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DISSERTATION ABSTRACT 

 

Functional Studies of Tumor Suppressor ECRG2 in the Regulation of Cancer Cell 

Death and Drug Resistance  

 

Chris Lucchesi 

Sponsor: Dr. Ying Huang, M.D., Ph.D. 

 

Esophageal Cancer Related Gene 2 (ECRG2) is a newer tumor suppressor whose 

mRNA has previously been shown to be decreased in multiple human malignances when 

compared to normal/adjacent tissues. Of importance, ECRG2 has previously been revealed 

to possess tumor suppressive attributes, including the ability to induce cell death in cancer 

cells. However, how ECRG2 is able to activate the apoptotic machinery has yet to be 

elucidated. In the present study, we highlight multiple angles that ECRG2 leverages in 

order to sensitize cancer cells to apoptosis. Moreover, we report for the first time, that 

ECRG2 protein expression in lung cancer patient samples is lost/decreased in upwards of 

90% of the cancer tissues evaluated compared to normal tissue. Additionally, a single 

somatic point mutant found in patient tumor samples, V30E, was shown to lose tumor 

suppressive abilities and acquired resistance against multiple anticancer drugs. Our results 

demonstrate that ECRG2 is upregulated in response to DNA damage, and is capable of 

inducing the activation of both caspase cascades (intrinsic and extrinsic) leading to cancer 

cell death. We further illustrated that ECRG2-mediated cell death was attributed to a 

reduction in the levels of apoptosis inhibitor, X chromosome-linked inhibitor of apoptosis 

protein (XIAP). ECRG2 was revealed to regulate XIAP protein levels via RNA-binding 

protein, human antigen R (HuR). We further highlight that ECRG2 causes increased HuR 
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ubiquitination, subsequently leading to its degradation. Thus, we demonstrate that ECRG2 

sensitizes cancer cells to apoptosis through the downregulation of HuR, and consequent 

downregulation of XIAP. Next, we have identified ECRG2 as a potent positive regulator 

of death receptor 5 (DR5) gene expression. ECRG2-mediated upregulation of DR5 was 

shown to be facilitated through the upregulation of tumor suppressor p53 and transcription 

factors ATF3 and NFⱪB. Together, in a cooperative fashion, increased levels of p53, ATF3 

and NFⱪB stimulate DR5 gene expression. Contrastingly, silencing of ECRG2 not only 

decreased the levels of NFⱪB and DR5, but also resulted in decreased cancer cell sensitivity 

to genotoxic stress and TRAIL treatment. Collectively, our work establishes that ECRG2 

is capable of inducing apoptosis in cancer cells by increasing the expression of pro-

apoptotic proteins, while also negatively influencing anti-apoptotic proteins. Further, the 

loss of ECRG2’s tumor suppressive abilities, as we have shown by the loss of ECRG2 in 

lung patient tumor samples, and through the somatic point mutant V30E, illuminates 

possible mechanisms in which cancer cells can acquire multiple drug resistance.    
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 CHAPTER 1 

 

GENERAL INTRODUCTION 

 

Tumorigenesis 

Cancer is one of the leading causes of death in the United States, only second to 

heart disease (CDC 2013). In the simplest of terms, cancer can be described as a collection 

of diseases that can be characterized by their abnormal cell type and uncontrolled growth, 

that if left untreated can result in death (Society 2015). In 2015, there is predicted to be 

more than 1.5 million new cancer cases diagnosed resulting in approximately 589,000 

deaths (Society 2015). It is widely accepted that cancers arise through the acquired 

accumulation of mutations in oncogenes (that promote cancer formation) and tumor 

suppressor genes (that suppress cancer formation). Recently, it was mathematically 

predicted that for lung and colon adenocarcinomas, only three sequential driver mutations 

are required for the development of cancer (Tomasetti, Marchionni et al. 2015). The two 

most common genetic mutations cause constitutive activation of proto-oncogenes and 

inactivation of tumor suppressor genes. These mutations lead to the disruption in the 

balance between cell death (tumor suppressor genes) and cell proliferation (oncogenes), 

ultimately resulting in cancer formation. 

Proto-oncogenes are considered normal genes, which due to either mutations or 

increased expression become oncogenes. Typically, proto-oncogenes encode proteins that 

function to increase cell proliferation and suppress cell death. These proto-oncogenes can 

become oncogenes by point mutations leading to constitutively active protein, localized 

reduplication of proto-oncogene DNA segments increasing protein expression, or through 



  -Chapter 1- 

2 
 

chromosomal translocation that puts the proto-oncogene under the control of a different 

promoter leading to aberrant protein expression (Croce 2008). Over the years, oncogenes 

have been classified into six broad groups consisting of: growth factors, growth factor 

receptors, signal transducers, transcription factors, chromatin remodelers and apoptosis 

regulators (Croce 2008). 

Contrastingly, tumor suppressor genes typically encode proteins that help repress 

cell division, induce DNA repair mechanisms and stimulate the apoptotic pathways. Tumor 

suppressors are usually inactivated by loss of function mutations, gene deletions and 

epigenetic alterations during tumor progression (Wei, Xu et al. 2005). Knudson first 

proposed the “two-hit hypothesis” for tumor suppressor loss of function (Knudson 1971). 

This hypothesis implies that both alleles of a protein must be affected before an observed 

effect is achieved (Knudson 1971). The aforementioned hypothesis entails that if one allele 

for a certain protein is affected, the other allele can still encode for the correct protein. This 

is contrasting from oncogenes, in which most mutant oncogene alleles are dominant. 

However, this is not always the case. For example, certain p53 mutations function in a 

dominant negative fashion allowing for one mutated p53 allele to prevent normal p53 

function (Baker, Markowitz et al. 1990).  

 

Metastasis         

 Metastasis is the process in which cancer cells spread from a primary tumor site to 

distant parts of the body. This dispersion of cancer cells accounts for the majority of deaths 

in cancer patients (Mehlen and Puisieux 2006). Metastasis is a stepwise process clinically 

recognized for different types of pre-malignant lesions that can be detected in various 
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organs prior to the appearance of fully malignant tumors (Yokota 2000). These pre-

malignant lesions can be caused by genetic defects, or by environmental stimuli such as 

viral infections, which induce expansion of tumor cells (Yokota 2000). Interestingly, at the 

early stages of primary tumor expansion the cells are not invasive or metastatic (Yokota 

2000). It is not until further genetic alterations in the cells occur that the primary tumor 

becomes metastatic. In order for these cells to become metastatic, multiple hurdles must be 

overcome; loss of cellular adhesion, increased invasiveness, intravasation and survival in 

the vascular systems, extravasation and survival and proliferation in a new site (Coghlin 

and Murray 2010). In the preliminary stages, cancer cells must detach themselves from the 

primary tumor site and invade the stroma (loss of cellular adhesion and increased 

invasiveness). For cancer cells to invade tissue they have to migrate through an 

environment composed predominantly of cross-linked networks of type I collagen (Sabeh, 

Shimizu-Hirota et al. 2009). Usually, cancer cells use proteases to cleave the collagen 

networks in order to aid in their invasion (Sabeh, Shimizu-Hirota et al. 2009). However, it 

has been reported that cancer cells can migrate across extracellular matrices by a protease 

independent mechanism in which the cells adopt an amoeboid phenotype allowing them to 

squeeze through collagen-lined pores (Sabeh, Shimizu-Hirota et al. 2009). After infiltrating 

the stroma, the cells must enter local blood vessels and lymphatic systems (intravasation) 

and continue to survive in these circulatory systems by evading the host immune system. 

Lastly, the circulating cells must exit the circulatory systems, find new tissue to occupy 

and adapt to the new environment (extravasation and survival) (Guise, Kozlow et al. 2005). 

Importantly, for the tumor cells to continue to survive and proliferate in the new 

environment they must create their own blood supply in a process known as angiogenesis 
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(Weis and Cheresh 2011). It has been shown that failure in any of the above steps can halt 

the progression of metastasis (Coghlin and Murray 2010).  

 

Esophageal cancer related gene 2 (ECRG2)  

Esophageal Cancer Related Gene 2, henceforth named ECRG2, is a novel tumor 

suppressor gene first identified for being downregulated at the mRNA level with a high 

frequency in esophageal cancers (Su, Liu et al. 1998). ECRG2 gene expression was 

detected in normal tissues (esophagus, liver, colon and lung), however it was 

downregulated in adjacent and cancerous tissues, most notably in esophageal cancers (Cui, 

Bi et al. 2010). The expression profile for ECRG2 in 7 normal esophageal epithelia was 

100%, while 33 tumor adjacent tissues had 52% expression, and out of 51 esophageal 

cancers, only 21% showed ECRG2 expression (Cui, Bi et al. 2010). Furthermore, 

genetically fixed short tandem repeats in exon 4 of ECRG2 have been associated with poor 

clinical prognosis for surgically treated esophageal cancer patients (Kaifi, Cataldegirmen 

et al. 2007). The chromosomal localization of ECRG2 was shown to be on chromosome 

5q32, and further, the ECRG2 gene was shown to contain 4 exons that are separated by 3 

introns (figure 1) (Cui, Bi et al. 2010). The open reading frame codes for 85 amino acids 

with a predicted molecular weight of 9.23 kDa. ECRG2 harbors an N-terminus secretory 

tag corresponding to residues 1-19, and pulse-chase studies demonstrated that ECRG2 is 

indeed a secreted protein (Cui, Bi et al. 2010). ECRG2 contains a secondary structure 

characteristic of a KAZAL-type conserved domain and is a novel member of the KAZAL-

type-related serine protease inhibitor family (Cheng, Shen et al. 2008). 

Structurally, ECRG2 is comprised of two alpha helices and three beta sheets (figure  
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Figure 1: Schematic representation of the genomic structure of the ECRG2 gene. A 

ECRG2 is localized at 5q32. B ECRG2 gene spans across a genomic region of around 

3.49kb and contains 4 exons that are separated by 3 introns. (Cui, Bi et al. 2010)   
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2). The Kazal-type domain of ECRG2 (residues 30-85) includes six conserved cysteine 

residues, Cys32, Cys45, Cys53, Cys64, Cys67 and Cys85 that collectively form three 

disulfide bonds (Geng, Feng et al. 2008). Typically, Kazal domains are shown to consist 

of small alpha and beta folds that encompass six cysteines that form three disulfide bonds 

(Rawlings, Tolle et al. 2004). Kazal-type serine protease inhibitors contain anywhere from 

one to seven Kazal-type inhibitor repeats (Laskowski, Kato et al. 1987). These Kazal type 

inhibitors belong to a family of serine protease inhibitors that include avian ovomucoid, 

pancreatic secretory trypsin inhibitor, elastase inhibitor and acrosin inhibitor (Williamson, 

Marion et al. 1984). Structurally, the Kazal repeats are large extended chains that are 

comprised of two short alpha-helices and 3 stranded anti-parallel beta sheets (Williamson, 

Marion et al. 1984). Inhibition occurs via 11 contacts with its substrate, while on average 

8 contact points are shown to be important and hyper variable; mutations in substrate 

contact residues results in decreased specificity for substrate and reduced strength of 

inhibition (Laskowski, Kato et al. 1987). ECRG2 belongs to a group of Kazal-type serine 

protease inhibitors called SPINKs (serine peptidase inhibitor Kazal-type). This family of 

serine protease inhibitors is made up of 8 family members named SPINK1-7 and SPINK9; 

ECRG2 is known a SPINK7. While ECRG2 has been shown to contain tumor suppressive 

abilities, other members of the SPINK family have been associated with increased cancer 

aggressiveness and other pathological conditions. For example, SPINK1 has been shown 

to increase invasiveness in ETS rearrangement-negative prostate cancers (Tomlins, Rhodes 

et al. 2008), mutations in SPINK5 have been correlated with the severe congenital disorder, 

Netherton syndrome, and SPINK9 has been revealed to be important for regular skin 

homeostasis (Magert, Kreutzmann et al. 2002, Meyer-Hoffert, Wu et al. 2009). 
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Figure 2: NMR structure of ECRG2. ECRG2’s open reading frame codes for 85 amino 

acids and has a molecular weight of 9.23 kDa. The protein structure above has the first 20 

amino acids truncated from its N-terminus in order to increase protein solubility. 

Structurally, ECRG2 is composed of two small alpha helices (red), three beta sheets (blue) 

and three disulfide bonds between six cysteines (green) (Geng, Feng et al. 2008).  
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Biological functions of ECRG2 

ECRG2 has been demonstrated to have multiple interacting partners. Inside the cell, 

ECRG2 interacts with metallothionein 2A (MT2A) with links to increasing apoptotic 

activity and decreasing cellular proliferation in cancer cells (Cui, Wang et al. 2003). 

Reports have indicated that MT2A can actually protect cancer cells from apoptosis and 

further, contributes to increased tumor growth (Tsangaris, Vamvoukakis et al. 2000, 

Yamamura, Tamano et al. 2001, Tekur and Ho 2002). While MT2A was shown to suppress 

apoptotic activity and increase expansion in tumor cells, ECRG2 expression was capable 

of abrogating MT2A’s effects (Cui, Wang et al. 2003). Knockdown of ECRG2 increased 

the activity of matrix metallopeptidase 2 (MMP2), further aiding in cancer cells ability to 

migrate and remodel the extracellular matrices leading to increased tumor cell migration 

(Cheng, Lu et al. 2010). Other interactions include p53, coined as the guardian of the 

genome, and RBEL1A, a novel Ras-like GTPase (Cui, Wang et al. 2003). ECRG2’s 

interaction with p53 results in decreased p53 protein ubiquitination and increased p53 

protein levels (Cheng, Shen et al. 2008). Depletion of ECRG2 from HCT116 colon cancer 

cells led to the destabilization of p53, causing the downregulation of p21, and as a result, 

increased cyclin E/CDK2 activity, all leading to increased centrosome amplification 

(Cheng, Shen et al. 2008). This downregulation of ECRG2 significantly increased the 

prevalence of aneuploidy in cancer cells, aberrant spindle formation and inability for the 

spindle assembly checkpoint to correctly function; likely dependent on ECRG2’s 

regulation of BUBR1 (budding uninhibited by benzimidazole-related 1) (Cheng, Shen et 

al. 2008). Secreted ECRG2 has been shown to interact with urokinase-type plasminogen 

activator, uPA, on the cell surface. This interaction blocks the interface with α3β1 or α5β1 
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integrins which causes integrin inactivation and the disassembly of the uPA-uPAR-integrin 

complex (Cheng, Shen et al. 2009). This complex deformation leads to a decrease in 

Src/MAP kinase activation, decreasing metastatic activity in these cancer cells (Cheng, 

Shen et al. 2009). Recently, Song et al. demonstrated that adenoviral expressed ECRG2 

was able to suppress hepatocarcinoma in tumor models both in vitro and in vivo (Song, 

Song et al. 2012). Taken together, it is clear that ECRG2 plays a pivotal role in both 

intrinsically controlling cellular proliferation and apoptosis, while extrinsically mediating 

tumor metastasis. 

 

Mechanisms of tumor suppression 

 As mentioned above, tumor suppressors are genes that encode proteins that help 

control cell division, suppress metastases and induce apoptosis. Tumor suppressor proteins 

can function at multiple levels to help suppress cancer cell growth and metastasis. A prime 

example of such a protein is p53, which has been associated with more than 50% of all 

human cancers (Sherr 2004). After p53 activation, via different stress stimuli, p53 can 

trigger DNA repair mechanisms, increased transcription of more tumor suppressor genes 

(such as p16 and p21), elevated cell surface death receptor protein levels (death receptor 

5) and induction of apoptosis (Zou, Gao et al. 2000, Levine, Finlay et al. 2004). As it stands, 

there are four main mechanisms that tumor suppressors function on to repress cancer cell 

growth: downregulation of cell division, DNA damage repair, induction of apoptosis and 

inhibition of metastasis (Sun and Yang 2010).  
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 The main mechanism utilized to suppress tumor growth is to decrease cellular 

division.  Some important proteins responsible for the suppression of cell division are p15, 

p16, p18, p21, p27, p53, adenomatosis polyposis coli (APC) and retinoblastoma protein 

(Rb) (Wang, Huang et al. 2001, Morrison, Sardet et al. 2002, Green, Wollman et al. 2005). 

Rb, one of the first discovered tumor suppressors, inhibits mitosis by binding to 

transcription factors such as E2F’s, which in turn block the transcription of genes necessary 

for mitosis to occour (Morrison, Sardet et al. 2002). As mentioned above, p53 can induce 

the transcription of other tumor suppressor genes such as p16 and p21. ECRG2 has also 

been shown to increase the transcription of p21 via stabilization of tumor suppressor p53 

(Cheng, Shen et al. 2008). These tumor suppressors, along with p15, p18, p19, and p27 

inhibit cyclin-dependent kinases (CDKs) (Wang, Huang et al. 2001). CDKs have been 

shown to block the function of Rb in inhibition of mitosis, whereas, when CDKs are 

inhibited it allows for active Rb to continue to suppress cell division (Chim, Fung et al. 

2003). Further, APC functions to stabilize microtubules thereby inhibiting mitosis and 

impedes cellular adhesion (Fearnhead, Britton et al. 2001).   

 Damage to DNA can give rise to cancer, and as a result, certain tumor suppressors 

function as DNA damage repair proteins like mutS homolog 2 (MSH2), mutL homolog 1 

(MLH1), ataxia-telangiectasia-mutated gene product (ATM), breast cancer protein 

(BRCA), Fanconi-Anemia-related tumor suppressor (FA), Nijmegen breakage syndrome 

1(NBS1) and p53 (Sherr 2004). ATM functions as a sensor that detects and reacts to DNA 

damage. Upon detection of DNA damage ATM will phosphorylate p53, BRCP, NBS1 and 

FA which activates the DNA repair process (Shiloh 2001). MSH2 and MLH1 function to 

repair DNA mismatches, while p53 and BRCA can work together to remove damaged 



  -Chapter 1- 

11 
 

DNA utilizing nucleotide excision repair, as well as mediate DNA synthesis from the 

opposing strand (Levine, Finlay et al. 2004). NBS1 and FA help to make DNA resistant to 

cross-linking and further help to amplify the phosphorylation signal from ATM (Nakanishi, 

Taniguchi et al. 2002). 

 Tumor suppressors can also function to activate apoptosis as means to suppress 

cancer progression. APC, p53, cluster of differentiation 95 (CD95), bridging integrator 1 

(Bin1) and phosphatase and tensin homolog (PTEN) are all tumor suppressors that have 

roles in programmed cell death (Sun and Yang 2010). Tumor suppressor p53 can induce 

apoptosis through two distinct pathways. Mediation of the extrinsic apoptotic pathway is 

caused by the induction of death receptor 5 transcription. Intrinsically, p53 leads to the 

permeabilization of the mitochondria, release of cytochrome c and causes the activation of 

caspase 9. APC can activate apoptosis via caspase 8 in a transcription independent fashion 

and Bin 1 functions to suppress the oncogene c-Myc (DuHadaway, Sakamuro et al. 2001, 

Fearnhead, Britton et al. 2001). PTEN indirectly supports apoptosis by the inactivation of 

PIP3, which has been shown to be important for inhibiting apoptosis and helps the 

progression of tumor cell survival (Simpson and Parsons 2001). ECRG2 has been shown 

to activate apoptosis, suggestively through the regulation of MT2A, however further 

studies are needed to fully understand ECRG2-mediated cell death (Cui, Wang et al. 2003).   

 The last stage in tumor growth and expansion is metastasis, where the tumor cells 

detach from their local environment, invade the circulatory systems and spread to distant 

parts of the body. Metastin is one such tumor suppressor that interacts with its receptor to 

increase the expression levels of focal adhesion kinase (FAK) that helps to inhibit tumor 

metastasis (Ohtaki, Shintani et al. 2001). Tissue inhibitor of metalloproteinase (TIMP) is 
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an important tumor suppressor able to interact with both the active and inactive forms of 

matrix metalloproteinases (MMP) suppressing their function. This inactivation of the 

MMPs ensures the integrity of the extracellular matrix, thus preventing tumor cells from 

invading local tissues (Kruger, Sanchez-Sweatman et al. 1998). ECRG2 not only inhibits 

metastasis by downregulating the activity of uPA, but also of matrix metallopeptidase 2 

(Cheng, Shen et al. 2009). ECRG2’s ability to upregulate p53’s activity, ensure proper 

spindle assembly checkpoint function, and downregulate tumor cell migration by 

regulating MMP2 and uPA/uPAR activity further solidifies that ECRG2 is a bona fide 

tumor suppressor gene.  

 

Apoptosis 

Apoptosis, also known as programmed cell death, is the most important and 

globally utilized form of cell death seen in multicellular organisms. A hallmark of cancer 

progression is the deregulation of the apoptotic pathways that allows for cancer cells to 

escape cell death, as well as confer resistance to cancer treatments (Bai and Wang 2014). 

Apoptosis is a highly regulated and dynamic process that consists of a delicate balance 

between anti-apoptotic and pro-apoptotic proteins. In human cancers, anti-apoptotic 

proteins are frequently shown to be upregulated. This upregulation of anti-apoptotic 

proteins leads to the deregulation of the sensitive equilibrium between pro-apoptotic and 

anti-apoptotic proteins with a high correlation to treatment resistance, increased tumor 

progression and poor patient prognosis (Bai and Wang 2014).     
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Apoptosis is composed of two distinct, yet intersecting pathways known as the 

intrinsic (mitochondrial) and extrinsic (death receptor) pathways. The intrinsic apoptotic 

pathway is initiated from within the cell by a plethora of cellular stresses including: DNA 

damage, oxidative stress, endoplasmic reticulum stress and cytosolic Ca2+ overload 

(Galluzzi, Vitale et al. 2012). Upon cellular stress, the initiating signaling pathways lead to 

the activation of p53 resulting in the mitochondrial outer membrane permeabilization 

(MOMP) through the use of pro-apoptotic BCL-2 members BAK and BAX (Baker, 

Markowitz et al. 1990). Not only are pro-apoptotic signaling pathways activated with the 

initial cellular stress signals, but also anti-apoptotic machinery is engaged to allow for cells 

to cope with the increased cellular stress. MOMP results in the release of cytochrome c and 

direct inhibitor of apoptosis (IAP)-binding protein with low pI (DIABLO). The release of 

cytochrome c allows for the formation of the apoptosome which consists of cytochrome c, 

APAF1, dATP and pro-caspase 9. This apoptosome activates pro-caspase 9, an initiator 

caspase, which thereby activates the effector caspases 3, 6, and 7 that carry out cell death 

via a proteolytic cascade (Bialik and Kimchi 2006). Furthermore, the release of DIABLO 

from the mitochondria directly downregulates multiple inhibitors of apoptosis proteins 

(IAP) which results in increased caspase activation (Foster, Owens et al. 2009).  

 Contrastingly, the extrinsic apoptotic pathway is initiated from outside the cell via 

death ligands from the tumor necrosis factor family, such as TNFα, TRAIL (TNF-related 

apoptosis inducing ligand) and Fas ligand binding to their cell surface receptors. The TNFα 

ligand binds to its receptors TNFR1 (death receptor 4) and TNFR2 (death receptor 5), 

TRAIL interacts with death receptors 4 and 5, and the Fas ligand binds to the Fas receptor 

(Foster, Owens et al. 2009) (more on death receptor 5 below). After binding of the death 
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ligand to its receptor, it results in the stabilization of receptor trimers and allows for the 

assembly of a complex composed of multiple proteins on the C-terminus of the receptor 

(Galluzzi, Vitale et al. 2012). This resulting supramolecular complex is called the death-

inducing signaling complex, or DISC, and allows for the activation of the initiator caspases 

8 and 10 (Bialik and Kimchi 2006). The activation of caspase 8 allows for the subsequent 

activation of the effector caspases 3 and 7, which triggers the executioner phase of 

apoptosis in a mitochondria-independent fashion (Srinivasula, Ahmad et al. 1996). 

Interestingly, activation of caspase 8 can lead to the induction of the intrinsic apoptotic 

pathway. Active caspase 8 can proteolytically cleave BHS-interacting domain death 

agonist (BID) which leads to a mitochondria-permeabilizing fragment known as tBID, or 

truncated BID (Chawla-Sarkar, Bae et al. 2004). Like with the activation of the intrinsic 

pathway, the mitochondrial membrane permeabilization leads to the release of cytochrome 

c and DIABLO resulting in the activation of caspase 9 and consequently cell death.    

 

Death Receptor 5  

 As mentioned above, DR5 is a receptor for TRAIL that is capable of inducing 

apoptosis in multiple tumor cells from various stress stimuli. As it stands, there are four 

receptors for TRAIL which include death receptor 4 (DR4), death receptor 5 (DR5), decoy 

receptor 1 (DcR1) and decoy receptor 2 (DcR2) (Yoshida, Maeda et al. 2001). DR4, like 

DR5, is capable of inducing apoptosis after binding of the TRAIL ligand through the 

stabilization of receptor trimers, recruitment of the adaptor protein fas- associated protein 

with death domain (FADD) to cause DISC formation and activation of initiator caspases 8 
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and 10. Contrastingly, DcR1 and DcR2 are unable to induce apoptosis after binding to the 

TRAIL ligand due to mutations or deletions in their death domains (Marsters, Sheridan et 

al. 1997, Pan, Ni et al. 1997, Ashkenazi and Dixit 1999). 

DR5 promoter regulation following cytotoxic stress has been intimately dissected. 

Starting with Takimoto et al., in 2000 who showed that following cytotoxic stress using 

doxorubicin there was a strong DR5 promoter upregulation in a p53-dependent manner 

(Takimoto and El-Deiry 2000). This promoter upregulation was further shown to be a result 

of a p53 binding site in the first intron of the DR5 gene (Takimoto and El-Deiry 2000). 

Moving forward, the full promoter region was shown to contain various prospective 

transcription regulatory elements including AML-1a, c- MYb, SP1, GATA-1 and c-Ets2, 

whereas, the two Sp1 sites most proximal to the TATA-like box were determined to be 

important for the basal expression of the DR5 gene (summarized in figure 3 ) (Yoshida, 

Maeda et al. 2001). Further, transcription factors c-Myc and CHOP were also reported to 

be involved in DR5 gene expression (Yoshida, Maeda et al. 2001, He, Luo et al. 2008). 

Later, following genotoxic stress, NFⱪB was discovered to bind to the first intronic region 

concurrent with p53 binding to induce DR5 expression (Shetty, Graham et al. 2005). NFⱪB 

is a stress induced transcription factor typically associated with cancer cell progression and 

survival (Baud and Karin 2009). Interestingly, NFⱪB has also been shown to be necessary 

for cell death induced by p53, thus illuminating that NFⱪB has both growth supporting and 

growth inhibiting functions (Ryan, Ernst et al. 2000). More recently, it was revealed that 

ATF3 (activating transcription factor 3) contains three binding sites proximal to exon 1 and 

behaves as a co-transcription factor that directly binds with p53 suggestively forming a 

gene-loop structure (Taketani, Kawauchi et al. 2012). Further, ATF3 has been shown to            
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Figure 3: Representation of the DR5 gene regulatory elements. DR5 promoter region 

proximal to the start codon contains multiple transcription factor binding sites including c-

Myb, AML-1a and Sp1 sites. Interestingly, intron 1 contains both p53 and NFⱪB binding 

sites (Yoshida, Maeda et al. 2001) 
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enhance p53-mediated cell death, and also shield p53 from proteasomal degradation by 

directly interacting with p53 protecting it from ubiquitination (Wei, Wu et al. 2006) (Yan, 

Lu et al. 2005). 

 

Inhibitor of apoptosis proteins (IAPs) 

Apoptosis is essential for proper development and to maintain tissue integrity. Not 

only is deregulation of the apoptotic pathways seen in cancers, but also in autoimmune and 

immunodeficiency diseases, as well as neurodegenerative disorders (Deveraux and Reed 

1999). As a result, the apoptotic pathways are highly regulated. One such family of proteins 

responsible for the inhibition of the apoptotic cascades is the Inhibitor of Apoptosis Protein 

(IAP) family. IAP’s were first found in baculoviruses, as they were shown to inhibit the 

host apoptotic response after infection (Deveraux and Reed 1999). 

Structurally, IAP family members are characterized for containing a family specific 

domain that stretches around 70 amino acids known as a baculoviral IAP repeat (BIR). The 

name for the BIR comes from the initial finding of these proteins in the baculoviral genome 

(Crook, Clem et al. 1993). Up to date, IAPs can contain as many as three tandem copies of 

the BIR domain. Interestingly, proteins with BIR domains have been found in different 

species including yeast, nematode, fly, and multiple mammals such as mice, rat, pig and 

humans (Deveraux and Reed 1999). IAPs not only contain BIR domains, but also a RING 

domain that is at the carboxy-terminal of the protein. While baculoviral IAPs require the 

RING domain to inhibit apoptosis, it has been shown that human IAPs such as c-IAP1, c-
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IAP2 and XIAP still have anti-apoptotic activity even if the RING domain has been lost 

(Crook, Clem et al. 1993, Deveraux, Takahashi et al. 1997).  

 IAPs are conserved across different species, and to date, there are six known IAPs 

expressed in humans: c-IAP1, c-IAP2, NAIP, BRUCE, Survivin, and XIAP (Deveraux and 

Reed 1999). While overexpression of c-IAP1, c-IAP2, XIAP or Survivin is capable of 

inhibiting apoptosis induced by multiple stimuli such as TNF, Fas, etoposide and taxol, in 

vivo regulation of each protein appears to be regulated differently (Rajcan-Separovic, 

Liston et al. 1996, Ambrosini, Adida et al. 1997, Clem and Duckett 1997). For example, 

XIAP mRNA expression was determined to be ubiquitously expressed, while c-IAP1 and 

c-IAP2 have highest expression in kidney, small intestine, liver and lung, with the lowest 

expression shown in the central nervous system (Clem and Duckett 1997, Young, Liston 

et al. 1999). Of all the human IAPs, survivin has the most controlled level of expression 

and is only detected at the mRNA level occasionally (Ambrosini, Adida et al. 1997).  The 

promoter of survivin contains four copies of G1 repressor elements that may control cell 

cycle periodicity in some G2/M regulated genes (Duckett, Li et al. 1998).  

 XIAP, along with c-IAP1 and c-IAP2, have been demonstrated to block apoptosis 

by directly interacting with caspases 3, 7 and 9, but do not interact with caspases 1, 6, 8 or 

10 (Deveraux, Takahashi et al. 1997). While caspase 8 is the main initiator caspase for 

Fas/TRIAL induced apoptosis via the extrinsic pathway, IAPs can bind to and inhibit the 

activation of caspase 3, the main effector caspase. Additionally, the IAP interaction with 

caspase 9 further halts the intrinsic apoptotic cascades as well, signifying that IAPs are 

capable of inhibiting not only the intrinsic but also the extrinsic apoptotic cascades, thereby 

preventing apoptosis from occurring. Interestingly, the IAP interaction with either caspase 
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3 or 7 requires that the caspases are proteolytically activated, while contrastingly, binding 

to caspase 9 can be either to the zymogen pro-caspase form or to the activated caspase 

(Deveraux and Reed 1999). 

 

X-Chromosome-linked inhibitor of apoptosis (XIAP) 

XIAP is the most potent endogenous apoptosis inhibitor within the IAP family 

(Berthelet and Dubrez 2013). XIAP protein levels are rigidly controlled at the 

transcriptional, post-transcriptional and post-translational level. Transcriptionally, XIAP 

protein expression is regulated by the stress induced transcriptional activator NFⱪB, and 

furthermore, XIAP as well as other IAP’s are regulated by ubiquitin-mediated proteolysis 

(Zhang, Zou et al. 2009).  Interestingly, XIAP has an internal ribosome entry site (IRES) 

at its 5’- untranslated region (UTR), and this IRES- dependent XIAP translation means that 

XIAP can be translated in a cap independent manner, in such conditions when global 

translation has been halted, such as cellular stress (Lewis, Veyrier et al. 2007). 

Furthermore, the RNA binding protein (RBP) HuR has been demonstrated to interact with, 

and stabilize, XIAP’s mRNA via interactions with both its 3’-UTR as well as its coding 

region (Zhang, Zou et al. 2009). 

Like all other IAP family members, XIAP also contains BIR domains, more 

specifically, three. However, unlike other IAPs, XIAP’s carboxyl terminus RING domain 

is an E3 ligase that is capable of recruiting target proteins for proteasomal degradation, 

importantly, caspase 3 and caspase 7 (Cheung, LaCasse et al. 2006).  Although XIAP’s 

BIR domains share around 40 percent sequence homology, each domain functions 
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differently (Deveraux and Reed 1999). Of interest, BIR domain 1 (BIR1) does not interact 

with caspases, whereas BIR domain 2 (BIR2) inhibits caspase 3 and caspase 7, and BIR 

domain 3 (BIR3) interacts with and inhibits caspase 9 (Eckelman, Salvesen et al. 2006) 

(summarized in figure 4). Structurally, both BIR2 and BIR3 have a conserved surface 

groove coined as the IAP-binding motif (IBM) groove whereby XIAP  can interact with 

other proteins that contain the same IBM groove such as Smac/DIABLO and HtrA2 (Scott, 

Denault et al. 2005). The interaction of XIAP with caspases also requires the presence of 

an IBM groove. Proteolytically processed zymogen caspases, such as caspases 3, 7 and 9 

are cleaved into large and small subunits. This proteolytic cleavage of the caspases results 

in the creation of an IBM groove on the amino terminus of the small subunit of the caspase, 

and potent inhibition of the caspase requires the XIAP BIR domain to bind to at least the 

IBM of the caspase (Eckelman, Salvesen et al. 2006).  

While the interaction of XIAP with its caspase substrate and consequent inhibition 

requires BIR2 or BIR3, the enzyme inhibition mechanism is not located in the BIR 

domains. For example, crucial residues for the inhibition of caspase 3 where found not in 

the BIR2 domain, but rather in the upstream peptide strand (Sun, Cai et al. 1999). Structural 

analysis by Sun et al, revealed that the BIR2/caspase 3 complex requires residues 140-156 

that encompass the catalytic binding cleft of the enzyme, where Asp 148 forms hydrogen 

bonds and Leu 141 makes hydrophobic contacts with the caspase (Sun, Cai et al. 1999). 

Unlike BIR2, which targets the active site of the caspase, BIR3 utilizes a different 

mechanism to achieve caspase inhibition. Structural analysis of the BIR3/caspase 9 

complex revealed that this interaction, mediated by His 343, caused active caspase 9 to  
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Figure 4: Present model of XIAP regulation of the caspase cascades XIAP BIR2 

domain can interact with and inhibit caspase 3 whereas, BIR3 interacts with and inhibits 

caspase 9. Further, XIAP carboxyl terminus contains a RING domain which has E3 

ubiquitin ligase activity involved in autoubiquitination and also capable of ubiquitinating 

caspases 3 and 7, as well as Smac (taken from (Cheung, LaCasse et al. 2006)).  
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revert back into an inactive confirmation with a collapsed active site (Sun, Cai et al. 2000, 

Shiozaki, Chai et al. 2003). 

Studies have shown that XIAP is overexpressed in many human malignancies, 

including cancers of the ovary, esophagus, lung, kidney, breast, bladder, B-cell Non-

Hodgkin’s and Hodgkin’s lymphoma, as well as in the NCI 60 cell line panel of cancer 

cells (Cheung, LaCasse et al. 2006, Danson, Dean et al. 2007, Owens, Gilmore et al. 2013). 

High levels of XIAP expression was found to correlate with cancer cell resistance to drug 

treatment and radiotherapy, as well as poor patient prognosis (Danson, Dean et al. 2007). 

There exists a strong correlation between increased levels of XIAP and low caspase 3 levels 

in breast, colon and pancreatic cancers (Parton, Krajewski et al. 2002). Therapeutically, 

downregulation of XIAP may allow for the release of active caspase 3 to carry out 

apoptosis (Parton, Krajewski et al. 2002). Currently, a number of XIAP inhibitors are in 

preclinical studies or early phase clinical trials (Owens, Gilmore et al. 2013). Ongoing 

cancer therapeutic research with the aim to downregulate XIAP levels and/or function are 

approaching this in multiple ways, including XIAP mRNA degradation, XIAP inhibitors 

of translation, disruptors of caspase 3 binding, disruptors of caspase 9 binding, and 

destabilization of XIAP protein half-life (Cheung, LaCasse et al. 2006).   

 

Human antigen R 

Human antigen R (HuR), also named ELAV-like protein 1 (human embryonic 

lethal abnormal vision-like protein) is a ubiquitously expressed RNA-binding protein 

(RBP) that associates with many mRNAs which encode for proliferative proteins. HuR was 
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first found in Drosophila where it was determined to be essential for neural development 

(Campos, Grossman et al. 1985). HuR protein expression is extensive where it has been 

found  to be expressed in the intestine, spleen, testis and adipose, whereas other Hu family 

members including HuB, HuC and HuD are predominantly found in neuronal tissue 

(Robinow, Campos et al. 1988).  HuR contains three RNA recognition motifs (RRMs) that 

it uses to interact with target mRNAs (Abdelmohsen and Gorospe 2010). HuR 

preferentially interacts with target mRNA’s harboring adenylate/uridylate (AU)- and U- 

rich sequences (AREs) in their 3’UTRs and 5’UTRs (Hinman and Lou 2008). ARE-

mediated degradation of mRNA is a critical mechanism of post-transcriptional gene 

regulation, thereby, the interaction between HuR and these AREs allows for HuR to post- 

transcriptionally regulate gene expression by increasing/decreasing mRNA stability and 

protein translation  (Wang, Guo et al. 2013). 

HuR is predominantly localized in the nucleus, however upon cellular stress, HuR 

will rapidly translocate to the cytoplasm where it can interact with and stabilize/destabilize 

target mRNAs. HuR’s transport across the nuclear envelope is modulated by the HuR 

nucleocytoplasmic shuttling sequence, a domain specific to HuR, and through multiple 

transport components including chromosome region maintenance 1 (CRM1), transportins 

1 and 2, and importin-1α (Abdelmohsen and Gorospe 2010). Multiple post-translational 

modifications influence the localization, RNA target binding, and protein integrity of HuR 

as shown in figure 5 (Abdelmohsen and Gorospe 2010). Transcriptionally, HuR is 

positively regulated by NFⱪB and Smad (Wang, Guo et al. 2013). Recently, heat shock has 

been shown to increase the ubiquitination of HuR, specifically on reside K182, thereby 

sensitizing HuR to proteolytic degradation (Abdelmohsen, Srikantan et al. 2009).  
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Figure 5: Post-translational modifications of HuR Known post-translational 

modifications of the HuR protein and the reported result of each modification 

(Abdelmohsen and Gorospe 2010).   
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HuR’s interactions with target mRNA can result in either an increase or decrease 

in target mRNA levels. For example, a short list of HuR-stabilized target mRNA include, 

p21, tumor necrosis factor (TNF)-α, B-cell lymphoma, p53 and cyclins A2, B1, E1 and D1 

(Abdelmohsen and Gorospe 2010). Contrastingly, HuR has been shown to repress the 

translation of other target mRNAs, such as p27, C-Myc and Wnt5a (Abdelmohsen and 

Gorospe 2010). As a result of HuR’s differential regulation of target mRNA’s, positively 

regulating cell survival proteins and inversely regulating cell death proteins, HuR has been 

characterized as an oncogene (Abdelmohsen and Gorospe 2010).  

HuR’s role in cancer progression is vast. High levels of cytoplasmic HuR have been 

demonstrated in oral cancer, gastric cancer, lung cancer, colorectal cancer, breast cancer, 

ovarian cancer, skin cancer, renal carcinoma and mesotheliomas (Wang, Guo et al. 2013). 

A hallmark of tumor progression is for the cancer cells to continually divide in a rapid 

manner. HuR associates with mRNAs that encode for cyclins, which in turn can activate 

cyclin dependent kinases (CDKs), leading to increased cell cycle progression and shorter 

cell division times (Malumbres and Barbacid 2009). HuR not only interacts with cyclins, 

but also downregulates p27, increases the expression of epidermal growth factor (EGF) 

and eukaryotic translation initiation factor (eIF4E), all leading to increased cell cycle 

progression (Polyak, Lee et al. 1994, Hynes and Lane 2005, Sonenberg 2008). The ability 

for cancer cells to evade death inducing signals allows for continued growth and 

metastases. HuR not only stabilizes different anti-apoptotic proteins but can also repress 

expression of pro-apoptotic proteins. HuR has been shown to increase stability of 

prothymosin α, B-cell lymphoma-2, myeloid cell leukemia-1, sirtuin 1, mdm2 and c-myc 

(Abdelmohsen and Gorospe 2010). Further, HuR specifically interacts with XIAP’s 
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mRNA, thereby increasing XIAP protein levels, but not other IAP members such as c-IAP1 

or c-IAP2 (Zhang, Zou et al. 2009). Tumor cells divide quickly and as a result require 

increased nutritional support. Accordingly, they need to develop increased vasculature, 

also called angiogenesis. HuR interacts with and stabilizes hypoxia-inducible factor-1α, 

vascular endothelial growth factor, cyclooxygenase-2 and thrombospondin 1, all of which 

help promote increased vascularization (Abdelmohsen and Gorospe 2010). Lastly, tumor 

cells will detach from the primary tumor site, invade local tissues and circulate through the 

body using the lymphatic or blood circulatory systems. HuR increases the expression of 

multiple proteins that promote metastasis such as snail, matrix metalloproteinase-9 

(MMP9) and urokinase-type plasminogen activator and receptor uPA/uPAR 

(Abdelmohsen and Gorospe 2010). Taken together, HuR is a global regulator of a vast 

array of proteins, of which, numerous proteins promote tumorigenesis, whereas other 

inhibit apoptosis. 

 

Characterization of Wild-type and Mutant ECRG2 in the Regulation of Cancer Cell 

Death and Drug Resistance   

While multiple roles for ECRG2’s tumor suppressive functions, including 

stabilization of p53 and inhibition of uPA and MMP2 have been revealed, to date, no 

mechanism(s) for how ECRG2 attributes to cancer cell death have been determined. In 

light of recent studies, single somatic point mutants for ECRG2 have also been elucidated. 

In an effort to determine how ECRG2 is achieving growth suppression and cell death in 

cancer cells, multiple biochemical techniques were utilized to unravel the complicated 
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mechanisms involved. From our studies, the data supports that ECRG2 is a bona fide tumor 

suppressor, capable of inducing cell death, at least in part by, upregulating pro-apoptotic 

genes and downregulating anti-apoptotic machinery, whereas, single somatic point mutant 

V30E lost tumor suppressive abilities and acquired gain of function attributes. Further, the 

loss of ECRG2 expression in tumor cells may be a mechanism by which cancer cells gain 

multiple drug resistance.  
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ABSTRACT 

 

Esophageal Cancer Related Gene 2 (ECRG2) is a newer tumor suppressor whose 

function in the regulation of cell growth and apoptosis remains to be elucidated. Here we 

show that ECRG2 expression was upregulated in response to DNA damage, and increased 

ECRG2 expression induced growth suppression in cancer cells but not in non-cancerous 

epithelial cells. ECRG2-mediated growth suppression was associated with activation of 

caspases and marked reduction in the levels of apoptosis inhibitor, X Chromosome-linked 

inhibitor of apoptosis protein (XIAP). ECRG2, via RNA-binding protein human antigen R 

(HuR), regulated XIAP mRNA stability and expression. Furthermore, ECRG2 increased 

HuR ubiquitination and degradation but was unable to modulate the non-ubiquitinable 

mutant form of HuR. We also identified missense and frame-shift ECRG2 mutations in 

various human malignancies and noted that, unlike wild type ECRG2, one cancer-derived 

ECRG2 mutant harboring glutamic acid instead of valine at position 30 (V30E) failed to 

induce cell death and activation of caspases. This naturally occurring V30E mutant also 

did not suppress XIAP and HuR. Importantly, the V30E mutant overexpressing cancer cells 

acquired resistance against multiple anticancer drugs, thus suggesting that ECRG2 

mutations appear to play an important role in the acquisition of anticancer drug resistance 

in a subset of human malignancies.  
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INTRODUCTION 

 

Tumorigenesis is a multi-step process; it requires multiple genetic changes 

occurring in different genes to transform a normal cell. ECRG2, also known as serine 

peptidase inhibitor Kazal type 7 (SPINK7), is a new tumor suppressor gene candidate. It 

was first identified in esophageal cancers through screening for genes whose expression 

levels were reduced or lost in cancers (Su, Liu et al. 1998). ECRG2 gene resides on 

chromosome 5q32 and its transcript encodes a protein of 9.23 kDa composed of 85 amino 

acids (Cui, Bi et al. 2010). It is predicted to have an N-terminal signal peptide at amino 

acids 1-22 and a Kazal-type serine protease inhibitor domain at amino acids 31-85 (Cheng, 

Shen et al. 2008, Geng, Feng et al. 2008). ECRG2 expression has been shown to be 

significantly reduced in esophageal and lung cancers (Su, Liu et al. 1998, Cui, Bi et al. 

2010). Studies have also determined that overexpressed ECRG2 induced cell death in 

cultured cancer cells (Cui, Wang et al. 2003) and adenovirally expressed ECRG2 inhibited 

grafted-tumors grown in nude mice (Song, Song et al. 2012). ECRG2 has been 

demonstrated to inhibit cancer cell migration/invasion via regulation of urokinase-type 

plasminogen activator (uPA) signaling (Huang, Hu et al. 2007). It is also shown to play a 

role in proper centrosome segregation, and depletion of ECRG2 in cells leads to 

centrosome amplification, multipolar spindle formation and chromosome aneuploidy 

(Cheng, Shen et al. 2008). Thus, available lines of evidence point ECRG2 as a putative 

tumor suppressor that appears to be involved in the regulation of cell proliferation and 

apoptosis; however, the exact molecular mechanisms via which it exhibits such functions 

are still unclear.  
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Growing evidence has demonstrated that altered mRNA stability and translation 

play important roles in human cancer development and progression (Wang, Guo et al. 

2013). RNA-binding protein HuR, (also known as ELAV1) is a major player in the 

regulation of mRNA stability. HuR is ubiquitously expressed and structurally HuR 

possesses three RNA recognition motifs (RRMs) via which it binds to its targeted mRNAs 

thus influencing the target mRNA level and translation (Lopez de Silanes, Zhan et al. 2004, 

Wang, Guo et al. 2013). HuR has been shown to increase the stability of many mRNAs 

that encode proteins linked to cell proliferation, survival and angiogenesis (Abdelmohsen 

and Gorospe 2010). HuR expression is frequently elevated in various human malignancies 

(Wang, Guo et al. 2013). Elevated HuR has been associated with advanced 

clinicopathological parameters, poorer patient survival (Kotta-Loizou, Giaginis et al. 2014) 

and development of cancer drug resistance in patients (Wang, Guo et al. 2013). HuR is 

now considered as a drug target for cancer treatment (Meisner, Hintersteiner et al. 2007, 

Wang, Guo et al. 2013). 

Recent studies revealed XIAP to be one of the important regulatory targets of HuR. 

It is shown that HuR enhances the levels of XIAP by increasing its mRNA stability and 

translation (Zhang, Zou et al. 2009). XIAP is the most potent apoptosis inhibitor within the 

inhibitor of apoptosis (IAP) family of proteins (Berthelet and Dubrez 2013); it interacts 

with caspases 3, 7 and 9 and inhibits the enzymatic activity of these proteases (Eckelman, 

Salvesen et al. 2006, Galban and Duckett 2010). XIAP is found to be commonly 

overexpressed in many human malignancies (Owens, Gilmore et al. 2013, Obexer and 

Ausserlechner 2014). High levels of XIAP expression has been correlated with cancer cell 

resistance to drug and radiation treatments and poor prognosis in patients (Danson, Dean 
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et al. 2007). Currently, XIAP is widely considered as an excellent drug target and a number 

of XIAP inhibitors are in preclinical studies or early phase of clinical trials (Owens, 

Gilmore et al. 2013).  

In this study, we illustrate that ECRG2 induces apoptosis and activates cell death 

signaling. Our studies reveal that negative regulation of XIAP via suppression of XIAP 

regulator HuR is an important aspect of ECRG2’s function. We further show that ECRG2 

enhances HuR protein degradation via the proteasome-mediated pathway. Expression of 

ECRG2 is strongly enhanced during DNA damage induced apoptosis. Whereas tumor-

derived ECRG2 mutant V30E failed to inhibit tumor cell growth and acquired drug 

resistance, while also unable to activate caspases and suppress XIAP and HuR. Thus, our 

studies identified ECRG2 as an important player in the regulation of apoptosis, and this 

negative regulation of HuR and XIAP is an important aspect of the function of ECRG2. 

Our results also signify that ECRG2 mutations may be important for anticancer drug 

resistance. 
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MATERIALS AND METHODS 

 

Antibodies and reagents 

 The β-actin and HA-tag (HA.11) antibodies were from Sigma (St. Louis, MO) and 

Covance (Berkeley, CA) respectively. Antibodies against HuR (3A2), Mcl-1 (S-19), 

ubiquitin (F-11) and vinculin (N-19) were from Santa Cruz Biotechnologies (Dallas, 

Texas). Antibodies for caspase 8 (1C12), caspase 9 (C9) and cleaved PARP were from Cell 

Signaling (Danvers, MA), while antibodies for XIAP and cIAP-2  as well as PAN Caspase 

inhibitor Q-VD-OPh were obtained from BD Biosciences (San Jose, CA). The peroxidase-

conjugated goat anti-rat, goat anti-rabbit, goat anti-mouse and horse anti-goat antibodies 

were from Vector Laboratories (Burlingame, CA). The ECRG2 polyclonal antibody was 

generated commercially by GenScript (Piscataway, NJ) by immunizing rabbits with 

synthesized peptide CLKSNGRVQFLHDGS corresponding to the C-terminus of ECRG2.  

 

Cells and cell culture conditions 

 Human cancer cell lines A549 (lung), RKO (colon),  MCF-7 (breast) and HeLa 

(cervical) were obtained from the National Institutes of Health (NIH) and regularly 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Cellgro, Mediatech, 

Herndon, VA) supplemented with 10% fetal bovine serum (FBS) (Gemeni Bioproducts 

Inc., Calabasas, CA). RKO p53-/- (colon) cells were kindly provided by Dr. B. Vogelstein’s 

laboratory (The Johns Hopkins University of Medicine, Maryland). HCT116 cells (colon) 
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were from the NIH and were maintained in McCoy’s medium (Cellgro) supplemented with 

10% FBS (Gemeni Bioproducts Inc.). MCF-10A cells (noncancerous breast epithelial) 

were maintained in Mammary Epithelial Cell Growth Medium (MEGM Bulletkit) by 

Lonza (Allendale, NJ).  

 

Expression plasmids 

pSRα-ECRG2 expression vector was generated by inserting ECRG2 open reading 

frame (ORF) within the multiple cloning site of pSRα cloning vector in front of the HA-S-

tag. The ECRG2 expression vectors used for colony formation assays were generated by 

inserting the ECRG2 ORF into the multiple cloning site of pCEP4 (with Hygromycin 

selection marker). To generate ECRG2 mutant V30E, site directed mutagenesis was used 

utilizing the QuikChange II kit (Agilent Technologies) per manufacture’s protocol with the 

following primers: 5’-tgctagtctgtctccaaaaaaagaggactgcagcatttac-3’ and 5’-

gtaaatgctgcagtcctctttttttggagacagactagca-3’. pTAP-HuR, pTAP-HuR-K182R as well as 

Ad-GFP and Ad-HuR were a kind gift from Dr. M. Gorospe (National Institute of Aging, 

NIH).  

 

Colony formation assay, caspase 3 activity and cell viability 

Colony formation assays were performed as previously described (Rong, 

Montalbano et al. 2005). Briefly, cells were transfected with equal amounts of control 

vector (pCEP4), wild-type or mutant ECRG2-V30E expression vector carrying the 
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antibiotic selection markers via Lipofectamine 2000 as per the protocol of the manufacture 

(Invitrogen). Cells were subsequently selected with antibiotic (hygromycin 100-200 μg/ml) 

for 7-14 days and then stained with crystal violet. Caspase 3 activity was determined 24 

hrs post-transfection using AC-DEVD-AMC protease assay per manufactures instructions 

(BD Biosciences). Cell viability was determined by MTT assay as previously described 

(Sun, Jiang et al. 2013). 

 

Lentivirus-mediated shRNA silencing 

ECRG2 expression was silenced by the lentivirus-mediated shRNA approach. The 

scramble shRNA construct was purchased from Addgene, Inc. (Cambridge, MA). All other 

shRNA constructs were purchased from GE Life Sciences (Lafayette, CO). The two 

different nucleotide sequences to target the human ECRG2 used in this study were as 

follows: ECRG-1, 5′-AACTGGTAGGTATGTGATGGG-3′; ECRG-2, 5′-

TCAGAACCACAAACTGGTAGG-3′. Virus production and infection were performed 

per the protocol provided by Addgene. 

 

mRNA expression and XIAP promoter analyses 

Two-step qRT-PCR was performed using iScript cDNA synthesis kit and iQ SYBR 

Green supermix from BIO-RAD (Hercules, CA). C(T) values for XIAP, HuR, and ECRG2 

were normalized to the C(T) values of GAPDH mRNA within the same sample. The 

following primer sets were used: XIAP forward: 5′-GCGGTGCTTTAGTTGTCAT-3′; 
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reverse: 5′-TCGGGTATATGGTGTCTGATA-3′; HuR forward: 5′-

CAGAAGAGGCAATTACCAGTTTCAATGG-3′; reverse: 5′-

GCTTCTTCATAGTTTGTCATGGTCAC-3′; ECRG2 forward: 5′-

ATGAAGATCACTGGGGGTCTCCT-3′; reverse: 5′-

TTAGCAACTTCCATCGTGAAGA-3′; and GAPDH forward: 5′-

CACCATCTTCCAGGAGCGAG-3′; reverse: 5′-GCAGGAGGCATTGCTGAT-3′. 

Reagents for XIAP luciferase promoter assay was purchased from Switchgear Genomics 

(Carlsbad, CA). 

 

Western blot and ubiquitination studies 

Western blot analyses were performed as previously described (Rong, Montalbano 

et al. 2005). ImageJ was used to determine relative band intensity(Schneider, Rasband et 

al. 2012). Ubiquitination pull down studies were performed as previously described (Lui 

K (2011) ). 

 

Statistical analysis 

Two-tail Student’s t-test or ANOVA variance analysis was used as appropriate for 

statistical analysis. All results shown are expressed as mean ± S.D. 
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RESULTS 

 

ECRG2 overexpression induces apoptosis in tumor cells 

Previous studies have shown that ECRG2 expression was reduced or lost in human 

tumors (Su, Liu et al. 1998, Cui, Bi et al. 2010). To study the effect of ECRG2 on cancer 

cells, we introduced ECRG2 into RKO colon and MCF7 breast cancer cells and found that 

ECRG2 strongly suppressed tumor cell growth (Fig. 1A, left two panels). Interestingly, 

ECRG2 did not have a similar growth suppressive effect on MCF10A non-cancerous breast 

cells (Fig. 1A, panel 4). We also determined whether ECRG2-mediated growth suppression 

was p53-dependent since previous studies have demonstrated that ECRG2 can protect p53 

from proteasome-mediated degradation thus stabilizing p53 protein levels (Cheng, Shen et 

al. 2008). Fig. 1A, panel 3 shows that ECRG2 correspondingly suppressed the growth of 

p53-null (p53-/-) RKO cells, signifying that p53 is not required for ECRG2-mediated 

growth suppression. Fig. 1B and C further show that overexpression of ECRG2 led to 

activation of caspases 8 and 9, the initiator caspases of the extrinsic and intrinsic cell death 

pathways. Interestingly, we noted that ECRG2 expression also caused a reduction of the 

apoptosis inhibitors XIAP and MCL-1 (Fig. 1B and C). Consequently, it appears that 

increased ECRG2 expression modulates several key proteins that are important for 

induction/regulation of apoptosis.    
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Figure 1: Increased expression of exogenous ECRG2 induces apoptosis in tumor cells. 

A. ECRG2 expression inhibited colony formation in MCF-7 (breast), RKO and RKO p53-

/- (colon) cancer cells, but not in MCF-10A non-tumorigenic breast epithelial cells. B & C. 

Exogenous expression of ECRG2 for 24 hours activated caspases 8 and 9 and reduced the 

levels of XIAP and Mcl-1 in MCF7 (B) and A549 (C) cells. WB: western blot analysis. 
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ECRG2 reduced XIAP mRNA levels but not its promoter activity   

We next investigated the mechanisms via which ECRG2 regulates XIAP and first 

examined whether ECRG2 suppressed XIAP expression by reducing its mRNA. To that 

end, real-time quantitative RT-PCR (qRT-PCR) was performed to determine the relative 

levels of XIAP mRNA in cells expressing ECRG2 or control vector. We noted that ECRG2 

expression significantly decreased XIAP mRNA level (Fig. 2A) which was concurrent with 

its protein reduction (Fig. 1 B & C). We further examined ECRG2’s effect on XIAP 

promoter. Intriguingly, the activity of XIAP promoter was not suppressed, but rather 

enhanced in ECRG2 expressing cells (Fig. 2B). This result was somewhat surprising 

because the observed increased XIAP promoter activity in ECRG2 cells did not result in 

an increase but rather a decrease in its transcript levels (Fig. 2A). We then examined 

whether ECRG2 can similarly inhibit cellular inhibitor of apoptosis 2 (cIAP2), another 

member of the IAP family but not a regulatory target of HuR (Lebedeva, Jens et al. 2011). 

As seen in Fig. 2C, while ECRG2 strongly suppressed XIAP, it did not likewise effect 

cIAP2’s expression. Thus, ECRG2 selectively regulates the expression of XIAP and this 

ECRG2-mediated regulation appears to occur at the mRNA level.  

 

ECRG2 modulates XIAP mRNA by suppressing HuR 

Our above-mentioned results indicate that, despite its elevated promoter activity, 

XIAP mRNA levels were reduced in the ECRG2 expressing cells. Zhang et al (Zhang, Zou 

et al. 2009) previously reported that the mRNA stability of XIAP was intimately regulated 

by the RNA binding protein HuR. To explore the possibility that ECRG2 suppresses XIAP  
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Figure 2: ECRG2 reduces XIAP mRNA levels but not its promoter activity. A. MCF7 

cancer cells were transfected with HA-tag alone or HA-tagged ECRG2 for the indicated 

times followed by RNA extraction and quantitative real-time PCR (qt-RT-PCR) analysis. 

Each bar represents triplicate of three independent experiments. B. MCF-7 breast cancer 

cells co-transfected with HA-only or HA-tagged ECRG2 and XIAP promoter-luciferase 

construct. Promoter luciferase analyses were performed as described in Materials and 

Methods. Each bar represents triplicate of three independent experiments. Results shown 

are the relative luciferase amounts for XIAP promoter activity. C. Exogenous expression 

of ECRG2 suppressed levels of XIAP but not cIAP2 in A549 cells. Asterisks (*) indicate 

P value  < 0.05. 
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mRNA by modulating HuR protein levels we examined the effect of ECRG2 on HuR. As 

shown in Fig. 3A, expression of ECRG2 led to a discernible decrease of HuR protein levels 

at 24 and 48 hours in MCF-7 cells. XIAP protein levels, on other hand, after an initial 

increase at the early time points (which could be due to an increase of its promoter activity), 

were concurrently decreased with the levels of HuR protein after 24 and 48 hours of 

ECRG2 expression (Fig. 3A). Further, reduction of XIAP in ECRG2 expressing cells was 

not rescued by pan-caspase inhibitor (Q-VD-OPH, 10 µM) (Fig. 3B), indicating that the 

reduction of XIAP in these cells was not due to the activation of caspases and apoptosis. 

Conversely, ECRG2 knockdown (KD) also resulted in elevated expression of both HuR 

and XIAP proteins (Fig. 3C). In addition, we also noted that the levels of XIAP mRNA 

were increased in the ECRG2 KD cells whereas HuR mRNA levels had no change (Fig. 

3D). This could suggest that ECRG2 alters XIAP at the mRNA level while its regulation 

on HuR may mainly occur at the protein level. To further determine whether XIAP 

reduction by ECRG2 mediates through the suppression of HuR, we co-expressed viral-

mediated HuR along with ECRG2 to see if increased HuR expression can rescue XIAP 

suppression by ECRG2 and restore the level of XIAP in ECRG2 expressing cells. As seen 

in Fig. 3E, co-expression of HuR along with ECRG2 significantly reinstated the level of 

XIAP (compare lane 4 with lane 2). Together, these results suggest that ECRG2 modulates 

XIAP mRNA expression by suppressing its mRNA stabilizer HuR. 

 

ECRG2 decreases HuR protein level via ubiquitination-mediated mechanism 
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Figure 3 A-C: ECRG2 modulates XIAP mRNA by suppressing HuR. A. Down-

regulation of XIAP and HuR expression occurred concurrently in ECRG2 expressing 

MCF7 cells. Time refers to hours post-transfection. B. A549 cells were transfected with 

empty vector or ECRG2 expression construct. Pan-caspase inhibitor Q-VD-OPh (10 M) 

was added 1h before transfection and renewed when medium was changed. Cell lysates 

were harvested 48 hour post-transfection. C. RKO cells, infected with scramble or ECRG2 

shRNA via lentivirus, were analyzed for ECRG2 expression via qt-RT-PCR (performed in 

triplicates) (left panel) or western blotting (right panel). ECRG-1 and ECRG-2 indicate two 

different ECRG2 shRNAs that targeted different regions of ECRG2 transcript. The 

expression of XIAP and HuR was also analyzed (middle and right panels).  Vinculin and 

actin served as loading controls. Asterisks (*) in right panel indicate non-specific bands. 
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Figure 3 D and E: ECRG2 modulates XIAP mRNA by suppressing HuR. D. qRT-PCR 

analyses of XIAP and HuR expression in RKO cells infected with scramble or two different 

ECRG2 shRNAs. Each bar represents triplicate of three independent experiments. E. 

Exogenously expressed HuR rescued XIAP reduction in ECRG2 overexpressing cells. 

A549 cells were transfected for 24 hours with vector-only or ECRG2 expression vector 

followed by infection with either adenovirus GFP control or HuR for 24hrs. Left panel 

shows western blotting analyses of the indicated proteins and right panel shows the relative 

band intensity for XIAP protein (n = 2). Asterisks (*) indicate P value < 0.05. 

 



  -Chapter 2- 

60 
 

Previous studies have demonstrated that HuR protein is ubiquitinated and degraded 

in response to heat shock (Abdelmohsen, Srikantan et al. 2009); and HuR is ubiquitinated 

at lysine 182; replacing lysine 182 with arginine (K182R) allowed HuR to resist proteolytic 

degradation (Abdelmohsen, Srikantan et al. 2009). To determine whether ECRG2 alters 

HuR via an ubiquitination/proteasome-mediated mechanism, we examined the effect of 

ECRG2 on wildtype and non-ubiquitinable mutant HuR protein (K182R). Cells were 

transfected with either the wildtype HuR (pTAP-HuR) or non-ubiquitinable mutant (pTAP-

HuR-K182R) plasmids along with the control or ECRG2 expressing vector. Expression of 

ECRG2 caused a marked decrease in the wildtype HuR protein but not the HuR mutant 

K182R in both HeLa and MCF7 cells (Fig. 4A & B). We further analyzed the status of 

HuR ubiquitination in cells expressing the control or ECRG2 vector. For this purpose, cells 

were first introduced with viral wildtype HuR construct (Ad-HuR) followed by transfection 

of the control or ECRG2 expression vectors (wild type and mutant); HuR 

immunoprecipitation was then performed and the resultant immunoprecipitants were 

analyzed by anti-ubiquitin western blotting. As shown in Fig. 4C, expression of wildtype 

ECRG2 markedly reduced the HuR protein levels (left panel, lane 2) and this was 

concurrent with a noticeable (~60%) increase in HuR ubiquitination (Fig. 4C, right panel 

and Fig. 4D). Very interestingly, we also found that expression of ECRG2 mutant V30E, 

that was derived from a human primary lung cancer, did not reduce HuR protein levels 

(Fig. 4C, left panel, lane 3) nor enhanced the levels of HuR ubiquitination (Fig. 4C & D). 

Thus, our results suggest that ECRG2 increases HuR ubiquitination that ultimately leads 

to HuR protein degradation and the tumor-derived ECRG2 mutant (V30E) failed to 

enhance HuR ubiquitination and degradation. 
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Figure 4 A and B: ECRG2 mediates HuR’s ubiquitination. A and B. Non-ubiquitinable 

mutant HuR (K182R) but not wildtype HuR resisted ECRG2-mediated HuR protein 

reduction. HuR protein levels were analyzed in HeLa (A) and MCF-7 (B) cells transfected 

with either the wildtype HuR (pTAP-HuR) or non-ubiquitinable mutant (pTAP-HuR-

K182R) plasmids along with the control or ECRG2 expressing vector. Relative band 

intensity for pTAP-HuR or pTAP-HuR-K182R is shown to the right of the western blot (n 

= 2).   
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Figure 4 C and D: ECRG2 mediates HuR’s ubiquitination. C & D. MCF7 cells were 

first infected with ectopically adenovirus-mediated HuR for two days then transfected with 

vector-only, wildtype (Wt)-ECRG2 or mutant ECRG2-V30E for 24 hours. Cells 

(expressing exogenous HuR and ECRG2 or control vectors) were treated with MG132 for 

six hours prior to harvest and cell lysates were analyzed by western blotting (input, left 

panel) or HuR pull-down followed by anti-ubiquitin immunoblotting (C, right panel). 

Relative band intensity of poly-ubiquitinated HuR is also shown (D) (n=2). 
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Somatic mutations of ECRG2 gene and behaviors of the ECRG2 mutant (V30E) 

ECRG2 gene mutations were determined via a bioinformatical search using the 

databases of Catalogue of Somatic Mutations in Cancer (COSMIC) 

(http://www.sanger.ac.uk/cosmic) (Bamford, Dawson et al. 2004) and cBIO Portal for 

Cancer Genomics (http://cancergenome.nih.gov TCGA Research Network). These 

bioinformatical searches revealed various ECRG2 mutations (Table 1). As is shown, 

ECRG2 mutations were found in different human malignancies including cancers of the 

endometrium, lung, stomach, skin, colon and T cell lymphoblastic leukemia. ECRG2 

mutations involving other types of cancer were not listed in the databases, and no 

information was provided whether mutations were not found or other types of cancer were 

not investigated. Table 1 shows that ECRG2 mutations identified were either missense or 

deletion/frame-shift mutations which are expected to affect the function/structure of the 

ECRG2 protein; several silent mutations were also seen. Interestingly, more than half 

(8/15) of the ECRG2 mutations resided within a small region (amino acids 27-44) of the 

protein (Table 1). Using site-directed mutagenesis, we generated a mutational variant of 

ECRG2 harboring a change from a valine to a glutamic acid on residue 30, wherein this 

mutation presented itself was within the region where multiple ECRG2 mutations were 

identified. We examined the behavior of this mutant in comparison to the wildtype form of 

ECRG2. Fig. 5A shows that, while wildtype-ECRG2 expression strongly inhibited the 

growth of MCF-7 breast cancer cells, the tumor-derived mutant V30E failed to suppress 

colony formation in these cells. Also, contrary to wildtype ECRG2, mutant V30E failed to 

reduce XIAP and HuR protein levels (Fig. 5B and 5E), nor activate caspases 3, 8 and 9, 

and cleavage of PARP, a caspase 3 substrate (Fig. 5B, C and D). We also observed that  

http://www.sanger.ac.uk/cosmic
http://cancergenome.nih.gov/
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wildtype-ECRG2, but not its mutant V30E variant, increased HuR ubiquitination (Fig. 4C). 

Our further studies demonstrated that HuR mRNA was modestly reduced in wildtype-

ECRG2 expressing cells when compared to that of vector-only control cells, and the extent 

of HuR mRNA reduction in mutant V30E cells was even less then in wildtype ECRG2 

expressing cells (Fig. 5F). Previous studies have shown that HuR binds to its own mRNA 

within the 3’ UTR region and stabilizes its own mRNA (Yi, Chang et al. 2010). It is 

possible that increased HuR ubiquitination/degradation by ECRG2 may also lessen HuR’s 

ability to protect and stabilize its own mRNA and therefore, HuR mRNA levels were 

decreased in wildtype-ECRG2 expressing cells. On the other hand, V30E mutant 

diminished its ability to ubiquitinate/degrade HuR protein (Fig. 4C) and thus also allowed 

HuR to more efficiently stabilize its own mRNA.  

To study the effect of V30E mutant on anticancer drug sensitivity, we treated A549 

human lung cancer cells that stably expressed mutant V30E with various clinically used 

anticancer agents, including etoposide, cisplatin, taxol and doxorubicin. Results of MTT 

assays shown in Fig. 5G indicate that expression of the V30E mutant significantly 

enhanced the survival of A549 cancer cells treated with etoposide, cisplatin and 

doxorubicin. However, mutant ECRG2-V30E did not significantly alter cancer cells 

sensitivity to taxol (Fig. 5G). Thus, our results suggest that this ECRG2 mutation alters 

cancer cell sensitivity to anticancer agents, especially for those that induce DNA damage. 
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Figure 5 A-D: ECRG2 mutant (V30E) lost wild-type ECRG2 function A. Colony 

formation of MCF-7 cells expressing the indicated vectors. B, C & D). wildtype, but not 

mutant ECRG2 (V30E) was able to suppress XIAP, activate caspases (8, 9 and 3) and 

triggers the cleavage of PARP. 
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Figure 5 E and F: ECRG2 mutant (V30E) lost wild-type ECRG2 function. E. 

Comparison of the effect of wildtype- and mutant-ECRG2 on XIAP and HuR expression. 

F. Effect of wildtype (Wt) - and mutant (V30E)-ECRG2 on HuR mRNA analyzed by qRT- 

PCR. Each bar represents triplicate of five independent experiments. Asterisks (*) indicate 

P value < 0.05. 
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Figure 5 G: ECRG2 mutant (V30E) gained resistance to anticancer drugs. E. Mutant 

ECRG2 (V30E) significantly reduced cell sensitivity to anticancer drugs. A549 cells stably 

transfected with empty vector or vector expressing the mutant ECRG2 (V30E) were treated 

with the indicated drugs for 72 hours followed by MTT assay (etoposide 5M, cisplatin 

5g/mL, paclitaxel 5nM, doxorubicin 200ng/mL). Bars represents triplicate of three 

independent experiments. Asterisks (*) indicate P value < 0.05. 
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ECRG2 is induced in response to DNA damage 

We studied ECRG2 protein and mRNA expression in response to DNA damage. 

Fig. 6A & B show that etoposide treatment markedly increased ECRG2 levels in both 

HCT116 and RKO cells. Also, ECRG2 induction following etoposide treatment was 

concurrent with the suppression of both XIAP and HuR when ECRG2 reached the highest 

level at the later time point (48 hrs) (Fig. 6B). Likewise, the specificity of ECRG2 antibody 

was confirmed by western blotting and mRNA studies in the ECRG2 overexpressing (Fig. 

6C) and knockdown cells (Fig. 3C). In addition, our studies also revealed that increase in 

ECRG2 protein expression following etoposide treatment was concurrent with a strong 

induction of ECRG2 mRNA (Fig. 6D). Thus, as we demonstrate that increased levels of 

ECRG2 can induce cell death (Fig. 1), the induction of ECRG2 following DNA damage 

could be an important mechanism and cellular response for eliminating the overly damaged 

cells. 
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Figure 6 A-D: ECRG2 levels are increased in response to DNA damage. A & B. 

Endogenous (endog.) ECRG2 protein induction following treatment with etoposide in 

HCT116 (A) and RKO (B) cells. C. ECRG2 polyclonal antibody specificity was confirmed 

by overexpression of vector control or HA-tagged ECRG2 in HeLa cells. Western blot 

analyses were performed in duplicate and probed with anti-HA (left) or anti-ECRG2 

(right). Similar endogenous ECRG2 band pattern was also observed in Fig. 3B (right). D. 

ECRG2 mRNA induction in RKO cells following etoposide treatment analyzed by qRT-

PCR. Each bar represents triplicate of three independent experiments. 
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Figure 6 E: ECRG2 levels are increased in response to DNA damage. E. The proposed 

model for ECRG2 regulation of cell proliferation and cell survival/death signaling. 

Information for ECRG2 regulation of p53 was reported in previous studies (Cheng, Shen 

et al. 2008). 
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DISCUSSION 

 

 In this study, we have identified that ECRG2 is an important negative regulator of 

HuR. We show that overexpression of ECRG2 increased HuR ubiquitination and 

degradation (Fig. 4) that leads to a reduction in HuR levels (Figs 4 & 3). The involvement 

of ECRG2 in the regulation of HuR ubiquitination/degradation was also supported by 

results indicating that ECRG2 was unable to modulate the non-ubiquitinable form of HuR, 

while it sufficiently suppressed the wildtype HuR (Fig. 4A & B). In addition to its 

regulation on HuR ubiquitination at the protein level, ECRG2 appears to also modestly 

affect HuR mRNA levels, as we consistently observed ~35% reduction of HuR mRNA in 

ECRG2 overexpressing cells. While the possibility exists that ECRG2 may regulate HuR 

mRNA via a mechanism independent of its protein ubiquitination, it is also likely that HuR 

mRNA reduction may be due to ECRG2’s effect in decreasing HuR protein levels by 

ubiquitination/degradation and thus, less HuR protein will be available to protect and 

stabilize its own mRNA.  

Our novel finding identifying ECRG2 as a negative regulator of HuR is important 

as HuR has been demonstrated as a key RNA regulator that plays a fundamental role in 

influencing gene expression (Kim, Abdelmohsen et al. 2008, Lebedeva, Jens et al. 2011). 

Recent studies by Lebedeva et al (Lebedeva, Jens et al. 2011) have indicated that HuR has 

thousands of mRNA targets and HuR affects the expression and thus the function of its 

targets. Many known HuR targets, such as tumor suppressors (p53, pVHL), cell cycle 

regulatory proteins (cyclins D1, B1 and A2, p27, p21), and oncoproteins/signaling 
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molecules/transcription factors (c-fos, HIF-1, c-Myc, VEGF, uPA/uPAR, COX-2, Bcl-2, 

Mcl-1, etc.) play important roles in controlling cell proliferation and cell survival/cell 

death. Besides its regulation on messenger RNAs, HuR has also been shown to modulate 

the levels and actions of microRNAs, (Lebedeva, Jens et al. 2011, Srikantan, Tominaga et 

al. 2012) thus HuR can also indirectly affect the expression of the mRNAs that are the 

regulatory targets of microRNAs. Given that HuR is overexpressed in many human 

malignancies (Wang, Guo et al. 2013) and important for the maintenance of cancer 

phenotype (Kakuguchi, Kitamura et al. 2010), identification of the modulator(s) that 

negatively control HuR is critically important for developing treatment strategies for 

targeting HuR.  

Currently, information about HuR’s ubiquitination is rather limited. Abdelmohsen 

et al (Abdelmohsen, Srikantan et al. 2009) showed that HuR protein reduction following 

heat shock involved HuR ubiquitination of lysine residue 182, nucleocytoplasmic transport 

and check-point kinase 2 (CHK2) mediated phosphorylation. Chu et al (Chu, Chuang et al. 

2012) also showed that following the treatment of glucose transport inhibitor (CG-5), HuR 

was ubiquitinated and degraded via a mechanism involving the beta-transducing repeat-

containing protein (β-TrCP1) complex, PKCα-mediated phosphorylation and HuR 

nucleocytoplamsic translocation. In both of these studies, HuR ubiquitination was shown 

to lead to protein degradation, however, the exact mechanisms including the E3 ligase(s) 

involved in HuR ubiquitination were not revealed. Currently, it is unclear how ECRG2 

exactly modulates HuR ubiquitination. ECRG2 is a small protein (~9.2 kD) that is not 

expected to be an E3 ligase. However, ECRG2 could be involved in one or more aspects 

of HuR ubiquitination; including for example, 1) the recruitment of HuR to the E3 ligase 
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complex; 2) HuR phosphorylation, which was demonstrated to facilitate HuR 

ubiquitination; and 3) the nucleocytoplasmic export of HuR, that could be important for 

maximal ubiquitination and degradation of HuR. Future in-depth studies are needed for 

determining how ECRG2 facilitates HuR ubiquitination/degradation.  

Our current studies also show that ECRG2 negatively regulates XIAP and ECRG2 

mediated suppression of XIAP is achieved, at least in part by, the inhibition of HuR that 

stabilizes XIAP mRNA (Zhang, Zou et al. 2009). We show that ECRG2 overexpression 

reduced HuR levels and also suppressed XIAP; conversely, ECRG2 knockdown enhanced 

HuR and also elevated the levels of XIAP (Figs. 3 & 5). ECRG2-mediated XIAP reduction 

was not able to be rescued by pan-caspase inhibitor (Fig. 3B), indicating that reduction of 

XIAP in these cells is not due to activation of caspases and apoptosis. XIAP suppression 

by ECRG2 appears to occur at the post-transcriptional level involving XIAP mRNA 

stability, as our data demonstrate that while total XIAP mRNA was reduced, the promoter 

activity of XIAP was incongruously increased in the ECRG2 overexpressing cells (Fig. 2A 

& B). Additionally, co-expression of HuR along with ECRG2, reversed ECRG2 

suppression of HuR significantly rescuing the levels of XIAP (Fig. 3E). Thus, our results 

demonstrate that by modulating HuR, ECRG2 can also affect cell survival by indirectly 

modulating XIAP.  

Our results also indicate that ECRG2 appears to be important regulator of cell death 

and ECRG2 mutation(s) occurring in human tumors may influence cell sensitivity against 

anticancer therapeutics. We show that ECRG2 expression is elevated following DNA 

damage (Fig. 6); and increased ECRG2 expression could promote cell death by activating 

caspases 8, 9 and 3 (Figs.1 and 5), and inhibition of XIAP and HuR (Figs. 2-6). Recent 
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studies have indicated that both XIAP and HuR are involved in drug resistance and their 

expression status are inversely associated with drug sensitivity in cancer cells (Danson, 

Dean et al. 2007, Kotta-Loizou, Giaginis et al. 2014). Hence, XIAP and HuR are now 

considered as drug targets for cancer treatment (Meisner, Hintersteiner et al. 2007, Owens, 

Gilmore et al. 2013). Importantly, our studies for the first time, demonstrate that human 

tumor-derived ECRG2 mutation caused cancer cell resistance to anticancer drugs (Fig. 

5G).  The ECRG2 V30E mutant failed to induce cell death and neither activated caspases 

nor suppressed XIAP and HuR (Figs. 4 & 5). The information gathered in our study (Table 

1) indicates that ECRG2 mutations could be found in various human malignancies and 

their distributions appear to be largely localize within a small region (a.a.27-44). This 

information could suggest that this region (a.a.27-44) may be commonly targeted by 

mutations and is important for ECRG2’s function and/or regulation. Based on our findings, 

we propose that ECRG2 mutations may be important for tumor formation, progression and 

drug resistance in a subset of human malignancies. Further studies are certainly needed to 

study ECRG2 mutations and other types of alterations in this newer and important tumor 

inhibitory protein in human cancers. 
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ABSTRACT 

 

Esophageal cancer related gene 2 (ECRG2) has previously been shown to possess 

tumor suppressive capabilities including the capacity to induce cell death in cancer cells. 

However, how ECRG2 activates the apoptotic machinery still remains to be elucidated. 

We established, for the first time, that ECRG2 protein levels are decreased in upwards of 

90% of lung patient tumor samples evaluated compared to adjacent/normal tissues. We 

further report that ECRG2 expression caused marked upregulation of cell death inducing 

receptor, death receptor 5 (DR5). This upregulation of DR5 was attributed to ECRG2’s 

ability to increase the protein levels of tumor suppressor p53, and transcription factors 

ATF3 and NFⱪB. In a cooperative fashion, ECRG2-mediated upregulation of p53, ATF3 

and NFⱪB resulted in increased DR5 gene expression and increased DR5 protein levels. 

Additionally, ECRG2-mediated upregulation of ATF3 was further shown to be p53-

dependent. Contrastingly, knockdown of ECRG2 not only decreased expression of NFⱪB, 

but also concurrently decreased DR5 protein levels. Further, silencing ECRG2 expression 

resulted in decreased cancer cell sensitivity to genotoxic stress, as well as TRAIL 

treatment. This highlights that the loss of ECRG2 seen in lung cancer patient tissues may 

be a mechanism by which cancer cells gain multiple drug resistance.  
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INTRODUCTION 

 

ECRG2 is a recently discovered tumor suppressor gene which was found to be 

downregulated in liver, colon, lung, and esophageal cancers (Su, Liu et al. 1998). ECRG2 

is a small protein composed of 85 amino acids with a molecular weight of 9.23kDa (Cui, 

Bi et al. 2010). Structurally, the first 20 amino acids contain a predicted N-terminal 

secretory tag, and residues 31-85 constitute a Kazal-type serine protease inhibitor domain 

(Cheng, Shen et al. 2008, Geng, Feng et al. 2008). Interestingly, ECRG2 can protect p53 

from ubiquitination via interactions with p53’s MDM2 binding domain (Cheng, Shen et al. 

2008). Functionally, ECRG2 is important in maintaining proper centrosome-duplication, 

and is capable of inducing cell death in both cultured cancer cells and grafted-tumors in 

nude mice (Cui, Wang et al. 2003, Song, Song et al. 2012). Recently, our group discovered 

that ECRG2 can adversely influence the stability of the RNA binding protein HuR by 

increasing its ubiquitination leading to its degradation. As a result of decreased HuR 

protein levels, a key inhibitor of apoptosis, and regulatory target of HuR, XIAP was also 

decreased. Ultimately, increased ECRG2 protein expression induced both the intrinsic and 

extrinsic apoptotic cascades via downregulation of both HuR and XIAP. Interestingly, a 

single somatic point mutant for ECRG2, V30E, was unable to downregulate HuR and 

XIAP, nor induce apoptosis (Lucchesi, Huang et al. 2015). Together, these data represent 

ECRG2 as a bona fide tumor suppressor capable of regulating tumor cell growth, 

proliferation, metastasis, and cell death. However, the mechanism(s) behind how ECRG2 

is capable of inducing cell death remains to be elucidated. 



  -Chapter 3- 

85 
 

Death receptor 5 (DR5, also known as tumor necrosis factor-related apoptosis-

inducing ligand receptor 2 (TRAIL-R2)) is one the most important components of the 

extrinsic apoptotic cascade (Pineda, Rittenhouse et al. 2012). DR5 is activated via binding 

of its death inducing ligand TNF-related apoptosis ligand, TRAIL. The binding of TRAIL 

to DR5 causes stabilization of the receptor trimers, recruitment of the adaptor protein, fas-

associated protein with death domain (FADD) to cause DISC formation and activation of 

the initiator caspases 8 and 10 (Taketani, Kawauchi et al. 2012). Of interest, DR5 activation 

can induce the intrinsic pathway via caspase 8-mediated cleavage of BID into tBID, 

causing cytochrome c release and activation of caspase 9 (Taketani, Kawauchi et al. 2012). 

Owing to DR5’s ability to induce apoptosis in cancer cells it is being explored as a possible 

drug target (Yang, Wilson et al. 2010).  

DR5 promoter regulation following cytotoxic stress has been thoroughly inspected. 

Cytotoxic stress induced strong DR5 upregulation in a p53-dependent fashion, which was 

further shown to be the result of p53 binding to a site within the first intron of the DR5 

gene (Takimoto and El-Deiry 2000). Additionally, the DR5 promoter region harbors 

multiple sites for transcription regulatory elements including AML-1a, c-MYb, SP1, 

GATA-1 and c-Ets2, however, the two Sp1 sites most proximal to the TATA-like box were 

revealed to be important for the basal expression of the DR5 gene (Yoshida, Maeda et al. 

2001). Other transcription factors like c-Myc and CHOP have also been cited to be 

involved in DR5 promoter regulation (Yoshida, Maeda et al. 2001, He, Luo et al. 2008). 

Following genotoxic stress, NFⱪB binds to the first intronic region concurrent with p53 

binding to induce DR5 expression (Shetty, Graham et al. 2005). More recently, ATF3 was 

shown to contain three binding sites proximal to exon 1 in the DR5 gene and behaves as a 



  -Chapter 3- 

86 
 

co-transcription factor that directly interacts with p53 inducing DR5 gene expression 

(Taketani, Kawauchi et al. 2012). 

In this study we discovered a mechanism by which ECRG2 is able to induce 

apoptosis leading to cancer cell death. We show that ECRG2 orchestrates multiple DR5 

promoter regulatory elements in order to activate the expression of DR5, including 

induction of tumor suppressor p53 and transcription factors NFⱪB and ATF3. Further, loss 

of ECRG2 expression led to diminished NFⱪB expression concurrent with decreased DR5 

protein levels and the loss of cancer cell sensitivity to TRAIL and other cytotoxic agents. 

Additionally, we report for the first time, that ECRG2 protein expression is deregulated in 

lung cancer patient tissue samples. Together, we show that ECRG2 plays an integral part 

in the regulation of DR5 gene expression by utilizing multiple DR5 promoter regulatory 

elements to upregulate DR5 gene expression leading to the induction of apoptosis in cancer 

cells. Whereas, loss of ECRG2, as seen in lung cancer patient samples, may be a 

mechanism in which tumor cells gain drug resistance to not only genotoxic agents but 

TRAIL insult as well. 
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MATERIALS AND METHODS 

 

Antibodies and reagents 

 Antibodies against β-actin and HA-tag (HA.11) were from Sigma (St. Louis, MO) 

and Covance (Berkeley, CA) respectively. Vinculin (N-19), p53 (DO-1), NFⱪB p65 (C-

20) and ATF3 (C-19) antibodies were from Santa Cruz Biotechnologies (Dallas, Texas). 

PAN Caspase inhibitor Q-VD-OPh was obtained from BD Biosciences (San Jose, CA).  

NFⱪB inhibitor was obtained from Cayman chemical and used per manufactures protocol 

(BAY-11-7082). The secondary peroxidase-conjugated goat anti-rat, goat anti-rabbit, goat 

anti-mouse and horse anti-goat antibodies were purchased from Vector Laboratories 

(Burlingame, CA). We generated the ECRG2 polyclonal antibody commercially through 

GenScript (Piscataway, NJ) by immunizing rabbits with synthesized peptide 

CLKSNGRVQFLHDGS corresponding to the C-terminus of ECRG2. The matching 

human patient normal and tumor samples were obtained from The Cooperative Human 

Tissue Network (CHTN), an organization sponsored by the National Cancer Institute 

(NCI). 

 

Cells and cell culture conditions 

 Human cancer cell lines MCF-7 (breast), H1299 (lung) and HeLa (cervical) were 

obtained from the National Institutes of Health (NIH) and regularly maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) (Cellgro, Mediatech, Herndon, VA) 

supplemented with 10% fetal bovine serum (FBS) (Gemeni Bioproducts Inc., Calabasas, 
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CA). RKO (colon) and RKO p53-/- (colon) cells were kindly provided by Dr. B. 

Vogelstein’s laboratory (The Johns Hopkins University of Medicine, Maryland). HCT116 

cells (colon) were from the NIH and were maintained in McCoy’s medium (Cellgro) 

supplemented with 10% FBS (Gemeni Bioproducts Inc.). Cells were transfected using 

LipoJet™ per manufactures protocol (SignaGen Laboratories).  

 

Expression plasmids 

pSRα-ECRG2 expression vector was generated by inserting the ECRG2 open 

reading frame (ORF) within the multiple cloning site of pSRα cloning vector in front of 

the HA-S-tag as previously reported (Lucchesi, Huang et al. 2015). ECRG2 mutant V30E 

was generated by site directed mutagenesis utilizing the QuikChange II kit (Agilent 

Technologies) per manufacture’s protocol with the following primers: 5’-

TGCTAGTCTGTCTCCAAAAAAAGAGGACTGCAGCATTTAC-3’ and 5’-

GTAAATGCTGCAGTCCTCTTTTTTTGGAGACAGACTAGCA-3’. ECRG2 

truncation mutant 20-85 was generated by PCR amplification with the following primers: 

5’ –ATCGTAGGTAACTCAGAAGCTGCTAGTCTGTCTCCAAAAAAAG-3’ and 5’ –

TACGATCTCGAGTTAGCAACTTCCATCGTGAAGAAACTGAACTC-3’ and then 

cloned into pSRα empty vector using Kpn1 and XhoI restriction sites. 

 

Cell viability 

Cell viability was determined by MTT assay as previously described (Sun, Jiang et 

al. 2013). 
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Lentivirus-mediated shRNA silencing 

Using a lentivirus-mediated shRNA approach ECRG2 expression was silenced. 

The scramble shRNA construct was purchased from Addgene, Inc. (Cambridge, MA). All 

other shRNA constructs were purchased from GE Life Sciences (Lafayette, CO). The two 

different nucleotide sequences to target the human ECRG2 used in this study were as 

follows: ECRG-1, 5′-AACTGGTAGGTATGTGATGGG-3′; ECRG-2, 5′-

TCAGAACCACAAACTGGTAGG-3′ Pool is a combination of ECRG-1 and ECRG-2. 

Virus production and infection were performed per the protocol provided by Addgene. 

 

qRT-PCR analysis and DR5 promoter studies 

Two-step qRT-PCR was performed using iScript cDNA synthesis kit and iQ SYBR 

Green supermix from BIO-RAD (Hercules, CA). C (T) values for DR5 were normalized 

to the C(T) values of GAPDH mRNA within the same sample. The following primer sets 

were used: DR5 forward: 5′- AAGACCCTTGTGCTCGTTGT -3′; reverse: 5′- 

AGGTGGACACAATCCCTCTG -3′; and GAPDH forward: 5′-

CACCATCTTCCAGGAGCGAG-3′; reverse: 5′-GCAGGAGGCATTGCTGAT-3′. 

Vectors for DR5-Full and DR5-(A) were a kind gift from Dr. WS El-Deiry and generation 

of the vectors was previously described (Takimoto and El-Deiry 2000). Cells were 

transfected with either DR5 luciferase promoter for 6 hours before being split into 4 

identical plates. 18 hours later the cells were transfected with empty vector, wt-ECRG2, 
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mt-V30E or ECRG2 truncation mutant tm-20-85 for an additional 24 hours. Luciferase 

assay was previously described (Lucchesi, Huang et al. 2015).    

 

Western blot studies 

Western blot analyses were performed as previously described (Rong, Montalbano 

et al. 2005).  

 

Statistical analysis 

Two-tail Student’s t-test or ANOVA variance analysis was used as appropriate for 

statistical analysis. All results shown are expressed as mean ± S.D. 
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RESULTS 

 

ECRG2 protein levels are downregulated in lung cancer patient samples 

Previously, the ECRG2 gene was shown to be downregulated at the mRNA level 

in cancer patient tissues compared to normal/adjacent tissues (Su, Liu et al. 1998). 

However, deviation of protein levels has yet to be reported. To characterize protein 

expression profiles in patient tissue samples, 30 lung tumor and normal/adjacent tissue 

pairs were evaluated by western blotting techniques (figure 1A). While ECRG2 has a 

predicted molecular weight of 9.23 kDa, in patient samples we observed predominate 

bands around 20 and 26 kDas. Interestingly, patient sample “1111097B” in figure 1A 

showed a 10 kDa band in normal tissue, however it was lost in tumor sample 1111097A, 

suggesting that the 10 kDa band may be a minor species. Formerly, we reported the 

specificity of our polyclonal antibody against endogenous ECRG2 by utilizing both 

shRNA, as well as overexpression techniques (Lucchesi, Huang et al. 2015). Further 

reaffirming specificity of our antibody, figure 1B demonstrates that by knocking down 

endogenous ECRG2, utilizing an shRNA approach, band intensity for both the 20 kDa and 

26 kDa bands were decreased. Of interest, we also determined that in more than 40% of 

the tumor samples evaluated for ECRG2 expression, aberrant protein species were 

observed. Most notably, the 26 kDa band seen in normal tissue samples was lost and 

replaced with a band at ~34 kDas (samples D-50625(T), D-F0663(T) and D-50645(T)). 

While further work needs to be undertaken to determine the exact mechanism(s) behind 

this shift in molecular weight, it may be a result of differential post-translational 

modifications and/or mutations. Together, we elucidated that in 90% of patient tumor 
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Figure 1: Lung cancer patient samples show aberrant ECRG2 expression levels. A. 

30 tumor and matching normal/adjacent lung tissue samples were evaluated on an SDS-

PAGE gel followed by western blotting techniques. ECRG2 bands (10 kDa, 20 kDa, and 

26 kDa) were detected in normal lung tissues, however loss and/or aberrant ECRG2 

expression was detected in tumor samples. B.  Endogenous ECRG2 was knocked down in 

HeLa cervical cancer cells followed by western blotting techniques to show specificity of 

our polyclonal antibody against ECRG2. C. Summary of ECRG2 protein studies in human 

lung cancers. 
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samples, there was a loss and/or modification of ECRG2 protein, further supporting that 

ECRG2 is downregulated in lung cancer patient tumors (Results summarized in figure 1C 

and patient data summarized in table 1). 

 

ECRG2 induces cell death by caspase activation 

Formerly, we reported that wild-type (wt) ECRG2, but not mutant (mt) V30E, 

expression was capable of inhibiting colony formation in multiple cancer cell lines. 

Further, we showed that ECRG2 expression in MCF-7 breast cancer and A549 lung cancer 

cells led to the activation of both the intrinsic (caspase 9) and extrinsic (caspase 8) apoptotic 

cascades (Lucchesi, Huang et al. 2015). To further confirm that ECRG2 is eliciting cell 

death by activing the apoptotic pathways we treated HeLa cervical cancer cells with PAN 

caspase inhibitor prior to transfection with empty vector or wild-type ECRG2. In support 

of our previous studies, ECRG2 failed to cause cell death in HeLa cells pretreated with 

PAN caspase inhibitor, further backing that ECRG2-induced cell death is mediated by the 

activation of apoptotic cascades (Figure 2A). Furthermore, we determined that both wild-

type ECRG2 and mutant-V30E expression increased p53 protein levels (figure 2B). While 

truncation mutant tm-20-85 was able to upregulate p53 protein levels, this upregulation 

was not nearly as robust as seen in wild-type ECRG2 or mutant-V30E expressing cells 

(figure 2C). This observation further validates previous reports which showed that ECRG2-

induced p53 upregulation is due in part to p53’s interaction with the first 20 residues of the 

ECRG2 protein (Cheng, Shen et al. 2008). Interestingly, truncation mutant tm-20-85 was 

shown to run at a higher molecular weight than wild-type ECRG2, possibly suggesting that  
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ECRG2’s N-terminus is necessary for proper post-translational modifications, however 

more studies are needed to determine if this is true. Collectively, we determined that 

ECRG2 expression induces caspase activation, whereas, blocking caspase activity 

abrogates ECRG2-mediated cell death, and further, ECRG2 expression results in increased 

p53 protein levels.   

 

ECRG2 upregulates DR5 protein expression 

We previously reported that ECRG2 induces caspase 8 activity (Lucchesi, Huang 

et al. 2015), and using a PAN caspase inhibitor abrogated ECRG2-mediated cell death 

(figure 2A). As these results indicate that ECRG2 is capable of activating the caspase 

cascades, we sought to understand how ECRG2 is achieving this effect. Consequently, we 

first looked at DR5 protein levels after ECRG2 expression. Indeed, after 6 hours of ECRG2 

expression in HeLa cervical cancer cells, DR5 protein levels were upregulated (figure 3A). 

We noted that mutant-V30E protein expression caused the upregulation of DR5 protein 

levels, albeit not as robust as wild-type ECRG2 at 6 hours. Twenty-four hours post-

transfection, wild-type ECRG2 maintained elevated DR5 protein levels, while mutant-

V30E showed decreased DR5 protein levels. To determine if ECRG2 was inducing DR5 

mRNA expression, we analyzed DR5 mRNA levels using quantitative real-time PCR 

(qRT-PCR) in wild-type ECRG2 or mutant-V30E expressing HeLa cells (figure 3B). Both 

wild-type and mutant-ECRG2 were able to induce DR5 mRNA levels at 6 hours. However, 

24 hours post-transfection, the induction of DR5 mRNA was decreased to basal levels, 

signifying that ECRG2-mediated upregulation of DR5 mRNA may be a transient effect. 

Further, cells expressing wild-type ECRG2 showed persistent DR5 protein levels even  
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Figure 2 A-C: ECRG2 expression induces apoptosis. A. HeLa cervical cancer cells were 

treated with PAN caspase inhibitor for 1 hour before transfection with empty vector or 

wild-type-ECRG2. 24 hours post-transfection cells were imaged using phase contrast 

microscopy. B/C MCF-7 or HeLa cells were transfected for 24 hours followed by western 

blotting techniques. wt-ECRG2 and mt-V30E are both capable of increasing p53 protein 

levels (B), whereas the truncation mutant tm-20-85 is unable to increase p53 as robustly 

(C).  
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after DR5 mRNA had declined (figure 3B – 24hrs). This suggests that ECRG2 may be 

stabilizing DR5 protein as well. Nonetheless, further scrutiny is necessary to confirm these 

results.   

ECRG2 has been previously shown to protect p53 from ubiquitination, thus 

stabilizing p53 protein levels (Cheng, Shen et al. 2008). It is also well known that p53 is 

capable of inducing DR5 gene expression (Takimoto and El-Deiry 2000), and we sought 

to determine if p53 stabilization, via ECRG2, was causing increased DR5 protein 

expression. To address this question, RKO p53+/+ and RKO p53-/- cell lines were transfected 

with wild-type ECRG2 or mutant-V30E. At 24 hours post-transfection, both wild-type and 

mutant ECRG2 showed increased DR5 protein expression (figure 3C). Unlike RKO p53+/+  

cells, the RKO p53-/- cells showed no increase in DR5 protein expression following 

exogenous expression of either wild-type ECRG2 or mutant-V30E. This data suggests that 

p53 is necessary for ECRG2-induced DR5 upregulation. We further used a DR5 promoter 

luciferase construct (DR5-(A)) (visual schematic of DR5 luciferase constructs shown in 

figure 3D) that does not contain either p53 or NFⱪB regulatory elements, but does harbor 

ATF3 binding sites (proximal to exon 1), co-expressed with wild-type ECRG2, mutant-

V30E or truncation mutant 20-85 in RKO colon cancer cells. Both wild-type ECRG2 and 

mutant-V30E were capable of inducing DR5 promoter response after 24 hours of 

expression (figure 3E). Since the DR5-(A) promoter does not contain p53 or NFⱪB 

regulatory elements, but does harbor ATF3 binding sites, it suggests that ECRG2-mediated 

DR5 gene expression may be due to the modulation of ATF3. Of interest, the truncation 

mutant, tm-20-85 which lacks its N-terminus secretory tag and ability to increase p53 

protein levels (figure 2B, panel 2), was unable to induce DR5 promoter response, further  
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Figure 3 A-C: ECRG2 induces DR5 mRNA and protein levels. A. HeLa cells were 

transfected with equal amounts of empty, wt-ECRG2 or mt-V30E vector for the indicated 

time points followed by western blotting techniques. B. DR5 mRNA was quantified using 

qRT-PCR 6 hours and 24 hours post-transfection in HeLa cells. Each bar represents 

triplicate of three independent experiments C. RKO and RKO p53-/- cells were transfected 

for 48 hours followed by western blotting techniques. 
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Figure 3 D-F: ECRG2 induces DR5 promoter response D. Visual representation of the 

DR5 luciferase promoter plasmids used. DR5-Full contains the first 1224 bps from the start 

ATG, exon 1 and intron 1 of the DR5 gene harboring ATF3, p53 and NFⱪB binding sites. 

DR5-(A) contains only the first 1224bps proximal to exon 1. E. RKO or RKO p53-/- cells 

were transfected with either DR5-Full or DR5-(A) for 6 hours then split equally into new 

plates. 18 hours later, the DR5 promoter expressing cells were transfected with either 

empty, wt-ECRG2, mt-V30E or tm-20-85 vectors for another 24hrs. Data represents three 

independent experiments. F. H1299 cells were treated as in (E). Data represents three 

independent experiments. Promoter luciferase analysis was performed as described in 

Materials and Methods. Asterisk (*) represents P value < 0.05.      
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suggesting that p53 is necessary for ECRG2-mediated DR5 upregulation. To further 

elucidate the role of p53 in ECRG2-mediated regulation of DR5, we repeated the DR5 

promoter luciferase assay in RKO p53-/- cells, and found that neither wild-type ECRG2, 

mutant-V30E nor truncation mutant-20-85 were capable of inducing DR5 promoter 

response, additionally supporting the necessity of p53 in ECRG2-mediated DR5 

upregulation. We next used a DR5 reporter construct containing the full length DR5 

promoter (DR5-Full) and observed that wild-type ECRG2 was able to induce DR5 

promoter response (figure 3E panel 3). Interestingly, both mutant-V30E and truncation 

mutant-20-85 were unable to induce a DR5 promoter response suggesting that wild-type 

ECRG2 may also be modulating other regulatory elements in the DR5-Full promoter 

differently from mutants V30E and 20-85. To better understand the possibility of ECRG2-

mediated DR5 upregulation in a p53-independent fashion, H1299 lung cancer cells were 

utilized which lack endogenous p53 protein (Wang, Blandino et al. 1998). Figure 3F shows 

that wild-type and mutant ECRG2 proteins were able to induce DR5 promoter response in 

cells transfected with DR5-Full promoter but not with DR5 promoter (A). This suggests 

that the NFⱪB binding site may be critical in the p53-independent upregulation of DR5 

gene expression. Taken together, our data proposes that ECRG2-mediated induction of 

DR5 is driven by a multifaceted regulation in which p53, ATF3 and NFⱪB promoter 

regulatory elements may be cooperatively involved.           

 

ECRG2 induces, in a p53-dependent fashion, ATF3 upregulation 

As our results indicated that ECRG2 regulates DR5 promoter activity, possibly 

through ATF3 and NFkB, we first looked at the expression levels of ATF3 in ECRG2 
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expressing cells. As shown in figure 4A, ECRG2 expression is capable of inducing ATF3 

protein levels at 6 hours, however, at 24 hours there is no increased induction. Interestingly, 

truncation mutant 20-85 was also shown to increase ATF3 expression. While this 

truncation mutant was shown not to be able to increase p53 protein levels as robustly as 

wild-type ECRG2 (figure 2B), nonetheless, its expression (20-85) was able to cause a 

modest increase in p53 protein levels possibly explaining the increase in ATF3 protein 

levels in figure 4A.  Additionally, figure 4B shows that ECRG2 increases ATF3 protein 

levels in RKO p53 wild-type cells, but neither wild-type ECRG2 nor mutant-V30E could 

induce ATF3 protein expression in RKO p53-/- cells. This clearly suggests that ECRG2-

mediated ATF3 upregulation is p53-dependent. To better understand the role of p53 in 

ECRG2-induced ATF3 expression, H1299 cells were used to ascertain if ATF3 

upregulation via ECRG2 was p53-dependent. In figure 4C, we demonstrate that neither 

wild-type nor mutant ECRG2 were able to upregulate ATF3 protein levels. Of interest, we 

noted that ECRG2 expression in p53 null cells (RKO p53-/- and H1299) resulted in 

decreased ATF3 protein levels, suggesting that ECRG2 expression may also induce a 

negative feedback mechanism downregulating ATF3 protein levels in the absence of p53. 

These data propose, along with our aforementioned promoter studies, that ECRG2-

mediated DR5 gene expression is induced, at least in part by, p53 and p53-dependent 

upregulation of ATF3. 

 

ECRG2 expression increases NFⱪB protein levels 

Our above-mentioned data in H1299 cells showed that independent of p53, ECRG2 
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Figure 4: ECRG2 induces ATF3 protein expression in a p53-dependent fashion. A. 

HeLa cells were transfected with empty, wt-ECRG2, mt-V30E or tm-20-85 vector for the 

indicated time followed by western blotting techniques. B. p53 is required for ECRG2 

induced ATF3 expression. RKO or RKO p53-/- cells were transfected with empty, wt-

ECRG2 or mt-V30E for 24 hours followed by western blotting techniques. C. H1299 cells 

were transfected for 24 hours with empty, wt-ECRG2 or mt-V30E followed by western 

blotting techniques. 
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expression induced NFⱪB protein levels. Figure 5A shows both wild-type ECRG2 and 

mutant-V30E were able to induce NFⱪB protein expression in RKO cells. Interestingly, we 

did not see an increase in NFⱪB expression in RKO p53-/- cells, possibly due to the already 

elevated NFⱪB levels. Additionally, shRNA mediated knockdown of ECRG2 in HeLa cells 

caused decreased NFⱪB protein levels concurrent with the loss of DR5 protein levels 

(figure 5B). We also noted that cFLIP, a regulatory target of NFkB, was induced in ECRG2 

expressing cells concurrent with DR5 (figure 5C). Further, ECRG2 induction of DR5 was 

shown to be decreased in RKO cells pretreated with an inhibitor for NFⱪB (figure 5D). 

Since ECRG2 was shown to induce NFⱪB protein levels in H1299 cells (figure 4C), and 

addition of the NKⱪB inhibitor suppressed DR5 expression in ECRG2 expressing RKO 

cells (figure 5D), we next sought to discern if this increase in NFⱪB is necessary for 

ECRG2’s ability to increase DR5 promoter response. To address this question, the DR5-

Full promoter construct was co-expressed in wild-type ECRG2 expressing cells, in the 

presence or absence of the NFⱪB inhibitor. Figure 5E demonstrates that inhibition of NFⱪB 

is capable of reducing ECRG2-mediated upregulation of DR5 promoter response, further 

supporting the decrease in DR5 expression in figure 5D. These data, along with our 

promoter studies, suggest that ECRG2 may be regulating DR5 promoter response through 

the cooperative regulation of p53, ATF3 and NFⱪB. 

 

ECRG2 influences cell death through TRAIL and genotoxic agents  

Since ECRG2 upregulates DR5 protein expression, we next examined if ECRG2 

enhances the effect of TRAIL on cell death induction. To answer this question we 

transfected HCT116 colon cancer cells with empty vector or wild-type ECRG2 followed  
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Figure 5 A-C: ECRG2 modulates NFⱪB protein levels influencing DR5 promoter 

response. A. RKO and RKO p53-/- cells were transfected with empty, wt-ECRG2 or mt-

V30E for 24 hours followed by western blotting techniques.  B. Endogenous ECRG2 was 

silenced in HeLa cells utilizing an shRNA approach followed by western blotting 

techniques. C. HeLa cells were transfected with empty, wt-ECRG2 or mt-V30E vector for 

24 hours followed by western blotting techniques. 
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Figure 5 D&E: ECRG2 modulates NFⱪB protein levels influencing DR5 promoter 

response. D. RKO cells were treated for 1 hour with NFⱪB inhibitor before transfection 

with wt-ECRG2 for 24 hours. E. H1299 cells expressing the DR5-Full luciferase construct 

were treated for 1 hour with NFⱪB inhibitor before transfection with wt-ECRG2 for 24 

hours. Data represents three independent experiments. Asterisk (*) represents P value < 

0.05. 
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by treatment with TRAIL. Cell viability was determined using an MTT assay where it was 

shown that the addition of TRAIL increased cell death attributed to ECRG2 expression 

(figure 6A). Previously, we demonstrated that endogenous ECRG2 protein levels were 

induced after the treatment with etoposide, suggesting that ECRG2 may be a stress induced 

protein (Lucchesi, Huang et al. 2015). Using an shRNA approach, we silenced endogenous 

ECRG2 protein levels in RKO cells followed by treatment with etoposide or doxorubicin 

for 24 hours. Knockdown of ECRG2 protected the cells from genotoxic stress, as shown 

by increased cell viability using an MTT assay (figure 6B). We next sought to establish if 

decreased levels of ECRG2 could be a mechanism by which cancer cells gain TRAIL 

resistance. We report in figure 6C, ECRG2 knockdown cells survived better compared to 

scramble cells following TRAIL addition. Further, HeLa ECRG2 knockdown cells showed 

limited response to TRAIL (Figure 6D). Interestingly, in HeLa knockdown Pool cells, the 

addition of TRAIL seemed to increase cancer cell viability. Together, these data highlight 

that ECRG2 plays a role in cell viability upon genotoxic stresses as well as TRAIL addition 

and decreased levels of ECRG2 attenuates genotoxic and TRAIL induced cell death in 

multiple cancer cell lines. Our proposed model for ECRG2-mediated DR5 upregulation 

leading to cancer cell death is shown in figure 6E. 
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Figure 6 A-D: Loss of ECRG2 decreases cancer cells sensitivity to genotoxic stress 

and TRAIL treatment. A.  HCT116 cells were transfected with empty or wt-ECRG2 

vector for 18 hours. 10ng/mL TRAIL was added for 24 hours followed by MTT assay to 

measure cell viability. B. ECRG2 was silenced in RKO colon cancer cells followed by 

treatment with vehicle control, 30µM etoposide or 5µm doxorubicin for 24 hours 

followed by MTT assay. C/D. ECRG2 was silenced in RKO or HeLa cells followed by 

treatment with 100ng/mL TRAIL for 24 hours. Cell viability was determined using MTT 

assay. Each bar represents three independent experiments. Asterisk (*) represents P value 

< 0.05.  
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Figure 6 The proposed model for ECRG2 regulation of DR5 gene expression and cell 

death ECRG2 is able to upreguatle the protein levles of tumor suppresor p53 and 

transcription factors ATF3 and NFⱪB. Via a coopertive regulation of the DR5 gene, p53, 

ATF3 and NFⱪB induce the expresson of the DR5 gene increasing DR5 protein levels. 
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DISCUSSION 

 

In this study, we uncovered that ECRG2 is downregulated at the protein level in 

lung cancer patient samples, and is an important regulator of DR5 gene expression. We 

show that ECRG2 protein expression is lost and/or changed in 90% of lung tumor samples 

evaluated (figure 1). This data further supports that ECRG2 mRNA levels are suppressed 

in lung cancer patients (Su, Liu et al. 1998), and  that the suppression of ECRG2 mRNA 

leads to decreased protein expression. ECRG2 was previously shown to induce apoptosis 

by our group (Lucchesi, Huang et al. 2015). In support of our earlier findings, ECRG2 

expression induced apoptosis in HeLa cancer cell lines, whereas the use of a PAN caspase 

inhibitor was effectively able to abolish cell death attributed to ECRG2 expression (figure 

2).  

Our novel finding that ECRG2 is an important regulator of DR5 gene expression is 

significant due to the fact that the DR5 gene is an attractive therapeutic target and often 

downregulated in cancers (Yoshida, Maeda et al. 2001, Di, Zhang et al. 2013). Through 

binding to its death receptors (DR4/DR5), TRAIL has been demonstrated to induce 

apoptosis selectively in cancer cells without cytotoxic effects in normal cells (Ashkenazi 

and Dixit 1998). Because of TRAIL’s selective ability to induce apoptosis in cancer cells, 

multiple efforts have been undertaken to induce cell death utilizing recombinant human 

TRAIL, as well as receptor specific agonistic antibodies (Abdulghani and El-Deiry 2010, 

Camidge, Herbst et al. 2010, Herbst, Eckhardt et al. 2010). However, TRAIL targeted 

therapies have been shown to have marginal success, since many tumor cancer cells are 

resistant to recombinant TRAIL and agonistic antibodies (Di, Zhang et al. 2013). TRAIL 
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resistance can occur from reduced caspase expression (Hopkins-Donaldson, Bodmer et al. 

2000), increased expression of caspase inhibitors (c-FLIP, XIAP, and Bcl-2) (Abdulghani 

and El-Deiry 2010) and degradation of truncated Bid (Fulda 2011). Further, it has been 

shown that DR5 protein expression can be downregulated in cancer tissues (Perraud, Akil 

et al. 2011). 

ECRG2’s ability to upregulate DR5 protein levels, at least in part by increased 

promoter response, further supports ECRG2’s tumor suppressive abilities. Upon cytotoxic 

stress, p53 induction allows for p53 to bind to the first intronic region of the DR5 gene 

concurrent with NFⱪB to induce DR5 gene expression (Shetty, Graham et al. 2005). Our 

studies show that ECRG2 expression increases the protein levels of both p53 and NFⱪB, 

which induce the expression of DR5, significantly without the addition of cytotoxic agents 

(figures 2 and 4). Further, it was previously reported that NFⱪB required concurrent p53 

binding to induce DR5 gene expression (Shetty, Graham et al. 2005). However, in ECRG2 

expressing H1299 lung cancer cells, which harbor no p53 gene expression, DR5 promoter 

response increased in the DR5-full promoter containing ATF3, p53 and NFⱪB binding 

sites, whereas, no promoter induction was seen with DR5 promoter (A) which does not 

have NFⱪB binding sites. These data suggest that DR5 gene expression in H1299 cells 

expressing ECRG2 may be dependent on NFⱪB. Additionally, ECRG2-mediated 

upregulation of DR5 in H1299 cells was moderate compared to DR5 induction in HeLa or 

RKO cells suggesting that p53, ATF3 and NFⱪB cooperative regulation may be necessary 

for ECRG2-induced DR5 gene expression. Interestingly, we also noted that ECRG2 may 

also be able to stabilize DR5 protein levels, independent of its gene regulation, as shown 

by increased persistence of DR5 protein levels after 24 hours of ECRG2 expression (figure 
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3A). While wild-type and mutant ECRG2 induced DR5 mRNA levels at 6 hours, we see 

at 24 hours post-transfection, DR5 mRNA levels had decreased. However, contrasting to 

mutant-V30E, wild-type ECRG2 expressing cells at 24 hours showed persistent DR5 

protein levels, whereas mutant-V30E expressing cells showed a reduction in DR5 protein. 

This suggests that wild-type ECRG2, but not mutant-V30E, may be capable of stabilizing 

DR5 protein. However, more experiments are needed to confirm these results. Further, we 

show that ECRG2 upregulates transcription factor ATF3 in a p53-dependent manner. 

ATF3 and p53 concurrently bind to the DR5 promotor, and with each other, leading to 

increased DR5 expression (Taketani, Kawauchi et al. 2012). While other regulatory 

elements exist in DR5’s promoter region, such AML-1a, c-MYb, SP1, GATA-1 and c-

Ets2, (Yoshida, Maeda et al. 2001) which may also contribute to ECRG2s regulation of 

DR5 gene expression, it is evident that ECRG2 regulates DR5 gene expression, at least in 

part by, a collaborative regulation with p53, ATF3 and NFⱪB.  

NFⱪB is a highly dynamic transcription factor that can act to induce apoptosis as 

well as suppress it. Interestingly, NFⱪB activation in cancers has typically been 

demonstrated as a driver in cancer progression and proliferation, as well as an inhibitor of 

apoptosis (Baud and Karin 2009). For example, NFⱪB has been shown to upregulate key 

anti-apoptotic proteins such as cIAP-1, cIAP-2 and the most potent inhibitor of apoptosis, 

XIAP, effectively desensitizing cancer cells to programmed cell death (Braeuer, Buneker 

et al. 2006, Baud and Karin 2009). However, NFⱪB has also been shown to be necessary 

for p53-induced apoptosis, whereby, inhibition of NFⱪB completely abolished p53-

induced cell death (Ryan, Ernst et al. 2000). We previously reported that ECRG2 

expression caused the downregulation of XIAP (Lucchesi, Huang et al. 2015). ECRG2’s 
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ability to upregulate NFⱪB to induce DR5 expression, while downregulating XIAP protein 

levels suggests that ECRG2 may be capable of pushing NFⱪB activity from pro-survival 

to pro-apoptotic.  Together, we show that ECRG2 is capable of increasing NFⱪB protein 

levels, and further, this upregulation of NFⱪB seems to be necessary for the p53/ATF3 

independent upregulation of DR5 gene expression.    

ATF3 is a basic-leucine zipper type transcription factor and member of the 

ATF/CREB family (Hai, Liu et al. 1989). ATF3 has been shown to be a stress sensor for a 

vast amount of cytotoxic stresses including oxidative stress, ER stress, hypoxia, 

hyponutrition as well as a number of genotoxic stresses (Chen, Wolfgang et al. 1996, 

Tanaka, Nakamura et al. 2011). Multiple lines of evidence show that ATF3 works closely 

with p53. Upon DNA damage, ATF3 is induced downstream of p53 and has been shown 

to function as an effector in p53-mediated cell death (Wei, Wu et al. 2006). Interestingly, 

ATF3 confers resistance to p53 ubiquitination by directly interacting with p53, thereby 

protecting it from proteolytic degradation (Yan, Lu et al. 2005). Further, it has been 

demonstrated that the upregulation of ATF3 by p53 also causes an increase in pro-apoptotic 

protein PUMA. We show that ECRG2 upregulates ATF3 in a p53-dependent fashion. This 

upregulation of both p53 and ATF3 suggests that ECRG2 may act to enhance p53-

dependent cell death.  Together, ECRG2 is shown to collaboratively regulate DR5 gene 

expression through the upregulation of p53, ATF3 and NFⱪB leading to increased DR5 

protein levels.      

Of clinical significance, our study establishes that the addition of TRAIL to ECRG2 

expressing cancer cells potentiates TRAIL’s ability to induce cell death (figure 6A). 

Combinational chemotherapies are now being investigated to increase the efficacy for 
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TRAIL receptor therapies (Menke, Bin et al. 2011). With increased ECRG2 expression, 

the induction of p53, ATF3 and NFⱪB causes increased DR5 gene expression sensitizing 

cancer cells to TRAIL treatment. Contrastingly, knockdown of ECRG2 in RKO and HeLa 

cancer cells not only increased the survival of these cells to etoposide and doxorubicin 

treatment, but also to TRAIL as well. This decrease in cell death may not only be attributed 

to the decrease in DR5 protein expression, but also to the decrease in NFⱪB and ATF3 

expression as it was previously shown that p53-induced cell death was dependent on ATF3 

as well as NFⱪB expression (Ryan, Ernst et al. 2000, Wei, Wu et al. 2006). As mentioned 

above, ATF3 is a stress sensor for a vast number of stress inducing stimuli. Decrease in 

ATF3 levels, via knockdown of ECRG2, may not only attenuate ATF3’s ability to function 

as a stress sensor, but also abrogate ATF3 function in enhancing p53-dependent cell death. 

These data suggest that ECRG2 is a key regulatory component of DR5 gene expression. 

Futher, the loss of ECRG2 may result in decreased DR5 protein expression leading to a 

decreased response to genotoxic stresses as well as TRAIL treatment. This diminution of 

ECRG2 protein, and consequent reduction in response to TRAIL and genotoxic stress, may 

be a contributing factor to cancer cell multidrug resistance. 
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CHAPTER 4 

 

GENERAL DISCUSSION 

 

 The aim of this dissertation was to characterize the molecular functions of wild-

type and mutant ECRG2. Multiple studies have illustrated that ECRG2 functions as a tumor 

suppressor capable of blocking tumor metastasis, insuring proper spindle assembly 

checkpoint mechanisms, and inducing apoptosis. For example, ECRG2’s role in blocking 

cancer cell invasion and migration by mediating uPA/uPAR, as well as MMP2 activity, 

has been thoroughly investigated. (Huang, Hu et al. 2007, Cheng, Shen et al. 2009, Cheng, 

Lu et al. 2010) Further, ECRG2’s ability to prevent aneuploidy and suppress cellular 

division has previously been elucidated (Cheng, Shen et al. 2008). While ECRG2 

expression has been shown to increase apoptosis in cancer cells, (Cui, Wang et al. 2003) 

and decrease tumor volume weight (Song, Song et al. 2012), the exact molecular 

mechanisms behind ECRG2-mediated cell death have yet to be determined. In this 

dissertation we illuminate how ECRG2 induces cell death in cancer cells by the 

downregulation of key pro-survival proteins and upregulation of important death inducing 

genes. Additionally, a single somatic point mutant, ECRG2-V30E, was shown not only to 

lose tumor suppressive functions, but also gain tumor promoting attributes, including 

conferring cancer cell resistance to multiple genotoxic stresses (Lucchesi, Huang et al. 

2015).  
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ECRG2 is a bona fide tumor suppressor 

As previously stated, there are four main mechanisms  by which tumor suppressors 

function  in order to repress cancer cell growth (induction of apoptosis, downregulation of 

cell division, DNA damage repair, and inhibition of metastasis) (Sun and Yang 2010). In 

this discussion I will highlight how ECRG2 is important in all four mechanisms, most 

notably in the induction of apoptosis, and how our studies have added immensely to the 

understanding of ECRG2’s functional abilities to suppress cancer cell growth and induce 

apoptosis.    

Induction of apoptosis 

ECRG2’s ability to induce apoptosis has been demonstrated previously (Cui, Wang 

et al. 2003), however, the exact molecular mechanism(s) by which ECRG2 acts to induce 

apoptosis has yet to be explained. In our studies we determined multiple mechanisms for 

how ECRG2 is capable of inducing apoptosis in cancer cells. With therapeutic importance, 

we first showed ECRG2 expression inhibited colony formation of multiple cancer cell 

lines, however, its expression elicited no effect on the non-tumorigenic cell line MCF-10A. 

This highlighted that ECRG2’s effect may be specific to cancer cells, and as a possible 

therapeutic, my cause limited cytotoxic effects on non-cancerous cells. For the first time, 

we reported that this inhibition of cancer cell colony formation was further attributed to 

ECRG2-mediated induction of both the intrinsic (caspase 9), as well as extrinsic (caspase 

8) apoptotic cascades. Additionally, ECRG2 expression was shown to downregulate XIAP, 

a key anti-apoptotic protein. Of interest, the single somatic point mutant ECRG2-V30E 

was shown to have no effect on XIAP downregulation or induction of apoptosis (Lucchesi, 

Huang et al. 2015).   
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XIAP has been extensively studied and is commonly considered to be the most 

potent of all inhibitor of apoptosis protein (IAP) family members (Berthelet and Dubrez 

2013). As previously described, XIAP was shown to interact with caspases 3, 7 and 9 via 

BIR2 and BIR3, inhibiting the enzymatic activity of these proteases (Eckelman, Salvesen 

et al. 2006, Galban and Duckett 2010). XIAP has not only been found to be overexpressed 

in multiple human cancers (Owens, Gilmore et al. 2013, Obexer and Ausserlechner 2014), 

but increased expression of XIAP has been revealed to correlate with cancer cell resistance 

to radiation and drug treatment, as well as poor patient prognosis (Danson, Dean et al. 

2007). This ability for ECRG2 to downregulate XIAP signifies that ECRG2 expression is 

capable of removing one facet of apoptosis inhibition, plausibly conferring increased 

cancer cell sensitivity to cell death. 

Significantly, we determined that ECRG2-induced downregulation of XIAP was 

due in part to ECRG2’s ability to reduce HuR protein levels. HuR is a ubiquitously 

expressed RNA binding protein (RBP) shown to influence the stability of many target 

mRNAs that encode for proteins important in cell proliferation, survival and angiogenesis. 

(Lopez de Silanes, Zhan et al. 2004) (Abdelmohsen and Gorospe 2010). Clinically, 

increased expression of HuR has been observed in many human cancers (Wang, Guo et al. 

2013), and has been associated with poor patient survival rates and development of 

chemotherapy resistance in patients (Kotta-Loizou, Giaginis et al. 2014) (Wang, Guo et al. 

2013). XIAP was recently presented to be a regulatory target of HuR, whereby silencing 

HuR caused concurrent downregulation of XIAP protein as well (Zhang, Zou et al. 2009). 

We determined that ECRG2 downregulation of HuR was attributed to the increased 

ubiquitination of HuR, consequently leading to its proteolytic degradation (Lucchesi, 
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Huang et al. 2015). As it stands, there is limited information pertaining to HuR 

ubiquitination. However, HuR lysine 182 was shown to be important for HuR mediated 

proteolytic degradation (Chu, Chuang et al. 2012). We established that ECRG2 expression 

caused increased HuR ubiquitination (but not non-ubiquitinable HuR mutant K182R) 

resulting in decreased HuR protein levels, consequently leading to decreased XIAP protein 

expression. Of importance, we added to the limited knowledge of how HuR protein is 

regulated by ubiquitination and proteolytic degradation. Contrasting, ECRG2 mutant V30E 

did not increase HuR ubiquitination, nor downregulate XIAP protein levels. As a result, 

constitutive expression of mutant V30E was shown to confer multiple drug resistance to 

A549 lung cancer cells. ECRG2’s regulation of HuR is significant as HuR has been 

demonstrated to be an oncogene, and is an important regulator for thousands of mRNA 

targets, many of which promote tumor cell survival and growth (Lebedeva, Jens et al. 

2011).  

ECRG2 not only downregulated key anti-apoptotic genes such as HuR and XIAP, 

but we also determined ECRG2 expression increased a key component of the extrinsic 

apoptotic machinery, DR5, gene expression. As previously mentioned, binding of TRAIL 

to DR5 causes activation of the initiator caspases 8 and 10, which in turn triggers the 

effector caspases 3, 6 and 7 to carry out apoptosis (Taketani, Kawauchi et al. 2012). 

ECRG2 was shown to increase DR5 gene expression through the cooperative regulation of 

p53, ATF3 and NFⱪB, all of which bind to the DR5 gene increasing gene expression. 

Additionally, our data suggests that, not only does wild-type ECRG2 (but not mutant 

V30E) increase DR5 gene expression, but it may also stabilize DR5 protein, increasing its 

half-life. However, more studies are needed to determine if this is true. Interestingly, 
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ECRG2 mutant V30E was also capable of inducing DR5 gene expression, however, as we 

previously reported, expression of mutant V30E was unable to downregulate either HuR 

nor XIAP (Lucchesi, Huang et al. 2015). As a result, increased DR5 expression may not 

be able to overcome the apoptotic inhibition caused by HuR and XIAP in mutant V30E 

expressing cells. This was further confirmed, as mutant-V30E expressing A549 lung cancer 

cells gained drug resistance to multiple chemotherapies (etoposide, doxorubicin and 

cisplatin) (Lucchesi, Huang et al. 2015). Of clinical significance, we show that ECRG2 

expression increased cancer cell sensitivity to TRAIL, while knockdown of ECRG2 not 

only caused decreased cell death upon genotoxic stress, but also decreased cell death with 

TRAIL addition. These data imply that cancer cells’ ability to downregulate ECRG2 (as 

shown at both the mRNA (Su, Liu et al. 1998) and now protein level) may be one mode of 

action to protect these cancer cells from genotoxic insult as well as TRAIL treatment. 

Additionally, ECRG2 mutation-V30E highlights another mechanism by which tumor cells 

may gain drug resistance.   

 We further determined that ECRG2-mediated ATF3 upregulation was p53-

dependent. ATF3 is a stress sensor for a plethora of stresses including oxidative stress and 

genotoxic stress (Chen, Wolfgang et al. 1996, Tanaka, Nakamura et al. 2011). While we 

show that ECRG2 is capable of increasing p53 protein expression, as previously reported 

(Cheng, Shen et al. 2008), for the first time we highlight that this stabilization of p53 also 

influences ATF3 protein expression. ATF3 and p53 have an intimate relationship when it 

comes to stress inducing signals. Stress stimuli activate p53 and transcriptional target 

ATF3. ATF3 not only protects p53 from ubiquitination, increasing p53 protein levels (Yan, 

Lu et al. 2005), but also functions as an enhancer in p53-mediated cell death (Wei, Wu et 
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al. 2006). Our data suggest that ECRG2 expression may act as an enhancer in p53-

dependent cell death by increasing p53 and ATF3 protein levels, further leading to 

increased expression of DR5. 

ECRG2 was also shown to increase the expression of NFⱪB. While NFⱪB is a 

robust transcription factor shown to both induce and suppress the apoptotic cascades, 

typically, NFⱪB activation in cancers is shown to inhibit apoptosis (increase XIAP gene 

expression) and induce cellular proliferation (Baud and Karin 2009). Here we report, for 

the first time, that ECRG2 positively regulates NFⱪB protein levels. Both p53 and NFⱪB 

contain binding sites within the first intronic region of the DR5 gene, cooperatively 

upregulating DR5 gene expression. We further show this to be a mechanism of ECRG2-

induced DR5 gene expression. Interestingly, it was previously reported that NFⱪB-induced 

DR5 gene expression was dependent on the concurrent binding of p53 (Shetty, Graham et 

al. 2005). However, in our studies we show that ECRG2 expression in p53 null H1299 cells 

caused increased expression of NFⱪB, inducing DR5 promoter response and increased 

DR5 protein expression. Further, utilizing a NFⱪB inhibitor we determined that ECRG2-

mediated DR5 gene expression was diminished.  While DR5 protein levels in H1299 cells 

increased after ECRG2 expression, it was not nearly as robust as seen in either HeLa or 

RKO cell lines. This suggests that while ECRG2 may mediate DR5 gene expression solely 

through the upregulation of NFⱪB, it is only one component of the regulatory mechanism. 

Taken together, our data support that ECRG2-induced DR5 gene expression is due to the 

increased expression and cooperative regulation of p53, ATF3 and NFⱪB.  

Collectively, in this dissertation we expanded on the intricate network of positive 

and negative regulation via which ECRG2 influences cell death in cancer cells. ECRG2’s 
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ability to increase p53 protein levels may have more far reaching implications beyond just 

the ability to upregulate DR5 leading to cell death. Further, ECRG2 also positively 

influences ATF3, a key enhancer of p53 functionality. This signifies that ECRG2 may act 

as a key regulatory component of p53’s functional capabilities and may additionally 

enhance p53’s effects. Furthermore, we determined that ECRG2 has the extraordinary 

ability to modulate NFⱪB signaling from pro-survival to pro-death. One key component of 

NFⱪB’s ability to suppress cell death lies in the fact that it strongly upregulates the 

expression of XIAP, as mentioned previously (Lu, Lin et al. 2007). While NFⱪB also 

promotes the expression of DR5, without other mechanism at play, this upregulation of 

DR5, and consequent activation of the apoptotic cascades, will ultimately be silenced by 

NFⱪB-mediated upregulation of XIAP. However, we have illuminated a mechanism in 

which ECRG2 can remove this key component of apoptosis inhibition. HuR has been 

shown to be a key regulatory component of XIAP post-translational regulation (Zhang, 

Zou et al. 2009). We revealed that ECRG2 causes HuR poly-ubiquitination, ultimately 

leading to decreased levels of HuR protein. The significance is found in ECRG2’s ability 

to not only upregulate NFⱪB, increasing gene expression for both XIAP and DR5, but also 

decreasing HuR protein levels leading to decreased XIAP. This decrease in XIAP removes 

a key anti-apoptotic component, and as a consequence, sensitizes cancer cells to apoptotic 

stimuli. Conversely, in ECRG2 mutant-V30E expressing cells, which also increases NFⱪB 

expression, there was shown to be no decrease in the levels of HuR or XIAP. This signifies 

that this mutation may potentiate NFⱪB-mediated cell survival signaling and plausibly is 

one mechanism in which cancer cells achieve drug resistance.  
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Our finding that ECRG2 decreases the cellular levels of HuR, leading to decreased 

XIAP expression and ultimately sensitizing cancer cells to apoptosis may just be the tip of 

the ice berg. To date, there are predicated to be more than 2000 target genes in which HuR 

can interact with and influence their expression (Lebedeva, Jens et al. 2011). HuR is 

currently considered to be an oncogene which has been shown to play key roles in cell 

proliferation and tumorigenesis (Lal, Kawai et al. 2005). With this knowledge in hand, 

ECRG2 suggestively has the ability to also regulate these genes through the destabilization 

of HuR. For example, HuR has been shown to positively regulate the anti-apoptotic protein 

prothymosin α (Lal, Kawai et al. 2005). Prothymosin α blocks the assembly of the 

apoptosome, effectively inhibiting the activation of caspase 9, leading to a decreased 

apoptotic response (Jiang, Kim et al. 2003). While our data already shows that ECRG2 

activates both the intrinsic (caspase 9) and extrinsic (caspase 8) apoptotic cascades 

(Lucchesi, Huang et al. 2015), we have only determined a mechanism in which caspase 8 

may be activated. It is possible, via ECRG2-mediated downregulation of HuR, 

prothymosin α levels would also decrease and lead to caspase 9 activation. Further, HuR 

has been shown to positively regulate MDM2 mRNA stability increasing its protein levels 

(Ghosh, Aguila et al. 2009). MDM2 is a key negative regulator of p53 leading to its poly-

ubiquitination and protein degradation (Bai and Wang 2014). Consequently, ECRG2’s 

function in decreasing HuR protein levels may also lead to the increase of p53 protein 

levels by removing a key negative regulator of p53 protein stability. It is clear there is more 

work needed to be done in order to decipher the actual consequences of ECRG2-mediated 

downregulation of HuR, nonetheless, the resulting decrease of HuR, via ECRG2, appears 

to lead to apoptosis in cancer cells.                
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ECRG2 in the downregulation of cellular division; DNA damage repair; and 

inhibition of metastasis 

As we reported above, ECRG2 is capable of inducing cell death by the 

downregulation of key anti-apoptotic proteins and induction of key apoptotic genes. 

ECRG2 has also been shown to be important in controlling cellular division. ECRG2 

stabilization of p53 was shown to induce p21 expression, a key regulator of cellular 

division (Cheng, Shen et al. 2008). Cell division depends on the activation of cyclins which 

interact with cyclin-dependent kinases (CDK) to permit cells to progress towards S phase, 

followed later by the progression into mitosis (Coqueret 2003). Increased p21 expression 

allows p21 to bind to the cyclin-CDK complexes effectively inhibiting their catalytic 

activity, resulting in cell-cycle arrest (Coqueret 2003). Further, it was demonstrated that 

ECRG2 expression was able to abrogate the function of MT2A (Cui, Wang et al. 2003). 

Recently it was revealed that suppression of MT2A inhibits cell cycle progression from 

G1- to S-phase suggesting another mechanism for how ECRG2 may control cellular 

division. HuR has been shown to interact with cyclins A and B1 mRNA increasing their 

expression (Wang, Caldwell et al. 2000). As a result of ECRG2’s ability to negatively 

modulate HuR protein levels we can hypothesize that both cyclins A and B1 will also show 

decreased protein expression. This would suggest that ECRG2, via downregulation of 

HuR, could possibly suppress the progression through the cell cycle by regulating the 

protein levels of cyclins A and B1. Of interest, ATF3 overexpression has also been shown 

to suppress cell progression from G1 to S, slowing cellular growth (Fan, Jin et al. 2002). 

Collectivity, ECRG2 may have the ability to suppress cellular division by upregulating 
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proteins that inhibit cellular division and by downregulating proteins that promote cellular 

division.   

Furthermore, ECRG2’s ability to increase protein levels of tumor suppressor p53 

implies that ECRG2 may also help in DNA repair mechanisms. p53 has been shown to 

induce DNA damage repair from multiple perspectives (Geske, Nelson et al. 2000). Upon 

DNA damage, p53 can transcriptionally activate GADD45 (Ko and Prives 1996), which in 

turn will interact with proliferating cell nuclear antigen (PCNA) inducing its nucleotide 

excision repair activity (Smith, Chen et al. 1994). More directly, p53 has also been shown 

to interact with multiple subunits of the TFIIH transcription/repair complex including XPB, 

XPD and p62 (Wang, Forrester et al. 1994, Wang, Yeh et al. 1995). Additionally, p53 itself 

contains the ability to bind to damaged DNA, possibly recruiting DNA repair proteins to 

the site (Jayaraman and Prives 1995, Lee, Elenbaas et al. 1995). As we have previously 

shown, ECRG2 is upregulated in response to etoposide (Lucchesi, Huang et al. 2015). This 

may suggest that upon DNA damage, upregulation of ECRG2 could increase the levels of 

p53, further supporting activation of the DNA repair mechanisms.  Another function of 

p53 is to induce apoptosis in cells that have accumulated extensive DNA damage and 

cannot be repaired (Geske, Nelson et al. 2000). Interestingly, it has also been shown that 

HuR overexpression can protect cells from undergoing apoptosis after genotoxic insult as 

a result of increased WEE1 expression (Lal, Burkhart et al. 2014). Jointly, it is possible to 

hypothesize that via ECRG2-mediated downregulation of HuR and upregulation of p53, 

ECRG2 can sensitize cells with increased DNA damage (or cancer cells being treated with 

genotoxic agents) to cell death if unable to be repaired.  
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 It has previously been shown that ECRG2 can inhibit tumor cell metastasis via 

downregulation of uPA/uPAR and MMP2, inhibiting cancer cells from remodeling the 

extracellular matrices (Cheng, Shen et al. 2009, Cheng, Lu et al. 2010). Of interest, it was 

further determined that uPA and uPAR are both mRNA targets for HuR stabilization (Tran, 

Maurer et al. 2003). Additionally, not only are uPA and uPAR regulatory targets of HuR, 

but so is matrix metalloprotease 9 (MMP9) (Huwiler, Akool el et al. 2003). Silencing of 

HuR was shown to decrease the expression levels of uPA/uPAR as well MMP9 (Huwiler, 

Akool el et al. 2003, Tran, Maurer et al. 2003). This further implies that ECRG2’s ability 

to directly downregulate uPA/uPAR and MMP2 activity may not be the only mechanism 

by which ECRG2 inhibits metastasis. By reducing HuR protein levels, ECRG2 may also 

be reducing the protein levels of uPA/uPAR as well as MMP9, further protecting against 

cancer cell metastasis. Moreover, it has recently been reported that upregulation of ATF3 

suppressed metastasis in bladder cancer by inducing the expression of actin filament 

severing protein gelsolin (Yuan, Yu et al. 2013).  

Encouragingly, these lines of evidence support ECRG2 as a bona fide tumor 

suppressor capable of not only sensitizing cancer cells to apoptosis, suppressing cellular 

division and decreasing metastatic potential, but it may also support in DNA damage repair. 

Of clinical significance, we illuminate that the loss of ECRG2, as seen in multiple human 

malignances, can result in decreased sensitivity to multiple genotoxic agents as well as 

TRAIL insult. Furthermore, a single somatic point mutant V30E was shown to lose its 

tumor suppressive abilities leading to multiple drug resistance. These data imply that loss 

of ECRG2 may be a driving force in tumor cell progression and ability to acquire multidrug 

resistance.  
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In summary, this dissertation expanded on the limited knowledge of ECRG2’s 

tumor-suppressive functions and how ECRG2 may be inducing apoptosis in cancer cells. 

Our novel discovery that ECRG2 expression induces increased HuR ubiquitination leading 

to its proteolytic degradation illuminates that ECRG2 may have the capability to regulate 

a multitude of proteins via downregulation of HuR. Further, through reducing HuR protein 

levels, the most potent inhibitor of apoptosis, XIAP is also decreased. This loss of XIAP 

removes a key anti-apoptotic function possibly sensitizing cancer cells to apoptosis. 

Additionally, ECRG2 leads to the increase of DR5 gene expression by upregulating p53, 

ATF3 and NFⱪB highlighting the dynamic regulatory functions of this small tumor 

suppressor. Moreover, for the first time, we show that ECRG2 protein expression is 

diminished in lung cancer patient tissues samples, and single somatic point mutant V30E 

expressing cells gained multiple drug resistance. This loss of ECRG2 was further shown 

to cause decreased cancer cell sensitivity to genotoxic stress and TRAIL addition, 

potentially revealing a possible mechanism by which cancer cells may can gain multiple 

drug resistance.   
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Current model of ECRG2’s tumor suppressive functions in cancer cell death. Through 

modulation of the RNA binding protein HuR, apoptosis inhibitor XIAP is inhibited. This 

inhibition of XIAP further sensitizes cancers cell to apoptosis as a result of ECRG2-

mediated upregulation of the DR5 gene expression. This upregulation of the DR5 gene 

expression was determined to be through ECRG2-mediated induction of p53, ATF3 and 

NFⱪB and a cooperative regulation of the DR5 gene promoter regulatory elements. 
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