoter (-1b) can be positively regulated by both fibroblast growth factor and serum or 

downregulated by the induction of differentiation, nutrient depletion, or growth arrest due 

to contact inhibition. It is known that various transcription factors such as Sp1, Sp3, NF-

Y, and Hif-1 α,β can upregulate CBS expression and activity91.  Recently studies have 

evaluated the role of inflammation (Lipopolysaccharide LPS), proteasomal degradation 21, 

and hydrogen sulfide92 on CBS expression.  It is important to note that in the majority of 

these studies it is mentioned that the regulation of CBS expression is tissue-specific and 

that different responses can be elicited by the same stimuli in a different cell type.  

This chapter will focus on the effect of varying stimuli present in the colonic tumor 

microenvironment and their ability to induce CBS expression in the non-tumorigenic cell 

line NCM356. To test this, I will focus on the role of LPS induced inflammation, H2S/ Sp1, 

and hypoxia (HIF-1) in regulating CBS expression. 
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5.2 MATERIALS AND METHODS 

5.2.1 Materials  

Cobalt chloride 0.1 M solution, Lipopolysaccharides from Escherichia coli, 

Sodium hydrosulfide, and Cycloheximide were purchased from Sigma-Aldrich (St. Louis, 

MO) MG132 was purchased from Selleckchem (Houston, TX). The RNAqueous kit was 

purchased from Ambion (Austin, TX). 

 

5.2.2 Cell Culture 

NCM356 cells were cultured in DMEM with 10%FBS at 37°C in a humidified 5% 

CO2 as previously described in Section 2.2.   

Hypoxic Exposure (1% O2, 5% CO2, with balance N2) was performed in a modulator 

incubator chamber (Billups-Rothenberg).  

5.2.3 Immunoblot Assay  

Cell lysates were prepared using Lysis Buffer (20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM 

beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin) supplemented with protease 

and phosphatase inhibitor (Thermofisher Scientific). Antibodies for the following proteins 

were used: CBS (Proteintech), anti-human HIF-1α (Sigma-Aldrich), anti- Beta-actin 

(Sigma Aldrich).  

5.2.4 Reverse Transcription and Real-time PCR (RT-qPCR)  
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Total RNA was extracted according to manufacturer's instructions (RNAqueous 

kit™) Methods employed have been previously described by Ruettger et al. 93 RNA quality 

and yield, A260:A280, and A260:A230 ratios were determined using the NanoDrop® ND-1000 

spectrophotometer. Real-time PCR was performed with SYBR Green Supermix (Biorad) 

using the following published primers. 20 

Primer Forward Primer Reverse Primer 

CBS TGC CAT TTC TCG TCT GGT CTG TCC AGT CTT TAT AAG AAG AGA G 

Table#: SYBR Green primers used in Hypoxia Chip Assay  

 

5.2.5 Chromatin Immunoprecipitation (ChIP) Assays 

ChIP assay was modified from a published protocol20 and was performed by using a ChIP 

assay kit (Millipore) in accordance with the manufacturer’s instructions. NCM356 cells 

were exposed to hypoxic 1% O2 or normoxic 20% O2 conditions for 24 or 2 h, respectively. 

Chromatin in these cells was then cross-linked with 1% formaldehyde for 25 min at room 

temperature and quenched with 125 mM glycine. Samples were then sonicated to generate 

200 to 500 bp DNA fragments in lysis buffer. The DNA fragments were subjected to ChIP 

assays with anti-human HIF-1α (Sigma-Aldrich) or anti-HIF-1β (Novus Biologicals) 

antibodies. Normal IgG (Santa Cruz) was used as a control for nonspecific binding of 

genomic DNA.   

5.2.6 Cycloheximide Chase Assay  

Cells were seeded into six-well plates and incubated overnight. After twelve-hour 

incubation; DMEM media was removed, and media containing either PBS, 250 ug/mL 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ruettger%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20180968
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cycloheximide (dissolved in DMSO), or MG132 0.5uM was added to each well. Cells were 

lysed at either 8hrs. 12hrs. or 24hrs with 200uL of lysis buffer. After lysates were collected 

lysates were sonicated for 10 pulses (1 second each). Chilled lysates were then centrifuged 

at 13,000 rpm at 4 ̊C for 10 minutes. Lysates were then transferred to new tubes, and protein 

concentrations were determined using BCA assay. 10 ug of protein was added to 2X sample 

buffer and incubated at 95̊C for five minutes. Samples were then run on 4-12% gradient 

Bis-Tris Gels for two hours and then transferred using Pierce Power Blotter (ThermoFisher 

Scientific).   

 

5.2.7 Trypan Blue Exclusion Test of Cell Viability 

Cells were trypsinized, centrifuged, and the supernatant was removed.  The cell 

pellet was re-suspended in 1 mL of PBS and one part 0.4% trypan blue was mixed with 

one part cell suspension94 and incubated for three minutes at room temperature. 10 uL of 

trypan blue/cell suspension was added to hemocytometer. Hemocytometer was placed on 

the microscope, and unstained (viable) and stained (non-viable) cells were counted. 

Viability percentage was calculated with the following equation: 
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5.3 RESULTS 

LPS induces CBS expression in Normal Colonic Mucosa  

There is substantial evidence that chronic inflammation increases the risk of colon 

cancer. The intestinal epithelium is continuously exposed to various types of commensal 

bacteria. Toll-like receptors (TLR) are responsible for recognizing commensal and 

pathogen-associated molecular patterns in the gut flora. TLRs are essential in signaling to 

maintain tolerance but deregulated TLR signaling can result in chronic inflammation. 

Activation of TLR 2 or 4 can activate various cytokines and chemokines which ultimately 

promote the growth of tumor cells. LPS is a major component of gram-negative bacteria 

and binds to TLR4, which leads to activation of NF-κB and the induction of multiple 

cytokines and chemokines. Studies completed by Ahmad et al. determined that WT mice 

treated intraperitoneally with LPS (10 mg/ml) had significant increases in CBS expression 

in the spleen and lungs but not the kidney and liver.  Additionally, Yuan et al. determined 

that CBS expression can be modulated by TLR4 and is reduced with an NF-κB selective 

inhibitor in a rat model of Irritable bowel syndrome19.  

 

Western blotting assays were performed to determine whether LPS induced 

inflammation treatment increased the expression of CBS. NCM356 cells were treated with 

either 0.1, 1, or 3 ug/mL of LPS for 24 hours. These experiments resulted in minimal CBS 

induction and were completed multiple times for statistical significance. There was a trend 

that suggested that concentrations of 0.1 and 1 ug/mL of LPS resulted in CBS induction in 

NCM356 cells. (Figure 20) 
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Figure 20 LPS treatment induces CBS protein in NCM356 cells. NCM356 Cells were treated 

with LPS at concentrations of either 0.1, 1, or 3 ug/ml. Left Panel) LPS failed to significantly 

induce CBS protein expression. Right Panel) Densitometry analysis of western blot. Whole cell 

lysates were analyzed by western blot using an anti-CBS antibody. N=3 Statistical analyses (one-

way ANOVA with Tukey’s multiple comparison test  revealed *** p<0.001) were performed 

using Prism 7 software. 

 

LPS Treatment does not result in increased CBS mRNA  

Lipopolysaccharide (LPS) activates TLR4 and mediates NF-κB signaling 

pathways.  NF-κB is a transcription factor involved in diverse signaling pathways, such as 

inflammation, oncogenesis, and apoptosis. We next evaluated the effect of LPS on CBS 

mRNA expression using RT-qPCR. Cells were treated with either 0.1, 1, or 3 ug/uL of LPS 

for 24hrs. Although with 1ug/ml of LPS there was a slight increase in CBS protein 

expression, I was unable to show an induction of CBS mRNA at a concentration of 1 ug/mL 

using RT-qPCR. (Figure 21)  
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Figure 21 LPS treatment failed to induce CBS mRNA in NCM356 cells. CBS mRNA levels were 

measured by RT-qPCR. CBS. The data graphed is a combination of three separate assays. One 

way ANOVA with Tukey’s test revealed non-significant comparisons.  

 

To verify the mRNA results observed in NCM cells, I treated an alternative human 

normal colonic epithelial cell (HCEC) with LPS and evaluated changes in CBS mRNA 

expression. This experiment also showed that there was not a significant change in CBS 

mRNA in LPS treated HCEC cells. (Figure 22)  I pursued this line of investigation because 

there is a known link between H2S and inflammation. However, my results disproved my 

initial hypothesis that LPS is the inducer of CBS expression in the colonic epithelium.  
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Figure 22 Neither TNFα nor LPS treatment in HCEC cells induces CBS mRNA levels. CBS 

levels were measured with RT-qPCR. The data graphed is a combination of three separate assays. 

One way ANOVA with Tukey’s test revealed non-significant comparisons.  

 

Hydrogen sulfide is produced throughout the body but can be found at extremely 

high concentrations in the lumen of the colon.95 These high levels are due in part to 

endogenous production by the transsulfuration pathway enzymes (CBS and CSE) and the 

sulfur reducing bacteria of the intestinal microbiota. Dietary changes can modify the 

microflora of the gut as those who consume large quantities of red meat, due to the high 

sulfur-containing amino acid content, can “promote the growth of sulfur-reducing bacteria, 

mainly, desulfovibrio, desulfobacter, and desulfobulbus species.”96 Additionally, the 

colonizing bacteria of the colon are now thought to produce genotoxins that can potentially 

induce inflammation.  A recent study determined that H2S can induce CBS transcriptionally 

through a  Specificity Protein 1 (SP1) mediated mechanism in cardiomyocytes.92  

Additionally, our Gene Set Enrichment Analysis for NCM356 vector vs. CBS2 cells 
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showed that both SP1 and SP3 were enriched in CBS overexpressing cells. Based on this 

information I developed the hypothesis that endogenous H2S regulates CBS expression in 

a dose-dependent manner in the colonic epithelium, by upregulating specificity proteins-1, 

3 (SP1 and SP3). To test the hypothesis, colonic epithelial cells (NCM356) were treated 

with increasing doses of a hydrogen sulfide donor (NaHS), and CBS protein was then 

measured by western blot.  To further evaluate the dose-dependent effects of Na2S on CBS, 

I treated NCM356 cells with 0, 5, 50, or 100 µM of Na2S for 24 hours, and measured the 

mRNA of CBS, SP-1, and SP-3 using RT-qPCR. The activity of SP1 and SP3  was 

measured using phosphorylated antibodies for Sp1 and 3, to determine the underlying 

molecular mechanism for H2S-mediated upregulation of CBS.  

 

 
Figure 23 H2S donor does not induce CBS Protein Expression in NCM356 Cells. A) 

Densitometry of western blot CBS protein expression after treatment with different doses of 

NaHS B) RT-qPCR analysis of CBS after NaHS treatment. n=4 Data are represented as mean ± 

SD *: p<0.05, ns: p>0.05, nonsignificant Statistical analyses (one-way ANOVA with Tukey’s 

multiple comparison test) were performed using Prism 7 software. 

 

The results of these experiments were similar to that of the previously tested 

stimuli. Although there was an observable induction in the treatment groups, hydrogen 



 

77 

sulfide failed to significantly induce CBS protein.  (Figure 23 A)  In addition, there was 

not a statistically significant change in CBS mRNA expression level in cells treated with 

hydrogen sulfide. (Figure 23 B)  Lastly, Sp-1 activation/phosphorylation was assessed in 

hydrogen sulfide treated cells using western blots and there was not a difference in any of 

the treatment groups (results not pictured).  To further validate the SP1 activity on CBS 

promoter, I planned to perform a chromatin immunoprecipitation (ChIP) assay using p-

SP1 specific antibody and CBS promoter forward and reverse primers. However, based on 

the results of the western blots and RT-qPCR, I decided to not proceed with the Chip assay 

to evaluate Sp-1, 3 interaction with the CBS promoter.  

 

Hif 1 alpha expression is Increased in Polyps and Cancer 

In Chapter 2, I presented immunohistochemical data of CBS expression levels in 

patient specimens (Figure 1) and determined that CBS expression increased as colon 

cancer progresses. Using the same patient specimens, I evaluated the expression of the 

transcription factor hypoxia-inducible factor-1 (HIF-1). HIF-1 is a heterodimer that 

consists of an alpha and beta subunit97; when HIF-1α is activated, it translocates to the 

nucleus and dimerizes with HIF-1β. I stained for the inducible subunit of HIF-1, HIF-1α 

expression, whose degradation is dependent on oxygen tension levels (normoxic 

conditions). IHC staining revealed that there was HIF-1α diffuse staining throughout the 

cytoplasm of benign colon tissue and hyperplastic polyps. This staining pattern is indicative 

of inactive Hif-1α. In both tubular adenoma and cancer, we saw punctate or active nuclear 

HIF-1α staining near hypoxic regions with necrosis. (Figure 24)  
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CBS overexpression Results in Increased Hypoxia Related Genes  

Figure 24 Hif1α Expression is Increased Polyp and Cancer. Formalin-fixed paraffin-embedded 

sections of human tissue were stained for HIF-1alpha by DAB-IHC and counterstained with 

hematoxylin. Representative images were taken at 400x  A) Normal B) Hyperplastic polyp C) 

Tubular adenoma D) Cancer 
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Once HIF-1 is activated several downstream targets become transcriptionally 

active, this includes genes involved in angiogenesis, glycolysis, and metabolism. 

Transcriptomic pathway analysis of CBS overexpressing cells showed significant 

upregulation of genes shown to increase hypoxia responses summarized in (Table 2). This 

evidence suggests that HIF-1 is active in CBS overexpressing cells and could regulate CBS 

transcriptionally in the colonic epithelium.  

 
Table 2 CBS Overexpression leads to changes in the transcriptome resulting in upregulation of 

hypoxia-related genes. 
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Figure 25 Hypoxia induces CBS protein but does not alter transcription. (A) Immunoblot assays were 

performed to analyze CBS and actin protein levels. NCM356 cells were exposed to 20% or 1% O2 for 2 or 

24 h, and whole-cell lysates were prepared. (B) Cells were treated with either 20%, 1% O2 , or CoCl2 for 

24 h, and total RNA was isolated. qRT-PCR was performed to determine levels of mRNA encoding CBS. 

Results are means ± S.E.M., n=3; *P<0.05 compared with cells exposed to 20% O2  
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CBS protein expression is induced in Hypoxic Normal Colonic mucosal Cells 

(NCM356) 

Takano et al. demonstrated that CBS is a potential target for HIF. This study 

reported that hypoxia induces CBS protein, mRNA expression, and catalytic activity in 

human glioblastoma cells. To evaluate the potential role of hypoxia in the induction of CBS 

in the colonic mucosa, NCM356 cells were exposed to either 20% or 1% O2 for 2 or 24 hrs.  

Western blotting analyzed changes in protein, and RT-qPCR quantified mRNA levels. We 

determined that at 2 and 24 hrs. hypoxia significantly increased CBS protein expression. 

(Figure 25A) Conversely, there was not a significant induction of CBS mRNA in NCM356 

cells. (Figure 25 B) These experiments were completed multiple times for significance. 

However, there was never an observable induction of CBS  mRNA.  

 

Figure 26 HIF-1 does not regulate CBS promoter.  ChIP assay of NCM356 cells exposed to 20% 

or 1% O2 for 24 h, using antibodies against HIF-1α and HIF-1β. Enrichment of each sequence in 

the immunoprecipitate relative to the input lysate was determined by qRT-PCR n=3 ns: p>0.05, 

nonsignificant  Statistical analyses (one-way ANOVA with Tukey’s multiple comparison test) 

were performed using Prism 7 software. 

 

To evaluate if HIF-1 regulates CBS by binding to its promoter, chromatin 

immunoprecipitation assays were performed. The CBS promoter sequence was retrieved 
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from the Eukaryotic Promoter Database (http://epd.vital-it.ch/cgi-

bin/download_sequences.cgi). Next, the CBS promoter was screened for HIF binding sites 

using PROMO 3.0. Primers were purchased based on published sequences, for the hypoxia 

response elements (HRE) in the CBS promoter. Chip assays were completed with Chip 

specific antibodies for Hif 1α, Hif1β, and IgG isotype control was used for normalization. 

Chip assays showed that there was not an observable difference in the signal of CBS 

promoter binding to Hif-1 α or β under hypoxic conditions. (Figure 26) Suggesting that 

HIF-1 does not transcriptionally regulate the expression of CBS in the colonic epithelium.   

After searching the literature for an alternative mechanism of CBS regulation, I 

found a study that focused on changes in CBS stability and degradation as opposed to an 

upregulation of transcription. Teng et al. determined that CBS accumulated and 

translocated to the mitochondria in hypoxic conditions. CBS accumulation was due to a 

conformational change in its prosthetic heme group causing CBS to not be recognized and 

degraded by the mitochondrial protease, Lon. CBS then increases hydrogen sulfide 

production, which acts as a scavenger of ROS, inhibits cytochrome c release, and prevents 

apoptosis.21  

Lon protease is involved in the degradation of oxidized and damaged proteins 

within the mitochondria. Lon protease is induced by multiple stimuli such as reactive 

oxygen species, hypoxia, and endoplasmic reticulum stress98. Lon protease is 

downregulated with cell senescence and aging, but Lon protease has been found to be 

upregulated in cancer and is associated with metabolic reprogramming and the induction 

of epithelial-mesenchymal transition. 98,99 Based on this information I developed the 

following hypothesis: The accumulation of inactive Lon protease results in the 

upregulation of CBS in colon cancer due to decreased protein degradation. I tested this 

http://epd.vital-it.ch/cgi-bin/download_sequences.cgi
http://epd.vital-it.ch/cgi-bin/download_sequences.cgi
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hypothesis by first evaluating the expression of Lon protease in human normal colonic 

tissue (n=6) and colon cancer (n=6) specimens using western blot. With western blot, I 

determined that  Lon protease was significantly increased in colon cancer. (Figure 27) 

With this information, I decided it was unlikely that the down-regulation of Lon protease 

was responsible for CBS upregulation in colon cancer when both CBS and Lon were 

upregulated in the same patient samples. Although it is unlikely that CBS upregulation is 

due to a mitochondrial Lon protease-mediated mechanism, I felt that there was still value 

in further evaluating if hypoxic conditions can affect CBS protein stability.  

 

 

 

 

 

Hypoxia did not 

alter CBS mRNA 

levels as 

measured by 

qRT-PCR at the 

same time points 

that CBS protein 

accumulation was observed. This suggests that hypoxia acts at a post-transcriptional level 

to induce CBS in NCM356 cells. To further evaluate the mechanism by which hypoxia 

induces CBS protein induction, I performed a cycloheximide chase assay. To determine 

Figure 27 Lon Protease is upregulated in Colon Cancer. Densitometry 

results of  (3) western blots comparing (6) normal colonic samples to (6) 

colon cancer specimens. Bar graph is the mean expression level of Lon 

protease. 
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appropriate concentrations of cycloheximide for NCM356 cells, I performed a viability 

assay.  

 

Hypoxia was induced by a hypoxia mimetic, Cobalt Chloride (CoCl2 ). After 

hypoxia induction, cells were treated with either cycloheximide (used to inhibit protein 

translation) or MG132 (used to inhibit proteasome degradation). Cells treated with cobalt 

chloride or MG132 had a significant increase in CBS protein expression level. Hypoxia-

induced cells that were later treated with MG132 for 24hrs had a significant increase in 

protein expression compared to both CoCl2 and MG132 alone. This suggests that CBS 

protein levels are highly regulated by the balance between stability and degradation. Cells 

that were pretreated with CoCl2 and allowed to reoxygenate and were treated with 

cycloheximide to inhibit translation had a significant decline in CBS protein levels over a 

Figure 28 Both Cobalt Chloride and MG132 induce accumulation of CBS in NCM356 cells.A. Representative 

Western blot B. Results of Cycloheximide chase assay NCM cells were exposed to either CoCl2, MG132, or 

CHX for the indicated periods of time. Whole cell lysates were prepared and analyzed by Western blot using 

an anti-CBS antibody. n=3  Statistical Analysis (Two way ANOVA with Bonferroni post test **:p<0.01, 

***:p<0.001, ns p>0.05)  
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24 hour period. (Figure 28) Together these results further strengthen the argument that 

CBS protein could be regulated in the colonic epithelial cells by enhanced stabilization or 

decreased degradation of the protein post-transcriptionally.     

  

 

5.4 DISCUSSION 

The purpose of this aim was to evaluate the role of exogenous H2S, LPS induced 

inflammation, and hypoxia on CBS protein regulation. My data suggests that neither H2S 

donors nor LPS  are capable of inducing CBS expression in colonic mucosa. This data does 

conflict with other published studies evaluating CBS induction by H2S and LPS in other 

tissue types. To verify my results, I treated NCM356 cells with both sodium hydrogen 

sulfide (NaHS) and GYY4137  (slow release H2S donor) to confirm that the lack of 

induction was not due to the short half-life of NaHS. However, I was unable to detect a 

significant increase in CBS protein. Additionally, I evaluated if the H2S effects were time-

dependent by treating NCM cells for the following time points:  (2 hr, 4hr, 6hr, 8hr, 12hr, 

and 24 hr) and performing western blotting (CBS protein) and RT-qPCR for (CBS mRNA). 

These experiments showed a minimal increase in CBS expression at 12 hours but not a 

significant change compared to the vehicle-treated cells.  Next, I evaluated the role of LPS 

in CBS induction these experiments also displayed a trend but never reached statistical 

significance.  Also, to validate these results I treating an alternative nontumorigenic cell 

line, HCEC, and did have an induction in CBS. To confirm that the LPS stock was 

“biologically active” and the concentration was appropriate, I performed western blots for 

nuclear phospho--NF-кB p65 which was significantly increased in LPS treated samples. 

Finally, I tested the role of hypoxia on CBS induction as hypoxia is a common feature of 
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solid tumors. These experiments resulted in a CBS protein induction at time points of 2 

and 24 hrs, but there was no change in CBS mRNA or HIF-1 promoter binding at the same 

timepoints. Based on those results, I evaluated if hypoxia could induce changes in CBS 

protein stability using a cycloheximide chase assay.  Based on this experiment, I 

determined that hypoxia inhibits the degradation of CBS protein and the addition of a 

proteasomal inhibitor further enhanced CBS protein expression. Future studies would 

include further evaluation of hypoxia-induced protein stabilization. For these experiments,  

I propose the use in an in vitro ubiquitination assay to determine if hypoxia induces changes 

in ubiquitination of CBS to promote stability. Additionally, I initially proposed that 

changes in CBS stability were due to Lon protease, future studies should include 

determining which protease is responsible for CBS degradation which could  potentially 

be a druggable target.  

  



 

87 

Chapter 6 Conclusions and Future Directions  

 

 

  

Illustration 7 CBS overexpression Contributes to Multiple Hallmarks of Cancer. 
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6.1 Conclusions  

 
The role of cystathionine beta-synthase (CBS) has been evaluated in multiple cancer types. 

Recent research has proven that CBS is selectively upregulated in colorectal cancer and 

has a functional role in tumor cell proliferation, migration, and bioenergetics; and could be 

a potential prognostic marker. However, it was unknown if CBS had a role in colorectal 

carcinogenesis (promotion and progression of cancer) and the underlying molecular 

mechanism that leads to CBS upregulation in colonic tissue.  This dissertation focused on 

exploring the functional consequences of CBS upregulation on cellular metabolism, and 

colorectal carcinogenesis as well as the mechanisms of CBS regulation by hypoxia in 

premalignant colonic mucosal cells.  CBS expression was upregulated as early as 

hyperplastic polyps and expression increased with the progression of carcinogenesis.  

Based on this observation, my goal was to evaluate if the upregulation of CBS in a 

nonmalignant cell was sufficient to induce metabolic reprogramming and a cellular 

phenotype characteristic of invasive cancer. Using an adenoma-like colonic epithelial cell 

(NCM356) as a model, I forcibly overexpressed CBS with a lentiviral vector and evaluated 

the effects on colorectal carcinogenesis. My first aim was to determine if CBS upregulation 

resulted in enhanced cell proliferation and tumorigenicity. In Chapter 2, I demonstrated 

that CBS upregulation increased cell proliferation due to enhanced glycolysis and the 

pentose phosphate shunt. Furthermore, using a tumor xenograft model, I determined CBS 

increased tumorigenesis, and genetic ablation of CBS in heterozygous mice (CBS+/-) 

reduced the number of mutagen-induced aberrant crypt foci. In the malignant conversion 

of benign cells, invasion and metastasis are indicators of additional genetic and epigenetic 

changes.100  In chapter 3, my goal was to determine if CBS activates an invasive and 
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migratory phenotype in premalignant colonic cells and characterize this mechanism. I 

determined the upregulation of CBS resulted in increased migration, invasion through 

Matrigel, and resistance to anoikis through an AKT/PI3K/ mTOR dependent mechanism 

and pharmacological inhibition of CBS decreases migration and invasion. Next, I 

characterized the role of CBS in inducing reprogramming of energy metabolism and 

changes in gene expression characteristic of colorectal cancer cells. Using metabolomic 

analysis, I determined that CBS upregulation resulted in differentially expressed 

metabolites (65 increased and 20 decreased) grouped into the glycolytic pathway, 

nucleotide sugars, intermediates of the pentose phosphate pathway, and lipogenesis. CBS 

upregulation induced extensive changes in the NCM356 cell transcriptome with over 350 

differentially expressed genes. These genes overlapped significantly with gene sets related 

to glycolysis, hypoxia, and a colon cancer cell phenotype, including genes regulated by 

NF-кB, KRAS, p53, and Wnt signaling, genes downregulated after E-cadherin knockdown, 

and genes related to increased extracellular matrix, cell adhesion, and epithelial-to-

mesenchymal transition. However, it is still undetermined if transcriptomal changes and 

altered cell metabolism relied solely on CBS function or were due to H2S mediated protein 

modifications such as S-sulfhydration.  The final aim of my dissertation was to determine 

the mechanism that leads to upregulation of CBS in colon cancer. To study the regulation 

of CBS, I used immunoblotting,  RT-qPCR, and chromatin immunoprecipitation (ChIP) to 

examine the effects of various stimuli (e.g., LPS induced inflammation, hydrogen sulfide, 

and hypoxia) on CBS expression.  I determined that only hypoxia significantly stimulated 

CBS protein accumulation, but did not induce mRNA expression or promoter binding.  

This data suggests that hypoxia regulates CBS through a post-transcriptional mechanism. 
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Furthermore using a cycloheximide chase assay, I determined that CBS expression is 

stabilized in hypoxic conditions and inhibition of proteasomal degradation further 

increases CBS expression.  In summary, this dissertation highlights the importance of CBS 

in colon carcinogenesis as it regulates several hallmarks of cancer such as proliferation, 

angiogenesis, deregulating cellular energetics, resisting cell death, and activating invasion. 

(Illustration 8) 

Illustration 8 Schematic of Cystathionine Beta Synthase’s role in Promoting Colon 

Carcinogenesis and Metabolic Reprogramming. Bold arrows indicate results shown in this 

dissertation.  

6.2 Future Directions 
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The present study focused on assessing the functional consequence of CBS 

overexpression in one premalignant cell with evidence of pre-existing early-stage 

transitions. Future studies should analyze the function of CBS in alternative normal cell 

lines such as the HCEC line. Since there are limited established normal colonic cells lines, 

efforts should also include the development of explant cultures derived from human colon 

mucosa displaying a normal phenotype. With deep sequencing analysis of mutations, it 

could then be determined which proceeding mutations are necessary for CBS to induce 

metabolic reprogramming. Next, we should focus on gathering clinical samples of patient-

matched normal and colorectal cancer specimens. Our initial evaluations should focus on 

determining CBS expression and activity in human CRC samples and attempt to associate 

CBS expression with CRC stage/grade.   Once we have acquired a biobank or repository 

of CRC samples, we should analyze metabolites present in specimens that highly express 

CBS. One advantage to using metabolomics to analyze patient specimens is that 

metabolites are more stable than protein or mRNA and can be informative of the functional 

status of the biological system. 101 This process can be used to create a metabolic profile of 

cancer, and commonly upregulated metabolites can be researched as biomarkers or “onco-

metabolites.” Finally, efforts should be directed to the development of pharmacological 

inhibitors of CBS to be used as cancer therapeutics. My work suggests that CBS 

simultaneously affects multiple acquired capabilities necessary for cancer growth and 

progression, therefore making CBS an ideal drug target.  
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Appendix A   

 
Table 3 Metabolites that are over (red) - or under (green)-expressed in NCM356 cells 

overexpressing CBS (CBS2) compared to vector-transduced control NCM356 cells. 

Pathway Biochemical name 

NCM356+CB

S 

NCM356 

p-value q-value 

Alanine and 

Aspartate 

Metabolism 

N-acetylasparagine 0.7568 0.0023 0.0554 

Glutamate 

Metabolism 

N-acetylglutamine 0.8459 0.0315 0.1203 

gamma-aminobutyrate (GABA) 0.6944 0.0035 0.0577 

glutamate, gamma-methyl ester 1.3026 0.0231 0.1047 

Phenylalanine 

and Tyrosine 

Metabolism 

N-acetylphenylalanine 0.7508 0.0073 0.0742 

N-acetyltyrosine 0.6497 0.0295 0.1157 

Tryptophan 

Metabolism 

Indolelactate 0.8672 0.0437 0.1496 

serotonin 2.4659 4.49E-06 0.0006 

Leucine, 

Isoleucine and 

Valine 

Metabolism 

Tiglylcarnitine 1.2628 0.0333 0.1235 

2-hydroxy-3-methylvalerate 0.6267 0.0461 0.1504 

alpha-hydroxyisocaproate 

 

0.5781 0.0372 0.1343 

Methionine, 

Cysteine, SAM 

and Taurine 

Metabolism 

S-adenosylhomocysteine (SAH) 0.6148 0.0024 0.0554 

Homocysteine 0.5229 0.0028 0.0554 

Cystathionine 1.4358 0.0164 0.1 

Cysteine sulfinic acid 1.3029 0.0462 0.1504 

Polyamine 

Metabolism 

N-acetylputrescine 0.6283 0.0063 0.0726 

Glutathione 

Metabolism 

ophthalmate 1.4876 0.0093 0.0829 
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Gamma-

glutamyl Amino 

Acid 

gamma-glutamylalanine 0.7866 0.0021 0.0554 

gamma-glutamyl-epsilon-lysine 1.2492 0.0146 0.0972 

gamma-glutamylvaline 1.1864 0.0096 0.0829 

Dipeptide 

Derivative 

anserine 1.2466 0.0175 0.1002 

Dipeptide 

phenylalanylglycine 1.9195 0.0033 0.0577 

tryptophylglycine 1.5487 0.0274 0.1138 

tyrosylglycine 2.0093 0.0045 0.0598 

valylglutamine 1.4499 0.0218 0.1047 

leucylglutamine 1.4636 0.0029 0.0554 

Glycolysis, 

Gluconeogenesis

, Pyruvate 

Metabolism 

Lactate 1.3496 0.0029 0.0554 

glycerate 1.7169 0.0105 0.0842 

Pentose 

Phosphate 

Pathway 

6-phosphogluconate 1.4264 0.0025 0.0554 

Glycogen 

Metabolism 

maltotriose 

 

1.2892 0.0422 0.147 

Fructose, 

Mannose and 

Galactose 

Metabolism 

mannitol/sorbitol 1.3805 0.0019 0.0554 

Nucleotide Sugar 

UDP-glucose 1.532 0.0205 0.103 

UDP-galactose 1.5104 0.0026 0.0554 

UDP-

acetylglucosamine/galactosamine 

0.4683 0.0106 0.0842 

Aminosugar 

Metabolism 

N-acetyl-glucosamine 1-phosphate 1.4594 0.007 0.0742 

TCA Cycle succinate 0.8096 0.0184 0.1002 
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Long Chain 

Fatty Acid 

myristoleate (14:1n5) 1.3327 0.0287 0.1144 

10-nonadecenoate (19:1n9) 1.5602 0.0489 0.1537 

Fatty Acid, 

Branched 

15-methylpalmitate 

 

1.5051 0.0178 0.1002 

Fatty Acid 

Metabolism 

(Acyl Carnitine) 

octanoylcarnitine 

 

1.64 0.0041 0.0586 

Phospholipid 

Metabolism 

1,2-dipalmitoyl-GPC (16:0/16:0) 1.2133 0.026 0.1129 

1,2-dioleoyl-GPC (18:1/18:1)* 1.2038 0.0401 0.1429 

1-palmitoleoyl-2-oleoyl-GPC 

(16:1/18:1)* 

1.2242 0.047 0.1511 

1-palmitoyl-2-oleoyl-GPE (16:0/18:1) 1.2722 0.0174 0.1002 

1-stearoyl-2-oleoyl-GPE  

(18:0/18:1) 

1.2325 0.0359 0.1312 

1-palmitoyl-2-linoleoyl-GPE 

(16:0/18:2) 

1.7167 0.0127 0.0972 

1-palmitoyl-2-stearoyl-GPC 

(16:0/18:0) 

1.2002 0.0227 0.1047 

1,2-dioleoyl-GPE (18:1/18:1) 1.3008 0.0079 0.0742 

1,2-dilinoleoyl-GPC (18:2/18:2) 1.2698 0.0424 0.147 

1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* 1.266 0.0133 0.0972 

1,2-distearoyl-GPC (18:0/18:0) 2.0252 0.0153 0.0995 

Lysolipid 1-lignoceroyl-GPC (24:0) 1.2294 0.0194 0.1014 

Plamalogen 
1-(1-enyl-palmitoyl)-2-linoleoyl-GPE 

(P-16:0/18:2)* 

0.6839 0.019 0.1014 

Glycerolipid 

Metabolism 

glycerophosphoglycerol 1.2397 0.0331 0.1235 

Sphingolipid 

Metabolism 

sphingomyelin (d18:1/22:1, 

d18:2/22:0, d16:1/24:1)* 

1.2077 0.028 0.1138 
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sphingomyelin (d18:1/21:0, 

d17:1/22:0, d16:1/23:0)* 

1.4556 0.0068 0.0742 

sphingomyelin (d18:2/23:0, 

d18:1/23:1, d17:1/24:1)* 

1.3062 0.0281 0.1138 

tricosanoyl sphingomyelin 

(d18:1/23:0)* 

1.3659 0.0238 0.1059 

glycosyl-N-stearoyl-sphingosine 1.5483 0.0181 0.1002 

glycosyl-N-palmitoyl-sphingosine 1.3352 0.022 0.1047 

Mevalonate 

Metabolism 

3-hydroxy-3-methylglutarate 1.1996 0.0448 0.1504 

Primary Bile 

Acid Metabolism 

glycocholate 1.5488 0.0028 0.0554 

taurocholate 1.577 0.0107 0.0842 

glycochenodeoxycholate 1.4125 0.0081 0.0742 

Purine 

Metabolism 

inosine 5'-monophosphate (IMP) 0.3173 0.0015 0.0554 

2'-deoxyinosine 1.3469 0.0135 0.0972 

N6-succinyladenosine 1.1581 0.0479 0.1524 

guanosine 5'- diphosphate (GDP) 0.6358 0.0165 0.1 

guanine 2.0175 0.0143 0.0972 

Pyrimidine 

Metabolism 

uridine 5'-monophosphate (UMP) 1.3071 0.0459 0.1504 

beta-alanine 0.77 0.0061 0.0726 

ribose 1-phosphate 1.2259 0.0266 0.1129 

Nicotinate and 

Nicotinamide 

Metabolism 

nicotinamide ribonucleotide (NMN) 1.6278 0.0075 0.0742 

nicotinamide adenine dinucleotide 

(NAD+) 

1.2129 0.0205 0.103 

1-methylnicotinamide 0.652 0.0041 0.0586 

adenosine 5'-diphosphoribose (ADP-

ribose) 

2.6864 1.86E-05 0.0017 

Riboflavin 

Metabolism 

flavin adenine dinucleotide (FAD) 1.3294 0.0208 0.103 

flavin mononucleotide (FMN) 1.4536 0.0042 0.0586 
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Tocopherol 

Metabolism 

alpha-tocopherol 1.4689 0.0049 0.0618 

Folate 

Metabolism 

5-methyltetrahydrofolate (5MeTHF) 1.3164 0.0157 0.0996 

Thiamine 

Metabolism 

thiamine diphosphate 0.7367 0.0299 0.1157 

Vitamin B6 

Metabolism 

pyridoxamine 1.2353 0.0139 0.0972 

pyridoxal phosphate 1.3339 0.0224 0.1047 

Benzoate 

Metabolism 

O-methylcatechol sulfate 1.4732 0.0264 0.1129 

Chemical lanthionine 12.2969 1.54E-06 0.0004 

  



 

97 

 
Table 4 GSEA: Gene Families for 351 genes (q<0.01) in CBS overexpressing cells. 

Gene Families Genes Up (243) Genes Down (108) 

Tumor Suppressors 1 (CDH1) 1 (PIK3R1) 

Oncogenes 5 (ASPSCR1, PER1, 

PRDM16, HOXD11, 

CCND2) 

2 (LCP1, DDX10) 

Translocated Cancer Genes 5 (ASPSCR1, PER1, 

PRDM16, HOXD11, 

CCND2) 

3 (LCP1, DDX10) 

Protein Kinases 7 (DDR1, MAP3K5, 

CDC42BPG, SBK1, 

RPS6KA2, PTK7, TRIB3) 

3 (PLK2, AXL, DCLK1) 

Cell Differentiation 

Markers 

4 (CXCR1, DDR1, CDH1, 

CD8B) 

2 (NGFR, NRP1) 

Homeodomain Proteins 2 (IRX3, HOXD11) 2 (ISL1, ZEB1) 

Transcription Factors 20 (E2F2, IRX3, CEBPB, 

ELF3, FAM20C, HES6, 

PRDM16, JUNB, 

HOXD11, HES1, ASCL2, 

FOS, EBF4, DBP, IDI, 

HES4, ETS2, HES2, 

PER1, ID3) 

10 (CRIP1, ZNF45, 

ZFP30, ZNF107, ZFPMZ, 

DAH1, ZEB1, ISL1, 

ZNF20, AHR) 

Cytokines and Growth 

Factors 

18 (FGF19, S100A6, TNC, 

FGF11, TNSF15, KITLG, 

IGF2, TNFSF9, MDK, 

INHBB, SEMA6B, ADM, 

INHBE, VEGFA, ADM2, 

GDF15, APLN, FGF3) 

3 (CXCL1, SAA2, SAA1) 
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