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ABSTRACT 

 

Nrf2 (NF-E2-related factor 2) is a transcription factor that regulates a battery of 

downstream genes that contain an antioxidant response element (ARE) in their promoters, 

including intracellular redox-balancing proteins, phase II detoxifying enzymes, and 

transporters. These Nrf2-dependent proteins work in collaboration to protect against 

many diseases where oxidative stress plays an essential role in disease onset and 

progression. Consequently, it is imperative to understand the basic molecular 

mechanisms of how Nrf2 is regulated so we can target this pathway for disease 

prevention and treatment. 

 

Nrf2 is mainly regulated at the protein level by the ubiquitin proteasome system. Under 

basal conditions Nrf2 is constantly ubiquitinated by the Keap1-Cul3-E3 ubiquitin ligase 

complex and subsequently degraded by the 26S proteasome.  Currently, regulation of the 

Nrf2-Keap1 pathway by ubiquitination is largely understood. However, the mechanism 

responsible for removal of ubiquitin conjugated to Nrf2 or Keap1 remains unknown. In 

this dissertation, we identified two molecular mechanisms that are important in 

understanding how the Nrf2-Keap1 pathway is regulated: (i) USP15 negatively regulates 

the Nrf2-Keap1 pathway by deubiquitinating Keap1 and (ii) deubiquitinated-Keap1 binds 

in the Cul3-Keap1-E3 ligase complex more tightly than ubiquitinated-Keap1. 
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Additionally, (iii) we demonstrated the importance of the Nrf2-Keap1 pathway in 

USP15-dependent paclitaxel-chemoresistance.  

 

Under oxidative stressed or induced conditions the ability of the E3-ligase to target Nrf2 

for degradation becomes impaired. As a result, Nrf2 is stabilized and free Nrf2 

translocates to the nucleus and initiates transcription of ARE-bearing genes. Activation of 

this pathway is advantageous for chemoprevention. In Chapters 4 and 5, we identified 

and characterized two activators of the Nrf2 cytoprotective pathway, oridonin and 

cinnamic aldehyde. These compounds inhibit Cul3-Keap1-dependent degradation of Nrf2, 

stabilize Nrf2 protein levels, and activate the antioxidant response. Furthermore, both 

compounds are able to protect against cytotoxic and genotoxic stress-induced cell death. 

Moreover, our study on USP15 has elucidated an additional mechanism that allows small 

molecules, such as oridonin, to activate Nrf2 by causing a switch in ubiquitination from 

Nrf2 to Keap1. Taken together, these findings further our understanding of how the Nrf2-

Keap1 pathway is regulated, which is imperative in targeting this pathway for 

chemoprevention or chemotherapy. 
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CHAPTER 1 

INTRODUCTION 

1.1 NF-E2-related factor-2 (Nrf2) and the antioxidant response 

 

1.1.1 Antioxidant Response Element 

Mammalian cells are protected by an endogenous antioxidant system that restores 

homeostasis in response to environmental toxicants, oxidative stress, or reactive 

carcinogenic intermediates (40, 87, 200, 225). The antioxidant response is exerted 

through induction of (i) intracellular redox-balancing proteins (glutamate cysteine ligase, 

GCL; heme oxygenase-1, HMOX-1), (ii) phase II detoxifying enzymes (glutathione S-

transferase, GST; NAD(P)H quinine oxidoreductase-1, NQO1), and (iii) transporters 

(multidrug resistance-associated proteins, MRPs) (56, 57, 89, 102, 131). Together, the 

induction of these genes is imperative for cells to counteract reactive oxygen species 

(ROS) and environmental or chemical toxicants. The majority of these genes contain an 

antioxidant response element (ARE), also known as electrophile response element 

(EpRE), in their promoter region. The ARE was first discovered and characterized by 

Rushmore et al. in 1991. The consensus sequence, 5‟-GTGACNNNGC-3‟, was first 

identified in the 5‟-flanking region of the rat glutathione S-transferase Ya (GST-Ya) gene 

and the NQO1 gene by mutation and deletion analysis (170). Since its discovery, the 

ARE sequence has been further characterized to a „core‟ consensus sequence, 5‟-

RTGACnnnGCR-3‟, that can be applied to many genes (170). However, subsequent work 

suggested that the ARE is better represented by an extended sequence, 5‟-



16 
 

TMAnnRTGAYnnnGCRwwww-3‟, where the „core‟ consensus sequence is highlighted 

in bold and underlined (220). Introduction of point mutations into a 41-bp region of the 

mouse Gsta1 promoter demonstrated that the „TMA‟ 5‟-ARE-tri-nucleotide motif was 

necessary for induction via the ARE sequence (220). Further analysis introducing point 

mutations into the mouse Nqo1 promoter revealed that the 3‟-tetra-nucleotide „wwww‟ 

motif was not necessary for basal or inducible gene expression (139). Within the 9-bp 

„core‟ sequence, a number of AREs contain a G nucleotide at position 4, rather than a C 

or T. Therefore, it was suggested that it might be more accurate to depict the „core‟ 

consensus as 5‟-TGABnnnGC-3‟ (where B=C, or G, or T). Thus, the minimal ARE 

consensus sequence appears to be a 16-bp motif, 5‟-TMAnnRTGABnnnGCR-3‟ with 

the „core‟ consensus sequence in bold and underlined. Paradoxically, a comprehensive 

mutational study conducted on the NQO1-ARE suggested that it did not conform to the 

general consensus sequence (139). In fact, this study determined that different AREs have 

distinct sequence requirements and are poorly conserved between different genes. 

Nucleotides that are important for the function of one ARE are not necessarily essential 

for the function of another (Table 1.1). As a result four distinct classes of ARE enhancers 

may exist: (i) Class 1, an extended 16-bp ARE with the „TMA‟ motif plus an embedded 

AP1-binding site (i.e. NQO1); (ii) Class 2, an extended 16-bp ARE with the „TMA‟ motif 

without an embedded AP1-binding site (i.e. mouse Gsta1); (iii) Class 3, a minimal 11-bp 

ARE plus an embedded AP1-binding site (i.e. mouse Mt2); (iv) a minimal 11-bp ARE 

without an embedded AP1-binding site (i.e. mouse Mrp2). Mutational analysis revealed 

that Class 1 and Class 2 enhancers will be more highly responsive to chemopreventive 



17 
 

  

Table 1.1 Comparison of the ARE consensus sequence.  

The nucleotides in bold capital letters are those that share identity with the extended 

16-bp ARE consensus sequence. The positions of AREs are presented with 

reference to the transcriptional start site (TSS), assigned based on the position of 

the TATA box that is usually situated approximately 25–35 bp upstream of the 

TSS. In the absence of a TATA box, the position of AREs is shown relative to the 

ATG initiation codon; such instances are indicated with ATG being placed in 

parenthesis. The 16-bp ARE consensus is proposed as 50-

TMAnnRTGABnnnGCR-30 (where M=A or C; R=A or G; B=C, or G, or T); 

n=any nucleotide). [Adapted from (58)] 
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agents than Class 3 and Class 4. The discovery of the ARE sequence in the promoter of 

these genes initiated a search for a transcription factor that could bind the ARE sequence 

and regulate gene expression in an ARE-dependent manner. The similarity between the 

ARE sequence and the consensus sequence that many basic leucine zipper (bZIP) family 

proteins bind to, led to the discovery of NF-E2-related factor-2 (Nrf2). Nrf2 functions as 

a transcription factor that binds to the ARE consensus sequence in the promoter of genes 

and activates their transcription (71, 137, 208, 222).   

 

Nrf2 is principally responsible for the regulation of ARE-bearing genes. However, small 

Maf proteins contain a bZIP domain and can bind ARE sequences. Since they have no 

transactivation domain, Nrf2 heterodimerizes with small Maf proteins and binds the ARE 

enhancer in the DNA. It has been shown that small Maf proteins are required for the 

function of Nrf2. Knockout of all small Mafs in mouse embryonic fibroblasts (MEFs) 

prevented induction of GCLC, GCLM, GSTA4, HMOX1, NQO1, and TXNRD1 by 

diethylmaleate, a glutathione depleting agent that has been shown to induce GST and 

NQO1 in vivo (84). Furthermore, constitutive activation of Nrf2 in Keap1 knockout mice 

led to overexpression of keratin 6 in keratinocytes; however, this was abolished in 

Keap1/small Maf compound knockout mice (130). 

 

1.1.2 The Nrf2 transcription factor 
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Nrf2 (NF-E2-related factor 2) was first cloned as a NF-E2 (nuclear factor erythroid-

derived 2)-like basic leucine zipper transcriptional activator that binds to the tandem NF-

E2/AP1 repeat of the -globin locus control region (128). Nrf2 belongs to the 

“cap‟n‟collar” (CNC) subfamily of the basic region leucine zipper (bZIP) transcription 

factors. Despite being highly conserved across species, the function of Nrf2 differs 

greatly from other CNC family members. The CNC family consists of 6 members: NF-E2 

(also known as p45), Nrf1, Nrf2, Nrf3, Bach1 (BTB and CNC homology 1), and Bach2. 

NF-E2 is erythroid-specific and NF-E2 -/- mice lack circulating platelets and die of 

hemorrhage, suggesting NF-E2 is essential for platelet production (183). Nrf1 is 

ubiquitously expressed and plays a critical role in erythroid differentiation and platelet 

formation, and knockout of Nrf1 is lethal to embryonic development (3, 15, 125). Nrf2 is 

ubiquitously expressed and plays a pivotal role in the antioxidant response. Interestingly, 

it is not essential for murine erythropoiesis, growth, or development (18). Nrf2 knockout 

mice have a diminished antioxidant response and are highly sensitive to environmental 

stresses. This topic will be discussed further in section 1.3. Conversely, Nrf3 can repress 

ARE-dependent transcription and the knockout mice display normal phenotypes (35, 

171). Bach1 and Bach2 contain a BTB (broad complex, tramtrak, and bric-a-brac) 

domain and are transcriptional repressors; however, one study has suggested that in 

erythroid cells Bach1 can activate transcription (36, 132, 149). Unlike Bach1 which is 

expressed ubiquitously and is dispensable for development and reproduction in mice, 

Bach2 is expressed mainly in the brain and in the B cell lineage where it is required for  
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antibody class switching (132, 133, 193). The differences in phenotypes between CNC 

family knockout mice indicate that they are not functionally redundant. This was further 

confirmed in double and triple CNC knockout mice (Table 1.2).  

 

There are several domains within Nrf2 that are homologous between species (Figure 1.1). 

They are designated Nrf2-Ech homology (Neh) 1-6. The Neh1 domain contains the basic 

leucine zipper that is representative of all CNC members. It is necessary for DNA 

binding and dimerization with other transcription factors. The Neh1 domain also contains 

a functional nuclear localization signal (NLS) (74). The N-terminal domain is termed the 

Neh2 domain, which contains seven Ub-accepting lysine residues. The Neh2 domain 

confers negative regulation through interaction with the Kelch domain of Keap1, 

resulting in ubiquitination and subsequent degradation by the 26S proteasome (247). As a 

result, it is termed the redox-sensitive degron (121). The C-terminal domain, Neh3, 

recruits the coactivator CHD6 and consequently is required for transcriptional activity 

(140). The Neh4 and Neh5 domains are transactivation domains that cooperatively bind 

the CREB-binding protein (CBP; p300) and synergistically activate transcription (83). 

CBP has intrinsic histone acetyltransferase acitivty, therefore, it is thought that CBP acts 

as a coactivator to „relax‟ the chromatin around the ARE binding site in the promoter, 

facilitating the recruitment of RNA polymerase II (112). Lastly, the Neh6 domain is 

recognized as the redox-insensitive degron. Its function is not clearly understood; 

however, it controls the stability of Nrf2 under redox-stressed conditions (121).  
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Table 1.2 Comparison between various mouse CNC knockout 

phenotypes. [Adapted from (199)] 
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Figure 1.1 The domains of Nrf2 and Keap1. Nrf2 has six domains 

termed Neh1-6. Keap1 contains five domains: N-terminal (N), BTB, 

Linker, Kelch, and C-terminal (C). [Adapted from (245)] 
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1.2 Nrf2 and p21 regulate the fine balance between life and death by controlling 

ROS levels 

Reactive oxygen species (ROS) are generated by normal metabolic processes or from 

environmental exposures, and are implicated in the development of cancer and 

cardiovascular disease, as well as the aging process. Under most conditions, ROS is 

tightly regulated by a number of enzymes and antioxidants to prevent damage. However, 

oxidative stress can occur when there is an imbalance in the production of ROS and the 

cells ability to detoxify the reactive intermediates. Consequently, oxidative stress can 

induce cellular damage which can accumulate and promote disease development. 

 

As mentioned previously, Nrf2 plays a pivotal role in activating an antioxidant response 

that decreases ROS, detoxifies harmful chemicals, and ultimately protects against cellular 

damage. Nrf2 regulates a battery of downstream genes that play a role in a wide variety 

of functions, such as cellular redox homeostasis, cell growth and apoptosis, DNA repair, 

the inflammatory response, and the ubiquitin-mediated degradation pathway (247). 

Together, the induction of these genes is imperative for cells to counteract ROS and 

environmental or chemical toxicants. The diverse nature of Nrf2‟s downstream target 

genes demonstrates its vital importance in cell survival and protection. Nrf2 is negatively 

regulated by Keap1, a substrate adaptor for the Cul3-dependent E3 ubiquitin ligase 

complex. Under basal conditions, Keap1 targets Nrf2 for ubiquitination and proteasomal 

degradation, maintaining low basal levels of Nrf2. Under oxidative stress conditions, the 

activity of the E3 ubiquitin ligase complex is suppressed, stabilizing the Nrf2 protein and 
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thus activating the antioxidant response (this topic will be expanded on in section 1.4) 

(102). The Nrf2-dependent antioxidant response has been shown to protect against 

oxidative-stress related diseases such as cancer, neurodegenerative diseases, aging, 

cardiovascular disease, inflammation, pulmonary fibrosis, and acute pulmonary injury (4, 

10, 70, 181).   

 

p21 is a cyclin dependent kinase (CDK) inhibitor that regulates many cellular processes 

in a p53-dependent and -independent manner. p21 can promote cellular differentiation 

and senescence, and inhibit gene transcription and apoptosis. Furthermore, through 

inhibition of proliferating cell nuclear antigen (PCNA), p21 can modulate DNA 

replication and repair. p21 is the major target of p53-mediated cell-cycle arrest. In 

response to DNA damage, p21 functions as a tumor suppressor and initiates cell-cycle 

arrest between the G1 and S interface allowing time for DNA repair (142). On the other 

hand, p21 facilitates apoptotic processes when DNA damage is beyond repair (240). 

Furthermore, cellular stress that does not damage DNA, such as hypoxia or exposure to 

ribonucleotide biosynthesis inhibitors, may also induce p53-dependent expression of p21 

(142).  

 

In our recent study (24), we have revealed a novel mechanism by which p21 protects 

cells against oxidative stress through upregulation of the Nrf2 signaling pathway. Our 

data strongly suggests that upregulation of the Nrf2-dependent antioxidant response is 
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another means for p21 to exert its tumor suppressor activity. We showed that p21 

competes with Keap1 for Nrf2 binding, thus, inhibiting Keap1-dependent Nrf2 

ubiquitination, resulting in stabilization of the Nrf2 protein. In addition, we have shown 

that Nrf2 is essential for p21‟s antioxidant effects, by demonstrating that ectopic 

expression of p21 was able to enhance cell survival in response to H2O2 in MEF-Nrf2
+/+

, 

but not in MEF-Nrf2
-/-

 cells. One may be concerned that overexpression of p21 may lead 

to cell cycle arrest, therefore, protecting cells from death independently of Nrf2. However, 

this is not the case in our current study, since most of the experiments were done in 

HCT116-p21
-/-

 cells, HCT116-p21
-/-

 cells transfected with small amounts of p21-cDNA, 

or in MEF-Nrf2
+/+

 or MEF-Nrf2
-/-

 cells with endogenous p21 knocked down by p21-

siRNA (24). Furthermore, we did not observe obvious changes in the growth rate of cells 

during the course of our experiments. Nevertheless, the requirement of Nrf2 for the p21-

mediated antioxidant response is clearly demonstrated using many different approaches 

in this study. Moreover, we confirmed these results using p21-deficient mice, 

demonstrating the physiological significance of our findings. The essential role of p21 in 

protecting cells or mice from oxidative damage has been reported extensively (47, 143). 

However, until our recent findings the mechanism of how p21 exerts its antioxidant 

effects was unknown. 

 

Cyclin-CDK complexes mainly bind to the N-terminal of p21, containing a cyclin-

binding motif, CY1 (amino acids 17-24) and a CDK2 binding motif (amino acids 53-59).  
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Figure 1.2 The effect of oxidative stress on cell survival. At low levels of 

oxidative stress, p21 activates the Nrf2-dependent antioxidant response which 

protects cells from ROS induced cellular damage. At moderate levels of 

oxidative stress, p21 induces cell cycle arrest to allow time for DNA repair. At 

high levels of oxidative stress, Nrf2 is destroyed and the Nrf2-dependent pro-

survival response is inhibited and the pro-apoptotic response is initiated 

activating apoptosis (212). 
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The C-terminal of p21 also contains a cyclin-binding motif, CY2 (amino acids 155-157) 

as well as the PCNA-interacting domain (amino acids 143-160). Additionally, both 

termini have the ability to inhibit cell proliferation; however, the N-terminus has a greater 

capability (28). The Nrf2-interacting motif is mapped to the C-terminal 
154

KRR (24), 

overlapping the CY2 motif as well as the PCNA interacting domain. Thus, it is most 

likely that p21-mediated upregulation of the Nrf2 signaling pathway and p21-dependent 

cell cycle arrest represent two separate cytoprotective mechanisms carried out by p21. 

However, the cytoprotective pathway that will be predominantly activated in response to 

a particular oxidative stress-inducing chemical is likely dependent on the nature of the 

chemical and the magnitude of oxidative stress. Conceivably, p21-mediated activation of 

the Nrf2 signaling pathway may be the first defense mechanism used to reduce ROS 

under low stress conditions (Fig. 1.2). At moderate levels of oxidative stress involving 

DNA damage, p21-mediated cell cycle arrest would be activated to allow time for DNA 

repair (Fig. 1.2). At high levels of oxidative stress, at the point of no return, apoptosis is 

induced. Since activation of apoptosis requires the accumulation of ROS, it is plausible 

that the Nrf2 antioxidant response pathway must be suppressed in order to induce 

apoptosis. In concordance with this presumption, at high levels of oxidative stress Nrf2 

protein levels begin to decrease in a dose-dependent manner, although, this precise 

mechanism has not yet been elucidated (Fig. 1.2) (44).  
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Our recent finding, demonstrating that p21 is able to upregulate the Nrf2-dependent 

antioxidant response, revealed a novel mechanism by which p21 enhances cell survival 

(24). In addition, the complexity and interplay between these two pathways demonstrates 

their vital role in the balance between cell survival and cell death and warrants further 

investigation.  

 

1.3 The importance of Nrf2 in disease 

1.3.1 Chemoprevention 

The function of Nrf2 relies on its ability to regulate the expression of cytoprotective 

genes. These genes can be divided into five categories based on their function: (i) 

intracellular redox-balancing proteins (GCL; glutathione reductase, GSR; glutathione 

peroxidase, GPx; thioredoxin, TXN, thioredoxin reductase, TXNRD1; peroxiredoxin, 

Prdx; ferritin); (ii) NADPH-generating enzymes (G6pd; malic enzyme, Me1; 6-

phosphogluconate dehydrogenase, Pgd); (iii) metal-binding (ferritin heavy and light 

chains, FTH and FTL; MT1; MT2); (iv) drug-metabolizing enzymes and drug 

transporters (GST; NQO1; UDP-glucuronosyltransferase 1A1, UGT1A1; CYPs; MRPs; 

(v) stress-response proteins (HMOX1; HSP40; HSP70) (56, 57, 89, 102, 131). The role of 

the intracellular redox-balancing proteins is to keep the endogenous levels of ROS low by 

maintaining the two main intracellular redox systems (glutathione and thioredoxin). The 

phase II detoxifying enzymes are responsible for conjugation (glucuronidation, sulfation, 

and glutathione and amino acid conjugation) onto the functional groups of environmental 
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toxicants and carcinogens. The conjugation reaction generally yields an inactive water-

soluble compound that can be excreted through urine or bile. Phase II enzymes aid in the 

elimination of toxic compounds by increasing their polarization/hydrophilicity. 

Transporters, also referred to as phase III enzymes, are responsible for the export of drugs 

out of the cell aiding in their elimination from the body (Figure 1.3). All five categories 

of Nrf2-dependent proteins work in a collaborative effort to maintain homeostasis and 

protect the body from harmful toxicants and carcinogens. This makes the Nrf2 pathway 

an attractive target for chemoprevention.  

 

The discovery of Nrf2 can in part be attributed to studies involving chemopreventive 

compounds. Chemopreventive compounds protect against carcinogens and lower your 

risk of developing cancer.  A number of structurally diverse chemopreventive compounds 

exert their anti-cancer activity by activation of the Nrf2 antioxidant response in order to 

defend cells from oxidative stress or reactive carcinogenic intermediates. Many of these 

compounds are naturally occurring and have been isolated from fruits and vegetables 

(phytochemicals) including: sulforaphane (broccoli) (87), lycopene (tomatoes) (7), 

epigallocatechin-3-gallate (EGCG) (green tea) (134), resveratrol (grapes) (22), curcumin 

(turmeric) (6), capsaicin (chili peppers) (79), diallyl sulphide (garlic) (21), caffeic acid 

phenethyl ester (honey) (6), indole-3-carbinol (cabbage) (1), zerumbone (ginger) (135), 

wasabi (Japanese horseradish) (129), cafestol and kahweol (coffee) (12), cinnamoyl-

based compounds (cinnamon) (108, 227, 229), and carnosol (rosemary) (Figure 1.4A)  
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Figure 1.3 The Nrf2-dependent antioxidant response pathway protects 

against harmful carcinogens. Metabolic activation of carcinogens, through 

Phase I (P450s) metabolism within a cell, can lead to toxicity or cause DNA 

damage. DNA damage can cause mutations and ultimately lead to the 

progression of cancer. However, Nrf2-induced expression of Phase II 

detoxifying enzymes can help eliminate the carcinogens and protect the cells 

from damage.  
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Figure 1.4 Chemopreventive compounds. (A) Naturally occurring 

phytochemicals isolated from fruits and vegetables: curcumin (turmeric), 

capsaicin (chili peppers), [6]-gingerol (ginger), epigallocatechin-3-gallate 

(EGCG) (green tea), genistein (soy beans), resveratrol (grapes), caffeic acid 

phenethyl ester (honey), diallyl sulphide (garlic), indole-3-carbinol, 

sulforaphane (broccoli), and lycopene (tomatoes).  [Adapted from (196)] (B) 

Synthetic chemicals: Oltipraz, CDDO, CDDO-Im, and dh404. 
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(117). Not all chemopreventive compounds are naturally occurring, some are synthetic 

drugs including: tert-butyl hydroquinone (tBHQ), oltipraz (67), 2-indol-3-yl-

methylenequinuclidin-3-ols (indole analogues) (176), 2-cyano-3,12-dioxooleana-1,9(11)-

dien-28-oic acid (CDDO) and its derivatives 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-

28-oyl] imidazole (CDDO-Im) (109) and dihydro-CDDO-trifluoroethyl amide (dh404) 

(Figure 1.4B) (66). 

                                                      

The role of Nrf2 in chemoprevention was further verified in Nrf2 knockout mice. Nrf2 

knockout mice have reduced basal and inducible levels of detoxifying phase II enzymes 

such as GST, NQO1, and GCL (14, 19, 55, 101, 119). Additionally, Nrf2 knockout mice 

display increased sensitivity to chemical toxicants and carcinogens and are resistant to the 

protective actions of chemopreventive compounds (4, 16, 17, 29, 30, 67, 163, 164). 

Based on the critical role of Nrf2 in chemoprevention, using small molecules that activate 

Nrf2 represents an innovative strategy for enhancing resistance to carcinogens and 

environmental insults. 

 

1.3.2 Chemotherapy and the “dark side” 

Since its discovery, Nrf2 has been regarded as a regulator of the cell survival response, 

and as a result it has been found to not only promote survival of normal cells, but also 

cancer cells. Over-expression of Nrf2 in cancer cells creates an environment conducive 
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for cell growth and protection against oxidative stress and chemotherapeutic agents. This 

phenomenon has recently been termed the “dark side” of Nrf2. Yamamoto and Biswal‟s 

groups have found that Nrf2 is constitutively activated in lung tumors and multiple 

cancer cell lines. Sequence analysis identified somatic mutations, with many of these 

mutations disrupting the Keap1(Kelch-like ECH-associated protein 1)-mediated negative 

regulation of Nrf2 (this will be elaborated on in section 1.4.3) (150, 184). Furthermore, 

we have shown that Nrf2 status correlates with chemoresistance. High levels of Nrf2 

protect cancer cells from the effects of various chemotherapeutic drugs; whereas, 

knockdown of Nrf2, transiently or stably, increases the sensitivity of cancer cells to 

chemotherapeutic-induced cell death. Moreover, we have shown that Nrf2 is over-

expressed at later stages of lung cancer and type II endometrial cancer (219). This 

discovery has set a new paradigm for treating cancer and has opened up a broad spectrum 

of research that needs to be conducted in order to translate this research from the bench-

top to the clinic. This research includes identifying Nrf2 inhibitors that can be used as 

chemosensitizers. Additionally, targeting the E3 ubiquitin ligase may prove to be another 

means of altering Nrf2 expression to combat chemoresistance. The ubiquitin proteasome 

system (UPS) has been an up and coming target for cancer therapy and has already 

proved to work in the clinic. This issue will be discussed in greater detail in section 6.2. 

 

1.4 Regulation of Nrf2 by the Cul3-Keap1-E3 ligase 

1.4.1 Ubiquitin and the Ubiquitination Pathway 
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Figure 1.5 A general schematic of the seven Cullin-Ring ligases. (A) Cul1, (B) 

Cul2, (C) Cul3, representative of the Cul3-Keap1-E3 ligase complex, (D) Cul4A/B 

=Cul4A and Cul4B, (E) Cul4B, (F) Cul5, and (G) Cul7 Cullin-ring ligases. Words 

listed in red are all domain names. BPA, BPB, and BPC are the three propeller 

domains of DDB1 (211).  
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Ubiquitin (Ub) is a small protein (76 amino acids) that is highly conserved between 

species. Ubiquitin can modify proteins through an isopeptide bond between the C-

terminal glycine of Ub and a lysine residue on the substrate protein. Through a series of 

thioesterification reactions, Ub is activated and then transferred by the E3 ligase to a 

lysine residue on the substrate protein. The addition of one molecule of ubiquitin to the 

substrate is called mono-ubiquitination. Poly-ubiquitin (poly-Ub) chains can also be 

generated by repeating this process and adding one ubiquitin onto the previously linked 

Ub (62). Ubiquitin contains seven lysine residues, including Lys-48 and Lys-63, that are 

all able to accept Ub to form different poly-Ub linked chains. Proteins conjugated with a 

poly-Ub Lys-48 linked chain are mainly targeted to the 26S proteasome for degradation; 

however, those conjugated with a poly-Ub Lys-63 linked chain have been shown to 

mediate signal transduction and DNA repair. For a comprehensive review please see the 

reference (107). The ability of CRLs to covalently modify proteins, thus, altering their 

abundance and function, makes them very important intracellular complexes. CRLs 

control a variety of cellular processes such as, transcription, cell signaling and cell cycle 

progression. Additionally, CRLs regulate biological processes which include immunity, 

development, glucose sensing, and circadian rhythms (154).  

There are two main types of E3 ligases, those containing a HECT (Homologous to E6-AP 

C-Terminus) domain and those containing a RING (Really Interesting New Gene) 

domain. For the scope of my dissertation, HECT E3s will not be discussed. There are 

numerous CRLs composed of different Cullin (Cul1-7) and substrate adaptor proteins 

(Figure 1.5). Their primary function is to regulate the stability of their substrates in a 26S 
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proteasome-dependent manner. The regulation of Nrf2 by the Cul3-Keap1-E3 ligase is a 

prime example of how CRLs regulate their substrates. 

 

1.4.2 Nrf2 regulation by the Cul3-Keap1-E3 ligase complex 

Due to the profound effects of Nrf2 on cell survival, tight regulation of the Nrf2-mediated 

antioxidant response is very important. For over a decade, the regulation of Nrf2 has been 

investigated extensively and a huge milestone was reached when Keap1 was identified as 

the key negative regulator of Nrf2 (72). Under basal conditions, the Cul3-Keap1-E3 

ligase catalyzes the addition of a Lys-48 linked poly-ubiquitin chain onto Nrf2 and 

thereby targets it for proteasome-mediated degradation, maintaining low basal levels of 

Nrf2 (Figure 1.6). Cullin 3 (Cul3) serves as a scaffolding protein that is bound to both 

Rbx1 and Keap1, which is the substrate adaptor protein that binds to Nrf2. Conversely, 

under oxidative stressed conditions, the ability of the E3 ubiquitin ligase complex to 

ubiquitinate Nrf2 is suppressed and Nrf2 degradation is inhibited leading to increased 

protein stability and activation of the antioxidant response (96, 131, 245, 247). In 

response to Nrf2 inducers, the activity of the E3 ubiquitin ligase complex is inhibited due 

to chemical modification of cysteine residues, particularly Cys-151, on Keap1. This 

modification is thought to alter the conformation of the Cul3-Keap1-E3 ligase, thus, 

impairing the correct assembly of Nrf2 into the complex, which is required for 

ubiquitination of Nrf2 (Figure 1.6) (95, 131, 150, 247). Furthermore, prolonged oxidative  
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Figure 1.6 Regulation of Nrf2 protein expression by the Cul3-Keap1-E3 

ubiquitin ligase complex. Under basal conditions a Keap1 homodimer binds Nrf2 

and recruits it to the Keap1-Cul3-E3 ligase complex where it becomes ubiquitinated 

and targeted to the 26S proteasome for degradation. Under induced conditions the 

activity of the E3 ubiquitin ligase complex is inhibited due to chemical modification 

of cysteine residues, particularly Cys-151, on Keap1. This modification is thought to 

alter the conformation of the Cul3-Keap1-E3 ligase, thus, impairing the correct 

assembly of Nrf2 into the complex, which is required for Nrf2 ubiquitination. Free 

Nrf2 is then allowed to translocate to the nucleus where it heterodimerizes with its 

small Maf binding protein, binds the ARE in promoters of downstream genes, and 

induces their transcription. The antioxidant response is terminated when Keap1 

enters the nucleus, binds Nrf2, and translocates it back to the cytoplasm where it can 

be ubiquitinated and degraded (211).   
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stress may result in modifications to Keap1 that expose lysine residues, which may 

become targets for subsequent ubiquitination (248). Unlike Nrf2, ubiquitinated Keap1 is 

not targeted to the 26S proteasome for degradation due to the difference in ubiquitin 

linkage. Nrf2 poly-ubiquitination is Lys-48 linked, whereas in Keap1, poly-ubiquitin is 

linked through Lys-63 (248). The function of Lys-63 poly-ubiquitinated Keap1 still 

remains elusive. Conceivably, this switch from substrate (Nrf2) to substrate adaptor 

(Keap1) ubiquitination may be a general mechanism for controlling steady-state levels of 

CRL substrate proteins. Furthermore, substrate adaptor proteins are known to undergo 

auto-ubiquitination, destabilizing the CRL complex (224, 253). Therefore, Keap1 auto-

ubiquitination may be necessary in order to adequately induce Nrf2 to a level that is 

sufficient to sustain the antioxidant response over time.  

 

1.4.3 Deregulation of Nrf2 by the Cul3-Keap1-E3 ligase complex in cancer  

In normal cells Nrf2 is under constant regulation by the Cul3-Keap1-E3 ligase complex. 

However, in numerous cancer cell lines this regulation is lost leading to constitutively 

active Nrf2, implicating the Nrf2 pathway in cancer promotion. Deregulation can be a 

result of mutations in Keap1 or in Nrf2. Keap1 mutations, or loss of heterozygosity have 

been found in multiple lung cancer tissues and cell lines, causing inactivation or 

decreased expression of Keap1. As a result, tight regulation of the Nrf2 pathway becomes 

disrupted leading to an increase in Nrf2 expression and activation of its downstream 

genes (150, 184, 185). Mutations in Keap1 have also been identified in breast cancer cell 
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lines and gall bladder cancer (179), as well as human patients with lung adenocarcinoma 

(145). Taken together, these studies imply that Keap1 might function as a tumor 

suppressor, as loss of function is associated with many types of cancer. More recently, 

somatic mutations in the coding region of Nrf2 have been identified in multiple human 

cancers. All mutations were determined to be missense amino acid substitutions and were 

observed more frequently in patients with squamous cell carcinoma (SCC) or patients 

with a history of smoking. No synonymous somatic alterations were detected. More 

specifically, the mutations were altering the amino acids involved in the two-site 

substrate recognition/hinge and latch model, a model for Nrf2 regulation. In this model, 

two amino terminal motifs in Nrf2, DLG and ETGE, bind a Keap1 homodimer that 

positions Nrf2 in the proper orientation to accept Ub, leading to subsequent Nrf2 

degradation (120, 203, 204). As a result, these mutations led to constitutively high levels 

of Nrf2, increased Nrf2 nuclear localization, and increased transcriptional activation of 

Nrf2 downstream genes (180). Another recent study investigated mutations in exon 2 of 

the Nrf2 gene, which contains the DLG and ETGE motifs, in a broad range of human 

cancers. Kim et al. analyzed 1145 cancer carcinoma tissues from skin, lung, esophagus, 

larynx, breast, colon, stomach, liver, kidney, prostate, urinary bladder, ovary, uterine, 

cervix, meningiomas, multiple myelomas, and acute leukemias. Their results identified 

Nrf2 mutations in esophageal SCC (8/70; 11.4%), skin SCC (1/17; 6.3%), broad 

spectrum lung cancers (10/125; 8.0%), and laryngeal SCC (3/23; 13.0%). Again, these 

mutations were found within or near the DLG and ETGE motifs and most likely play a 

role in disrupting the interaction between Nrf2 and Keap1, resulting in constitutively 
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active Nrf2. It is interesting to note that 20/22 (90.9%) patients with Nrf2 mutations were 

previous or current smokers (94). Collectively, these results implicate Nrf2 in the 

development of SCC in lung and head/neck cancers, as well as in esophageal and skin 

cancer. Mounting evidence on the dark side of Nrf2 continues to emerge creating a sense 

of urgency to develop drugs that inhibit Nrf2 activity in order to enhance 

chemotherapeutic efficacy. Targeting Keap1 may prove to be a useful tool, thus, 

understanding the mechanisms of Keap1-mediated regulation of Nrf2 is of vital 

importance. 

 

1.4.4 Neddylation/Deneddylation 

Despite the variance between the CRLs, they are all regulated by similar mechanisms. 

Neddylation, is the process by which Nedd8 (neural precursor cell expressed 

developmentally down-regulated protein 8), a small ubiquitin-like protein, is conjugated 

onto a conserved lysine residue of proteins. Nedd8 and Ub have high sequence similarity 

(57% identical and 76% similar) and are very similar structurally. Nedd8 is conjugated 

onto the C-terminal end of Cullin proteins (human: K720-Cul1, K689-Cul2, K712-Cul3, 

K605-Cul4A, K859-Cul4B) (113, 214, 233). Neddylation occurs by a similar process as 

ubiquitination, involving an E1-like heterodimer (ULA1/UBA3), an E2 enzyme (UBC12), 

and an E3 ligase (DCN1 or SCCRO) (Figure 1.7) (123). It is well-known that neddylation 

activates CRL function. Using purified in vitro systems, several groups have shown that 

neddylated SCF complexes are more active than deneddylated-complexes, leading to  
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Figure 1.7 Regulation of the Cul3-Keap1-E3 ligase complex. The Cul3-Keap1-E3 

ligase complex is active when it is in the neddylated state, which facilitates the 

docking of a Keap1 homodimer bound to Nrf2 into the complex, resulting in 

ubiquitination and degradation of Nrf2. The complex is inactivated by 

deneddylation. The CSN complex removes Nedd8 from Cul3 enhancing the 

association of Cul3 and CAND1, which triggers dissociation of Keap1-Nrf2 from 

Cul3. Finally, neddylation can reactivate the E3 ligase complex. The complex can 

also be reactivated following deneddylation without disassembly of the complex. 

UBC12 can conjugate Nedd8 back onto Cul3 without dissociation of Keap1 from 

the Cul3-Rbx1 core complex (red arrow) (211).   
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increased ubiquitination of (166) or p27 (158), a cell-cycle inhibitor. Neddylation 

was also shown to increase ligase activity in Cul2-VHL and Cul3-Keap1 E3 ligase 

complexes leading to increased ubiquitination of HIF-1and Nrf2, respectively (113, 

144). It was originally thought that neddylation functions to recruit Ub-activated E2 to 

the Cullin protein (86), resulting in increased CRL activity; however, recent evidence 

suggests that the role of Nedd8 in the UPS may be more complex. In fact, neddylation 

promotes a conformational change in the Cullin protein which facilitates the recruitment 

of the activated E2 enzyme and releases the auto-inhibition of the C-terminal end of the 

Cullin protein. This allows Rbx1 to move freely, bringing the Ub-loaded E2 closer to the 

acceptor lysine residue of the substrate protein. Thus, Nedd8 not only stimulates the 

transfer of Ub from E2 onto the substrate, but also facilitates Ub chain elongation (123). 

 

Neddylation of Cullins is reversible by deneddylation, which involves the COP9-

signalosome (CSN), a large complex similar to that of the proteasome lid. The CSN is an 

evolutionary conserved eight-subunit complex (CSN1-8) responsible for removing Nedd8 

from Cullin proteins.  The eight subunits contain either a MPN (MPR-PAD1-Nterm) 

domain (CSN5 and CSN6) or a PCI (Proteasome; COP9-signalosome; elongation 

initiation factor 3, eIF-3) domain (CSN1-4 and CSN7-8). These domains are also found 

in the proteasome lid and the eIF3 translation initiation factor complex. Interestingly, 

each of the eight subunits of the CSN has an analogous counterpart in the proteasome lid 

that assembles into a similar ring structure (82). It is well-known that CSN5 is the 
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catalytic subunit of the CSN complex due to the metalloprotease activity of its JAMM 

(Jab1/MPN domain metalloenzyme) motif (45). Specific CSN5 mutations, that eliminate 

the isopeptidase activity of the CSN, led to an accumulation of Nedd8-Cul1 in S. pombe 

(34), A. thaliana (42, 52), and D. melanogaster (43) and accumulation of Nedd8-Cul3 in 

early C. elegans embryos (157). Along with CSN5, it is also believed that CSN2 is 

essential for deneddylation. Polyclonal antibodies raised against all the CSN subunits 

were tested for their ability to inhibit deneddylation. Only the polyclonal antibodies 

raised against CSN2 resulted in an accumulation of neddylated Cul1 and Cul2 in 

cytosolic or total HeLa cell extract (238).  

 

The CSN is recruited to the E3-ligase complex and interacts directly with the Cullin 

protein and Rbx1, which is necessary for deneddylation (114, 157).  Upon knockdown of 

Rbx1 (ZK287.5 in C. elegans) by RNAi, Pintard et. al observed an increase in Nedd8-

Cul3 (157). Additionally, the CSN also functions to stabilize Rbx1. When cells were 

treated with siRNA directed against CSN1 or CSN3, Rbx1 was degraded at a faster rate 

than in control cells. Rbx1 was also degraded faster when CSN5 was knocked down 

using siRNA, but to a lesser extent than CSN1-siRNA or CSN3-siRNA (152). These 

results provide evidence that the CSN is not the sole protein necessary for deneddylation, 

but Rbx1 also plays an essential role. Furthermore, the CSN does not only function in 

deneddylation, but it is important for stabilizing Rbx1, a protein necessary for CRL 

activity.  
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1.4.5 Cycling 

Since neddylation functions to activate CRL activity, it was speculated that deneddylation 

opposes this function. Surprisingly, it‟s been shown that both neddylation and 

deneddylation are required for CRL activity in vivo (32). Following is a model explaining 

the apparent paradox between these two opposing functions. The function of neddylation 

is to recruit ubiquitin-loaded E2 to the Cullin protein and promote substrate 

ubiquitination and Ub-chain elongation. Subsequently, deneddylation promotes the 

release of the empty E2 followed by another round of neddylation, Ub-loaded E2 

recruitment, and substrate ubiquitination. Cycling between neddylation and 

deneddylation can be hindered by two mechanisms: (i) impairing neddylation and 

recruitment of Ub-E2 or (ii) inhibiting deneddylation through mutation of the CSN, thus, 

locking empty-E2 in the E3-ligase complex. Both mechanisms inhibit the activity of the 

E3-ligase complex and prevent substrate ubiquitination (157).  

 

Furthermore, whether or not neddylation and deneddylation regulate Cullin protein 

stability still remains unclear. Wu et al. examined the effect of CSN complex disruption 

in Drosophila. Cells deficient in CSN activity resulted in increased levels of the 

neddylated form of the Cullin and enhanced CRL activity. However, Nedd8 conjugation 

to Cul1 or Cul3 rendered the protein unstable. For instance, in CSN5-knockout cells, 

there was an increase in neddylated Cul1 and Cul3 which resulted in decreased protein 
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stability compared to control cells as demonstrated by a cycloheximide chase experiment. 

In a similar cycloheximide chase-experiment, knockdown of Nedd8 inhibited Cul1 and 

Cul3 neddylation and stabilized the proteins (232). Conversely, deneddylation is required 

to remove Nedd8 and return the Cullin proteins back to a stable state. Another study 

confirmed that disruption of the CSN complex decreased Cul1 protein stability in 

Neurospora (59). On the other hand, a recent study determined that Nedd8 modification 

of Cullin proteins does not regulate their stability in mammalian cells. In this study, 

HEK293 cells were transfected with either dominant negative-UBC12 (dnUbc12), a 

Nedd8 conjugating enzyme, or with a Cul1 mutant (L720R), to inhibit Cul1 neddylation. 

When Cul1 protein levels were compared between the neddylation deficient conditions 

and wild-type conditions, no change in the steady state level of the Cul1 protein was 

observed. Similar results were seen when Cul2 and Cul3 proteins levels were examined 

under the same conditions (27). The discrepancy between these studies may be due to the 

difference in species examined. Further studies should be conducted to clarify this issue.  

 

Cycling between neddylated and deneddylated states is also important to prevent 

substrate adaptor autoubiquitination. If the E3-ligase complex is in the neddylated state, it 

remains active. Therefore, for the CRL to switch to a different substrate two processes 

can occur, (i) substrate adaptor proteins can undergo autoubiquitination and autocatalytic 

destruction through the 26S proteasome, or (ii) the complex can cycle through 

assembly/disassembly. When there is no more substrate or the substrate no longer needs 
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to be ubiquitinated, the substrate adaptor can undergo autocatalytic destruction allowing 

the E3-complex to recruit a new substrate-adaptor and substrate. Even though substrate 

adaptor degradation is important for targeting new substrates, it can also be detrimental 

for E3-ligase activity. It‟s been shown that CSN-dependent deneddylation of Cullins is 

necessary to prevent autoubiquitination and adaptor instability (33, 221). In fission yeast, 

various CSN mutants led to an increase in Pop1p (substrate adaptor protein in SCF-CRL) 

and Btb3p (substrate adaptor protein in Cul3-CRL) autoubiquitination and subsequent 

degradation (221). Preventing substrate adaptor degradation is important to maintain a 

functional E3-ligase complex capable of ubiquitinating newly recruited substrates 

without having to synthesize new proteins and reassemble the complex.  Substrate 

adaptor instability is also regulated by the CSN associated deubiquitinating enzyme, 

Ubp12/USP15. Ubp12 has been shown to remove ubiquitin from CRL substrates or 

substrate adaptor proteins, including BTB containing proteins, and protect CRL 

components from cellular-depletion by preventing autoubiquitination and subsequent 

degradation. Ubp12 has also been shown to stabilize the adapter proteins, Pop1p and 

Btb3p, through its deubiquitinating activity (250). Conversely, inhibition of Ubp12 

activity led to an increase in Rum1p, a SCF-Pop1p substrate. However, new evidence 

suggests that the CSN complex and Ubp12 do not stabilize all substrate adaptor proteins 

in S. pombe. Only a subset of F-box proteins, which contain a critical proline residue in 

their F-box that enhances their interaction with Cul1-Skp1, required the CSN complex for 

stabilization. Moreover, none of the proline-containing F-box proteins required ubp12 for 

stabilization, unlike the Cul3-E3 ligase substrate adaptor protein, Btb3p (173). Further 
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research is required to determine whether this phenomenon occurs in all species. In 

conclusion, generally, the CSN along with Ubp12 act synergistically to protect the CRLs 

from degradation and maintain basal levels of CRL activity. These results demonstrate 

that cycling is essential to stabilize Cullin protein levels, prevent substrate adaptor 

autoubiquitination, and promote E3 ligase activity. 

 

1.4.6 CAND1 

The CRL not only cycles between neddylation and deneddylation states, but also cycles 

through assembly and disassembly of the ligase complex, which is dependent on the 

neddylation state of the Cullin protein. Cycling between neddylation/deneddylation 

increases the activity of the E3-ligase. Conversely, the activity of the E3-ligase is 

inhibited by a two step process involving disassembly of the complex. The first step 

involves removal of Nedd8 from the Cullin protein. The second step is the association of 

the protein, CAND1 (cullin-associated and neddylation-dissociated 1), with the 

deneddylated Cullin complex. CAND1 preferentially binds deneddylated-Cullin/Rbx1 

complexes, preventing their assembly into new E3-ligase complexes. CAND1 binds 

directly to both ends of the Cullin, blocking the binding of substrate adaptor proteins at 

the N-terminal end and the NEDD8-lysine accepting residue at the C-terminal end 

(Figure 1.7) (249). Blockage of substrate adaptor binding and neddylation of Cullin 

proteins has been shown to inhibit ubiquitination of SCF substrates, IBand p27, and 

stabilize them in vitro. Interestingly, CAND1 mutants have also been shown to stabilize 



48 
 

SCF substrates in vivo (25, 31, 48). Furthermore, both over-expression and siRNA-

mediated knockdown of CAND1 decreased the ability of the Cul3-Keap1 E3 ubiquitin 

ligase to ubiquitinate and target Nrf2 for degradation resulting in Nrf2 stabilization (113). 

This paradox is similar to that seen with the CSN/deneddylation in vivo, indicating a 

requirement for CAND1 in mediating complex assembly and disassembly. However, the 

role of CAND1 is more complicated. CAND1 does not bind all Cullin proteins and does 

not bind the same Cullin proteins in all cell types, indicating the role of CAND1 may 

only be essential under certain physiological conditions and be cell-type dependent (123).  

It has also been shown that F-box proteins, substrate adaptors for the SCF complex, are 

destabilized when they are incorporated into the E3 ligase complex. However, binding of 

CAND1 to the Cullin ligase complex causes them to be displaced and leads to their 

stabilization (224, 253). The function of CAND1 in stabilizing substrate adaptor proteins 

has held true until recently. Schmidt et al. have discovered a new role for CAND1. 

Contrary to the current model, they discovered that CAND1 is not required to maintain 

the stability of CSN-regulated F-box proteins in S. pombe. Instead, CAND1 maintains the 

balance of Cul1-E3 ligases allowing less-abundant F-box proteins to bind Cul1 and not 

be out-competed by higher abundant substrate adaptor proteins (173).   

 

1.4.7 Dimerization 

It is well-established that Keap1 functions as a homodimer to regulate Nrf2 (Figure 1.5). 

Nrf2 contains two binding sites for Keap1 in its Neh2 domain, a weak binding site (DLG) 
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and a stronger binding site (ETGE). The Keap1-homodimer recognizes and binds both 

motifs, positioning the seven ubiquitin-accepting lysine residues that are contained 

between these two motifs in a favorable position for poly-ubiquitination. This two-site 

substrate recognition model is also known as the “hinge-latch model”. The high affinity 

ETGE motif functions as the “hinge” and the lower affinity DLG motif functions as the 

“latch”. Under oxidative-stressed or inducible conditions, cysteine residues in Keap1 

become modified, which may alter the structural confirmation and “unlatch” the weak-

binding DLG motif from Keap1 (120, 203, 204). Both the DLG and the ETGE motifs are 

necessary for Nrf2-ubiquitination. Mutation or deletion of the DLG or the ETGE domains 

in Nrf2 (180, 184, 204) or disruption of the BTB domain in Keap1, required for its 

homodimerization (255), inhibited Keap1-mediated Nrf2 ubiquitination. Along with 

Keap1, many other substrate adaptor proteins have been shown to dimerize, including 

human (-TrCP1, -TrCP2, Skp2), budding yeast (Cdc4p and Met30p), and fission yeast 

(Pop1p and Pop2p) F-box proteins, as well as the BTB domain-containing protein, 

promyelocytic leukemia zinc finger (PLZF) (41, 98, 175, 198, 226). Skp2, a substrate 

adaptor protein for the SCF-E3 ligase, also homodimerizes; however, this interaction is 

independent of its F-box domain, indicating that Skp2 dimerization is independent of its 

direct binding to Skp1. Similarly, other F-box proteins, including -TrCP, Pop1p, and 

Pop2p, do not rely on their F-box domain for dimerization. Instead, homodimerization is 

mediated by the N-terminal domain (27).  
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More recently, there is evidence to suggest Cullin dimerization. Cul1, Cul3, and Cul4a, 

but not Cul2 or Cul5, have been shown to homodimerize. It has been shown that a Cul3 

protein with a mutated BTB binding domain (S53A/F54A/E55A) that prevents Keap1 

binding was no longer capable of dimerization when an immunoprecipitation analysis 

was conducted between wild type Cul3-FLAG and the Cul3-S53A/F54A/E55A mutant 

protein. These results imply that the BTB binding domain is indispensable for this Cul3-

Cul3 interaction and Cul3 dimerization depends on substrate adaptor dimerization (27). 

Unlike Cul3, a Cul1 mutant (Y42A/M43A/E44A), incapable of binding Skp1 and Skp2, 

was still able to dimerize indicating that the Cul1-Cul1 interaction is independent of 

substrate adaptor dimerization (27). Conversely, another group concluded that the BTB 

binding domain is unnecessary for Cul3 dimerization since the interaction between two 

Cul3-L52A/E55A mutants, FLAG- or Myc-tagged that are unable to bind any BTB 

domain-containing protein, was confirmed using immunoprecipitation analysis in 

HEK293 cells (223). The discrepancy between these two studies is not clear. In short, 

Skp2 and Cul1 homodimerize independently of each other, whereas Cul3 dimerization 

may be dependent on Keap1 homodimerization through its BTB domain. Further studies 

need to be conducted to clarify these results.   

 

In summary, the Cul3-Keap1-E3 ligase complex provides an ideal example of CRL 

regulation. The Cul3-Keap1-E3 ligase complex is tightly regulated by neddylation of 

Cul3 at lysine-712, the CSN complex (deneddylation), CAND1, and UBC12 (a Nedd8 
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conjugating enzyme) (Figure 5) (113, 126, 245, 249). It was proposed that the E3 ligase 

complex undergoes dynamic cycles of assembly and disassembly. When the ligase 

complex is in the active state, Cul3 is neddylated which facilitates the docking of a Keap1 

homodimer-bound to Nrf2 into the complex, resulting in ubiquitination and degradation 

of Nrf2. On the other hand, the CSN complex removes Nedd8 from Cul3 enhancing the 

association of Cul3 and CAND1, which triggers dissociation of Keap1 from Cul3. Thus, 

deneddylated Cul3 is the inactive form. The precise regulation of the 

assembly/disassembly cycle is crucial in controlling the E3 ligase activity and thus, the 

stability of Nrf2, as both over-expression and knockdown of CAND1 have been shown to 

decrease the activity of the Cul3-Keap1-E3 ligase, resulting in stabilization of Nrf2 (113). 

Furthermore, the complex can be re-activated following deneddylation, without 

disassembling as a result of CAND1 binding. This can occur if UBC12 conjugates Nedd8 

back onto Cul3 without disassociation of Keap1 from the Cul3-Rbx1 core complex 

(Figure 5 red arrow). This allows for repetitive cycles of ubiquitination without having to 

reassemble the complex. Lastly, neddylation re-activates the E3 ligase complex, allowing 

Nrf2 to be recruited for ubiquitination.  

 

1.5 Deubiquitination and Deubiquitinating Enzymes (DUBs) 

1.5.1 The five DUB subclasses 

Deubiquitination is the opposing function to ubiquitination and the process is carried out 

by deubiquitinating enzymes (DUBs). The human genome encodes at least 95 DUBs 
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(138). There are five major families, (i) ubiquitin-specific proteases (USPs), (ii) otubain-

domain containing proteins (OTUs), (iii) Machado-Joseph domain (Josephin domain)-

containing proteins (MJDs), (iv) ubiquitin C-terminal hydrolases (UCHs), and (v) JAMM 

zinc metalloproteinase domain-containing proteins. The first four families contain a 

conserved catalytic triad, in which an aspartic acid polarizes a histidine residue, which 

deprotonates the cysteine residue resulting in a nucleophilic attack on the lysine-glycine 

isopeptide bond between the target and Ub (190). The fifth family functions similarly to 

other metalloenzymes, a zinc atom is attached to two histidine residues and one aspartate 

residue, and one polarized water molecule co-ordinates the fourth link to the metallic 

atom, ensuring reactivity (85).  

 

The catalyzation of ubiquitin has been well-studied; however, the process of removal, 

which may be functionally as important, is less understood. The different classes of 

DUBs perform various functions. The USP family is the largest and most diverse family. 

They contain two conserved motifs, the Cys and His boxes, which contain two of the 

three residues required for catalytic activity. These DUBs process Ub precursors, remove 

Ub from poly-Ub proteins, and disassemble free poly-Ub chains (93).OTU DUBs are 

ovarian tumor related proteases. Their function is to cleave isopeptide bonds in poly-Ub 

chains. Unlike other cysteine proteases, the catalytic triad  may be incomplete and is 

stabilized by hydrogen bonding (136). The MJD family contains Ataxin-3 and a number 

of Ataxin-3-like proteins (172). These DUBs can cleave poly-Ub (Lys-48) chains, 
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disassemble Ub-lysozyme conjugates, and bind Ub aldehyde. The UCH family contains 

four DUBs which cleave Ub from small protein substrates (~20-30 amino acids) and also 

eliminate adducts that are incorrectly conjugated. In addition they process newly 

synthesized Ub from its precursors, a function performed by multiple DUBs; however, 

this family cannot remove disassemble Ub chains (138). The JAMM/MPN+ family 

DUBs contain a conserved EXnHXHX10D motif and are often found in association with 

large protein complexes such as the 26S proteasome or CSN (93).   

 

1.5.2 DUB specificity 

Individual DUBs regulate a limited number of proteins, suggesting they target specific 

substrate proteins. Specificity depends on: Ub versus Ub-like moiety recognition, Ub 

linkage (i.e. Lys-48 versus Lys-63), position of cleavage within the ubiquitin chain (the 

distal- or proximal-end), mono-Ub (specificity for mono-Ub proteins), chain recycling 

(anchored versus unanchored free chains), and substrate protein specificity (85). For a 

more extensive review please see Reference (97). Substrate protein specificity is 

generally regulated by motifs within the DUB that lie outside of the catalytic domain. 

These motifs mediate the interaction with substrate proteins, which is usually weak and 

transient, making it difficult to identify target proteins (138). The structure of target 

proteins, as well as the accessibility and subcellular localization of the substrate or the 

DUBs may also play a role (93).  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1.1 Recombinant DNA. 

Plasmids expressing wild type Keap1-CBD, HA-Nrf2, and HA-Cul3 proteins have been 

previously described (246). Myc-USP15 and Myc-USP15-C783A were generous gifts 

from Wolfgang Dubiel (61). They were subcloned into the pcDNA3.1 expression vector 

(Invitrogen, Grand Island, NY, USA) using Sal1 and HindIII. The sequences were 

verified by sequencing analysis.  

 

2.1.2 Chemicals, Cell Culture, and Transfection.  

All chemicals, including sodium arsenite [As(III)], tert-butyl hydroquinone (tBHQ), 

cinnamic aldehyde, MG132, cycloheximide (CHX), paclitaxel, and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from 

Sigma Chemical Co. (St. Louis, MO, USA). Rubescensin A (oridonin) was purchased 

from LKT laboratories, INC (St. Paul, MN). Cinnamon powder (from Cinnamomum 

cassia bark) was of commercial dietary grade and was obtained from a local supermarket 

(Safeway, Tucson, AZ). MDA-MB-231, HEK293T, HT29, HCT116, and non-

immortalized epithelial human colon cells of fetal origin (FHC), were purchased from the 

American Type Culture Collection (ATCC). ts20 cells were kindly provided by Michael 

Karin from the University of California, San Diego. UROtsa cells were generously 
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provided by Drs. Mary Ann and Donald Sens (University of North Dakota). SPEC-2 cells 

were kindly provided by Dr. Janet Price from the MD Anderson Cancer Center. The 

Spec2 derived stable cell lines, with stable incorporation of empty vector (Spec2-Vector) 

or Keap1-CBD (Spec2-Keap1), were generated in our lab using a retrovirus system as 

previously described (219). All cells were maintained in either Eagle‟s minimal essential 

medium (MEM) or Dulbecco‟s modified Eagle‟s medium (DMEM) (Invitrogen) 

supplemented with 10% fetal bovine serum (FBS), 1% glutamine, and 0.1% gentamicin. 

MDA-MB-231 cells were further supplemented with 2 mM HEPES and 6 ng/ml bovine 

insulin from Sigma. FHC cells were maintained in F12/DMEM media [Ham‟s F12 

medium (45%), DMEM (45%), 25 mM HEPES, 10ng/ml cholera toxin, 0.005 mg/ml 

insulin, 0.005 mg/ml transferrin, 100 ng/ml hydrocortisone, fetal bovine serum (10%)]. 

The stable Spec2 cell lines were continuously cultured in medium containing 1.5 g/ml 

puromycin (Sigma). All cells were incubated at 37°C in a humidified incubator 

containing 5% CO2 except ts20 cells which were maintained at 30°C (permissive). For all 

experiments requiring incubation of ts20 cells at 39°C, the incubation time was 1 hour. 

Transient transfection of cDNA was performed using Lipofectamine Plus (Invitrogen) 

according to the manufacturer‟s instructions. USP15-siRNA (HP-validated) and control-

siRNA (All stars Neg. siRNA) were purchased from Qiagen (Valencia, CA, USA). 

Transient transfection of siRNA was performed using HiPerfect Transfection Reagent 

according to the manufacturer‟s instructions (Qiagen). Co-transfection with cDNA and 

siRNA was carried out using Lipofectamine 2000 according to the manufacturer‟s 

instructions (Invitrogen).   
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2.1.3 Ethanolic extraction of cinnamon powder and GC-MS quantification of cinnamic 

aldehyde content. 

Quantification of CA content of ethanolic cinnamon extracts was performed by gas 

chromatography-mass spectrometry (GC-MS) according to a published standard 

procedure (49). Extraction of cinnamon powder (500 mg) was performed by vortexing in 

ethanol (1 ml) followed by separation of the organic phase by centrifugation (13,000 rpm, 

5 min). For GC-MS analysis, cinnamylacetate [(2E)-3-phenyl-2-propenyl acetate], not 

detected in the original extract, was added as an internal standard. GC-MS analysis was 

then performed using a 30 m, 0.25 mm i.d. DB-5 fused silica capillary column (TRACE 

GC Ultra gas chromatograph, Thermo Finnigan, Italy) coupled with a quadrupole Trace 

DSQ mass spectrometer detector operated using the Xcalibur 1.3 software that allows 

compound identification by mass spectra library matching (Figure 1). Temperature was 

programmed from 80 to 280°C at 10°C/min. [CA: 7.16 min (GC retention time); MS (EI, 

70 eV): m/z 132 (74), 131 (100), 104 (29), 103 (56), 78 (32), 77 (43), 51 (31); 

cinnamylacetate: 9.34 min (GC retention time); MS (EI, 70 eV), m/z 176 (22), 134 (40), 

133 (37), 116 (34), 115 (91), 105 (39), 92 (34), 77 (19), 43 (100)]. Quantification 

revealed that the ethanolic extract contained 22 mM CA, equivalent to 2.9 mg CA 

extracted per 0.5 gram powder. Trace amounts of other volatile compounds including the 

terpenoids eucalyptol, copaene, caryophyllene, and cubenol, known to occur in cinnamon 

oil, were also detected and identified by retention time and MS; however, concentrations 
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of these volatiles were between 25 and 100 times lower than CA as reported earlier (data 

not shown) (49).  

 

2.1.4 Immunoblot, Immunoprecipitation, and Antibodies. 

For immunoblot analysis, cells were lysed 48h post-transfection in sample buffer [50 mM 

Tris–HCl (pH 6.8), 2% sodium dodecyl sulfate, 10% glycerol, 100 mM dithiothreitol and 

0.1% bromophenol blue] and boiled for 10 min. Following sonication, cell lysates were 

electrophoresed through a sodium dodecyl sulfate–polyacrylamide gel (SDS-PAGE) and 

subjected to immunoblot analysis using the appropriate antibodies. For 

immunoprecipitation, cells were lysed 48h post-transfection in radio immunoprecipitation 

assay (RIPA) buffer containing 10 mM sodium phosphate (pH 8.0), 150 mM NaCl, 1% 

Triton X-100, 1% sodium deoxycholate, and 0.1% SDS along with 1 mM dithiothreitol 

(DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor cocktail 

(PIC) (Sigma). Cell lysates underwent centrifugation and the supernatant was incubated 

with either chitin beads (New England Biolabs), monoclonal anti-HA beads (Sigma), c-

Myc beads (Santa Cruz), or 1 g of antibody with 10 l of protein-A agarose beads 

overnight at 4°C on a rotator. To detect total protein expression 10 l of cell lysate in 

RIPA buffer was mixed with 10 l 2X sample buffer and boiled for 10 min followed by 

immunoblot analysis. The immunoprecipitated complexes were washed three times with 

RIPA buffer containing DTT, PMSF, and PIC and eluted in sample buffer by boiling for 

10 min. Samples were then subjected to immunoblot analysis using SDS-PAGE. All the 
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antibodies used were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), 

except anti-CBD (New England Biolabs, Ipswich, MA, USA), anti-FLAG (Sigma), and 

anti-ubiquitin (Sigma). For ts20 immunoprecipitation analysis, 48h post-transfection cells 

were either left at 30°C (permissive) or incubated at 39°C (non-permissive) for 1 h prior 

to cell lysis. Where necessary, the relative intensity of bands was quantified by the 

ChemiDoc CRS gel documentation system and Quantity One software from BioRad 

(Hercules, CA). 

 

2.1.5 Establishment of the MDA-MB-231-ARE reporter cell line and the Luciferase 

Reporter Gene Assay.  

The luciferase plasmid, pGL4.22[luc2CP/Puro], was purchased from Promega (Madison, 

WI). A 39 bp ARE-containing sequence from the promoter region of human NAD(P)H 

quinone oxidoreductase (NQO1) gene was inserted into the cloning site of the luciferase 

plasmid. The ARE-luciferase plasmid was transfected into MDA-MB-231 cells using 

Lipofectamine Plus from Invitrogen (Grand Island, NY), according to the manufacturer‟s 

instructions. At 48 h post-transfection, cells were grown in medium containing 3 μg/ml 

puromycin for selection. Stable cell lines were considered established once all the cells in 

the negative control plate were killed. Stable cell lines were continuously grown in MEM 

medium containing 3 μg/ml puromycin. For the reporter gene assay, the ARE-luciferase 

stable reporter cells (MDA-MB-231-ARE) were seeded the day before and treated with 

different doses of test compounds for 16 h. Cells were lysed in passive lysis buffer and 
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luciferase activity was measured in a luciferin-containing assay buffer (25 mM 

glycylglycine, 15 mM MgSO4, 500 μM ATP, 250 μM luciferin, and 250 μM CoA) using 

the BioTek Synergy 2 plate reader (Winooski, VT). The reporter gene assay was carried 

out in triplicate and mean ± SD was calculated. For the dual luciferase reporter gene 

assay, MDA-MB-231 cells were transfected with the same ARE-luciferase plasmid along 

with the renilla luciferase expression plasmid, pGL4.74[hRluc/TK] from Promega, 

(Madison, WI). At 24 h post-transfection, the transfected cells were treated with 

compounds for16 h and both firefly and renilla luciferase activities were measured with 

the dual luciferase reporter assay system from Promega, (Madison, WI). Firefly luciferase 

activity was normalized to renilla luciferase activity. The experiment was carried out in 

triplicate and expressed as mean ± SD. 

 

 

2.1.6 Protein Half-Life Analysis. 

MDA-MB-231 cells were transiently transfected with either empty-vector or Myc-USP15. 

48 h post-transfection ce m) for the indicated time points. 

Cells were all harvested at the same time in sample buffer and subjected to immunoblot 

analysis. The relative intensity of the Nrf2 and -actin bands was quantified using the 

ChemiDoc CRS gel documentation system with the Quantity One Software (Bio-Rad). 

The intensity of the Nrf2 band was normalized to that of -actin and the control group 

was set as 1. The results were plotted on a semi-log graph and the half-life of Nrf2 was 

calculated as the slope of the regression line. 



60 
 

 

2.1.7 mRNA Extraction and Real-Time Reverse Transcription Polymerase Chain 

Reaction (qRTPCR). 

Total mRNA was extracted from cells using TRIZOL reagent (Invitrogen, Grand Island, 

NY), and equal amounts of RNA were reverse-transcripted to cDNA using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). We 

obtained the probes from the Universal ProbeLibrary (Roche): hNrf2 (#70), hKeap1 

(#49), hNQO1 (#87), hGCLC (#25), hHO-1 (#25), hMrp2 (#25), hTXN (#50), 

hTXNRD1 (#64), hUSP15 (#9), hGAPDH (#25). Primers were synthesized by Integrated 

DNA Technologies (Coralville, IA, USA).  

hNrf2: forward acacggtccacagctcatc, reverse tgtcaatcaaatccatgtcctg 

hKeap1: forward accacaacagtgtggagaggt, reverse cgatccttcgtgtcagcat 

hNQO1: forward atgtatgacaaaggacccttcc, reverse tcccttgcagagagtacatgg 

hGCLC: forward ggatgatgctaatgagtctgacc, reverse tctactctccatccaatgtctgag 

hHO-1: forward aactttcagaagggccaggt, reverse ctgggctctccttgttgc 

hMrp2: forward tgagcatgcttcccatgat, reverse cttctctagccgctctgtgg 

hTXN: forward tcaaatgcatgccaacattc, reverse ggtggcttcaagcttttcct 

hTXNRD1: forward ttggaatccaccctgtctgt, reverse catccacactggggcttaac 

hUSP15: forward gacccattgataactctggacttc, reverse ccaattcatcaataaggtgttcc 

hGAPDH: forward ctgacttcaacagcgacacc, reverse tgctgtagccaaattcgttgt 
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The real-time PCR reaction was performed as followed: one cycle of pre-denaturation 

(95°C for 5 min), 45 cycles of amplification (95°C for 10 sec and 60°C for 20 sec), and a 

cooling program of 50°C for 30 sec. Each reaction was done in triplicate and the 

experiment was repeated three times. The data is expressed as relative mRNA levels and 

is normalized to GAPDH. 

  

2.1.8 Ubiquitination Assay. 

Cells were transfected with the indicated proteins. 48h post-transfection, the cells were 

 M) for 4hr then lysed in a buffer containing 2% SDS, 150 mM 

NaCl, 10 mM Tris-HCl and 1 mM DTT. The samples were immediately boiled then 

sonicated. To detect total protein expression 10 l of cell lysate was mixed with 10 l 2X 

sample buffer and subjected to immunoblot analysis. The remaining cell lysate was 

diluted 5X with a tris-buffered salt (TBS) solution without SDS and used for 

immunopreciptation with either a Nrf2 or Keap1 antibody. The immunoprecipitated 

complexes were washed with a TBS solution then eluted in sample buffer by boiling for 

10 min. Samples were then subjected to immunoblot analysis using SDS-PAGE. In 

chapter 3, 48h post-transfection ts20 cells were either left at 30°C (permissive) or 

incubated at 39°C (non-permissive) for 1 h prior to cell lysis.  

 

2.1.9 ROS Detection.  
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To detect ROS we measured fluorescence of DCF as a result of activation and oxidation 

of CM-H2DCFDA. Cells were seeded in a black 96 well plate with a clear bottom and 

incubated overnight. Media was removed and 50 l of phenol red-free media+1% FBS+5 

m CM-H2DCFDA was added to each well and cells were incubated at 37°C for 20min 

then fluorescence was measured (485/20nm excitation, 528/20nm emission). Following 

measurement, the media was removed and cells were fixed in 50 l/well of 100% ice 

cold methanol for 2-5min at -20°C. The methanol was removed and 50 l/well of Janus 

Green was added and the plate was incubated at room temperature for 2-5min. Next, the 

plate was washed 2X with PBS and 50l/well of 50% ice cold methanol was added and 

absorbance was measured at 650nm. The fluorescent readings were normalized to the 

Janus Green readings and controls were set as 1. The experiment was carried out in 

triplicate and the results are expressed as the mean ± SD. For detection of ROS in 

Chapter 4, cells were pretreated with 1.4 M oridonin for 24 h, followed by As(III) 

treatment or As(III) plus oridonin cotreatment for another 24 h. 

 

2.1.10 Intracellular Glutathione Concentration and Total Cellular Glutathione 

Content.  

In Chapter 4, intracellular glutathione concentration was measured using the 

QuantiChrom glutathione assay kit from BioAssay Systems. All the procedures were 

followed according to the manufacturer‟s instructions.  
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In Chapter 5, pharmacological modulation of intracellular glutathione content was 

analyzed using the photometric HT Glutathione Assay Kit (Trevigen, Gaithersburg, MD) 

performed in 96 well format as published recently (227). This kinetic assay is based on 

the enzymatic recycling method involving glutathione reductase and DTNB (5,5‟-

dithiobis-2-nitrobenzoic acid, Ellman‟s reagent) to produce yellow colored 5-thio-2-

nitrobenzoic acid (TNB) that absorbs at 405 nm. Cells (1 x 10
6
 per T-75 flask) were 

exposed to a dose range of CA and CE (24 h) and harvested by trypsinization followed by 

sample processing according to the manufacturer‟s instructions. Oxidized glutathione was 

determined separately after 4-vinylpyridine-derivatization. Glutathione content of total 

cellular extracts was normalized to protein content determined using the BCA assay 

(Pierce). 

 

2.1.11 Comet Assay (alkaline single cell gel electrophoresis). 

The alkaline Comet assay was performed according to the manufacturer‟s instructions 

(Trevigen) as published recently (227, 228). Cells were seeded at 100,000 per 35mm dish 

24 hours prior to treatment. Untreated cells were used as a negative control group. After 

treatment, cells were harvested by gently scraping, rinsed with ice-cold DPBS and 

suspended in 500 µL DPBS. Fifty µl of the cell suspension was mixed with 450 µl low-

melting-point agarose and spread on pretreated microscope slides. Slides were allowed to 

dry protected from light, then immersed in ice cold lysis solution plus 10% DMSO and 

incubated at 4
◦
C for 45 min. To allow DNA unwinding and expression of alkali-labile 
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sites, slides were exposed to alkaline buffer (1 mmol/L EDTA and 300 mmol/L NaOH, 

pH >13), protected from light at room temperature for 45 min. Electrophoresis was 

conducted in the same alkaline buffer for 20 min at 300 mA. After electrophoresis, slides 

were rinsed three times in ddH2O then fixed in 70% ethanol for 5 min. Slides were dried 

for at least 1 hour at 32 
◦
C. Cells were then stained with SYBR

®
 Green and analyzed with 

a fluorescence microscope (fluorescein filter) using CASP software. At least 75 tail 

moments for each group were analyzed in order to calculate the mean + S.D. for each 

group. 

 

 

2.1.12 MTT Assay, Cell viability and Cell Death Analysis. 

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, which is based on the functional change of 

mitochondria during cell death. Cells were transfected with siRNA (5 nM) for 48h then 

trypsinized and seeded in a 96 well plate and incubated overnight. The cells were then 

treated with the indicated compounds for 48h prior to the addition of 20 l of 5mg/ml 

MTT reagent. After incubation (37°C 1-3h) the plate was centrifuged and the media was 

removed. The crystals were dissolved in 100 l isopropanol/HCL and absorbance was 

measured at 570nm using a BioTek Synergy 2 microplate reader. Experiments were 

carried out in triplicate and the results are expressed as mean ± SD. The colony formation 

assay was performed in 35 mm plates with 200 UROtsa cells. Attached cells were left 

untreated or treated with oridonin for 24 h, followed by treatment with different doses of 
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As(III) for another 48 h. Following exposure, medium was replaced with fresh medium 

and cells were incubated for 12-14 days. The cells were then fixed and stained with 

crystal violet (0.5% in 95% ethanol). Colonies in each plate were counted. In chapter 4, 

two different methods were used to detect apoptotic cell death: (i) Annexin-V-FITC 

apoptosis detection (Sigma Chemical Co.) and (ii) Hoechst staining (1 μg/ml) for 

detection of condensed nuclei. All experiments were conducted in triplicate and 

expressed as mean ± SD. The statistical significance was determined by the student t-test 

and labeled in the figure with asterisks (*p<0.05, **p<0.01). In chapter 5, viability and 

induction of cell death (early and late apoptosis/necrosis) were examined by Annexin-V-

FITC/propidium iodide (PI) dual staining of cells followed by flow cytometric analysis 

using an apoptosis detection kit according to the manufacturer‟s specifications (APO-AF, 

Sigma) as published previously (227). Cellular ATP levels were determined using the 

CellTiter-Glo assay (Promega) based on luciferase-dependent luminescent detection 

performed in a 96 well-format according to the manufacturer‟s instruction. 

 

2.1.13 Immunofluorescence.  

For live-cell imaging, cells were grown on 35-mm glass-bottom dishes (In Vivo 

Scientific). The cells were transfected with the indicated fluorescently labeled proteins. 

Forty-eight hours post-transfection, cells were gently washed once with 1X phosphate-

buffered saline (PBS), followed by the addition of phenol red-free DMEM supplemented 

with 10% FBS. For indirect immunofluorescence, cells were grown on glass coverslips 
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(Fisher Scientific) in 35-mm dishes (BD Biosciences). Twenty-four hours post-

transfection the cells were washed with 1X PBS and fixed in pre-chilled methanol.  

Localization of p62, Keap1, Myc-USP15, or HA-Nrf2 was detected using double-label 

indirect immunofluorescence with primary antibodies against our proteins of interest 

(1:200 dilution in 1X PBS + 10% FBS, 1 hr). Coverslips were washed and inbuated with 

Alexa-Fluor 488-conjugated anti-mouse and/or Alexa-Fluor 594-conjugated anti-rabbit 

secondary antibodies (Invitrogen-Molecular Probes) (1:200 dilution in 1X PBS + 10% 

FBS, 1 hr). Hoescht staining was implemented for Nuceli staining. In figure 5A and 5B, 

25 random fields were chosen and 373 cells were counted. All images were taken with 

the Zeiss Observer.Z1 microscope using the Slidebook 4.2.0.11 computer program 

(Intelligent Imaging Innovations, Inc.). 

 

2.1.14 Soluble and Insoluble Fractionation. 

Cells were lysed in a Triton X-100 soluble fraction extraction buffer [50 mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM DTT, 1 mM PMSF, and 

a protease inhibitor cocktail]. Cells were incubated on ice for 30 min then centrifuged at 

12,000 rpm for 10 min at 4
o
C. The supernatant was collected as the soluble fraction. Next, 

the pellet was washed twice was the extraction buffer, then 1X sample buffer was added 

and the pellet was sonicated (insoluble fraction). Samples were boiled then 

electrophoresed through a SDS-PAGE gel and subjected to immunoblot analysis. 
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2.1.15 Statistical Analysis.  

Experiments were conducted in triplicate, and data are shown as mean ± SD. Statistical 

analysis was performed using two-tailed Student‟s t-tests to compare means. Significance 

was set at p ≤ 0.05.  Where necessary, data were analyzed employing one-way analysis of 

variance (ANOVA) with Tukey‟s post hoc test using the Prism 4.0 software. Differences 

were considered significant at p ≤ 0.05. 
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CHAPTER 3 

DEUBIQUITINATION OF KEAP1 BY USP15 NEGATIVELY REGULATES THE NRF2-

KEAP1 ANTIOXIDANT RESPONSE PATHWAY 

3.1 Introduction     

Nrf2 (NF-E2-related factor 2) is a transcription factor that regulates a battery of 

downstream genes that contain an antioxidant response element (ARE) in their promoters, 

including (i) intracellular redox-balancing proteins (glutamate cysteine ligase, GCL; 

heme oxygenase-1, HO-1), (ii) phase II detoxifying enzymes (NAD(P)H quinine 

oxidoreductase-1, NQO1), and (iii) transporters (multidrug resistance-associated proteins, 

MRPs). Collectively, these genes function in a vast array of processes to protect against 

oxidative stress and harmful environmental toxicants and carcinogens. This orchestrated 

response is the underlying mechanism in Nrf2-mediated cell survival and protection. The 

Nrf2 pathway plays a protective role in many diseases where oxidative stress is thought 

to play an essential role in disease onset and progression, including cancer, 

neurodegenerative diseases, aging, cardiovascular diseases, inflammatory diseases, 

pulmonary fibrosis, acute pulmonary injury, and lupus-like autoimmune nephritis  (57, 58, 

75, 77, 89, 102, 131, 245). Consequently, it is imperative to understand the basic 

molecular mechanisms of how Nrf2 is regulated so we can target this pathway to help 

prevent and treat these diseases. 
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Nrf2 is mainly regulated at the protein level by ubiquitination and subsequent degradation 

by the 26S proteasome. Ubiquitin (Ub) is a 76 amino acid protein that is highly conserved 

and is conjugated onto lysine residues of target proteins by a series of thioesterification 

reactions involving three enzymes, E1 (activating enzyme), E2 (conjugating enzyme), 

and E3 (ligase). The E3 serves as a ligase that transfers Ub from E2 to the substrate and 

confers substrate specificity. Ub can also be transferred and conjugated to another Ub, 

forming poly-ubiquitin (poly-Ub) chains (62). This post-translational modification alters 

the function of the substrate protein depending on the length of the Ub chain and how the 

chain is linked. Lys-48 linked chains generally target the substrate for 26S proteasome-

dependent degradation; whereas substrates conjugated with Lys-63 linked chains are non-

proteolytic and are involved in cell signaling, DNA repair, the inflammatory response, 

protein trafficking, and ribosomal protein synthesis (156). Under basal conditions, Nrf2 

protein levels remain relatively low due to negative regulation by the Cul3-Keap1-E3 

ubiquitin ligase complex. Keap1, a bric-a-brac, tramtrack, broad complex (BTB) domain 

containing protein, binds Nrf2 and targets it for Lys-48 linked poly-ubiquitination and 

subsequent degradation by the 26S proteasome. Under oxidative stress or induced 

conditions the ability of the E3-ligase to target Nrf2 for degradation becomes impaired. 

As a result, Nrf2 is stabilized and free Nrf2 translocates to the nucleus and 

heterodimerizes with its small-Maf binding partner to initiate transcription of ARE-

bearing genes (72, 96, 131, 210, 245, 247). Unlike Nrf2 which is conjugated with a Lys-

48 linked poly-Ub chain, Keap1 is Lys-63 poly-Ub conjugated (248). The function of 

Keap1 ubiquitination has remained elusive until now. Here we demonstrate the 
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significance of Keap1 deubiquitination in modulating the Nrf2-dependent antioxidant 

response.  

 

USP15 is a ubiquitously expressed deubiquitinating enzyme that was first discovered in 

1999, and belongs to the UBP/USP (Ub-specific processing protease) family of 

deubiquitinating enzymes. USP15 contains many domains that are important for its 

function, including the Cys and His boxes that are present in all members of the 

UBP/USP family (93). Additionally, USP15 contains a Zn-finger that is essential for 

disassembling poly-Ub chains (61). Since its discovery in 1999, not much has been 

revealed about the function of human USP15. Most of the information known comes 

from studying UBP12, the S. pombe ortholog of human USP15. UBP12 associates with 

the COP9 signalosome (CSN) and functions to maintain the stability of cullin ring ligase 

(CRL) adaptor proteins. The CSN is a conserved protein complex involved in the 

regulation of the ubiquitin proteasome system (UPS) (32).  The CSN is responsible for 

deneddylation, a process that removes NEDD8 from CRLs, inhibiting their activity. In 

addition, UBP12 removes Ub from CRL substrates, including BTB domain containing 

proteins, and protects CRL components from cellular-depletion by preventing auto-

ubiquitination and subsequent degradation, thus, facilitating the function of CRLs (221, 

231, 250). Recently, Schmidt et al. demonstrated the specificity of UBP12 in stabilizing 

CRL components. They discovered that UBP12 is not a major regulator of F-box 

substrate adaptor protein stability in S. pombe. In contrast to Btb3p, a Cul3p adaptor 
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protein which was destabilized in UBP12 mutants, the steady-state levels of CSN-

regulated F-box proteins were only minimally altered (173). More importantly, human 

USP15 has been shown to perform similar functions as UBP12. USP15 has been shown 

to prevent autoubiquitination and degradation of CRL components, including the E3 

ligase component, Rbx1 (61). USP15 also deubiquitinates IB and promotes its re-

accumulation after TNF--induced degradation, leading to reduced NF-B activity (174).  

 

Here, we are the first to describe Keap1 as a substrate for USP15 and we also 

demonstrate the importance of Keap1 ubiquitination status in regulating steady-state 

levels of Nrf2. More importantly, we have linked USP15-siRNA to paclitaxel resistance 

in cells containing a tightly regulated Nrf2-Keap1 antioxidant response pathway. 

 

3.2 Results 

3.2.1 USP15 inhibits Nrf2 protein expression and expression of its downstream genes, 

NQO1 and HO-1.  
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Figure 3.1. USP15 inhibits Nrf2 protein expression and expression of its 

downstream genes, NQO1 and HO-1 (A) MDA-MB-231 cells were transfected 

with an empty vector or Myc-USP15 expression vector. (B) MDA-MB-231 cells 

were transfected with 5 nM of Control-siRNA (Ct) or USP15-siRNA (U) for 72h. 

(C) MDA-MB-231 cells were transfected with an expression vector for empty 

vector, Myc-USP15 (WT), or Myc-USP15-C783A (MT). Cell lysates were collected 

and subjected to immunoblot analysis using the indicated antibodies. 

 

 



73 
 

To test if USP15 regulates the Nrf2-dependent pathway, immunoblot analysis was 

performed to determine protein expression of Nrf2 and its downstream genes. MDA-MB-

231 cells were transiently transfected with an empty vector or an expression plasmid 

containing Myc-USP15. Myc-USP15 was shown to decrease the expression of 

endogenous Nrf2, NQO1, and HO-1 protein levels when compared to control, with no 

change in Keap1 (Figure 3.1A). Furthermore, siRNA directed towards USP15 

significantly knocked down endogenous USP15 protein levels and increased Nrf2 protein 

expression. As expected, USP15-siRNA resulted in a significant increase in the protein 

expression of NQO1 and HO-1, indicative of activation of the Nrf2-dependent 

antioxidant response (Figure 3.1B). To test the importance of the Zn-finger in the 

function of USP15, we used a C783A mutant where one of the four zinc-coordinating 

cysteine residues was mutated. We demonstrated that the Myc-USP15-C783A mutant 

lost its ability to inhibit Nrf2 (Figure 3.1C).  

 

3.2.2 USP15 inhibits the transcriptional activity of Nrf2 and the Nrf2-dependent 

antioxidant response. 

To investigate the effect of USP15 on Nrf2 transcriptional activation we conducted a 

NQO1-ARE-dependent firefly luciferase reporter gene assay. Myc-USP15 inhibited the 

activity of Nrf2 in a concentration-dependent manner (Figure 3.2A). Next, we examined 

the inhibitory effect of Myc-USP15 on Nrf2 transcriptional activity under Nrf2 activated 

conditions. As expected, tert-butylhydroquinone (tBHQ) and arsenic (As), two well- 
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Figure 3.2 USP15 inhibits the transcriptional activity of Nrf2. (A) Different 

amounts of Myc-USP15 expression plasmid were transfected into MDA-MB-231 

cells, along with expression plasmids for NQO1-ARE promoter-firefly luciferase 

and TK-renilla luciferase as an internal control. Both firefly (F) and renilla (R) 

activity was measured 48h post-transfection. Results are presented as F/R luciferase 

activity. (B) MDA-MB-231 cells were transfected with expression plasmids for 

empty vector, Myc-USP15, or Myc-USP15-C783A, along with expression plasmids 

for NQO1-ARE promoter-firefly luciferase and TK-renilla luciferase. 32h post-

transfection cells were left untreated, or treated with tBHQ (50 M) or As (10 M) 

for 16h prior to measuring luciferase activity. Results were normalized to empty 

vector transfected control which was set to 1. Data is presented as mean ± SD. 
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characterized Nrf2 activators, both induced Nrf2 transcriptional activity when compared 

to control (Figure 3.2B, black bars); however, overexpression of Myc-USP15 impaired 

activation of Nrf2 by tBHQ and As (Figure 3.2B, light grey bars). Conversely, the 

inactive Myc-USP15-C783A mutant restored Nrf2-dependent transcriptional activation 

back to control levels in all treatment groups (Figure 3.2B, dark grey bars). Next, we 

wanted to verify that the observed decrease in Nrf2 protein expression and activity in 

response to ectopic expression of Myc-USP15 was not a result of inhibition of Nrf2 

transcription. Real-time RT-PCR was performed using mRNA extracted from cells 

transiently transfected with Myc-USP15 or USP15-siRNA, which resulted in a 180 fold 

increase and a 63% reduction in USP15 mRNA expression, respectively (Figure 3.3A, 

USP15 panels). Upon ectopic expression of Myc-USP15 or USP15-siRNA, Nrf2 mRNA 

levels remained unchanged (Figure 3.3A, Nrf2 panel). mRNA levels of several Nrf2 

downstream genes were also investigated. Overall, we observed a similar trend for all 

genes; Myc-USP15 decreased the mRNA levels of our target genes whereas USP15-

siRNA resulted in an increase (Figure 3.3A). These results indicate that USP15 may 

inhibit Nrf2 protein expression and thus, its activity, by increasing Nrf2 protein 

degradation and not through inhibition of Nrf2 transcription.  

 

Since USP15 negatively regulates Nrf2 and expression of its downstream genes, we 

wanted to investigate the functional significance of this regulation. Our results 

demonstrated that overexpression of USP15 led to a significant increase in ROS (Figure  
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Figure 3.3 USP15 inhibits the Nrf2-dependent antioxidant response. (A) MDA-

MB-231 cells were transfected with either empty vector, Myc-USP15, Control-

siRNA (Ct-siRNA), or USP15-siRNA. 48h post-transfection (Vector and Myc-

USP15) or 72h post-transfection with siRNA, mRNA was extracted and qRT-PCR 

was performed. Values were normalized to GAPDH and controls were set equal to 

1. (B) MDA-MB-231 cells were transfected with empty vector (Vector) or Myc-

USP15 (USP15).  48h post-transfection, cells were incubated with CM-H2DCFDA 

and fluorescence was measured. Data is presented as mean ± SD. 
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3.3B). Taken together, these results further demonstrate that USP15 negatively regulates 

the Nrf2-Keap1 antioxidant response.  

 

3.2.3 USP15 increases the degradation of Nrf2 by stabilizing the Cul3-Keap1-E3 

ubiquitin ligase complex. 

Next, we investigated the mechanism of USP15-dependent Nrf2 protein degradation. 

Since, USP15 is known to stabilize components of CRLs and Nrf2 is normally degraded 

by the Cul3-Keap1-E3 ubiquitin ligase, we explored the effect of USP15 on E3 ligase 

complex formation. Co-immunoprecipitation analysis revealed that in the presence of 

Myc-USP15 there was an increase in protein interaction between Nrf2 and Keap1 (Figure 

3.4A) as well as Keap1 and Cul3 (Figure 3.4B). Moreover, USP15-siRNA resulted in a 

staggering decrease in Keap1-Cul3 protein complexes (Figure 3.4C). Since USP15 was 

capable of stabilizing the Cul3-Keap1-E3 ligase and more Nrf2 was bound to this 

complex, we wanted to investigate whether this led to an increase in E3-ligase activity 

and increased Nrf2 protein degradation. Therefore, the effect of USP15 on the half-life of 

endogenous Nrf2 protein was measured. Immunoblot analysis revealed that cells 

transiently transfected with Myc-USP15 had a significant increase in Nrf2 protein 

degradation when compared to vector transfected cells (Figure 3.4D). Results from this 

experiment were quantified and presented in the lower panel.  Following ectopic 

expression of Myc-USP15, the half-life of Nrf2 decreased from 24.57 min to 12.03 min 

(Figure 3.4D). Nrf2 protein stability is regulated through ubiquitin-dependent  
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Figure 3.4 USP15 increases the degradation of Nrf2 by stabilizing the Cul3-Keap1-E3 

ubiquitin ligase complex. HEK293 cells (A) or MDA-MB-231 cells (B and C) were 

transfected with the indicated proteins for 48h or siRNA (5 nM) for 72h. The Keap1-

containing complexes were immunoprecipitated with chitin beads (A and B) or anti-Cul3 

antibodies (C) and analyzed by immunoblot with the indicated antibodies. (D) MDA-MB-

231 cells were transfected with an empty vector or an expression plasmid for Myc-USP15. 

48h post-transfection cells were treated with cycloheximide (CHX) for the indicated time 

points then cell lysates were analyzed by immunoblot using the indicated antibodies. The 

semi-log graph represents a quantitative analysis of the western blots. Nrf2 protein 

expression was normalized to -actin and the control group was set as 1. Overexpression of 

USP15 reduced the half-life of Nrf2 from 24.57 min to 12.03 min. (E) MDA-MB-231 cells 

were transfected with the indicated proteins followed by treatment with MG132 (10M) for 

4h. The Nrf2-containing complexes were immunoprecipitated with anti-Nrf2 antibodies and 

analyzed by immunoblot analysis for detection of ubiquitin-conjugated Nrf2. Ct= control; 

U= USP15. 
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Figure 3.5 USP15 deubiquitinates Keap1. (A, B) MDA-MB-231 cells were 

transfected with the indicated proteins for 48h or siRNA (5nM) for 72h. The Keap1-

containing complexes were immunoprecipitated with anti-Keap1 antibodies and 

analyzed by immunoblot analysis for detection of ubiquitin-conjugated Keap1. (C) 

MDA-MB-231 cells were left untreated or treated with 50 M tBHQ for 4 h. 

Endogenous Keap1 was immunoprecipitated using an anti-Keap1antibody and 

ubiquitinated Keap1 was detected by immunoblot analysis using an anti-Ub 

antibody. 
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degradation by the 26S proteasome. Next, we investigated the effect of USP15 on Nrf2 

ubiquitination status using an in vivo ubiquitination assay. Our results showed that Myc-

USP15 increased Nrf2 ubiquitination (Figure 3.4E). Taken together these results 

demonstrate the mechanism by which USP15 leads to decreased Nrf2 protein levels: 

USP15 is able to stabilize the Cul3-Keap1-E3 ligase complex, resulting in increased E3 

ligase activity and ubiquitination of Nrf2, which ultimately leads to degradation of the 

Nrf2 protein.  

 

3.2.4 USP15 deubiquitinates Keap1. 

To elucidate the mechanism responsible for USP15-dependent negative regulation of the 

Nrf2-Keap1 pathway, we further investigated the deubiquitinating properties of USP15. 

We used an in vivo ubiquitination assay to determine the ubiquitination status of Keap1 in 

response to USP15. We discovered that Myc-USP15 led to a decrease in ubiquitinated 

Keap1 (Figure 3.5A). To verify this was not an artifact due to overexpression of Myc-

USP15, we used siRNA to knockdown endogenous levels of USP15. Addition of USP15-

siRNA resulted in an increase in ubiquitinated-Keap1 in the absence and presence of 

Nrf2 (Figure 3.5B). Since endogenous Keap1 is ubiquitinated under basal conditions and 

the levels of ubiquitination can be induced by tBHQ (Figure 3.5C), we hypothesized that 

deubiquitinated-Keap1 is the active form capable of interacting with Cul3 and forming an 

active Cul3-Keap1-E3 ligase complex, resulting in degradation of Nrf2.  
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3.2.5 Deubiquitinated-Keap1 binds in the Cul3- Keap1-E3 ligase complex more tightly 

than Keap1-Ub.  

To determine if deubiquitinated-Keap1 is the active form capable of interacting with Cul3 

and forming an active Cul3-Keap1-E3 ligase complex, we used ts20 cells. ts20 cells are a 

temperature sensitive cell line that was derived from the Chinese hamster cell line, E36 

(wild-type), and has a lesion in the E1 enzyme of the ubiquitination pathway. When ts20 

cells, but not E36 cells, are incubated at the non-permissive temperature (39°C) the E1 

enzyme is impaired and the process of ubiquitination becomes compromised (99). Indeed, 

we saw a significant decrease in total ubiquitinated proteins as well as ubiquitinated-

Keap1 in ts20 cells at the non-permissive temperature (39°C) when compared to the 

permissive temperature (30°C) (Figure 3.6A). Next, we wanted to examine the effect of 

ubiquitination status on formation of the Cul3-Keap1-E3 ligase complex. Our results 

demonstrate that when ubiquitination was inhibited in ts20 cells (39°C), there was an 

overwhelming increase in Keap1-Cul3 (Figure 3.6B) protein complexes as well as 

Keap1-Nrf2 (Figure 3.6C) protein complexes. In contrast, there was no change in 

complex formation in E36 cells (Figure 3.6B and data not shown). One would expect that 

Nrf2 protein stability should decrease upon increased E3 complex formation, as seen in 

Figure 3.4, demonstrating that increased association between the E3-ligase components 

leads to increased E3-ligase activity. However, given that the ubiquitination pathway is 

compromised in ts20 cells at 39°C, the activity of the E3-ligase cannot be determined by 

Nrf2 protein expression since Nrf2 cannot be ubiquitinated and thus, it is not degraded. It 

is interesting to note that at 39°C Keap1 protein decreased in  
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Figure 3.6 Deubiquitinated-Keap1 binds in the Cul3-Keap1-E3 ligase complex 

more tightly than Keap1-Ub. (A) Endogenous Keap1 immunoprecipitated with an 

anti-Keap1 antibody (left panel) or total proteins (right panel) were analyzed by 

immunoblot using anti-Ub to detect ubiquitination levels. (B, C) ts20 or E36 cells 

were transfected with the indicated proteins for 48h. The cells were either left at 

30
o
C or incubated at 39

o
C for 1 hr before the Keap1-containing complexes were 

immunoprecipitated with chitin beads and analyzed by immunoblot with the 

indicated antibodies for detection of Nrf2, Cul3, or Keap1. (D) ts20 cells were 

transfected with GFP-Keap1 for 48h. The cells were either left at 30
o
C or incubated 

at 39
o
C for 1 hr followed by live-cell imaging. (E, F) ts20 cells were either left at 

30
o
C or incubated at 39

o
C for 1 hr. The cells were lysed and analyzed by 

immunoblot for the indicated proteins (E) or fixed and analyzed by indirect 

immunofluorescence (F). (G) ts20 cells were either left at 30
o
C or incubated at 39

o
C 

for 1 hr. The cells were lysed and separated into soluble and insoluble fractions and 

analyzed by immunoblot analysis.  
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the ts20 total cell lysates (Figure 3.6B and 3.6C, CBD-Keap1 panels). We hypothesized 

that the decrease in Keap1 protein observed at 39°C (Figure 3.6B and 3.6C) was a result 

of Keap1-aggregate formation. Autophagy is a bulk lysosomal degradation pathway. 

Under stressed conditions autophagy helps maintain homeostasis by removing damaged 

proteins and organelles through the formation of autophagosomes. Autophagosomes 

engulf proteins, then fuse with lysosomes to degrade the contents (127). At 39°C many 

proteins accumulate in ts20 cells and damaged proteins cannot be degraded by the 26S 

proteasome, causing stress. Under these stressed conditions we believe p62 is activated 

and it sequesters Keap1 into aggregates. Overexpression of p62 has previously been 

shown to cause Keap1 to aggregate (103). To determine if Keap1 forms aggregates at 

39°C we transfected ts20 cells with GFP-Keap1 and observed the cells using live-cell 

imaging. Our results demonstrated that GFP-Keap1 formed aggregates at 39°C but not at 

30°C. Aggregates are marked with white arrows at 10X and 40X magnification (Figure 

3.6D). p62 protein expression was also higher in ts20 cells that were incubated at 39°C 

(Figure 3.6E). To determine if p62 was responsible for sequestering Keap1 into 

aggregates at 39°C, we used indirect immunofluorescence to check for colocalization 

between endogenous p62 and Keap1 proteins. Figure 3.6F confirms that p62 protein 

levels increase and that Keap1 forms aggregates at 39°C. Furthermore, our data clearly 

demonstrates that p62 and Keap1 colocalize in aggregates at 39°C as demonstrated by the 

yellow punctate dots (Figure 3.6F). To verify that colocalization occurs in aggregates, we 

conducted an insoluble/soluble cell fractionation assay. Figure 3.6G shows that at 39°C 

there is a decrease in p62 and Keap1 protein levels in the soluble cell fraction, whereas 
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there is a concomitant increase in both proteins in the insoluble cell fraction, confirming 

that p62 sequesters Keap1 into aggregates at 39°C. Taken together these results 

demonstrate that despite the ability of p62 to sequester Keap1 into aggregates, which 

decreases total soluble Keap1 protein levels at 39°C, deubiquitinated-Keap1 (39°C) is 

still more capable than Keap1-Ub (30°C) of binding in the Cul3-Keap1-E3 ligase 

complex. Hence, USP15 stabilizes the Cul3-Keap1-E3 ligase complex through 

deubiquitination of Keap1.  

 

3.2.6 USP15 alters Nrf2 subcellular localization. 

Recently, our research group demonstrated that ubiquitination of Nrf2 occurs in the 

cytoplasm as a result of the exclusive cytoplasmic localization of Cul3 (195). 

Consequently, the Cul3-Keap1-E3 ligase complex can only function in the cytoplasm, 

since Cul3 is required for E3 ligase activity. Given that USP15 increases Nrf2 

ubiquitination levels and enhances the interaction between Keap1-Nrf2 and Keap1-Cul3, 

we wanted to examine the effect of USP15 on Nrf2 subcellular localization. Cells were 

transfected singly with HA-Nrf2 or cotransfected with both HA-Nrf2 and Myc-USP15. 

Subcellular localization was detected by indirect immunofluorescence. As shown in 

Figure 3.7A, when only HA-Nrf2 was overexpressed it localizes mainly in the nucleus 

(61%) with some whole cell (28%) and cytoplasmic (10%) localization. Conversely, 

when Myc-USP15 was coexpressed with HA-Nrf2, HA-Nrf2 localization was 

significantly altered. Nuclear localization dropped 10 fold to 6% and HA-Nrf2 was  
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Figure 3.7 USP15 alters Nrf2 subcellular localization. MDA-MB-231 cells were 

transfected with HA-Nrf2 alone (A) or cotranfected with HA-Nrf2 and Myc-USP15 

(B). Indirect immunofluoresence was conducted using anti-HA and anti-Myc 

antibodies. 25 random fields were analyzed for HA-Nrf2 localization. 

Representative images are presented in the lower panels. (C) MDA-MB-231 cells 

were transfected with either Control-siRNA or USP15-siRNA (5nM) then analyzed 

by indirect immunofluoresence using anti-USP15 and anti-Nrf2 antibodies. 
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located in the cytoplasm (53%) in the majority of cells (Figure 3.7B). Representative 

images of the cells are presented below the graphs in Figure 3.7A and 3.7B. These results 

demonstrate that USP15 causes Nrf2 to translocate to the cytoplasm where it is able to be 

ubiquitinated and degraded by the Cul3-Keap1-E3 ubiquitin ligase complex. To verify 

these results, we investigated the effect of USP15-siRNA on endogenous Nrf2 

localization. In response to USP15-siRNA we observed a shift in Nrf2 localization from 

the cytoplasm and whole cell (Control-siRNA) to the nucleus (Figure 3.7C), consistent 

with our previous results.  

 

3.2.7 USP15 sensitizes cells to paclitaxel treatment when Nrf2 is tightly regulated by 

Keap1. 

Nrf2 has long been regarded as a “good” transcription factor, which is upregulated by 

many chemopreventive agents. However, recently the “dark-side” of Nrf2 has emerged. 

High protein expression of Nrf2 in cancer cells confers resistance to chemotherapeutic 

drugs (219). Furthermore, lack of USP15 was also shown to cause paclitaxel resistance 

(236). Here, we link USP15 to paclitaxel resistance in cells containing a tightly regulated 

Nrf2-Keap1 antioxidant response pathway. To demonstrate that USP15 functions through 

regulation of Nrf2, we used two stable Spec2 cell lines, one expressing an empty vector 

(Spec2-Vector) and the other expressing CBD-Keap1 (Spec2-Keap1). The Nrf2-

dependent antioxidant response pathway is constitutively activated in Spec2 cells due to 

low levels of Keap1, allowing Nrf2 to escape Keap1-dependent degradation by the 26S 
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proteasome (76). Consequently, Spec2-Keap1 cells have lower basal levels of Nrf2, 

compared to Spec2-Vector cells, where Nrf2 expression is high. Using the MTT cell 

viability assay, we examined the effect of USP15 expression on resistance to paclitaxel 

treatment. As expected, Spec2-Keap1 cells were more sensitive to paclitaxel treatment 

than Spec2-Vector cells (Figure 3.8A). Next, to demonstrate that USP15-mediated 

paclitaxel resistance is at least in part due to its ability to regulate Nrf2, we compared the 

effects of USP15-siRNA and Control-siRNA on paclitaxel treatment in both cell lines. 

Our results demonstrate that USP15-siRNA had no effect on paclitaxel treatment when 

compared to Control-siRNA in Spec2-Vector cells (Figure 3.8B). Conversely, USP15-

siRNA caused resistance to paclitaxel in Spec2-Keap1 (Figure 3.8C) and MDA-MB-231 

(Figure 3.8D) cells. The reason that we didn‟t observe any paclitaxel resistance in Spec2-

Vector cells is that USP15-siRNA is unable to upregulate Nrf2 further since the basal 

level of Nrf2 is already high. Aliquots of cells used for the MTT assay were collected and 

further analyzed to verify knockdown of USP15 in response to USP15-siRNA and 

expression of other proteins (Figure 3.8E). Despite significant inhibition of USP15 

protein expression, we found that USP15-siRNA had no effect on Nrf2 or expression of 

its downstream gene, NQO1, in Spec2-Vector cells. Conversely, USP15-siRNA led to a 

significant increase in Nrf2 and NQO1 protein levels in Spec2-Keap1 and MDA-MB-231 

cells (Figure 3.8E). To confirm these findings, we repeated the experiment using MDA-

MB-231 cells stably transfected with an empty vector (231-Vector) or HA-Nrf2 (231-

Nrf2). As expected, 231-Vector cells were more sensitive to paclitaxel treatment than 

231-Nrf2 cells due to lower  



89 
 

  

 

 



90 
 

  

 

Figure 3.8 USP15 sensitizes cells to paclitaxel treatment when Nrf2 is tightly 

regulated by Keap1. (A-D, F-H) Spec2-Vector, Spec2-Keap1, MDA-MB-231 

(231) cells, 231-Vector, or 231-Nrf2 cells were transfected with either Control-

siRNA or USP15-siRNA (5nM), followed by treatment with paclitaxel for 48 h at 

the indicated doses. Cell viability was measured using the MTT assay. Data is 

presented as mean ± SD. (E, I) An aliquot of cells used for the MTT assay were 

collected and further analyzed by immunoblot analysis using the indicated 

antibodies. Ct=Control-siRNA; U=USP15-siRNA.  
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basal levels of Nrf2 (Figure 3.8F). Since basal levels of Nrf2 are low in 231-Vector cells, 

USP15-siRNA was able to cause resistance to paclitaxel when compared to Control-

siRNA (Figure 3.8G). Conversely, USP15-siRNA had no effect in 231-Nrf2 cells because 

Nrf2 is already constitutively activated (Figure 3.8H). An aliquot of cells was further 

analyzed to verify knockdown of USP15 in response to USP15-siRNA (Figure 3.8I). 

Taken together these results demonstrate that USP15-mediated paclitaxel resistance is 

observed in cells where Nrf2 basal levels are low due to tight regulation by Keap1.  

 

3.3 Summary and Discussion 

In this report, we identified two molecular mechanisms that are important in 

understanding how the Nrf2-Keap1 pathway is regulated by USP15: (i) USP15 

negatively regulates the Nrf2-Keap1 pathway by deubiquitinating Keap1 and (ii) 

deubiquitinated-Keap1 binds in the Cul3-Keap1-E3 ligase complex more tightly than 

ubiquitinated-Keap1. Additionally, (iii) we demonstrated the importance of the Nrf2-

Keap1 pathway in USP15-dependent paclitaxel chemoresistance.  

 

The S. pombe ortholog of USP15, UBP12, is best known for deubiquitinating E3-ligase 

components through association with the CSN and preventing autocatalytic destruction 

(221, 250). Similar functions for USP15 have also been elucidated. The CSN and USP15 

control the Wnt/B-catenin signaling pathway through deneddylation and USP15-
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dependent stabilization of adenomatous polyposis coli (65). USP15 and CSN5 are 

required for processing poly-ubiquitinated substrates bound to p97/VCP, a 

homohexameric ATPase that forms an ATP-dependent supercomplex resembling the 

proteasome-regulatory particle (13). USP15 stabilizes human papillomavirus type 16 E6 

protein stability (213). USP15 destabilizes the microtubule end-binding protein 1, a 

substrate of the UPS, further verifying that USP15 protects CRLs components, resulting 

in increased E3-ligase activity and degradation of their substrates (153). In a similar 

fashion, we showed that USP15 increased the activity of the Cul3-Keap1-E3 ligase 

complex, resulting in increased degradation of Nrf2. Although ubiquitination of Keap1 

does not target it for degradation, deubiquitination of Keap1 by USP15 stabilized the 

Cul3-Keap1-E3 ligase and increased its activity (Figure 3.4 and 3.5). 

 

Ubiquitination of Keap1 has been known for many years but the function of Keap1-Ub 

has never been reported (248). Keap1, a redox-sensing protein, acts as a switch under 

oxidative stress conditions to activate Nrf2 and the antioxidant response (247). In 

response to oxidative stress or Nrf2 activators, cysteine residues in Keap1 become 

modified inhibiting the activity of the Cul3-Keap1-E3 ligase complex. It has been 

suggested that these modifications alter the conformation of the complex and inhibit the 

proper assembly of Nrf2 into the complex, leading to decreased Nrf2-Ub and stabilization 

of the protein. In accordance with this notion, our data also confirms the importance of 

Keap1-mediated ubiquitination as the main regulatory mechanism for Nrf2. Often times, 
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treatment with Nrf2 activators results in a switch in ubiquitination from substrate (Nrf2) 

to substrate adaptor (Keap1), as seen with tBHQ or oridonin (44, 248). We demonstrated 

that Keap1-Ub does not assemble into the Cul3-E3-ligase complex as well as 

deubiquitinated-Keap1 (Figure 3.6). Therefore, the increase in Keap1-Ub seen upon 

treatment with some Nrf2 activators results in a decrease in the binding affinity of Keap1 

to the E3 ligase components. This allows Nrf2 to evade ubiquitination and degradation 

and activate the antioxidant response.   

 

Deubiquitinating enzymes play a role in a wide array of cellular processes including, 

signal transduction, protein degradation, transcriptional regulation, cell cycle regulation, 

and DNA repair. As a result, they have also been linked to many human diseases, 

including cancer (167). To date, a link between the deubiquitinating enzyme, USP15, and 

cancer has not been established. Nonetheless, USP15 was shown to have varying activity 

in many different cancer cell lines, including cervical (HeLa), colon (CoLo), lung 

(U1906), brain (SH-SY-5Y), kidney (HEK293), and many hematopoietic cell lines (148), 

as well as many cervical cancer cell lines (168). Additionally, USP15 was shown to be 

active in 23/26 (88%) cervical carcinoma biopsies and 26/26 (100%) matched normal 

tissues (168). Despite the fact that USP15 has not been linked directly to cancer, it has 

been shown to play a role in chemoresistance. USP15 showed a decrease in gene 

expression in docetaxel-resistant gastric cancer cells when compared to parental cells 

using microarray analysis. These results were validated using qRT-PCR. Further analysis 
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was conducted in 11 cancer cell lines of the digestive system and again, USP15 was 

significantly correlated to docetaxel sensitivity (234). Additionally, paclitaxel-resistant 

human ovarian cancer samples have lower levels of USP15 mRNA than paclitaxel-

sensitive samples. Xu et al. also demonstrated that USP15-siRNA led to chemoresistance 

in a HeLa cell based model (236). Based on the link between Nrf2 and chemoresistance 

(76, 145, 179, 219), we wanted to demonstrate that USP15-siRNA regulates paclitaxel-

chemoresistance in part due to its ability to regulate Nrf2 protein expression through 

deubiquitination of Keap1. Our results demonstrated that USP15-siRNA led to paclitaxel 

resistance in Spec2-Keap1, MDA-MB-231, and 231-Vector cells. Conversely, USP15-

siRNA had no effect in Spec2-Vector cells or in 231-Nrf2 cells (Figure 3.8) where Nrf2 

protein levels are high. Additionally, acquired-resistance to many chemotherapeutic 

drugs can be attributed to increased efflux by Mrp2 (9). Interestingly, our data shows that 

USP15 is able to negatively regulate Mrp2, an Nrf2 target gene (Figure 3.2C). As a result, 

activation of Mrp2 in an Nrf2-dependent manner may be a contributing mechanism to 

USP15-related chemoresistance. Taken together, these results demonstrate the 

importance of the Nrf2-Keap1 pathway in USP15-dependent paclitaxel chemoresistance.  

 

The Nrf2-Keap1 antioxidant response pathway plays an important role in 

chemoprevention and cancer therapy. Consequently, tight regulation is imperative to 

prevent the onset and progression of cancer. Mutations in Nrf2 or Keap1 can lead to 

constitutive activation of Nrf2 which creates an environment for not only normal cells to 
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survive, but also cancer cells. Tight regulation of the Nrf2-Keap1 pathway is maintained 

by the Cul3-Keap1 E3 ligase complex. To date, the mechanisms involved in maintaining 

low basal levels of Nrf2 through ubiquitination are very well characterized. In this report, 

we identified a novel mechanism of Nrf2 regulation by USP15. Furthermore, this is the 

first report to demonstrate the role of deubiquitination in regulating the Nrf2-Keap1 

pathway. The function, targets, and regulation of numerous deubiquitinating enzymes 

still remains unknown. Thus, any information we can unravel will help us understand the 

important roles deubiquitinating enzymes play in many cellular processes. Moreover, we 

determined the role of Keap1 ubiquitination status in regulating Nrf2. These findings 

further our understanding of how the Nrf2-Keap1 pathway is regulated, which is 

imperative in targeting this pathway for chemoprevention or chemotherapy.     
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CHAPTER 4 

ORIDONIN CONFERS PROTECTION AGAINST ARSENIC-INDUCED 

TOXICITY THROUGH ACTIVATION OF THE NRF2-MEDIATED DEFENSIVE 

RESPONSE 

 

4.1 Introduction 

Arsenic is a major environmental pollutant that exists in soil and minerals; it readily 

enters the groundwater system, contaminating drinking water. The concentration of 

arsenic in the ground water varies significantly in different geographic areas. Arsenic 

concentrations are highest in East Asia, including Bangladesh; West Bengal, India; and 

China (100, 188, 202). Many efforts have been made to reduce arsenic damage as 

exemplified by the guideline for arsenic in drinking water set by the World Health 

Organization and by local governments. Nevertheless, a large number of populations are 

still at risk of arsenic exposure and are suffering from arsenic-induced adverse effects, 

such as hypertension, arteriosclerosis, diabetes, hyperkeratosis, neuropathy, and skin, 

liver, bladder, and lung cancer (100, 189, 192, 206). Clearly, the best way to protect 

humans from arsenic-induced damage is to reduce arsenic intake. However, it is not 

always practical, because many people have no choice but to consume drinking water and 

rice heavily contaminated with arsenic, as these are their only sources of food and water. 

Therefore, an alternative choice, of equal importance, is to subvert the detrimental effects 

of arsenic by modulating the body‟s defense system. 
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As stated earlier, Nrf2 is a critical transcription factor that regulates a cytoprotective 

response. Moreover, chemopreventive compounds are able to activate the Nrf2-

dependent response and protect against subsequent toxic or carcinogenic damage (75, 

239).  In addition to the beneficial antioxidants and many chemopreventive compounds, 

the Nrf2 signaling pathway can also be induced by many harmful chemicals such as 

arsenic, hydrogen peroxide, and even anticancer drugs including cisplatin (5, 60, 118, 

155, 162, 216). This paradox may be explained by the balance between the induction of 

the Nrf2 defensive response and the toxic outcome elicited by a particular compound. 

The most attractive chemopreventive compounds are those that potentially induce the 

Nrf2-dependent antioxidant response without eliciting toxic effects. In accordance with 

this notion, chemopreventive compounds extracted from dietary sources or plants are 

ideal, since most activate the Nrf2-dependent response at low doses and do not elicit 

detectable toxic effects. There are many types of Nrf2 activators that have been identified 

thus far and they can be classified into various categories including: phenolic antioxidants 

(caffeic acid, EGCG, butylated hydroxyanisole), dithiolethiones (oltipraz, 3H-1,2-

dithiole-3-thione), isothiocyanates (sulforaphane), and triterpenoids (CDDO-Im) (239, 

245). Up-regulation of the Nrf2-dependent defense response has proved to be beneficial 

in reducing arsenic-induced toxicity in a cell culture model (217). Stable knockdown of 

endogenous Nrf2, using Nrf2-shRNA, rendered cells more sensitive to arsenic-induced 

cell death. On the other hand, pretreatment with chemicals that activate Nrf2 enhanced 

cell resistance to arsenic-induced cell death. This study provides proof-of-principle that 
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using natural compounds to activate the Nrf2-dependent protective pathway is feasible to 

counteract arsenic-induced damage. 

 

Oridonin, also known as rubesecensin A, is a diterpenoid purified from the Chinese 

medicinal herb, Rabdosia rubescens (RR). As one of the important traditional Chinese 

medicines, RR has been used by Chinese doctors to treat swelling of the throat, insect 

bites, snake bites, inflammation of the tonsils, and cancer of the esophagus, stomach, 

liver, prostate, and breast (251). The active ingredients of RR are rubesecensin A 

(oridonin) and rubesecensin B. The major research focus surrounding oridonin has been 

on its anti-proliferation and anti-tumor activities. The anticancer activity of oridonin has 

been linked to its ability to inhibit cell growth, reduce angiogenesis, and enhance 

apoptosis (23, 69, 110, 111, 122, 244). Oridonin has been shown to inhibit cell growth 

and induce apoptotic cell death in many cancer cell lines, including leukemia (NB4, HL-

60, HPB-ALL, Kasumi-1), glioblastoma (U118, U138), melanoma (A375-S2), cervical 

carcinoma (HeLa), ovarian carcinoma (A2780, PTX10), prostate carcinoma (LNCap, 

Du145, PC3), breast carcinoma (MCF-7, MDA-MB-231), murine fibrosarcoma (L929), 

and non-small cell lung carcinoma (NCI-H520, NCI-H460, NCI-H1299) (23, 69, 110, 

111, 244). The reported doses needed for growth inhibition and apoptosis varied 

significantly amongst different research groups and between the different cell lines used, 

ranging from 0.5 µM (0.18 µg/ml) in Kasumi-1 cells to 56 µM (20.4 µg/ml) in HPB-ALL 
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cells (110, 252). In addition, oridonin was also shown to enhance the efficacy of the 

cancer drug cisplatin in mouse sarcoma cells (51).  

 

Mechanistic studies have provided insight into how oridonin inhibits cell growth and 

induces apoptosis. One study demonstrated that oridonin induced p21 expression 

resulting in cell cycle arrest in LNCaP and NCI-H520 cells (69). In another study, 

oridonin activated the caspase 3-dependent apoptotic pathway through upregulation of 

Bax and downregulation of Bcl-2, which promotes release of cytochrome c and initiates 

apoptosis (23, 110). Inhibition of telomerase activity, which is required for cancer cell 

immortality, was reported to be another mechanism that contributes to the anti-cancer 

function of oridonin (111). Since telomerase activity is absent in normal somatic cells, 

but upregulated in cancer cells and tumors, this allows oridonin to specifically target 

abnormal tissue. In addition, the total tyrosine kinase activity was also reduced in 

response to oridonin treatment (106). In addition to cancer cell lines, the efficacy of 

oridonin was demonstrated in vivo. Oridonin was able to inhibit proliferation and tumor 

growth in a colorectal carcinoma cell (HT29)-inoculated mouse model (254). More 

significantly, a recent report demonstrated that oridonin displayed significant antitumor 

activity, specifically in acute myeloid leukemia with the t(8;21) translocation between the 

AML1 and ETO genes using both cell culture and mouse models. Mechanistically, 

oridonin was shown to induce the caspase 3-dependent cleavage of the AML1-ETO 

fusion protein, leading to an accelerated apoptotic response (252).  
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Here, we report the identification of oridonin, which belongs to a novel class (diterpenoid) 

of Nrf2 activators. Similar to tert-butylhydroquinone (tBHQ), it inhibits ubiquitination 

and degradation of Nrf2, resulting in stabilization of Nrf2 and activation of the Nrf2 

signaling pathway. Furthermore, the chemopreventive activity of oridonin was 

demonstrated using a previously established arsenic-UROtsa cell model. Pretreatment of 

UROtsa cells with 1.4 µM oridonin significantly enhanced the cellular redox capacity, 

reduced formation of ROS, and improved survival of UROtsa cells following arsenic 

exposure. 

 

4.2 Results 

4.2.1 Identification of oridonin as an Nrf2 activator. 

To identify potential Nrf2 activators we used a high-throughput screening (HTS) method 

using a stable ARE luciferase reporter cell line derived from MDA-MB-231 cells. MDA-

MB-231 cells were used because the Nrf2-dependent pathway is highly active and easily 

manipulated. Luciferase activity is synonymous with Nrf2 activity, since Nrf2 binds the 

ARE sequence in the promoter of downstream genes to induce their transcription. The 

results from the HTS identified oridonin (Figure 4.1A), a novel diterpenoid, as a potent 

Nrf2 activator. Oridonin induced Nrf2-dependent transcriptional activity in a dose-

dependent manner (Figure 4.1B). To confirm these results a dual luciferase assay was  
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Figure 4.1 Identification of oridonin as an Nrf2 activator. (A) Structure of the 

diterpenoid oridonin. (B, C) Luciferase reporter gene assays in MDA-MB-231 cells 

expressing ARE-luciferase. (B) Luciferase activity showing oridonin as an Nrf2 

activator using a high-throughput screening system. The stable MDA-MB-231 cells 

expressing ARE-luciferase were seeded in 96-well plates; cells were grown to 90% 

confluence and treated with oridonin for 24 hr before analysis of luciferase activity. 

(C) Luciferase activity in MDA-MB-231 cells cotransfected with a plasmid 

containing an ARE-luciferase reporter gene and a plasmid encoding renilla luciferase 

driven by the herpes simplex virus thymidine kinase promoter. The transfected cells 

were treated with oridonin for 24 hr prior to measurement of firefly and renilla 

luciferase activities in cell lysates. All luciferase reporter gene assays were run in 

triplicate and expressed as mean ± SD. (44) 
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employed for two reasons: the renilla luciferase gene is included as an internal control for 

i) transfection efficiency and to ii) determine toxicity in response to oridonin treatment. 

Again, oridonin induced Nrf2-dependent transcriptional activity in a dose-dependent 

manner (Figure 4.1C). Slight induction (1.5 fold) was observed at a concentration as low 

as 1.4 M and reached maximum induction (11.3 fold) at 14 M. There was no obvious 

toxicity at 14 M, as judged by cell morphology and renilla luciferase activity. 

 

4.2.2 Oridonin activated the ARE-dependent response primarily through up-regulation 

of Nrf2 at the protein level. 

Previous studies have demonstrated that ARE-dependent reporter gene activity correlates 

very well with the protein level of Nrf2. Therefore, the same cell lysates from the dual 

luciferase reporter gene assay were used for immunoblot analysis of Nrf2, Keap1 and β-

actin protein expression. The results demonstrated that oridonin significantly induced 

Nrf2 protein levels at 5.6 M and 14 M. It is important to note that oridonin did not 

affect Keap1 protein levels, the negative regulator of Nrf2 (Figure 4.2A). A large body of 

literature indicates that the antitumor activity of oridonin relies on its ability to inhibit cell 

growth and to induce cell death. Results from the reporter gene assay revealed that 

treatment with oridonin at doses higher than 14 µM caused marked toxicity as indicated 

by an increased number of rounded and floating cells (data not shown). Since Nrf2 

regulates a cell survival response, it is envisioned that treatment with high doses of 

oridonin may inhibit Nrf2, allowing cells to undergo cell death. Therefore, Nrf2 protein  
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Figure 4.2 Oridonin activates the ARE-dependent response primarily through 

up-regulation of Nrf2 at the protein level. (A) An aliquot of cell lysates from the 

dual luciferase reporter gene assay was subjected to immunoblot analysis with anti-

Nrf2, anti-Keap1, and anti-β-actin. (B) Total cell lysates from MDA-MB-231 cells 

treated with oridonin for 24 hr were subjected to immunoblot analysis with anti-

Nrf2, anti-Keap1, and anti-β-actin antibodies. (C) mRNA from similarly treated 

cells was extracted and reverse transcribed into cDNA prior to real-time PCR 

analysis for detection of mRNA for Nrf2 (top), NQO1 (center), and HO-1 (bottom). 

(44) 
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levels in response to high doses of oridonin were tested. Following treatment of MDA-

MB-231 cells with different doses of oridonin for 24 h, all cells including floating cells 

were collected. Equal amounts of proteins were subjected to immunoblot analysis. 

Interestingly, at doses higher than 28 µM, Nrf2 protein levels decreased in a dose-

dependent manner, while the expression of Keap1 or β-actin had no significant change 

(Figure 4.2B, lanes 7-9). These results imply that in order for oridonin to induce cell 

death, the Nrf2-dependent cell survival pathway must be inhibited.  

 

It is well noted in the literature that Nrf2 activators, including tBHQ, regulate Nrf2 

mainly at the protein level. Therefore, to determine the level of Nrf2 regulation by 

oridonin, mRNA levels of Nrf2, NQO1, and HO-1 were measured by real time RT-PCR.  

Oridonin increased Nrf2 mRNA levels slightly in a dose-dependent manner, whereas 

tBHQ had no effect. As expected, oridonin and tBHQ increased the mRNA levels of 

NQO1 and HO-1 significantly and the effects of oridonin were dose-dependent (Figure 

4.2C). These results confirm that oridonin regulates the Nrf2-dependent response mainly 

through stabilization of Nrf2 at the protein level.  

 

4.2.3 Oridonin blocks Nrf2 ubiquitination and enhances Keap1 ubiquitination. 

 

The level of Nrf2 protein is regulated through ubiquitination and subsequent degradation 

by the 26S proteasome.  In response to tBHQ treatment a switch in substrate (Nrf2) to 

substrate adaptor (Keap1) ubiquitination is observed (248). Since tBHQ and oridonin  
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Figure 4.3 Oridonin blocks Nrf2 ubiquitination and enhances Keap1 

ubiquitination. Abbreviations: IB, immunoblot; IP, immunoprecipitation; t1/2, half-

life; Ub, ubiquitin. MDA-MB-231 cells were cotransfected with expression vectors 

for HA-ubiquitin, a Gal4–Neh2 fusion protein, and Keap1; the transfected cells were 

left untreated or treated with 8.4 μM oridonin or 100 μM tBHQ for 4 hr, along with 

10 μM MG132. Cells were lysed in 2% SDS and immediately heated. Anti-Gal4 (A) 

and anti-Keap1 (B) immunoprecipitates were analyzed by immunoblot with anti-HA 

antibodies for detection of ubiquitin-conjugated Neh2 or Keap1. (C) Ubiquitination 

of endogenous Nrf2 was assessed in UROtsa cells treated with DMSO, 8.4 μM 

oridonin, or 100 μM tBHQ for 4 hr, along with 10 μM MG132; Nrf2 was 

immunoprecipitated with an anti-Nrf2 antibody, and ubiquitinated Nrf2 was detected 

with an anti-ubiquitin antibody.(44) 
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both regulate Nrf2 at the protein level, the effect of oridonin on Nrf2 and Keap1 

ubiquitination status were examined. The Neh2 domain of Nrf2 contains the seven Ub-

accepting lysine residues that target Nrf2 for ubiquitination, therefore a Gal4-Neh2 

construct was used to measure Nrf2 ubiquitination levels. As expected, tBHQ decreased 

Nrf2 ubiquitination levels (figure 4.3A, lane 4) and increased Keap1 ubiquitination levels 

(Figure 4.3B, lane 4). Similarly, treatment with 8.4 µM oridonin caused a switch in Nrf2 

ubiquitination (Figure 4.3A, lane 3) to Keap1 ubiquitination (Figure 4.3B, lane 3). Given 

that the function of Nrf2 ubiquitination is to target it for 26S proteasome-dependent 

degradation, we tested the effect of oridonin on Nrf2 half-life using a cycloheximide 

chase experiment. MDA-MB-231 cells were either left untreated or treated with 8.4 µM 

oridonin. The half-life of endogenous Nrf2 protein increased from 19 min to 51 min 

following oridonin treatment (Figure 4.3C). Taken together, these results indicate that 

oridonin activates the Nrf2 pathway by inhibiting ubiquitination and degradation of Nrf2, 

leading to an increase in Nrf2 protein level and activation of the Nrf2-dependent response.  

 

4.2.4 Efficacy of oridonin in protecting against As(III)-induced toxicity. 

To test the feasibility of using oridonin as a chemopreventive compound to elicit the 

Nrf2-mediated protective response and defend against environmental insults, the UROtsa 

cell line, an established model system for arsenic toxicity, was used. First we wanted to 

verify that oridonin was able to regulate Nrf2 in this cell line. Oridonin and tBHQ were 

both able to decrease endogenous levels of Nrf2 ubiquitination (Figure 4.4A). Consistent  
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Figure 4.4 Oridonin stabilizes Nrf2 protein levels and increases its half-life. 

Protein half-life in MDA-MB-231 cells (A) and UROtsa cells (B) left untreated or 

treated with 8.4 μM oridonin for 4 hr. Cycloheximide (50 μM) was added to prevent 

protein synthesis. Cells were lysed at the indicated time points, and lysates were 

subjected to immunoblot analysis with anti-Nrf2 and anti--actin antibodies (top). 

The intensity of the bands was quantified using Quantity One software and the results 

are presented on a semi-log graph below. t1/2=minutes. (44)  
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with these results, oridonin was also able to increase the endogenous half-life of Nrf2 

from 10 min to 16 min (Figure 4.4B). Next, we wanted to determine the dose range of 

Nrf2 induction by oridonin in UROtsa cells for use in further experiments. Oridonin 

induced Nrf2 protein expression at a dose as low as 1.4 µM up to 14 µM with no toxicity 

observed (Figure 4.5A). At 56 µM and 112 µM of oridonin there was obvious toxicity, 

demonstrated by cell morphology and a decrease in -actin was observed. Based on these 

results, a low dose (1.4 µM) of oridonin was chosen for the protection assays. One of the 

major functions of Nrf2 is to regulate an antioxidant response by upregulating 

intracellular antioxidants and genes such as GCS and the xCT cysteine antiporter that 

encode key enzymes in the synthesis of glutathione. The end point of Nrf2 induction is 

activation of the antioxidant response. To confirm that 1.4 µM of oridonin can activate 

the antioxidant response we measured intracellular GSH levels. Oridonin was able to 

induce GSH levels significantly by 30% when compared to untreated UROtsa cells 

(figure 4.5B). Thus, oridonin is able to augment the cellular redox capacity, which is the 

key mechanism in suppressing oxidative stress-induced damage by environmental insults.  

To demonstrate that oridonin-dependent induction of GSH levels is able to alleviate ROS 

we treated cells with sodium arsenite (As(III)), a well known inducer of ROS. UROtsa 

cells were treated with As(III) or oridonin for 24 h. 30 µM As(III) increased ROS levels 

significantly, whereas 5.6 µM oridonin had no effect (Figure 4.5C). Next, we pretreated 

cells with several doses of oridonin for 24 h, followed by cotreatment with 30 µM As(III) 

for an additional 24 h. Oridonin was able to alleviate As(III)-induced ROS significantly a 

5.6 µM all the way down to a dose as low as 0.6 µM (Figure 4.5C). These data clearly  
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Figure 4.5 Oridonin activates the Nrf2 pathway and protects against As(III)-

induced ROS. (A) Immunoblot showing Nrf2, Keap1, and β-actin in UROtsa cells 

treated with oridonin for 24 hr. Cell lysates were collected and subjected to 

immunoblot analysis with anti-Nrf2, anti-Keap1, and anti-β-actin antibodies. (B) 

Intracellular glutathione concentrations in UROtsa cells either untreated (control) or 

treated with 1.4 μM oridonin. Concentrations were measured using the QuantiChrom 

glutathione assay kit. Data is presented as mean ± SD from three independent 

experiments. (C) ROS analysis in UROtsa cells untreated or pretreated with oridonin 

for 24 hr and then further treated with As(III) alone or As(III) plus oridonin for an 

additional 24 hr. ROS were measured by dichlorofluorescein/flow cytometry. Data is 

presented as mean ± SD from three independent experiments. Abbreviations: DCF= 

2',7'-dichlorodihydrofluorescein; Con= control. *p < 0.05 **p < 0.01. (44) 
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Figure 4.6 Oridonin protects against As(III)-induced cell death. (A) Cell survival 

in UROtsa cells untreated or pretreated with 1.4 μM oridonin for 24 hr and then treated 

with As(III) in the absence or presence of 1.4 μM oridonin for another 48 hr. Values 

shown are the mean ± SD of experiments run in triplicate. (A, top) Cell survival 

measured by the MTT assay. (A, center, at right) Immunoblot analysis showing Nrf2 

protein levels in UROtsa cells transfected with control siRNA or Nrf2-siRNA for 48 hr. 

Nrf2 protein levels were assessed by immunoblot analysis with an anti-Nrf2 antibody to 

confirm knockdown of Nrf2 expression. (A, center) Cell survival in Nrf2-siRNA 

transfected cells at 48 hr post-transfection measured by the MTT assay. 200 cells in 35-

mm plates were pretreated and co-treated in the same manner as in the MTT assay. (A, 

bottom) Cell survival measured by the colony formation assay. Values shown are the 

mean ± SD of experiments run in triplicate. (B, top) Apoptotic cell death in UROtsa cells 

untreated or pretreated with 1.4 μM oridonin for 24 hr and then treated with As(III) in 

the absence or presence of 1.4 μM oridonin for another 48 hr. Apoptotic cell death was 

detected using Annexin V-FITC and flow cytometry. (B, center) The results were 

quantified and the mean ± SD was calculated from three independent experiments. (B, 

bottom) UROtsa cells grown on cover slides were pretreated and co-treated in the same 

way. Apoptotic cells were visualized by condensed nuclei using Hoechst staining; bars = 

25 μm. The experiment was repeated, and similar results were obtained. Abbreviations: 

AnnV=Annexin V; PI= propidium iodide. *p < 0.05 **p < 0.01. (44) 
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demonstrate the efficacy of oridonin in suppressing oxidative stress imposed by As(III) 

exposure. 

Next, we wanted to determine if oridonin-dependent activation of the Nrf2 cytoprotective 

response was able to defend cells from As(III)-induced cell death. UROtsa cells were 

either pretreated with 1.4 µM oridonin for 24 h or left untreated, followed by cotreatment 

with 30 µM As(III) for an additional 48 h. Subsequently, cell viability was measured 

using the MTT and colony formation assays. Our results demonstrated that oridonin was 

able to protect against As(III)-induced cell death using both the MTT assay and colony 

formation assay (Figure 4.6A, top and bottom panels). To determine whether these 

effects can be attributed to induction of the Nrf2 response by oridonin, the MTT assay 

was performed in UROtsa cells transfected with Nrf2-siRNA. Significant knockdown of 

Nrf2 was confirmed by immunoblot analysis. Convincingly, oridonin was no longer able 

to protect against As(III)-induced cell death in the absence of Nrf2 (Figure 4.6A, middle 

panels). In fact, oridonin seemed to exacerbate the effects of As(III). These results 

demonstrate that oridonin-mediated protection requires activation of the Nrf2 pathway. 

To further demonstrate the protective effects of oridonin, we measured apoptotic cell 

death using Annexin V-FITC/flow cytometry. Arsenite (30 µM), but not 1.4 µM oridonin 

(data not shown),  increased apoptotic cell death in UROtsa cells significantly when 

compared to untreated cells. Conversely, cells pretreated with 1.4 µM oridonin followed 

by cotreatment with 30 µM As(III) had levels of apoptotic cell death comparable to 

untreated cells (Figure 4.6B, top panels). Next, we used Hoechst staining to detect 

condensed chromosomes in apoptotic cells. The number of positive-stained cells 

A B 
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increased after treatment with 30 μM As(III), whereas pretreatment with oridonin 

followed by cotreatment with As(III) markedly reduced the number of apoptotic cells 

(Figure 4.6B, bottom panels). Taken together, these results demonstrate that oridonin 

induces Nrf2 protein expression and protects against the harmful effects of As(III). 

Furthermore, oridonin-mediated protection requires activation of the Nrf2-dependent 

antioxidant response. 

 

4.3 Summary and Discussion 

The pivotal role of Nrf2 in chemoprevention has been clearly shown in Nrf2 knockout 

mice. These mice express lower basal levels of Nrf2 target genes, such as NQO1, GST, 

GCS, UDP-glucuronosyltransferase, glutathione peroxidase-2, and HO-1 (14, 29, 55, 101, 

119). As a consequence, these mice are more susceptible to the toxic and carcinogenic 

insults of butylated hydroxytoluene, benzo[a]pyrene, diesel exhaust, aflatoxin B1, N-

nitrosobutyl (4-hydroxybutyl) amine, pentachlorophenol, acetaminophen, ovalbumin, 

cigarette smoke, and 4-vinyl cyclohexene diepoxide (4, 16, 17, 46, 64, 67, 68, 163, 165, 

207). These results demonstrate the importance of Nrf2 in cell survival and protection 

and provide a basis to target this pathway for chemoprevention. Many naturally occurring 

chemopreventive compounds (i.e. sulforaphane, EGCG, and curcumin) are Nrf2 

activators, which further implies the importance of Nrf2 in chemoprevention (75, 141, 

245). Identification, validation, and optimization of new Nrf2 activators is essential for 

the development of effective dietary supplements or therapeutic drugs that can be used to 
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activate the Nrf2-dependent response and protect humans from various environmental 

and toxic insults.  

 

Oridonin represents a novel class of Nrf2 activators. The mechanistic studies presented 

here indicate that oridonin activates the Nrf2-dependent response primarily by enhancing 

Nrf2 at the protein level. The increase in Nrf2 protein is mainly due to stabilization with a 

slight increase in Nrf2 mRNA levels. Similar to tBHQ, oridonin is able to block 

ubiquitination and degradation of Nrf2, resulting in the prolonged half life of Nrf2. 

Furthermore, we have demonstrated the effectiveness of a low dose of oridonin (1.4 µM) 

in eliciting the Nrf2-dependent cytoprotective response in an As(III)-toxicity model. Low 

doses of oridonin were able to enhance the cellular reducing capacity by significantly 

elevating the reduced glutathione level, thus inhibiting the formation of ROS and 

increasing survival in response to As(III) exposure. Furthermore, glutathione can be 

conjugated to arsenic facilitating its excretion, which can provide and additional 

mechanism of protection against As(III)-induced toxicity (182). In addition to GCS, other 

Nrf2 downstream genes including GST, UDP-glucuronosyl transferase and multidrug 

resistance proteins, also contribute to Nrf2-mediated protection against arsenic toxicity 

(54, 96, 115, 209, 235, 245). Based on the ability of oridonin to activate the Nrf2-

dependent defensive response, the effects of oridonin can be extended way beyond 

protection against acute As(III)-toxicity and can be applied to other toxic and 

carcinogenic chemicals.  
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This cell-based study demonstrates that oridonin can be used at low doses as a 

chemopreventive compound that specifically targets Nrf2. Further studies on the 

chemopreventive activity of oridonin in animal models are needed. If oridonin is shown 

to have vast chemopreventive potential, then it has a huge economic advantage since it 

can easily be extracted from Rabdosia rubescens (RR), “a Chinese grass”. In addition, 

identification of diterpenoids as a new class of Nrf2 activators will broaden the selection 

of new chemopreventive compounds. Moreover, the diterpenoid structure can serve as a 

scaffold for the development of other chemopreventive drugs. Identification of other 

naturally occurring diterpenoids or synthetic optimization of the diterpenoid scaffold, 

may potentially lead to the identification of other compounds that potently and 

specifically induce the Nrf2 signaling pathway. Identification and characterization of this 

new class of activators may greatly improve the efficacy of chemoprevention, which will 

have a profound impact on human health.  

 

High doses of oridonin have been shown to have anticancer activity in many different cell 

types by causing cell cycle arrest, inhibiting proliferation, and inducing apoptotic cell 

death. The dose range needed for oridonin to exhibit anticancer activities in these studies 

was very broad, with 100 fold differences. Although this may be partially due to the 

purity of oridonin used among various research groups, it largely indicates a difference in 

sensitivity between cancer cells to the oridonin-induced apoptotic response. In the present 
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study, the ability of oridonin to induce Nrf2 protein levels was assessed in two different 

cell lines, MDA-MB-231 (breast carcinoma) cells and immortalized but nontransformed 

bladder urothelium (UROtsa) cells. We observed different levels of sensitivity to oridonin 

between these two cell types. UROtsa cells showed a narrower window of Nrf2 induction 

in response to different doses of oridonin. Furthermore, it is very interesting to note that 

oridonin induced Nrf2 protein levels and Nrf2 transcriptional activity in a dose dependent 

manner to a certain point at which the levels of Nrf2 protein and reporter gene activity 

dropped suddenly. We observed an initial decrease in Nrf2 protein in MDA-MB-231 

cells and UROtsa cells at 56 µM and 28 µM of oridonin, respectively. This decrease in 

Nrf2 protein level in response to high doses of oridonin is not solely due to cell toxicity 

because Keap1 or β-actin levels only decreased slightly. Based on the important role of 

Nrf2 in cell survival, it is conceivable that Nrf2 has to be repressed prior to the execution 

of cell death. In support of this notion, Nrf2 has been reported as a substrate of caspase 3 

and the cleavage sites in Nrf2 for caspase 3 have been identified (146). Based on the 

induction profile of Nrf2, it is remarkable that oridonin functions as a chemopreventive 

compound at low doses by activating the Nrf2 cytoprotective pathway, while at high 

doses it activates apoptotic cell death and concomitantly inhibits the Nrf2-dependent 

survival pathway. Further studies are needed to understand the molecular events that 

regulate the switch between life and death.  
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CHAPTER 5 

THE CINNAMON-DERIVED DIETARY FACTOR CINNAMIC ALDEHYDE 

ACTIVATES THE NRF2-DEPENDENT ANTIOXIDANT RESPONSE IN 

HUMAN EPITHELIAL COLON CELLS  

 

5.1 Introduction 

Colorectal cancer (CRC) is a major cause of tumor-related morbidity and mortality 

worldwide (53, 116). Progression of CRC can occur over decades and involves the early 

development of adenomatous precursor lesions followed by invasive stages of the disease 

(201). The poor prognosis associated with metastatic CRC exemplifies the increasing 

importance of developing efficacious strategies for early intervention, including 

chemoprevention (53, 116). Indeed, chemopreventive intervention aiming at pharmaco-

logical suppression of colon carcinogenesis has shown promise in cellular studies as well 

as in animal and human chemoprevention trials (53, 78, 124, 169). 

 

Recent research suggests that pharmacological intervention using dietary factors that 

activate the redox sensitive Nrf2-Keap1 antioxidant response pathway may represent a 

promising strategy for chemoprevention of human cancer, including CRC (119, 242, 243). 

It has been shown that numerous chemopreventive factors act through covalent adduction 

and/or oxidation of redox-sensitive thiol residues in Keap1, the negative regulator of Nrf2 

(245). Inhibition of Keap1-dependent ubiquitination and subsequent proteasomal 
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degradation of Nrf2 allows Nrf2 nuclear translocation, followed by Nrf2-dependent 

transcriptional activation of target genes containing an antioxidant response element 

(ARE)-promotor sequence. Upregulation of the cellular antioxidant and electrophilic 

stress response by Nrf2 has been shown to mediate Nrf2-dependent suppression of 

environmental toxicity and carcinogenesis (39, 44, 147, 218, 242). For example, it is well 

established that chemopreventive electrophiles, including the broccoli-derived 

isothiocyanate, sulforaphane, and the turmeric-derived diketone, curcumin, activate the 

Nrf2-Keap1 antioxidant response pathway and upregulate the expression of many 

antioxidant and phase II-detoxifying target genes, including HO-1, -glutamyl cysteine 

synthetase (catalytic subunit), glutathione reductase, glutathione peroxidase, thioredoxin-

1, thioredoxin reductase, and peroxiredoxins (80, 102).  

 

In our search for promising dietary Nrf2 activators with potential chemopreventive 

activity targeting CRC we have focused our studies on trans-cinnamic aldehyde 

(cinnamaldehyde, CA), the key flavor component in cinnamon essential oil extracted 

from Cinnamomum zeylanicum and Cinnamomum cassia bark. Recently, our structure-

activity relationship studies have revealed that the ,-unsaturated aldehyde, CA, is a 

reactive Michael acceptor that spontaneously forms covalent adducts with model thiols, 

and activates Nrf2-regulated antioxidant response element (ARE)-mediated gene 

expression (227). 
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In cultured human skin cells, CA displayed photo-chemopreventive activity by 

suppressing ROS-induced photooxidative stress (227). In addition, anti-melanoma 

activity of orally administered CA was demonstrated recently in a murine xenograft 

model of the disease (227), and cinnamaldehydes (including CA and its 2-hydroxy- and 

2-benzoyloxy-substituted analogs) that inhibit thioredoxin reductase and activate Nrf2 

have been examined as potential candidates for cancer therapy and chemoprevention (26). 

Moreover, oral administration of cinnamon has been shown to suppress azoxymethane-

induced colon carcinogenesis in a mouse model; however, the molecular identity of the 

bioactive constituents of cinnamon was not elucidated (8). Earlier studies have 

demonstrated antioxidant (186), antimicrobial (50), anti-inflammatory (92), and anti-

diabetic (2) activities of cinnamon that were attributed to cellular effects of CA and other 

cinnamon ingredients including phenolic proanthocyanidins (2, 151, 205).  

Remarkably, CA is the only ,-unsaturated aldehyde which is FDA-approved for use 

in foods (21 CFR § 182.60) and given the „Generally Recognized As Safe‟ status by the 

„Flavor and Extract Manufacturers Association‟ (FEMA) in the United States (FEMA no. 

2286, 2201). This suggests that potentially, chemopreventive administration of this 

dietary factor may be achievable with an acceptable safety profile, an important 

prerequisite for the development of chemopreventive pharmacological strategies in 

healthy individuals (161). Here, we demonstrate that CA and an ethanolic cinnamon 

extract with standardized CA content (CE) display potent activity as activators of Nrf2 

transcriptional activity, Nrf2 protein upregulation, and Nrf2 target gene expression in 

human colon cancer cells and primary fetal colon cells. Moreover, CA and CE induce the 
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antioxidant defense in colon epithelial cells and elevate cellular glutathione levels 

resulting in increased resistance to oxidative insult from arsenic and hydrogen peroxide. 

 

5.2 Results 

5.2.1 Cinnamic aldehyde and an ethanolic extract of cinnamon powder are equally 

potent inducers of Nrf2 transcriptional activity. 

Previously, we have shown that cinnamic aldehyde (CA), the major volatile constituent 

contained in cinnamon powder, is a potent inducer of Nrf2 transcriptional activity in 

cultured human epithelial and dermal skin cells (227). Given that cinnamon powder from 

Cinnamomum cassia bark is the predominant form of cinnamon spice consumed 

worldwide (49), we wanted to explore the ability of a total ethanolic cassia bark extract to 

activate the cellular Nrf2-dependent antioxidant response and compare its potency to the 

pure compound, CA. CE was prepared from commercially available cinnamon powder 

and analyzed by GC-MS as detailed in Materials and Methods (Figure 5.1). The CA 

content in CE was determined, and in subsequent studies CE is expressed at 

concentrations normalized to CA content to allow direct comparison with pure CA.  

 

First, using an ARE-dependent luciferase reporter gene assay we wanted to demonstrate 

that CA and CE were able to induce Nrf2 activity in MDA-MB-231 breast carcinoma  
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Figure 5.1 GC-MS analysis of the ethanolic cinnamon extract. Cinnamic aldehyde 

is the major volatile component in ethanolic cinnamon extract. For quantification of 

cinnamic aldehyde content (CA, formula shown) of ethanolic cinnamon extracts, 

quantitative gas chromatography-mass spectrometry (GC-MS), using 

cinnamylacetate [(2E)-3-phenyl-2-propenyl acetate] as an internal standard (i.s.), was 

performed as described in Materials and Methods. Trace amounts of other volatile 

compounds detected by GC-MS include eucalyptol (a), copaene (b), caryophyllene 

(c), and cubenol (d). (230) 
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Figure 5.2 Cinnamic aldehyde and an ethanolic extract of cinnamon powder are 

equally potent inducers of Nrf2 transcriptional activity. (A-B) MDA-MB-231 

cells (A) or HCT116 (B)  cells were cotransfected with plasmids containing a GST-

ARE-firefly luciferase reporter gene and expression plasmids for the Nrf2 and Keap1 

proteins. A plasmid encoding renilla luciferase, driven by the herpes simplex virus 

thymidine kinase promoter, was also included to determine transfection efficiency 

and toxicity. Twenty-four hours post-transfection, cells were treated with the 

indicated concentrations of each compound (tBHQ: 50µM) for 16h. Firefly and 

renilla luciferase activity was measured and is expressed as relative activity (F/R) 

compared to untreated control (p < 0.05 for CA doses > 4 µM; differences between 

CA and CE were not significant). (C) HCT116 cell viability in response to CA and 

CE exposure (24 h) was assessed by flow cytometry as detailed in Materials and 

Methods. Numbers indicate viable cells as a percentage of the total gated population 

(Mean ± SEM, N=3). Abbreviations: CA, cinnamic aldehyde; CE, ethanolic extract 

of cinnamon powder. (230) 
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cells, a well-established cell line for studying this pathway. As expected, both CA and CE 

induced Nrf2-dependent transcriptional activity in a dose-dependent manner (Figure 

5.2A). Activation occurred at concentrations as low as 4 M all the way up to 10 M. 

Interestingly, CA and CE were equipotent in activating Nrf2 transcriptional activity, 

indicating that CA content is the crucial determinant of CE-dependent Nrf2 

transcriptional activation. Next, we wanted to confirm that CA and CE activated Nrf2 in 

our model for CRC, HCT116 colon carcinoma cells. Again, CA and CE induced Nrf2 

transcriptional activity in a similar dose-dependent manner (Figure 5.2B); however, CA 

and CE had a greater effect in HCT116 cells than MDA-MB-231 cells. Low micromolar 

doses of CA (6-10M) induced enormous induction of Nrf2 activity (22-35 fold) in 

HCT116 cells. Moreover, CA- and CE-induced Nrf2 transcriptional activation surpassed 

that of tert-butylhydroquinone (tBHQ, 50 µM), a well-established Nrf2 activator. 

 

Next, we wanted to determine the cytotoxicity of CA and CE in HCT116 cells using 

Annexin V-FITC/flow cytometry, to establish acceptable doses for use in future 

experiments. Cell viability was calculated based on the percentage of cells staining 

negative for both Annexin and PI (lower left quadrant). No cytotoxicity was observed 

following 24 h treatment with 5 M CA or CE, or 10 M CA; however, 10 M CE 

caused slight cellular toxicity as demonstrated by an increase in apoptotic cells (upper 

right-hand quadrant) (Figure 5.2C). The cytotoxicity assay was also employed for HT29 

colon carcinoma cells, which were used as a second human colon cancer cell line 
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throughout this study. HT29 cells were refractory to much higher concentrations of CA 

and CE (up to 40 M) with no obvious cytotoxicity (data not shown).  

 

5.2.2  Cinnamic aldehyde and an ethanolic extract of cinnamon powder upregulate 

protein levels of Nrf2 and Nrf2 downstream genes in cultured human colon cells. 

Most activators of the Nrf2-dependent antioxidant response regulate Nrf2 at the protein 

level. Therefore, we wanted to determine if CA and CE are able to induce Nrf2 protein 

expression in cultured human colon cancer cells. Our results demonstrate that CA and CE 

were able to upregulate Nrf2 protein expression in a dose-dependent manner in both 

HCT116 and HT29 cells (Figure 5.3). Futhermore, expression of Keap1, the negative 

regulator of Nrf2, remained unchanged, excluding the possibility that Nrf2 upregulation 

occurs as a consequence of decreased Keap1 protein levels. It is interesting to note that 

CE appeared to be more potent than CA in HCT116 cells (Figure 5.3A). This suggests 

that the ethanolic extract contains factors not detected by GC-MS, which may contribute 

to Nrf2 upregulation, including non-volative phenolic compounds such as 

proanthocyanidins and (epi)catechins (2, 104, 205). Moreover, HCT116 cells were more 

sensitive to activation than HT29 cells. CA and CE induced Nrf2 protein expression in 

HCT116 cells at concentrations as low as 5 M and 1.25M, respectively (Figure 5.3A). 

In contrast, 20 M CA was needed to induce comparable levels of Nrf2 protein in HT29 

cells (Figure 5.3B). These results are consistent with our finding that HT29 cells were 

more resistant to CA-induced cytotoxicity than HCT116 cells (data not shown). The 

reason for the differential CA-sensitivity observed in these cell lines is currently  
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Figure 5.3 Cinnamic aldehyde and an ethanolic extract of cinnamon powder 

upregulate protein levels of Nrf2 in cultured human colon cells. Cultured human 

HCT116 (A) and HT29 cells (B) were treated for 4 h with either CA or CE at the 

indicated doses normalized for CA content. Treatment with tBHQ (100 µM, 4h) 

served as a positive control. Equal loading was assessed by immunodetection of -

actin. Abbreviations: CA, cinnamic aldehyde; CE, ethanolic extract of cinnamon 

powder. (230) 
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unknown, but may depend on differential expression of enzymes involved in the 

detoxification of electrophilic species. For example, it has previously been reported that 

expression of NADPH-dependent alkenal/one oxidoreductase (AOR), an enzyme 

involved in detoxification of Michael acceptors that varies widely between cancer cell 

lines (105), is an important determinant of Nrf2 activation by electrophilic enones (241). 

 

The function of Nrf2 depends on its ability to upregulate a battery of downstream genes 

to defend against harmful toxicants and carcinogens. These genes include -

glutamylcysteine synthetase (-GCS) catalytic subunit (GCLC) and HO-1. Consequently, 

we examined the effect of CA and CE on -GCS, the protein product of GCLC, and HO-

1 protein expression. As expected, CA and CE induced expression of -GCS and HO-1 in 

a dose-dependent manner in both HCT116 cells (Figure 5.4A) and HT-29 cells (Figure 

5.4B). Additionally, to verify the capability of using CA or CE as dietary 

chemopreventive agents we tested their effects in non-transformed, non-immortalized, 

human primary colon cells of fetal origin (FHC). Again, CA and CE were equipotent in 

inducing Nrf2 protein expression, while they had no effect on Keap1 protein levels 

(Figure 5.5). Moreover, they activated the Nrf2-dependent antioxidant response, 

illustrated by induction of HO-1 protein expression. Interestingly, CA and CE were more 

potent activators than tBHQ in this non-transformed, non-immortalized, human primary 

colon cell line. 
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Figure 5.4 Cinnamic aldehyde and an ethanolic extract of cinnamon powder 

upregulate protein levels of Nrf2 downstream genes in cultured human colon 

cells. Upregulation of HO-1 and -GCS protein levels. Cultured human HCT116 (A) 

and HT29 cells (B) were treated with either CA or CE at the indicated doses 

normalized for CA content for 24 h. Treatment with tBHQ (100 µM) served as a 

positive control. Equal loading was assessed by immunodetection of lamin A or -

tubulin. Abbreviations: CA, cinnamic aldehyde; CE, ethanolic extract of cinnamon 

powder. (230) 
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Figure 5.5 Cinnamic aldehyde and an ethanolic extract of cinnamon powder 

activate the Nrf2-dependent antioxidant response in human fetal epithelial colon 

cells. Upregulation of Nrf2 and HO-1 protein levels in normal human fetal epithelial 

colon cells exposed to cinnamic aldehyde and ethanolic cinnamon extract. FHC cells 

were treated with either CA (10 µM), CE (dose CA: 10 µM), or tBHQ (100 µM) for 

4 h. Equal loading was assessed by immunodetection of lamin A. Abbreviations: C, 

control; CA, cinnamic aldehyde; CE, ethanolic extract of cinnamon powder. (230) 
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5.2.3 Cinnamic aldehyde and an ethanolic extract of cinnamon powder induce 

upregulation of cellular glutathione levels in HCT116, HT29, and FHC epithelial 

colon cells. 

Earlier work has demonstrated that Nrf2-dependent upregulation of cellular glutathione 

levels depends on induction of the Nrf2 target gene GCLC (105, 119). Since CA and CE 

induce Nrf2 protein expression and Nrf2 transcriptional activity, as well as -GCS protein 

levels, we wanted to investigate their effect on total cellular glutathione levels in 

HCT116, HT29 and FHC human colon cells. Indeed, after 24 h treatment with either CA 

or CE, significant elevation of cellular glutathione levels was observed in all three cell 

lines (Figure 5.6). Upregulation was most pronounced in HCT116 cells (Figure 5.6A; 

baseline level 66.0 + 6.31 nmole/mg protein; n =3). Following 24 h exposure to 10 µM 

CA, total glutathione levels increased two-fold. Upregulation of glutathione levels was 

also observed in HT29 (Figure 5.6B; baseline level 48.86 + 2.45 nmole/mg protein; n =3) 

and FHC cells (Figure 5.6C; baseline level 31.71 + 5.26 nmole/mg protein).  Treatment 

with 5 µM and 10 µM CA increased total glutathione levels between 25% and 75%. 

Remarkably, CA and CE were equipotent inducers of cellular glutathione levels, again, 

emphasizing that the activity of CE can be attributed to its main constituent, CA. 

 

 5.2.4 Protection of HCT116 colon cells against oxidative stress-induced genotoxicity 

and As(III)-induced oxidative insult. 

Next, we investigated the functional consequences of CA- and CE-induced activation of 

the Nrf2-dependent cytoprotective response by examining suppression of oxidative  
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Figure 5.6 Cinnamic aldehyde and an ethanolic extract of cinnamon powder 

induce upregulation of cellular glutathione levels in HCT116, HT29, and FHC 

epithelial colon cells. Modulation of intracellular glutathione content in HCT116 

(A), HT29 (B), and FHC cells (C) was examined after exposure to CA (5 and 10 µM, 

24h) or CE (dose CA: 5 and 10 µM). Total glutathione content was normalized to 

protein content and expressed as % untreated control. (mean ± SEM, N=3; means 

with common letter differ, p < 0.05). Abbreviations: CA, cinnamic aldehyde; CE, 

ethanolic extract of cinnamon powder.(230) 
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Figure 5.7 Pretreatment with cinnamic aldehyde or an ethanolic extract of 

cinnamon powder protects HCT116 colon cancer cells from oxidative stress-

induced geno- and cytotoxicity. Cells were exposed to CA (5 µM, panel A) or CE 

(dose CA: 5 µM, panel B) for 24 h. After media change, oxidative genotoxic stress was 

induced by addition of H2O2 (100 µM, 30 min), and DNA damage was detected using the 

Comet assay as decribed in Materials and Methods. Bottom panels depict representative 

comets as visualized by fluorescence microscopy. (mean ± SEM, n=3; means with 

common letter differ, p < 0.05); (C) Cells pretreated as indicated above underwent short-

term exposure to H2O2 (500 µM, 6 h) followed immediately by assessment of cellular 

ATP levels using the Celltiter-Glo assay as described in Material and Methods. (mean ± 

SEM, n=3; means with common letter differ, p<0.05); (D) Cells were pre-treated with 

CA (2.5 µM, upper panel), CE (dose CA: 2.5 µM, lower panel), or solvent only (DMSO) 

for 24 h followed by co-treatment with the indicated concentrations of sodium arsenite 

(up to 80 µM) for 48 h. Cell viability was then determined using the MTT assay as 

detailed in Materials and Methods. Mean ± SEM, N=3; p<0.05. (230)  

 

 

 



131 
 

stress-induced genotoxicity in HCT116 colon carcinoma cells. It is well established that 

HCT116 cells are DNA mismatch repair deficient and display high sensitivity to 

hydrogen peroxide (H2O2)-induced cyto- and genotoxicity (20). Using alkaline single cell 

gel electrophoresis (Comet assay) for the quantitative assessment of genomic integrity 

(187, 227), it was demonstrated that CA- and CE-pretreatment (5 µM, 24 h) significantly 

suppressed H2O2-induced (100 µM, 30 min) oxidative genotoxic stress (Figure 5.7A-B). 

CA and CE had no effect on their own verifying the compounds are not genotoxic at the 

concentrations used. Representative images of the tail moments are presented in Figure 

5.7B. CA- and CE- pretreatment reduced the H2O2-induced average tail moment by 

approximately 35%, demonstrating equipotent activity. Next, H2O2-induced acute 

cytotoxicity was assessed in HCT116 cells by maintenance of cellular ATP levels as a 

measure of cell viability. H2O2 treatment (500 µM, 6h) alone caused a 40% reduction in 

ATP levels. However, CA- and CE-pretreatment (5 µM, 24 h) attenuated H2O2-induced 

(500 µM, 6h) acute cytotoxicity (Figure 5.7C). These results are consistent with the 

protection data obtained using the Comet assay.  

 

Recent experimental evidence suggests that pharmacological induction of the Nrf2-

dependent cytoprotective response may provide protection against sodium arsenite 

As(III) (44, 218). As(III) is an environmental toxicant that induces oxidative stress and is 

a potential inducer of CRC (237). Consequently, we tested the hypothesis that CA- or 

CE-pretreatment may protect HCT116 cells from As(III)-induced cytotoxicity (Figure 

5.7D). As expected, CA- (2.5 µM, 24 h) (top panel) or CE-pretreatment (dose CA: 2.5 
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µM, 24 h) (bottom panel) protected HCT116 cells from As(III)-induced cytotoxicity in a 

dose-dependent manner, as assessed by the MTT cell viability assay. Interestingly, CE 

had more pronounced protective effects than CA. Taken together, this data suggests that 

CA- and CE-induced activation of the cellular antioxidant response may protect human 

epithelial colon cells from genotoxic and cytotoxic insult from various stressors, 

including H2O2 and As(III). 

 

5.3 Summary and Discussion 

The Nrf2-Keap1 signaling pathway controls the expression of target genes involved in 

phase II detoxification and the cellular antioxidant response. As a result, it is an important 

molecular target for dietary constituents with potential chemopreventive activity. Since 

dietary compounds are ingested, it is a particularly important target in the context of 

gastrointestinal tumorigenesis (90, 91, 178). It is well established that Keap1 functions as 

a cellular oxidative stress sensor through covalent modification of sulfhydryl groups 

contained within cysteine residues. Additionally, many Nrf2 activators react with Keap1 

thiols and disrupt the conformation of the Cul3-Keap1-E3 ligase complex, allowing free 

Nrf2 to translocate to the nucleus where it activates ARE-dependent gene transcription 

(38). Earlier work on the structure-activity relationship of chemopreventive small 

molecule electrophiles led to the discovery of a potent class of Nrf2 activators, ,-

unsaturated carbonyl compounds (enone-type Michael acceptors) (37, 39, 215, 227). 

Included in this class of activators is CA. In this study we wanted to compare the potency 

of Nrf2 activation between CA and an ethanolic cinnamon extract (CE) in cultured 
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human colon cells. This study was in preparation for future chemoprevention studies 

using CA and CE to target colorectal carcinogenesis in a mouse model.  

 

First, using an ARE-dependent luciferase reporter assay we demonstrated that CA and 

CE were equally potent activators of Nrf2 transcriptional activity. These results suggest 

that CA is indeed the crucial constituent contained in the ethanolic cinnamon extract and 

that CA was responsible for Nrf2 activation in both MDA-MB-231 and HCT116 cells 

(Figure 5.2).  Next, we confirmed the ability of CA and CE to upregulate protein levels of 

Nrf2 and Nrf2 downstream target genes, including HO-1 and -GCS, in HCT116 (Figure 

5.3A and 5.4A) and HT29 cells (Figure 5.3B and 5.4B), as well as in fetal non-malignant 

FHC cells (Figure 5.5). -GCS serves as the rate-limiting enzyme involved in glutathione 

synthesis (105). Consistent with upregulation of -GCS protein expression, 24 h exposure 

to CA and CE caused massive upregulation of cellular glutathione levels in HCT116, 

HT29, and FHC cells (Figure 5.6). Again, CA and CE were equallly potent inducers of 

GSH upregulation in all three cell lines, confirming that CA is indeed the crucial 

constituent contained in the ethanolic cinnamon extract and is responsible for modulation 

of cellular GSH levels.  

 

Next, we examined the ability of CA and CE to protect against cellular oxidative stress-

induced genotoxicity and cytotoxicity using H2O2 and sodium arsenite, respectively. CA 

and CE were both extremely efficacious in protecting against H2O2-induced genotoxic 
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stress and sodium arsenite-induced cytotoxic stress (Figure 5.7). Earlier research has 

shown that arsenite-induced cytotoxicity occurs as a function of cellular glutathione 

content and that pharmacological depletion of glutathione increases sensitivity to 

arsenite-induced cytotoxicity. Therefore, it is likely that CA- and CE-induced protection 

against arsenite (Figure 5.7D, lower panel) resulted from Nrf2-dependent upregulation of 

cellular glutathione levels as demonstrated in Figure 5.6. 

 

Interestingly, CE (normalized for CA content) displayed higher potency in some 

bioassays than CA, an effect observed with Nrf2 protein upregulation (Figure 5.3A) and 

protection against arsenite cytotoxicity (Figure 5.7D, lower panel). These data suggest 

that other constituents of CE that were not detected by GC-MS analysis, may act as 

additional cinnamon-derived modulators of Nrf2-upregulation and cytoprotective activity. 

For example, ethanolic cinnamon extracts are known to contain non-volatile antioxidant 

phenolics of the proanthocyanidin group (2, 104, 205). This hypothesis will be tested by 

future cytoprotection studies that will include HPLC-MS analysis of the non-volatile 

water-soluble constituents of cinnamon powder.  

 

Cinnamon powder, whether derived from the rare variant Cinnamomum zeylanicum or 

the predominantly consumed and commercially more relevant variant Cinnamomum 

cassia, represents one of the most abundantly consumed spices worldwide (49, 161). In 

addition, CA is the predominant flavor constituent of cinnamon powder and is also an 
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FDA-approved dietary additive with a proven safety record. Furthermore, animal studies 

have demonstrated the feasibility of chronic oral administration of high doses of CA with 

no toxic effects (49, 161, 227). Taken together, in conjunction with the data presented in 

this manuscript, we have provided proof of concept that CA could quickly be developed 

into a safe chemopreventive agent to protect against CRC.  

 

This current study demonstrates for the first time that the cinnamon-derived dietary 

constituent, CA, is a potent activator of the Nrf2-orchestrated antioxidant response in 

cultured human colon cells and fetal non-malignant FHC cells. CA was able to increase 

Nrf2 protein levels as well as activate the antioxidant response through upregulation of 

Nrf2 downstream genes and induction of GSH levels. Consequently, CA was able to 

protect against H2O2-induced genotoxic stress and sodium arsenite-induced cytotoxic 

stress. Activation of the Nrf2-dependent response represents a major target for 

chemoprevention. As a result, identification of novel compounds that activate the Nrf2-

dependent cytoprotective response has the potential to play a huge role in 

chemoprevention. Based on our results, cinnamon-derived CA represents a promising 

chemopreventive dietary constituent targeting colorectal carcinogenesis. Since CRC is a 

major cause of tumor-related morbidity and mortality worldwide, CA has the potential to 

make a huge impact on human health worldwide.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Conclusions 

Since the discovery of Nrf2 in 1994, Nrf2 has emerged as a very important transcription 

factor involved in the prevention and development of cancer. Along the way, many 

significant milestones were reached that added to our understanding of how the Nrf2-

dependent response is regulated. In 1999, a study revealed that the Neh2 domain of Nrf2 

was the negative regulatory domain, as deletion of this domain led to a marked increase 

in Nrf2 activity. Subsequently, a yeast-two hybrid screen was conducted using the Neh2 

domain as bait, and Keap1 was identified as the inhibitor of Nrf2 (72). In 2004 another 

milestone was reached when the Keap1-dependent Cul3-E3 ligase was recognized for its 

ability to ubiquitinate and target Nrf2 for degradation by the 26S proteasome. These 

findings were instrumental in elucidating the molecular mechanisms involved in Nrf2 

regulation and furthering our understanding of the function of the Nrf2-Keap1 pathway.  

 

Currently, regulation of the Nrf2-Keap1 pathway by ubiquitination is largely understood; 

however, how deubiquitination regulates the Nrf2-Keap1 pathway was unknown until 

now. In Chinese philosophy, the concept of “yin and yang” is used to describe two polar 

opposites that are interconnected or interdependent. There is an oscillation between these 

two forces. When one reaches its peak it will naturally begin to transform into the 

opposite force creating an endless cycle. This phenomenon can be used to describe the 
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process of ubiquitination and deubiquitination. These two processes represent two 

opposing functions in cell biology. Ubiquitination is responsible for conjugation of 

ubiquitin onto the substrate (yin), while deubiquitination cleaves and removes the 

ubiquitin tag (yang). In the study described in Chapter 3, USP15 was identifed as the 

specific deubiquitinating enzyme responsible for regulating the Nrf2-dependent cell 

survival response. USP15 deubiquitinates Keap1, resulting in stabilization of the Cul3-

Keap1-E3 ubiquitin ligase complex. In turn, stabilization of the complex leads to 

increased activity and thus, an increase in Nrf2 ubiquitination and degradation. This is the 

first report identifying how deubiquitination regulates the Nrf2-Keap1 pathway. 

Understanding the molecular mechanisms underlying how the Nrf2-Keap1 pathway 

functions and how this pathway is regulated is imperative in targeting this pathway for 

chemoprevention or chemotherapy.   

 

The Nrf2 pathway plays a major role in chemoprevention as described in section 1.3.1. In 

the absence of Nrf2, chemopreventive compounds lose their function and Nrf2 -/- mice 

become more susceptible to carcinogen-induced damage. In the two studies described in 

Chapters 4 and 5, we identified oridonin and cinnamic aldehyde as two potent activators 

of the Nrf2-dependent cytoprotective response. Oridonin was able to activate the ARE-

dependent response primarily through upregulation of Nrf2 at the protein level. Oridonin 

blocked Nrf2 ubiquitination while enhancing Keap1 ubiquitination leading to a decrease 

in Nrf2 protein degradation. Consequently, oridonin was able to protect against As(III)-
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induced toxicity in bladder epithelial cells. Similarly, cinnamic aldehyde was able to 

upregulate the protein levels of Nrf2 and Nrf2 downstream target genes. This resulted in 

increased Nrf2 activity and activation of the antioxidant response. Cinnamic aldehyde 

increased cellular glutathione levels and protected against oxidative stress-induced 

genotoxicity and As(III)-induced cytotoxicity in cultured human colon cells. The results 

from these two studies demonstrate the potential and feasibility of developing oridonin 

and cinnamic aldehyde into chemopreventive agents to protect against As(III)-induced 

damage and colorectal carcinoma, respectively.  

 

Our study on USP15 (Chapter 3) has enhanced our knowledge of how some Nrf2 

activators may function, including oridonin and tBHQ. Often times, treatment with Nrf2 

activators results in a switch in ubiquitination from substrate (Nrf2) to substrate adaptor 

(Keap1) ubiquitination (44, 248). Unlike Nrf2, Keap1 is Lys-63 linked and the function 

of Keap1 ubiquitination has remained elusive until now. Our study described in Chapter 3, 

has elucidated the function of Keap1 ubiquitination. We demonstrated that Keap1-Ub 

does not assemble into the Cul3-E3-ligase complex as well as deubiquitinated-Keap1. 

Consequently, Nrf2 activators that increase Keap1-Ub activate the Nrf2-dependent 

cytoprotective response through an additional mechanism. An increase in Keap1-Ub 

results in destabilization of the Cul3-Keap1-E3 ligase complex, allowing Nrf2 to evade 

ubiquitination leading to an increase in Nrf2 protein levels.   
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6.2 Future Directions 

6.2.1 Oridonin and cinnamic aldehyde as potential chemopreventive agents 

The use of small molecules or natural compounds to target Nrf2 for protection against 

many ailments and diseases, including cancer, is well-established. Epicatechin, a flavanol 

in cocoa and tea, has been shown to protect against stroke through the Nrf2-dependent 

pathway (177). Additionally, tBHQ demonstrated neuroprotection against  mitochondrial 

stress induced by 3-nitropropionic acid (3-NP) in an Nrf2-dependent manner (181). More 

significantly, patients with chronic obstructive pulmonary disease (COPD) have lower 

levels of Nrf2 expression in their lungs, suggesting that Nrf2 plays a role in the 

pathophysiological progression of emphysema. Biswal‟s group hypothesized that 

activation of Nrf2 could inhibit the progression of emphysema. They demonstrated that 

protection against cigarette smoke-induced emphysema and cardiac dysfunction could be 

attenuated by the Nrf2 activator, CDDO-imidazolide (CDDO-Im), in Nrf2 wild type mice 

but not in Nrf2 knockout mice (197). It is foreseeable that one would encounter multiple 

challenges along the road to developing a small molecule into an accessible 

chemopreventive agent. In addition, there are at least four defining characteristics that 

must be reached before the implementation of a compound as a chemopreventive agent: 

efficacy, low cost, practicality, and tolerability (88). As demonstrated in Chapters 4 and 5, 

we have provided proof of concept for the development of oridonin and cinnamic 

aldehyde into chemopreventive agents. The next step would be to take these compounds 

into a preclinical animal model and verify their efficacy as chemopreventive agents.   
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6.2.2 The ubiquitin proteasome system and its implication in cancer 

The UPS tightly regulates many signaling pathways, thus, affecting many cellular 

processes including cell-cycle arrest, DNA repair, cell proliferation, senescence and death. 

Consequently, disruption of the UPS can severely affect these processes which may lead 

to many human diseases, including cancer. Many E3 ligases have been linked to the 

development of cancer, based on their ability to target oncogenes or tumor suppressor 

genes. For example, Mdm2 (murine double minute 2) and Skp2-SCF are E3 ligases that 

negatively regulate p53, a tumor suppressor protein, and p27, respectively. Moreover, 

genes involved in vascularization, a hallmark of cancer, are regulated by the UPS (63). 

For example, the Cul2-VHL-E3 ligase regulates the stability of Hif-1 in an oxygen-

dependent manner. Subsequently, Hif-1 regulates a battery of downstream genes 

involved in vascularization, including VEGF. As a result, tumor cells deficient in, or 

containing mutated VHL, have high levels of these downstream genes even under 

normoxic conditions enhancing vascularization and tumor growth (73, 81). As discussed 

earlier, mutations in Keap1 or Nrf2 can result in deregulation of the antioxidant response 

pathway. When Nrf2 is not under the negative control of Keap1, it remains constitutively 

active and creates an environment conducive for cancer cell growth and is also 

responsible for chemoresistance (94, 145, 179, 180). These are just a few examples of 

how the UPS can be involved in cancer development and progression. 
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6.2.3 Targeting the ubiquitin proteasome system in cancer therapy 

The UPS is a promising drug target for cancer therapy. In fact, Bortezomib, a highly 

selective and reversible proteasome inhibitor, is currently used as an anti-cancer drug to 

treat patients with refractory multiple myeloma and mantle cell lymphoma (11). The fact 

that many E3-ligases regulate proteins involved in cancer development and progression 

demonstrates the importance of the UPS as a drug target. p53 and p27 are both negatively 

regulated by their respective E3-ligases, Mdm2 and Skp2-SCF. Therefore, disrupting the 

activity of the E3-ligases seems like a promising drug target, which would result in 

increased levels of p53 and p27 causing cell-cycle arrest and apoptosis. This could be 

accomplished in several ways: (i) inhibit the expression of Mdm2 or Skp2, (ii) block 

ubiquitin ligase activity, or (iii) prevent the interaction between the E3-ligase and the 

substrate protein. Current research targeting the UPS system to improve human diseases 

has been focused on the ubiquitin ligases, since they bind to the target protein and thus, 

confer substrate specificity. However, in some cases inhibiting E3-ligase activity may be 

detrimental. For example, it is undesirable to inhibit E3-ligases that target oncogenes for 

degradation. Instead, one would want to develop agonists that promote the activity of the 

ligase (63).  

 

There have been several set-backs in translating these approaches into successful 

therapies. The small-molecule inhibitors developed have either, (i) low potency, (ii) 

severe off-target effects, (iii) do not work when the target is mutated, (iv) affect other 
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substrates from binding the E3-ligase, or (v) have low bioavailability. Another important 

thing to consider is that some of the E3-ligases target multiple substrates, such as tumor 

suppressor genes and oncogenes, which makes developing these types of target specific 

drugs extremely difficult (63).  

 

Deubiquitinating enzymes (DUBs) have also become recent targets for cancer therapy. 

USP1, USP28 and USP44 are of most importance because through their deubiquitinating 

activities they modulate substrates that regulate processes relevant to cancer including, 

modulation of DNA-repair checkpoints, stabilization of cyclin E1 and c-Myc, and 

preventing premature silencing of the spindle checkpoint, respectively (138, 159, 160, 

191). Another cancer related DUB, CYLD (cylindromatosis), regulates the NF-B 

pathway and is a tumor suppressor gene that is mutated in skin tumors and also plays a 

role in kidney, liver, and cervical cancers (194). This demonstrates the importance of 

having tightly regulated control mechanisms for the UPS. Other aspects of the UPS that 

are being investigated as drug targets for cancer therapy include targeting (i) the early 

steps in the pathway like the E1 and E2 enzymes that activate Ub, (ii) the interaction 

between the substrate adaptor and substrates, (iii) the ubiquitin-binding domains of 

specific effector proteins, and (iv) inhibiting the catalytic activity of the proteasome (63).  
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APPENDIX B 

ABBREVIATIONS 

 

APC= adenomatous polyposis coli 

AR= androgen receptor 

As= sodium arsenite (arsenic) 

AS(III)= sodium arsenite 

ARE= antioxidant response element 

BTB= bric-a-brac, tramtrack, broad complex 

-TrCP1= -transducin repeat-containing protein 

bZIP= basic region leucine zipper 

CA= trans-cinnamic aldehyde 

CAND1= Cullin-associated and neddylation-dissociated 1 

CE= cinnamon extract 

CBD= chitin binding domain 

CBP= CREB-binding protein 

CDDO= 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid 

CDK= cyclin dependent kinase 

CHX= cycloheximide 

CK1= casein kinase 1

CNC= cap „n‟ collar 

CNS= central nervous system 

CRC= colorectal cancer 

CRL= Cullin ring ligase 
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CSB= cockayne syndrome group B 

CSN= COP9-signalosome  

Cul= Cullin  

CYLD= cylindromatosis 

DCAF= DDB1-Cul4-associated factor  

DDB1= damage-specific DNA binding protein 1 

dn= dominant negative 

DUB= deubiquitinating enzyme 

EGCG= epigallocatechin 3-gallate 

EPO= erythropoietin 

EpRE= electrophile response element 

ER= estrogen receptor 

ER= estrogen receptor 

GA= geldanamycin 

GCL= glutamate cysteine ligase 

GLUT1= glucose transporter 1 

GSK3= glycogen synthase kinase 3   

GST= glutathione S-transferase 

HA= hemagglutinin (tag) 

HECT= homologous to E6-AP C-terminus 

Hif-1= hypoxia inducible factor-1

HMOX-1= heme oxygenase-1 

Hsp90= heat shock protein 90 
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IKK= IB kinase 

IB= immunoblot 

IP= immunoprecipitation 

IRF7= interferon regulatory factor 7 

IRS-1= insulin receptor substrate-1 

JAMM= Jab1/MPN domain metalloenzyme 

Keap1= Kelch-like ECH-associated protein 1 

LRR= leucine rich repeats 

Mdm2= murine double minute 2 

MPN= MPR-PAD1-Nterm  

MRP= multidrug resistance-associated protein 

MTT= (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

Nedd8= neural precursor cell expressed developmentally down-regulated protein 8 

Neh= Nrf2-Ech homology 

NF-B= nuclear factor B 

NLS= nuclear localization signal 

Nrf2= NF-E2-related factor 2 

NQO1= NAD(P)H quinine oxidoreducatase-1 

PCI= proteasome, COP9-signalosome, initiation factor 3 

PCNA= proliferating cell nuclear antigen 

PLZF= promyelocytic leukemia zinc finger 

Poly-ub= poly-ubiquitin 

RING= really interesting new gene 

ROS= reactive oxygen species 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl


148 
 

SCC= squamous cell carcinoma 

SCF= Skp1, Cul1, F-box protein 

Skp1= S-phase kinase-associated protein 1 

Skp2= S-phase kinase-associated protein 2 

SNAP23= synaptosomal-associated protein 23 

tBHQ= tert-butylhydroquinone 

TNF= tumor necrosis factor 

TSC1= tuberous sclerosis gene 1 

TXN= thioredoxin 

TXNRD1= thioredoxin reductase 1 

Ub= ubiquitin 

USP15= ubiquitin specific protease 15 

UPS= ubiquitin proteasome system 

VEGF= vascular endothelial growth factor 

VHL= von Hippel-Lindau protein 

Vpr= viral protein R 

XPC= xeroderma pigmentosum group C   
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